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Description
FIELD OF THE INVENTION

[0001] The invention relates to an ultrasound probe
which has a large field of view due to a specific geometric
arrangement of ultrasound transducer array elements.
Furthermore, the invention relates to a method of fabri-
cating an ultrasound probe.

BACKGROUND OF THE INVENTION

[0002] In medical ultrasound applications, ultrasound
transducers are generally used for transmission and re-
ception of ultrasonic or acoustic waves during ultrasound
imaging.

[0003] The region within the patient’s body from which
an image can be obtained with sufficiently high image
quality and sufficiently low levels of artefacts is referred
to as thefield of view. Atransducer’s field of view depends
on several factors, among them the transducer array el-
ement size, the transducer array aperture, and the trans-
ducer array geometry.

[0004] Many transducers available on the market com-
prise a 1D array of ultrasound transducer elements. Each
element is a separate, nominally-independent transduc-
er that is used to both transmit ultrasound energy into a
body of a patient and receive echoes from structures with-
in the body. Medical ultrasound usually operates in the
1-20 MHz frequency range, necessary to provide imaging
detail appropriate to the structures with the human body.
Lower and higher frequencies may be used for specific
applications.

[0005] Each elementin a 1D array is typically rectan-
gular, with a narrow extent in one direction (commonly
referred to as the azimuth direction), a longer extent in
an orthogonal direction (commonly referred to as the el-
evation direction), and a thickness in the direction orthog-
onal to the other two directions (commonly referred to as
range direction). The size of a transducer element, i.e.
its width in the azimuth direction and length in the eleva-
tion directions, may determine its acceptance angle at a
given frequency. This acceptance angle may be the an-
gle at which an element receives enough energy to con-
tribute constructively to an ultrasound signal. As element
width increases, the acceptance angle generally de-
creases. Furthermore, acceptance angle is also a func-
tion of frequency; for a given width the acceptance angle
generally decreases with increasing frequency.

[0006] While a 1D transducer array usually focuses ul-
trasonic energy in the elevation direction to a fixed focus
region by placing a cylindrical acoustic lens on a face of
the transducer array, a region of interest may be scanned
in the azimuth direction typically in one of two basic for-
mats: "sector scanning" or "linear scanning".

[0007] With sector scanning, the field of view may be
a section of a circle with its center in the center of the
face of the array. With the sector scan format, the ultra-
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sound beams may be steered radially from the center of
the array, and an angle of each successive beam may
be different. The delays applied to transmit and receive
signals may determine both the steering angle and the
focus. Transducers that use a sector scan format are
commonly referred to as sector arrays or phased arrays.
Such transducers may have elements with widths in the
order of A/2, where A may be defined as the acoustic
wavelength at the frequency in the center of the band in
which the transducer operates. A typical phased array
provides a field of view with a sector width of 90°.
[0008] Alternatively, with a linear scan format, each
beam may be perpendicular to the face of the array, and
the position of the beam along the array face may be
translated laterally to sweep out a rectangular field of
view. In this case, the beams may not be steered but are
only focused. The delays applied to the transmit and re-
ceive signals determine the location of the focus. Trans-
ducers that use the linear scan format are commonly re-
ferred to as linear arrays, and may have elements with
widths in the order of 1. The width of the rectangular field
of view is typically the same as the azimuthal length of
the transducer.

[0009] It may also be possible to build arrays that are
curved, and which provide a curved field of view. These
transducers typically operate with a linear scan format,
i.e. with ultrasound beams that are projected perpendic-
ular to the face of the array. The curvature in the field of
view may be provided by translating the ultrasound
beams along a curved surface rather than by steering
them. Curved transducer arrays operatingin alinear scan
mode are sometimes referred to as "curved linear arrays"
(CLA). Curved linear arrays may provide a larger field of
view thanflatlinear arrays, while avoiding the image qual-
ity compromises involved with steering acoustic beams.
It may also be possible to have a curved field of view that
is larger than the 90° sector typically available from a
sector array.

[0010] It should be noted that the ultrasound beams
used with both flat and curved linear arrays can be
steered. However, because linear arrays have wider el-
ements in azimuth than do phased arrays, the ultrasound
beam cannot be steered as far as with phased arrays.
Thus a flat linear array may have a trapezoidal field of
view, using steering to image the angled edges of the
field of view.

[0011] "Beam forming" may refer to a process of com-
bining signals transmitted and received by the array el-
ements into a sum that represents the ultrasound signal
received from a single pointin the field of view. In general,
for a 1D transducer each transducer element is connect-
ed to a separate "channel" in the ultrasound system,
wherein achannel may comprise a transmitter, a receiver
and delay circuits used to control the timing of transmitted
and received signals. The time may be controlled tofocus
ultrasound energy on transmit and to synthesize a focus
for the received signals. A delay applied to each channel
may be such that the acoustic signal transmitted by each
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of the array elements is received at a target at the same
time. The delay may be the difference in ultrasound-prop-
agation time, determined for example by the speed of
sound and the distance of each element from the target.
[0012] Because of a combination of the array geome-
try, steering and/or focus in azimuth provided by the sys-
tem beam former, and focus in elevation provided by the
fixed lens, 1D arrays typically image a section of a
"plane”, that is, there is no steering or controlled variable
focus of acoustic beams in the elevation direction.
[0013] Whereas 1D transducer arrays have elements
of ultrasound transducers that span the entire elevation
dimension of the array, 2D or matrix arrays may be also
divided into elements in the elevation direction. When
each element is provided with its own ultrasound beam
forming electronics so that the delay applied to its signal
can be different from that of its neighbouring element, a
possibility of steering, translating; and focusing in the el-
evation direction as well as in azimuth direction may be
obtained. The ability to steer and/or translate the ultra-
sound beam in the elevation direction may enable imag-
ing a volume of space, rather than just within a plane.
[0014] The beam forming electronics provided to each
ultrasound transducer element in a matrix array may also
be referred to as "microbeamformer”. The beam forming
function of the entire ultrasound system may be parti-
tioned so that part of it takes place in the microbeam-
former and the rest in the over-all controlling system. For
example, the transducer elements may comprise a pie-
zoelectric layer arrangement which is contacted by elec-
trodes such that by applying a suitable voltage, the trans-
ducer elements can be activated to emit ultrasonic vibra-
tions. The voltage may be applied and controlled using
a control circuit associated to the piezoelectric layer ar-
rangement of each of the ultrasound transducer ele-
ments. Accordingly, each of the ultrasound transducer
elements may be provided with its own "microchannel”
comprising a transmitter, receiver and delay circuitry.
This may allow signals from contiguous groups of ele-
ments to be combined together to drive a single system
channel; the microbeam former must provide only a rel-
atively small amount of delay to account for the difference
between it and the other elements in its group.

[0015] As with 1D arrays, the field of view available
from a 2-dimensional matrix array may depend on the
array geometry and the scan formats that can be sup-
ported by its elements. If the array elements are suffi-
ciently small in both azimuth and elevation direction, the
acoustic beam may be steered in both directions. Larger
array elements may allow less steering. Array elements
need not be square; for example, a matrix array with A
elements in azimuth and A/2 elements in elevation may
be used and may be operated with a linear scan format
in azimuth and a sector scan format in elevation.
[0016] However, matrix arrays of ultrasound transduc-
ers may have limitations concerning their field of view.
Field of view limitations may be addressed to a certain
extent by increasing the size of an aperture to bring the
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desired field of view within the steering range of the matrix
array. However, there may be limits to the extent that this
can be exploited, especially for intracavity ultrasound
transducers where increasing transducer size is not an
option. It may also be possible to increase steering by
decreasing the size of the array elements. However, with
matrix arrays this may also decrease the amount of area
available for microchannel electronics that must fit in a
space associated with each of the transducer elements
such that there may be limitations on how small the trans-
ducer elements may be made.

[0017] In order to provide a larger field of view than is
possible with steering a flat (sector) array, curved matrix
arrays may be used. In such curved matrix arrays, the
ultrasound transducer elements may be arranged on a
curved surface. An additional advantage of a curved ma-
trix array may be that a larger field of view may be
achieved with fewer, larger transducer elements than the
smaller phased array elements required for large steering
angles.

[0018] However,ithas been observed thatalso curved
matrix arrays of ultrasound transducer elements may
have limitations with respect to the field of view as well
with respect to image quality.

[0019] US 2004/0168517 A1 discloses a method for
manufacturing crossing/intersecting transducer arrays
including first and second ultrasonic transducer arrays
which intersect centrally of one another.

[0020] EP 0468 506 A2 discloses an ultrasonic trans-
ducer comprising a crossed shaped plate of piezo mate-
rial, a ground electrode plate disposed on one side of the
piezo material, a signal electrode plate disposed on the
opposite side of the piezo material, and a plurality of
grooves defining a plurality of individual transducer ele-
ments, each element having a separate signal electrode
on a common side of the piezo material.

[0021] EP 0090567 A1 discloses an ultrasonic sector-
scan probe comprising atleastan array which is arranged
multidimensionally or in plural linear arrays so that the
scanning lines by every group intersect substantially at
one point in a window for transmitting and receiving ul-
trasonic waves.

SUMMARY OF THE INVENTION

[0022] Accordingly, there may be a need for an im-
proved ultrasound transducer matrix array for an ultra-
sound probe which may overcome some of the field of
view and image quality limitations of prior curved matrix
arrays, particularly for the case where increasing aper-
ture size or reducing element size for more steering to
achieve a larger field of view may not be not an option.
[0023] It has been found that an ideal curved matrix
transducer array may have a spheroidal shape with a
surface curved in two directions. However, current array
fabrication techniques may not allow for curvature over
such a compound surface curve. While it may be easy
to fabricate a curved matrix array which may be
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curved/bentin one direction, i.e. around one curving axis,
thereby forming a cylindrical surface, it may be difficult
orimpossible to prepare an ultrasound transducer having
a sufficiently large over-all area and being curved in two
directions thereby forming a complex curved surface.
[0024] An idea underlying the present invention is to
approximate a complex surface of an ultrasound trans-
ducer, for example a spheroidal surface, by an approxi-
mation using different regions, each comprising a matrix
array of ultrasound transducer elements, and combining
an over-all ultrasound transducer area from these re-
gions. Therein, at least some of the regions may be
curved around specific curving axes, whereas other re-
gions may not be curved, i.e. may be flat, or may only be
slightly curved. Particularly, it may be advantageous to
provide a flat or only slightly curved region interconnect-
ing adjacent substantially curved regions.

[0025] According to a first aspect of the present inven-
tion, a cross-shaped ultrasound transducer matrix array
according to claim 1 is proposed with a cross-shaped
over-all ultrasound transducer area comprising a center
region and four branch regions. The center region and
the branch regions each comprise a matrix array of ul-
trasound transducer elements. Therein, the centerregion
has four edges and each of the branch regions extends
from one of these edges of the center region. Further-
more, each branch region is curved or bent around an
axis parallel to the respective edge of the center region
from which the branch region extends. The matrix arrays
of each of the center region and the branch regions are
two-dimensional matrix arrays comprising transducer el-
ements arranged in a plurality of rows and a plurality of
colums.

[0026] Accordingly, the over-all ultrasound transducer
area may be a combination of the center region and the
plurality of branch regions. The over-all ultrasound trans-
ducer area may cover a continuous surface with the
branch regions directly abutting the center region. In oth-
er words, the branch regions may be interconnected via
the interposed center region in between.

[0027] Each of the matrix arrays included in the center
region and the branch regions comprises a plurality of
ultrasound transducer elements which are distributed
over a 2D area of the respective region. For example,
ultrasound transducer elements may be arranged inrows
and columns wherein each region comprises a plurality
of rows and a plurality of columns.

[0028] The over-all ultrasound transducer area com-
prising the center region and the branch regions forms a
cross-shape. Therein, the center may be rectangular with
a matrix of A rows and B columns of ultrasound trans-
ducer elements. Two branch regions e.g. abutting to the
center region at opposing edges may comprise a matrix
of A rows and C columns of ultrasound transducer ele-
ments whereas two further branch regions abutting to
the remaining opposing edges of the center region may
comprise a matrix of D rows and B columns of ultrasound
transducer elements. In other words, the over-all cross-
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shaped ultrasound transducer area may comprise four
branch regions and an interposed center region wherein
the dimensions of the center regions are correlated to
the respective widths of the abutting branch regions. Var-
ious ratios of A, B, C and D are possible. For example,
the center region may be rectangular (A = B) or square
(A =B). Furthermore, the branch regions may have iden-
tical dimensions (C = D) or may be different (C = D) in
their lengths.

[0029] Advantageously, the center region is flat. While
the branch regions each may be curved around an axis
parallel to an abutting edge of the center region and may
therefore represent cylindrical surfaces oriented in differ-
ent directions, it may be preferable to provide the center
region without any curvature thereby possibly eliminating
the need of a complex compound curvature for the center
region interconnecting abutting branch regions. Each of
the branch regions may be curved to a same side with
respect to a plane including the flat center region.
[0030] Itmay be preferable to arrange atleast a portion
of the matrix array of transducer elements of the center
region and/or of the branch regions with a phased array
pitch. Such phased array pitch arrangement may allow
for operating the ultrasound transducer in a sector scan-
ning mode in which emitted ultrasound beams may be
steered. With such steering, for example, deviations of
the center region and/or the branch regions from a cylin-
drical or spheroidal ideal may be compensated by suit-
able beam forming using a combination of translation and
steering to accommodate the non-cylindrical and/or non-
spheroidal geometry.

[0031] For example, the matrix array of transducer el-
ements in the center region may be arranged with a
phased array pitch in both orthogonal main directions
whereas the matrix array of transducer elements of each
of the branch regions may be arranged with a phased
array pitch only in the main direction parallel to the edge
from which the respective branch region extends. In other
words, the transducer elements in the center region may
have dimensions in both, length and width, of /2. The
transducer elements in the branch regions may have a
dimension of A/2 in the width direction, i.e. the direction
parallel to the edge of the abutting center region, and
another dimension such as for example a A dimension
in alength direction perpendicular to the edge of the abut-
ting center region.

[0032] Whileinsuch an approach, different designs for
the transducer element dimensions may be necessary
for the center region and the branch regions, the total
number of transducer elements and respective control
elements controlling each of the transducer elements
may be minimized.

[0033] Advantageously, the ultrasound elements are
arranged on a bendable substrate and each of the ultra-
sound elements may be provided with an associated con-
trol circuit acting as a microbeamformer, which control
circuit is preferably integrated in a common substrate.
Forexample, the bendable substrate may be a thin silicon
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substrate having a thickness which allows for sufficiently
bending the substrate together with the ultrasound trans-
ducer elements created therewith. Such thickness may
be e.g. less than 100 wm, preferably less than 50 pm. In
such silicon substrate, the circuitry for controlling a signal
to the transducer elements may be integrated.

[0034] As noted above, the ultrasound transducer el-
ements may comprise a layer arrangement which may
be activated to ultrasonic vibrations. Such layer arrange-
ment may comprise for example one or more piezoelec-
tric layers with respective electrodes. The ultrasound
transducer elements furthermore may be provided with
a control circuit included in a substrate. Advantageously,
the layer arrangement is mechanically attached to the
substrate by flip-chip-technology. The application of such
flip-chip-technology may provide for connections from
each of the array vibration elements to its corresponding
circuitry. Such an approach is also referred to as a "flip-
chip microbeamformer”, where each element’'s micro-
channel may be small enough to fit in a space limited by
the element’s azimuth and elevation dimensions. The mi-
crobeamformer may be built in an application specific
integrated circuit (ASIC) that may be essentially the same
size as the array, optionally plus some exira space
around the perimeter for overhead functions. According-
ly, each microchannel may sit behind its element, with
electrical contact made through a conductive post be-
tween them.

[0035] Furthermore, advantageously, the over-all ul-
trasound transducer area may be composed of a plurality
of tiles. For example, one ultrasound transducer matrix
array tile may comprise the center region and two of the
branch regions arranged at opposite edges of the center
region at least one further ultrasound transducer matrix
array tile may comprise one or more further branch re-
gions. Alternatively, the over-all ultrasound transducer
area may be composed of at least three, preferably four,
identical ultrasound transducer matrix array tiles. Each
tile may comprise an ASIC comprising specific circuitry
for controlling the microbeamformers. Onto the ASIC, an
ultrasound transmitting layer may be disposed and elec-
trically connected wherein the respective ultrasound
transducer elements may be created by dicing the ultra-
sound transmitting layer to generate respective ele-
ments. Details and possible embodiments using ultra-
sound transducer matrix array tiles will be described fur-
ther below with respect to specific embodiments of the
present invention.

[0036] According to a further aspect of the present in-
vention, a method of fabricating a cross-shaped ultra-
sound probe is proposed according to claim 12, wherein
the method comprises providing a cross-shaped over-all
ultrasound transducer area comprising a center region
and four branch regions each comprising a matrix array
of ultrasound transducer elements wherein each branch
region extends from one of four edges of the center re-
gion. The method further comprises arranging each
branch region in a curved configuration around an axis
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parallel to the edge of the center region from which the
respective branch region extends. The matrix arrays of
each of the center region and the branch regions are two-
dimensional matrix arrays comprising transducer ele-
ments arranged in a plurality of rows and a plurality of
colums.

[0037] The over-all ultrasound transducer area may be
composed from a plurality of tiles. Each tile may comprise
an ASIC in which a control circuitry may be prepared with
standard semiconductor technologies. On a surface of
the ASIC, alayer may be deposited or bonded which may
be made from a material which can be activated for ul-
trasound vibration. This layer may then be diced to pre-
pare a multiplicity of transducer elements arranged in
matrix arrays wherein each elements may be controlled
by its associated ASIC. In the branch regions, at least
some of the dicing cuts may be arranged parallel to the
edge of the center region from which the respective
branchregion extends. Thereby, assuming aflexible sub-
strate for the ASICs, the branch regions may be bentinto
a shape curved around an axis parallel to the respective
edges. It has to be noted that aspects and embodiments
of the present invention are described herein with refer-
ence to different subject-matters. In particular, some em-
bodiments are described with respect to the ultrasound
probe whereas other embodiments are described with
respect to the method of fabricating the ultrasound probe.
However, a person skilled in the art will gather from the
above and the following description that, unless other
notified, in addition to any combination of features be-
longing to one type of subject-matter also any combina-
tion between features relating to different subject-mat-
ters, in particular between features of the apparatus type
claims and features of the method type claims, is con-
sidered to be disclosed with this application.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] Features and advantages of the present inven-
tion will be further described with respect to specific em-
bodiments as shown in the accompanying figures but to
which the invention shall not be limited.

Fig. 1 shows a conventional curved matrix array of
ultrasound transducer elements.

Fig. 2a,b,c,d show representations of a field of view
of the matrix array of Fig. 1 in perspective view, top
view, azimuth view and elevation view, respectively.
Fig. 3 shows a perspective view of a matrix array
arrangement for an ultrasound probe according to
an embodiment of the present invention.

Fig. 4 shows a perspective view of a matrix array
arrangement for an ultrasound probe with a flat cent-
er region according to another embodiment of the
present invention.

Fig. 5 shows a cross-section of a matrix array ar-
rangement for the ultrasound probe of Fig. 4.

Figs. 6a,b,c show representations of a field of view
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of an ultrasound probe with a linear array pitch ac-
cording to an embodiment of the present invention
in perspective view, top view and azimuth/elevation
view, respectively.

Figs. 7a,b,c show representations of a field of view
of an ultrasound probe with a phased array pitch ac-
cording to an embodiment of the present invention
in perspective view, top view and azimuth/elevation
view, respectively.

Fig. 8 shows a cross sectional view of a matrix array
of ultrasound transducers for use in an embodiment
of the present invention.

Fig. 9 shows an ultrasound probe arrangement com-
posed of three tiles according to an embodiment of
the present invention.

Fig. 10 shows an ultrasound probe arrangement
composed of four tiles according to an embodiment
of the present invention.

Fig. 11 shows an ultrasound probe arrangement
comprising four identical tiles according to an em-
bodiment of the present invention.

Fig 12 shows a top view of a matrix array arrange-
ment for an ultrasound probe arrangement accord-
ing to an embodiment of the present invention prior
to curving.

Fig. 13 shows a top view of a matrix array arrange-
ment for an ultrasound probe with a matrix array ar-
rangement optimized for minimizing the number of
transducer elements according to an embodiment of
the present invention.

[0039] Features shown in the figures are only sche-
matical and not to scale. Same or similar features are
labeled with same or similar reference signs. Further-
more, lines on surfaces shown in the figures do not nec-
essarily indicate any actual connections or even seg-
ments of transducer elements but may refer to surface
contours intended to help make the 3D surface more ap-
parent in a 2D drawing.

DETAILED DESCRIPTION OF THE INVENTION

[0040] Fig. 1 shows a conventional matrix array 100 of
ultrasound transducer elements 103 arranged along a
surface which is bent around an axis 105. The matrix
array comprises a plurality of columns 107 and rows 109
of ultrasound transducer elements 103 arranged on a
two-dimensional surface. The exemplary curved matrix
array has a radius of curvature ROC of 11.5 mm, a field
of view angle a of 130° in azimuth, and an aperture width
w in elevation of 10 mm. The ultrasound transducer ele-
ments 103 are arranged with a phased-array pitch in el-
evation direction to support 90° steering.

[0041] Figs. 2a,b,c and d show a perspective view, a
top view, an azimuth view and an elevation view of the
field of view obtainable with the curved matrix array
shown in Fig. 1.

[0042] Fig. 3 shows a perspective view of an ultra-
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sound transducer matrix array 1 for an ultrasound probe,
the matrix array 1 having a curved cross-shaped form
and comprising a center region 11 interconnecting four
branch regions 13. Each of the regions 11, 13 comprises
a matrix array 5 of ultrasound transducers 3. The branch
regions 13 extend from respective edges 15 of the center
region 11. Each ofthe branchregions 13 is curved around
an axis parallel to the respective edge 15 from which it
extends.

[0043] In the embodiment shown in Fig. 3, the center
region 11 may have a complex curved surface which is
curved in two directions. However, it may be difficult to
fabricate a matrix array of transducer elements with such
complex curvature. This may be due for example to the
fact that the material from which the transducer elements
are made may be bendable around one axis thereby be-
ing easily curved in a cylindrical surface but may not be
deformed in a complex curved shape due to a lacking
mechanical flexibility/elasticity.

[0044] Accordingly, itmay be advantageous to provide
an ultrasound transducer matrix array 1’ with a flat center
region 11’ as shown in Fig. 4. The flat center region 11’
may have a rectangular shape with four edges 15 from
which curved branch regions 13 extend. The matrix array
5 of the flat center region 11’ may comprise A columns
7 and B rows 9 of ultrasound transducer elements 3. In
the embodiment of Fig. 4, the center region 11’ is square
(A = B). The matrix arrays 5 of the branch regions 13
directly abut to one of the edges 15 of the center region
11’ and each have the same width as the dimension of
the edge 15 of the center region 11’ from which they
extend. Accorddingly, the branch regions 13 may have
A or B transducer elements 3 in a width direction. How-
ever, their length may be different. In principle, each of
the branch regions may have a different length and/or a
different radius of curvature; however, it may be advan-
tageous to provide each of the branch regions with a
same length and a same radius of curvature thereby
achieving a symmetric arrangement.

[0045] Fig. 5 shows a cross-section of the ultrasound
transducer matrix array 1’ shown in Fig. 4. Two curved
branch regions 13 extend from the flat center region 11’
at edges 15.

[0046] The field of view of ultrasound probe with a
cross-shaped curved ultrasound transducer matrix array
as shown in Fig. 4 may not be a complete spheroid; there
may be gaps in the "corners" where neither of the orthog-
onal apertures can provide adequate image quality.
[0047] The actual field of view of such cross-shaped
ultrasound transducer may depend on both the curved
surface provided by the basic geometry of the matrix ar-
rays of ultrasound transducer elements, plus the availa-
ble steering which may be dependent on the element
pitch.

[0048] Ifthe entire matrixarrayis diced onalineararray
pitch in both azimuth and elevation, steering is usually
limited to about 45°. Figs. 6a,b,c illustrate the resulting
field of view in a perspective view, top view and azi-
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muth/elevation view, respectively. This approach may
provide coverage of about half of an ideal spheroidal field
of view, with gaps in the "corners" which may be beyond
the combined translation and steering of the composite
array.

[0049] Such a transducer may also provide improved
image quality in the transverse plane through the center
of the array, over a larger field of view, than would be
possible with a single curved matrix array as for example
shown in Fig. 1. In addition to the field of view improve-
ments as noted above the image quality in the transverse
plane may improve as well by providing for curved linear
array operation in that direction, instead of relying only
on steering. The curved matrix array shown in Fig. 1 may
achieve a 90° field of view in elevation as shown in Fig.
2d only if it has phased-array pitch in elevation, whereas
the cross-shaped array shown in Figs. 3 or 4 has a 130°
field of view in elevation even if diced at a larger linear-
array pitch. The improved image quality results from the
larger available aperture in the elevation direction.
[0050] It may be noted that such cross-shaped array
as shownin Figs. 3 or4 may have fewer ultrasound trans-
ducer elements and respective microchannels than a
conventional curved matrix array as shown in Fig. 1. For
example, let the conventional curved matrix array shown
in Fig. 1 comprise 128 columns and 64 rows; therefore,
it comprises 128 x 32 = 8192 individual transducer ele-
ments and microchannels. To obtain a 90° field of view,
the B rows must be diced on a phased array pitch. Let
the cross-shaped array shown in Figs. 3 or 4 be symmet-
rical, where the dimensions of either major axis be the
same as the array in Fig. 1. Furthermore, let the array be
diced on linear array pitch in both directions; there will
be 128 columns in the azimuth direction and 32 rows in
the elevation direction for each of the crossed arrays.
The total number of elements in the array will then be 2
x (128 x 32) - 32 x 32 = 7168 individual array elements.
Although the crossed array may have more surface area,
it has fewer array elements because it is diced at linear
array pitch in both directions.

[0051] Figs.7a,b,cshow aperspective view, atop view
and an azimuth/elevation view, respectively, of a field of
view for an ultrasound probe with an ultrasound trans-
ducer matrix array according to an embodiment of the
present invention in which the entire array is diced to
provide phased array pitch in elevation. This may provide
about 90° of steering. In this case, the increased steering
may provide for much more coverage of an ideal sphe-
roidal field of view. As will be further described below with
respect to Fig. 9, it may not be necessary to dice the
entire array at phased array pitch.

[0052] In the embodiment shown in Fig. 7, matrix ar-
rays having a 130° azimuth field of view as discussed
further above with respect to the conventional curved ma-
trix array show in Fig. 1 have been used for the various
regions of the ultrasound probe. The result may be an
improvement in field of view of somewhat less than 50%
over the conventional single curved matrix array of Fig.
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1 with 90° steering. Ifthe azimuth field of view is increased
above 130°, then the field of view improvement may in-
crease beyond what is illustrated in Fig. 7.

[0053] In addition to the field of view improvements as
noted above the image quality in the transverse plane
may improve as well by providing for curved linear array
operationin thatdirection, instead of relying only on steer-
ing.

[0054] Fig. 8 shows a cross sectional view of a matrix
array 5 of ultrasound transducers 3. In a common bend-
able substrate 31, a plurality control circuits 37 have been
integrated. Each of the control cirsuits 37 is connected
via connections 33 to an associated layer arrangement
35 which may be activated to ultrasonic vibrations. The
layer arrangement may comprise a piezoelectric layer
together with one or more additional layers for improving
acoustic impedance match, thereby forming an acoustic
stack. The connections 33 have been established via flip-
chip technology. The plurality of vibration layer arrange-
ments 35 may be produced by first connecting an over-
all layer arrangement to the substrate 31 and subse-
quently dicing it thereby separating the plurality of vibra-
tion layers arrangement 35.

[0055] AsshowninFigs.9to 11, an over-all ultrasound
transducer area of an ultrasound probe according to em-
bodiments of the present invention may be composed of
a plurality of ultrasound transducer matrix array tiles 21,
23,25.The over-all ultrasound transducer area may com-
prise at least three, but probably four or more, ASICs. In
the embodiments shown in Figs. 9 to 11, a symmetrical
over-all ultrasound transducer area is shown, but sym-
metry is not a requirement.

[0056] Figs. 9 and 10 illustrate two embodiments in
which two different ASIC designs A, B are used. The two
designs may be most likely very similar and the system
I/O 27 may be on the outer edges of the ASICs. The
ASICs may be tiled prior to bonding to the acoustic stack.
Alternatively, pre-bonded ASIC/acoustic stack sub-as-
semblies may be tiled. The pre-bonded sub-assemblies
may be diced prior to tiling if either

(i) the tiling alignment is good enough, or
(ii) there is a calibration procedure for dealing with
any misregistrations.

[0057] If not, then the over-all transducer area may be
diced after tiling as described below. The tiling should be
done on a substrate that either is or may be made flexible
for later curving.

[0058] If the ASICs are tiled before bonding to the
acoustic stack, then there may be two basic choices for
probe configuration. The tiled ASIC sub-assembly may
be bonded to a single large acoustic stack, but this might
result in a significant amount of waste from unused cor-
ners (4/9 of the over-all area for a design with square
symmetry). If the process allows use of multiple probe
sub-assemblies, then the probe may comprise either
three or four pieces, in the same configuration as the
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ASIC as illustrated in Figs. 9 and 10.

[0059] It is also possible to use the same approach
with a single ASIC design, as shown in Fig. 11. In this
case, the two orthogonal apertures may not be the same.
[0060] At this point, the ultrasound unit including the
over-all transducer area may be ready for dicing, assum-
ing that the ASIC/probe sub-assemblies are not already
diced when tiled. When diced after tiling, the array ele-
ments may be properly registered with respect to each
other, although the underlying ASICs may be slightly mis-
aligned.

[0061] Fig. 12 shows an array geometry after dicing.
The unit may then be ready for curving. The substrate
may be made sufficiently bendable by using a bendable
material. Alternatively, a rigid material may be made
bendable by back-dicing. The tools and techniques for
getting the suitable radius of curvature may be similar to
those used for conventional one-dimensional transducer
arrays. For one-dimensional transducer arrays, one ap-
proach may be to place the array face down into a curved
tool that provides a specified radius of curvature, pushed
into contact with the face of the tool, and bonded to a
mechanical support structure behind the ASIC/array sub-
assembly. Another approach may be to bond the array
face up over a mechanical support structure. Either of
these methods may be used for the conventional curved
matrix transducer array shown in Fig. 1. Similar tech-
niques may be used for the cross-shaped matrix arrays,
except that the tool and mechanical support may be more
complex because there may be a flat center region in the
middle and there may be two sets of curved branch re-
gions extending therefrom.

[0062] After curving, array manufacture may be com-
pleted using techniques similar to those used on conven-
tional matrix arrays for ultrasound transducer probes.
[0063] Asnoted above, it may not be necessary to dice
the entire array at phased array pitch to achieve the field
of view illustrated in Fig. 7. Fig. 13 illustrates a dicing
pattern that provides for 90° steering in the elevation di-
rection for each orthogonal sub-set of the over-all array.
While dicing in each direction, the pitch may be halved
the center region. This may result in elements that are A
in azimuth and A/2 in elevation in the branch regions 13,
and A/2 x M2 in the flat center region 11. This approach
may need different microchannel designs for each of the
matrix arrays forming the center region 11 and the branch
regions 13, but it may minimize the total number of mi-
crochannels.

[0064] In order to accommodate the dicing approach
of Fig. 13 to the specific tiling arrangement of Fig. 11, it
may be necessary to incorporate sufficient flexibility for
some microchannel locations on the chip of an ASIC de-
sign to deal with either & x A/2 or A/2 x 1/2 elements.
[0065] It should be noted that the terms such as "com-
prising" do not exclude other elements or steps and that
theindefinite article "a" or "an" does not exclude a plurality
of elements. Also elements described in association with
different embodiments may be combined. It should also
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be noted that reference signs in the claims shall not be
construed as limiting the scope of the claims.

Claims

1. A cross-shaped ultrasound transducer matrix array
(1) for an ultrasound probe, comprising a cross-
shaped over-all ultrasound transducer area compris-

ing:

a center region (11) comprising a matrix array
(5) of ultrasound transducers elements (3),
wherein the center region (11) has four edges
(15), and

four branch regions (13) each comprising a ma-
trix array (5) of ultrasound transducers elements
(3), wherein each branch region (13) extends
from one of the edges (15) of the center region
(11) and wherein each branch region (13) is
curved around an axis parallel to the edge (15)
of the center region (11) from which the respec-
tive branch region (13) extends,
characterized in that the matrix arrays (5) of
each of the center region (11) and the branch
regions (13) are two-dimensional matrix arrays
comprising transducer elements (3) arranged in
a plurality of rows and a plurality of columns.

2. The ultrasound transducer matrix array of claim 1,
wherein the center region (11’) is flat.

3. The ultrasound transducer matrix array of claim 1 or
2, comprising a rectangular center region (11) with
amatrix of Arows and B columns of ultrasound trans-
ducer elements (3) and two branch regions (13) each
with a matrix of A rows and C columns of ultrasound
transducer elements (3) and two branch regions (13)
each with a matrix of D rows and B columns of ultra-
sound transducer elements (3).

4. The ultrasound transducer matrix array of one of
claims 1 to 3, wherein at least a portion of the matrix
array of transducer elements (3) of the center region
(11) and/or of the branch regions (13) is arranged
with a phased array pitch.

5. The ultrasound transducer matrix array of one of
claims 1 to 4, wherein the matrix array of transducer
elements (3) of the center region (11) is arranged
with a phased array pitch in both main directions and
wherein the matrix array of transducer elements of
each of the branch regions (13) is arranged with a
phased array pitch only in the main directions parallel
to the edge (15) from which the respective branch
region (13) extends.

6. The ultrasound transducer matrix array of one of



10.

11.

12.

15 EP 2 473 111 B1 16

claims 1 to 5, wherein ultrasound transducer ele-
ments (3) is provided with a bendable substrate (31).

The ultrasound transducer matrix array of one of
claims 1 to 6, wherein each of the ultrasound trans-
ducer elements (3) has an associated control circuit
(37).

The ultrasound transducer matrix array of claim 7,
wherein associated control circuits (37) are integrat-
ed in a common substrate (31).

The ultrasound transducer matrix array of claim 8,
wherein each of the ultrasound transducer elements
(3) comprise a layer arrangement (35) which may be
activated to ultrasonic vibrations and is provided with
a control circuit (37) included in a substrate (31)
wherein the layer arrangement (35) is is mechani-
cally attached to the substrate (31) by flip-chip-tech-
nology.

The ultrasound transducer matrix array of one of
claims 1 to 9, wherein the over-all ultrasound trans-
ducer area is composed of

one ultrasound transducer matrix array tile (21) com-
prising the center region (11) and two of the branch
regions (13) arranged at opposite edges of the center
region (11), and

at least one ultrasound transducer matrix array tile
(23) comprising a further branch region (13).

The ultrasound transducer matrix array of one of
claims 1 to 9, wherein the over-all ultrasound trans-
ducer area is composed of at least three identical
ultrasound transducer matrix array tiles (25).

A method of fabricating a cross-shaped ultrasound
transducer matrix array for an ultrasound probe (1),
comprising:

- providing a cross-shaped over-all ultrasound
transducer area comprising

a center region (11) comprising a matrix array
(5) of ultrasound transducer elements (3),
wherein the center region (11) has four edges
(15), and

four branch regions (13) each comprising a ma-
trix array (5) of ultrasound transducer elements
(3), wherein each branch region (13) extends
from one of the edges (15) of the center region
(11);

- arranging each branch region (13) in a curved
configuration around an axis parallel to the edge
(15) of the center region (11) from which the re-
spective branch region (13) extends

characterized in that the matrix arrays (5) of each
of the center region (11) and the branch regions (13)
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14.

are two-dimensional matrix arrays comprising trans-
ducer elements (3) arranged in a plurality of rows
and a plurality of columns.

The method of claim 12, wherein the center region
is arranged in a flat configuration.

The method of claim 12 or 13, wherein each of the
ultrasound transducer elements (3) comprise a layer
arrangement (35) which may be activated to ultra-
sonic vibrations and is provided with a control circuit
(37) included in a substrate (31), wherein the layer
arrangement (35) is is mechanically attached to the
substrate (31) by flip-chip-technology.

Patentanspriiche

1.

Kreuzférmiges Ultraschallwandler-Matrixarray (1)
fir eine Ultraschallsonde, umfassend eine kreuzfor-
mige Gesamtultraschallwandlerflache, die Folgen-
des umfasst:

eine Mittenregion (11) umfassend ein Matrixar-
ray (5) von Ultraschallwandlerelementen (3),
wobei die Mittenregion (11) vier Rander (15) hat,
und

vier Zweigregionen (13), die jeweils ein Matri-
xarray (5) von Ultraschallwandlerelementen (3)
umfassen, wobeisich jede Zweigregion (13) von
einem der Rander (15) der Mittenregion (11) aus
erstreckt und wobei jede Zweigregion (13) um
eine Achse herum gekrimmtist, die parallelzum
Rand (15) der Mittenregion (11) verlauft, von der
sich die betreffende Zweigregion (13) aus er-
streckt,

dadurch gekennzeichnet, dass die Matrixar-
rays (5) von sowohl der Mittenregion (11) als
auch der Zweigregionen (13) zweidimensionale
Matrixarrays sind, die Wandlerelemente (3) um-
fassen, welche in einer Vielzahl von Reihen und
einer Vielzahl von Spalten angeordnet sind.

Ultraschallwandler-Matrixarray nach Anspruch 1,
wobei die Mittenregion (11°) flach ist.

Ultraschallwandler-Matrixarray nach Anspruch 1
oder 2, umfassend eine rechteckige Mittenregion
(11) mit einer Matrix aus A Reihen und B Spalten
von Ultraschallwandlerelementen (3) und zwei
Zweigregionen (13) jeweils mit einer Matrix aus A
Reihen und C Spalten von Ultraschallwandlerele-
menten (3) und zwei Zweigregionen (13) jeweils mit
einer Matrix aus D Reihen und B Spalten von Ultra-
schallwandlerelementen (3).

Ultraschallwandler-Matrixarray nach einem der An-
spriiche 1 bis 3, wobei mindestens ein Teil des Ma-
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trixarrays aus Wandlerelementen (3) der Mittenregi-
on (11) und/oder der Zweigregionen (13) mit einem
Phased-Array-Abstand angeordnet ist.

Ultraschallwandler-Matrixarray nach einem der An-
spriiche 1 bis 4, wobei das Matrixarray aus Wand-
lerelementen (3) der Mittenregion (11) mit einem
Phased-Array-Abstand in beiden Hauptrichtungen
angeordnetistund wobeidas Matrixarray von Wand-
lerelementen von jeder der Zweigregionen (13) mit
einem Phased-Array-Abstand nur in den Hauptrich-
tungen parallel zu dem Rand (15) angeordnet ist,
von dem aus sich die betreffende Zweigregion (13)
erstreckt.

Ultraschallwandler-Matrixarray nach einem der An-
spriiche 1 bis 5, wobei Ultraschallwandlerelemente
(3) miteinem biegbaren Substrat (31) versehen sind.

Ultraschallwandler-Matrixarray nach einem der An-
spriiche 1 bis 6, wobei jedes der Ultraschallwand-
lerelemente (3) eine zugehdrige Steuerschaltung
(37) hat.

Ultraschallwandler-Matrixarray nach Anspruch 7,
wobei die zugehdrigen Steuerschaltungen (37) in ei-
nem gemeinsamen Substrat (31) integriert sind.

Ultraschallwandler-Matrixarray nach Anspruch 8,
wobeijedes der Ultraschallwandlerelemente (3) eine
Schichtanordnung (35) umfasst, die fir Ultraschall-
schwingungen aktiviert werden kann und mit einer
in einem Substrat (31) enthaltenen Steuerschaltung
(37) versehen ist, wobei die Schichtanordnung (35)
mechanisch durch Flip-Chip-Technologie an dem
Substrat (31) angebracht ist.

Ultraschallwandler-Matrixarray nach einem der An-
spriiche 1 bis 9, wobei die Gesamtultraschallwand-
lerflaiche zusammengesetzt ist aus

einer Ultraschallwandler-Matrixarraykachel (21) um-
fassend eine Mittenregion (11) und zwei der Zweig-
regionen (13), die an gegeniiberliegenden Randern
der Mittenregion (11) angeordnet sind, und
mindestens einer Ultraschallwandler-Matrixarrayka-
chel (23) umfassend eine weitere Zweigregion (13).

Ultraschallwandler-Matrixarray nach einem der An-
spriiche 1 bis 9, wobei die Gesamtultraschallwand-
lerflaiche zusammengesetzt ist aus mindestens drei
identischen Ultraschallwandler-Matrixarraykacheln
(25).

Verfahren zum Herstellen eines kreuzférmigen Ul-
traschallwandler-Matrixarrays fur eine Ultraschall-

sonde (1), wobei das Verfahren Folgendes umfasst:

- Bereitstellen einer kreuzférmigen Gesamtul-
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traschallwandlerflache, die Folgendes umfasst:

eine Mittenregion (11) umfassend ein Ma-
trixarray (5) von Ultraschallwandlerelemen-
ten (3), wobei die Mittenregion (11) vier
Ré&nder (15) hat, und

vier Zweigregionen (13), die jeweils ein Ma-
trixarray (5) von Ultraschallwandlerelemen-
ten (3) umfassen, wobei sich jede Zweigre-
gion (13) von einem der Rander (15) der
Mittenregion (11) aus erstreckt;

- Anordnen jeder Zweigregion (13) in einer ge-
krimmten Konfiguration um eine Achse herum,
die parallel zum Rand (15) der Mittenregion (11)
verlauft, von der sich die betreffende Zweigre-
gion (13) aus erstreckt,

dadurch gekennzeichnet, dass die Matrixarrays
(5) von sowohl der Mittenregion (11) als auch der
Zweigregionen (13) zweidimensionale Matrixarrays
sind, die Wandlerelemente (3) umfassen, welche in
einer Vielzahl von Reihen und einer Vielzahl von
Spalten angeordnet sind.

Verfahren nach Anspruch 12, wobei die Mittenregion
in einer flachen Konfiguration angeordnet ist.

Verfahren nach Anspruch 12 oder 13, wobei jedes
der Ultraschallwandlerelemente (3) eine Schichtan-
ordnung (35) umfasst, die fiir Ultraschallschwingun-
gen aktiviert werden kann und mit einer in einem
Substrat (31) enthaltenen Steuerschaltung (37) ver-
sehen ist, wobei die Schichtanordnung (35) mecha-
nisch durch Flip-Chip-Technologie an dem Substrat
(31) angebracht ist.

Revendications

Réseau matriciel de transducteurs ultrasonores cru-
ciforme (1) pour une sonde ultrasonore, comprenant
une zone de transducteurs ultrasonores globale cru-
ciforme comprenant :

une région centrale (11) comprenant un réseau
matriciel (5) d’éléments de transducteurs ultra-
sonores (3), la région centrale (11) possédant
quatre bords (15), et

quatre régions formant branches (13), chacune
comprenant un réseau matriciel (5) d’éléments
de transducteurs ultrasonores (3), chaque ré-
gionformantbranche (13) s’étendantdepuis 'un
des bords (15) de la région centrale (11) et cha-
que région formant branche (13) étant incurvée
autour d’'un axe paralléle au bord (15) de la ré-
gion centrale (11) a partir duquel s’étend la ré-
gion formant branche respective,
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caractérisé en ce que les réseaux matriciels
(5) de chacune de larégion centrale (11) et des
régions formant branches (13) sont des réseaux
matriciels bidimensionnels comprenant des élé-
ments formant transducteurs (3) agencés en
une pluralité de rangées et une pluralité de co-
lonnes.

Réseau matriciel de transducteurs ultrasonores se-
lon la revendication 1, dans lequel la région centrale
(11’) est plane.

Réseau matriciel de transducteurs ultrasonores se-
lon la revendication 1 ou 2, comprenant une région
centrale rectangulaire (11) avec une matrice de ran-
gées A et de colonnes B d’éléments formant trans-
ducteurs ultrasonores (3) et deux régions formant
branches (13), chacune avec une matrice de ran-
gées A et de colonnes C d’éléments formant trans-
ducteurs ultrasonores (3) et deux régions formant
branches (13), chacune avec une matrice de ran-
gées D et de colonnes B d’éléments formant trans-
ducteurs ultrasonores (3).

Réseau matriciel de transducteurs ultrasonores se-
lon 'une quelconque des revendications 1 a 3, dans
lequel au moins une partie du réseau matriciel d’élé-
ments formant transducteurs (3) de la région centra-
le (11) et/ou des régions formant branches (13) est
agencée avec un pas de réseau a commande de
phase.

Réseau matriciel de transducteurs ultrasonores se-
lon 'une quelconque des revendications 1 a 4, dans
lequel le réseau matriciel d’éléments formant trans-
ducteurs (3) de la région centrale (11) est agencé
avec un pas de réseau a commande de phase dans
les deux directions principales et dans lequel le ré-
seau matriciel des éléments formant transducteurs
de chacune des régions formant branches (13) n’est
agenceé avec un pas de réseau a commande de pha-
se que dans les directions principales paralléles au
bord (15) a partir duquel s’étend la région formant
branche (13) respective.

Réseau matriciel de transducteurs ultrasonores se-
lon 'une quelconque des revendications 1 a 5, dans
lequel les éléments formant transducteurs ultraso-
nores (3) sont dotés d’un substrat flexible (31).

Réseau matriciel de transducteurs ultrasonores se-
lon 'une quelconque des revendications 1 a 6, dans
lequel chacun des éléments formant transducteurs
ultrasonores (3) a un circuit de commande associé
(37).

Réseau matriciel de transducteurs ultrasonores se-
lon la revendication 7, dans lequel les circuits de
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commande associés (37) sont intégrés dans un
substrat commun (31).

Réseau matriciel de transducteurs ultrasonores se-
lon la revendication 8, dans lequel chacun des élé-
ments formant transducteurs ultrasonores (3) com-
prend une structure de couches (35) qui peut étre
activée par des vibrations ultrasonores et est doté
d’un circuit de commande (37) inclus dans un subs-
trat (31) dans lequel la structure de couches (35) est
fixée mécaniquement au substrat (31) a I'aide de la
technologie de connexion par billes.

Réseau matriciel de transducteurs ultrasonores se-
lon 'une quelconque des revendications 1 a 9, dans
lequel la zone de transducteurs ultrasonores globale
est composée

d’une mosaique de réseaux matriciels de transduc-
teurs ultrasonores (21) comprenant la région centra-
le (11) et deux des régions formant branches (13)
placées au niveau de bords opposés de la région
centrale (11), et

au moins une mosaique de réseaux matriciels de
transducteurs ultrasonores (23) comprenant une ré-
gion formant branche supplémentaire (13).

Réseau matriciel de transducteurs ultrasonores se-
lon I'une des revendications 1 a 9, dans lequel la
zonede transducteurs ultrasonores globale est com-
posée d’au moins trois mosaiques de réseau matri-
ciel de transducteurs ultrasonores (25).

Procédé de fabrication d’'un réseau matriciel de
transducteurs ultrasonores cruciforme pourune son-
de ultrasonore (1), comprenant

- la fourniture d’une zone de transducteurs ul-
trasonores globale cruciforme comprenant :

une région centrale (11) comprenant un ré-
seau matriciel (5) d’éléments formant trans-
ducteurs ultrasonores (3), dans lequel laré-
gion centrale (11) a quatre bords (15), et
quatre régions formant branches (13), cha-
cune comprenant un réseau matriciel (5)
d’éléments formant transducteurs ultraso-
nores (3), dans lequel chaque région for-
mant branche (13) s’étend depuis 'un des
bords (15) de la région centrale (11) ;

- 'agencement de chaque région formant bran-
che (13) dans une configuration incurvée autour
d’un axe paralléle au bord (15) de la région cen-
trale (11) a partir duquel s’étend la région for-
mant branche respective (13)

caractérisé en ce que les réseaux matriciels (5) de
chacune de la région centrale (11) et des régions
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formant branche (13) sont des réseaux matriciels
bidimensionnels comprenant des éléments formant
transducteurs (3) agencés enune pluralité derangés
et une pluralité de colonnes.

Procédé selon la revendication 12, dans lequel la
région centrale est agencée dans une configuration
plane.

Procédé selon larevendication 12 ou 13, danslequel
chacun des éléments formant transducteurs ultraso-
nores (3) comprend une structure de couches (35)
qui peut étre activée par des vibrations ultrasonores
etest doté d’un circuitde commande (37) inclus dans
un substrat (31), dans lequel la structure de couches
(35) est fixée mécaniquement au substrat (31) a
I'aide de la technologie de connexion par billes.
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