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ULTRASOUND IMAGING TRANSDUCER
ARRAY WITH INTEGRATED APODIZATION

TECHNICAL FIELD

[0001] The following generally relates to a transducer
array and more particularly to an ultrasound imaging trans-
ducer array with integrated apodization.

BACKGROUND

[0002] Ultrasound imaging has been used to determine
information about the interior characteristics of an object or
a subject. Generally, an ultrasound imaging system includes
a transducer array and components for at least generating
and transmitting ultrasound waves, receiving echoes or
reflected waves, processing the received signal, generating
images, and displaying the images. The transducer array
may include a one-dimensional (1D) array of elements or a
two-dimensional (2D) transducer array of elements.

[0003] For three dimensional (3D) imaging with a 2D
transducer array, the elements can be addressed element-
wise where each element is individually addressed. Alter-
natively, the elements can be addressed group-wise, e.g.,
using row-column addressing. In a configuration in which
each element is individually addressed, an NxN array of
elements would require NxN (or N?) electrical connections
and channels to fully address the array. With row-column
addressing, an NxN array of elements can be operated using
2N electrical connections and channels to fully address the
array.

[0004] As such, the row-column addressing approach can
simplify fabrication of the transducer array, for example, due
to the reduced number of electrical interconnects to the
transducer array (e.g., from NxN to 2N). Furthermore, the
data bandwidth requirements are also reduced. Unfortu-
nately, the row-column addressing approach may introduce
ghost artifact in the images, for example, because of the
significant element height, the lack of an acoustic lens, and
the lack of electronic control along the length of the row/
column elements.

[0005] A non-limiting example of row-column addressing
of'a 2D transducer array 100 is shown in FIGS. 1 and 2. In
FIG. 1, each 1D array 102, 104, and 106 of clements (three
elements in the illustrated embodiment) in a first direction (y
in the illustrated embodiment) respectively is excited with a
single pulse 108, 110, and 112 in transmit. In FIG. 2, a single
signal 202, 204, and 206 respectively is produced for each
1D array 208, 210, and 212 of elements (three elements in
the illustrated embodiment) in a second different direction (x
in the illustrated embodiment, where X is transverse to y) in
receive.

[0006] FIGS. 3, 4,5, 6, and 7 provide an example of ghost
artifact originating during both receive and transmit in
connection with the 1D arrays 208-212 of FIG. 2. For sake
of brevity, this example is described with respect to the array
208 in receive. However, the same edge effect arises in
transmit due to the receive/transmit reciprocity of the sound
field. In FIG. 3, when an emitted waveform is reflected by
a point scatterer 304, the reflected wave will have the shape
of a sphere 300. At a first time 306 thereafter, the reflected
spherical wave 300 intersects only a first subset 308 of
elements of the array 208 of the 1D array. FIG. 4 shows the
response 402 of the 1D array and the corresponding output
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signal 404, which is a sum of the measured signals, which
are approximately in phase, producing a strong output
signal.

[0007] Returning to FIG. 3, subsequently, at time 310, the
reflected wave 300 intersects with a second subset 312 of
elements of the array 208. Where the amplitude of the
transmit waveform is symmetric around zero, which it
typically is in at least medical ultrasound, the integration of
the output is close to zero. FIG. 5 shows the response 502 of
the array 208 and the corresponding output signal 504 at
time 310. Returning to FIG. 3, subsequently, at time 314, the
reflected wave crosses edges 316. FIG. 6 shows the response
602 of the array 208 and the corresponding output signal 604
at time 314.

[0008] From the above, during receive, a point scatterer
will receive three pressure waves: one main wave and one
from each edge of the 1D array. Each of these three waves
is reflected and each generates three signals during receive:
One main, and one at each edge of the 1D array. Thus, a total
of nine signals are generated from one point scatterer.
However, only one of these is of interest (the main echo, i.e.
the shortest distance from the array to the point scatterer).
The remaining eight echoes are artifacts that, in general, are
seen as ghosts (three pairs and two single).

[0009] Where the point scatterer is located directly above
the center of the 1D array (the scenario shown in FIG. 3), the
number of ghosts collapses to two (each containing four of
the eight artifacts). This is shown in FIG. 7, which shows a
main wave 702, and two ghost waves 704 and 706. In the
example shown in FIG. 3-7, row-column addressing results
in a main lobe at the center at 0 dB, and, beneath it, two
ghosts as a result of edge effects on the long row and column
elements. Unfortunately, the ghosts introduce artifact,
degrading image quality.

SUMMARY

[0010] Aspects of the application address the above mat-
ters, and others.

[0011] In one aspect, a transducer array includes at least
one 1D array of transducing elements. The at least one 1D
array of transducing elements includes a plurality of trans-
ducing elements. A first of the plurality of transducing
elements has a first apodization and a second of the plurality
of transducing elements has a second apodization. The first
apodization and the second apodization are different. The
transducer array further includes at least one electrically
conductive element in electrical communication with each
of the plurality of transducing elements. The transducer
array further includes at least one electrical contact in
electrical communication with the at least one electrically
conductive element. The at least one electrical contact
concurrently addresses the plurality of transducing elements
through the at least one electrically conductive element.
[0012] In another aspect, a method includes transmitting
an ultrasound waveform with a transducer array that
includes apodization that is integrated into physical elements
of the transducer array. The method further includes receiv-
ing a reflected wave with the transducer array. The method
further includes processing the received reflected wave to
generate at least one image.

[0013] In another aspect, an ultrasound imaging system
includes a transducer array with an array-wise addressable
array of elements that includes at least two elements with a
different apodization. The apodization is one of a fixed area
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controlled apodization, a dynamic area controlled apodiza-
tion, a fixed bias controlled apodization, or a dynamic bias
controlled apodization. The ultrasound imaging system fur-
ther includes transmit circuitry that conveys an excitation
pulse to the transducer array. The ultrasound imaging system
further includes receive circuitry that receives a signal
indicative of an ultrasound echo from the transducer array.
The ultrasound imaging system further includes a beam-
former that processes the received signal, generating ultra-
sound image data.

[0014] Those skilled in the art will recognize still other
aspects of the present application upon reading and under-
standing the attached description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The application is illustrated by way of example
and not limited by the figures of the accompanying draw-
ings, in which like references indicate similar elements and
in which:

[0016] FIG. 1 schematically illustrates prior art row or
column addressing for transmit or receive in connection with
a 2D transducer array;

[0017] FIG. 2 schematically illustrates prior art column or
row addressing for receive or transmit in connection with a
2D transducer array;

[0018] FIG. 3 schematically illustrates prior art interaction
of a wave reflected by a point scatterer with a 1D array of
a 2D transducer array at three different points in time;
[0019] FIG. 4 graphically illustrates a prior art response
and output of the 1D array of FIG. 3 at a first of the three
points in time;

[0020] FIG. 5 graphically illustrates a prior art response
and output of the 1D array of FIG. 3 at a second of the three
points in time;

[0021] FIG. 6 graphically illustrates a prior art response
and output of the 1D array of FIG. 3 at a third of the three
points in time;

[0022] FIG. 7 graphically illustrates a main lobe and ghost
lobes in connection with the prior art row-column address-
ing of FIGS. 1-6;

[0023] FIG. 8 schematically illustrates an example ultra-
sound imaging system with a transducer array with inte-
grated apodization;

[0024] FIG. 9 schematically illustrates an example of fixed
area controlled apodization in connection with rectangular
piezoelectric elements;

[0025] FIG. 10 schematically illustrates an example of
fixed area controlled apodization in connection with rectan-
gular and triangular piezoelectric elements;

[0026] FIG. 11 schematically illustrates an example of
dynamic area controlled apodization in connection with a
piezoelectric 2D transducer array;

[0027] FIG. 12 schematically illustrates an example of a
CMUT 2D transducer array.

[0028] FIG. 13 schematically illustrates an example of
fixed area controlled apodization in connection with a
CMUT 2D transducer array;

[0029] FIG. 14 schematically illustrates an example of
dynamic area controlled apodization in connection with a
CMUT 2D transducer array;

[0030] FIG. 15 schematically illustrates an example of
bias controlled apodization in connection with a CMUT 2D
transducer array;
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[0031] FIG. 16 schematically illustrates an example of
area apodization with nine apodization levels that are set as
a rotationally symmetric 2D Hann window;

[0032] FIG. 17 schematically illustrates an example mask
layout for the apodization of FIG. 16;

[0033] FIG. 18 illustrates an example of integrated fixed
area apodization enabling homogeneous rectilinear imaging
with optional beam steering;

[0034] FIG. 19 graphically illustrates a main lobe in
connection with the row-column addressing of FIGS. 8 and
17,

[0035] FIG. 20 illustrates a method in accordance with the
embodiments discussed herein;

[0036] and

[0037] FIG. 21 illustrates an example mask layout for a

CMUT using the apodization described in connection with
FIG. 18.

DETAILED DESCRIPTION

[0038] FIG. 8 schematically illustrates an example ultra-
sound imaging system 800.

[0039] The ultrasound imaging system 800 includes a
transducer array 802 that includes at least one 1D array of
transducing elements 804. The at least one 1D array of
transducing elements 804 is configured to transmit ultra-
sound signals when in transmit mode and receive echoes,
reflected waveforms, etc. when in receive mode. In one
non-limiting instance, the at least one 1D array of transduc-
ing elements 804 includes a 2D array of two or more 1D
arrays. An example 2D array includes a 16x16 array, a
32x32 array, a 64x64 array, a larger array, or a smaller array.
In another embodiment, the at least one 1D array of trans-
ducer elements 804 includes a non-square array such as
rectangular, circular array, and/or other shaped arrays. In yet
another instance, the array of transducing elements 804
includes only a single 1D array of transducing elements.
[0040] As described in greater detail below, the at least
one 1D array of transducer elements 804 includes integrated
apodization, or apodization that is integrated in and part of
the physical transducing elements themselves. In one
instance, the integrated apodization, e.g., weights end or
peripheral regions of each 1D array of transducing elements
lower than other regions (e.g., more central regions) of the
at least one 1D array of transducer elements 804. This may
reduce or mitigate the artifacts such as the ghost artifacts
such as from the edges of a transducer array as discussed in
connection with FIGS. 3-7 and/or other artifacts. Examples
of such apodization include, but are not limited to, area
(fixed and dynamic) and/or voltage bias (fixed and dynamic)
controlled apodization. These approaches can be used with
different types of transducing elements such as piezoelectric,
capacitive micro machined ultrasonic transducer (CMUT),
and/or other transducing eclements.

[0041] Transmit circuitry 806 generates pulses that excite
a predetermined set of addressed 1D arrays of the at least
one 1D array of transducer elements 804 to emit one or more
ultrasound beams or waves into a scan field of view. Receive
circuitry 808 receives echoes or reflected waves, which are
generated in response to the transmitted ultrasound beam or
wave interacting with (stationary and/or flowing) structure
in the scan field of view, from a predetermined set of
addressed arrays of the at least one 1D array of transducer
elements 804. A switch 810 switches between the transmit
circuitry 806 and the receive circuitry 808, depending on
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whether the transducer array 802 is being operated in
transmit or receive mode. In transmit mode, the switch 810
electrically connects the transmit circuitry 806 to the at least
one 1D array of transducer elements 804. In receive mode,
the switch 810 electrically connects the receive circuitry 808
to the at least one 1D array of transducer elements 804.
[0042] A beamformer 812 processes the received echoes,
for example, by applying time delays and weights, sum-
ming, and/or otherwise processing the received echoes. In
one non-limiting instance, the beamformer 812 includes a
single sub-beamformer for each of the at least one 1D array
of transducer elements 804. In another instance, more than
a single sub-beamformer can be used with a 1D array and/or
a single sub-beamformer can be used two more of the 1D
arrays. A scan converter 814 scan converts the beamformed
data, converting the beamformed data (e.g., images) into the
coordinate system of a display 816, which visually displays
the data. In one instance, the data is visually displayed in an
interactive graphical user interface (GUI), which allows the
user to selectively rotate, scale, and/or manipulate the dis-
played data through a mouse, a keyboard, touch-screen
controls, etc.

[0043] A controller 818 controls one or more of the
components of the system 800 such as at least one of the
transmit circuitry 806 or receive circuitry 806, the switch
810 based on whether the at least one 1D array of transducer
elements 804 is transmitting or receiving, etc. Such control
can be based on available modes of operation (e.g., B-mode,
C-mode, Doppler, etc.) of the system 800. A user interface
820 includes include one or more input devices (e.g., a
button, a knob, a slider, a touch pad, etc.) and/or one or more
output devices (e.g., a display screen, lights, a speaker, etc.).
A particular mode, scanning, and/or other function can be
activated by one or more signals indicative of input from the
user interface 820. The user interface 820 can also be used
to set and/or change parameters such as imaging parameters,
processing parameters, display parameters, etc.

[0044] In one instance, the transducer array 802 is part of
a probe and the transmit circuitry 806, the receive circuitry
808, the switch 810, the beamformer 812, the scan converter
814, the controller 818, the user interface 820, and the
display 816 are part of a console. Communication there
between can be through a wired (e.g., a cable and electro-
mechanical interfaces) and/or wireless communication
channel. In this instance, console can be similar to a portable
computer such as a laptop, a notebook, etc., with additional
hardware and/or software for ultrasound imaging. The con-
sole can be docked to a docketing station and used.

[0045] Alternatively, the console can be part (fixed or
removable) of a mobile or portable cart system with wheels,
casters, rollers, or the like, which can be moved around. In
this instance, the display 816 may be separate from the
console and connected thereto through a wired and/or wire-
less communication channel. Where the cart includes a
docking interface, the laptop or notebook computer type
console can be interfaced with the cart and used. An example
of a cart system where the console can be selectively
installed and removed is described in US publication 2011/
0118562 Al, entitled “Portable ultrasound scanner,” and
filed on Nov. 17, 2009, which is incorporated herein in its
entirety by reference.

[0046] Alternatively, the transducer 802, the transmit cir-
cuitry 806, the receive circuitry 808, the switch 810, the
beamformer 812, the scan converter 814, the controller 818,
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the user interface 820, and the display 816 are all housed and
enclosed within a hand-held ultrasound apparatus, with a
housing that mechanically supports and/or shields the com-
ponents within. In this instance, the transducer 802 and/or
display 816 are also part of the housing, being structurally
integrated or part of a surface or end of the hand-held
ultrasound apparatus. An example of a hand-held device is
described in U.S. Pat. No. 7,699,776, entitled “Intuitive
Ultrasonic Imaging System and Related Method Thereof,”
and filed on Mar. 6, 2003, which is incorporated herein in its
entirety by reference.
[0047] As briefly discussed above, the at least one 1D
array of transducer elements 804 includes integrated
apodization, including, but not limited to, fixed area con-
trolled apodization, dynamic area controlled apodization,
fixed bias controlled apodization, and dynamic bias con-
trolled apodization. Non-limiting examples of each of these
are discussed below.
[0048] FIGS. 9, 10, and 11 show examples of area con-
trolled apodization where the transducer array 802 includes
a piezoelectric transducer array. FIG. 9 illustrates fixed area
controlled apodization where the elements include rectan-
gular elements. FIG. 10 illustrates fixed area controlled
apodization where the elements include rectangular and
non-rectangular elements. FIG. 11 illustrates dynamic area
controlled apodization. Generally, area-controlled apodiza-
tion refers to apodization that is based on a physical area of
a transducing surface of each element of each of the at least
one 1D array of transducer elements 804. With area con-
troller apodization, the transmit pressure and the signal
generated during receive for each transducing element scale
with the physical surface area of the transducing element.
[0049] For sake of clarity and explanatory purposes, a first
direction 900 of the array 802 is referred to herein as a row,
and a second direction 902 of the array 802 is referred to
herein as a column, and the first direction is considered the
transmit direction, and the second direction is considered the
receive direction. However, the directions 900 and 902
respectively can alternatively refer to the column and the
row and/or receive and transmit. In general, the first direc-
tion 900 and the second direction 902 are different direc-
tions, approximately perpendicular, as shown in FIG. 9, or
otherwise angularly offset. Furthermore, transmit and/or
receive can be performed in more than one direction.
[0050] Initially referring to FIG. 9, the transducer array
802 includes NxM transducing elements 904 (or elements
904, , ...,904, ,, where N and M are positive integers).
In one instance, N=M. In another instance, N=M. The
transducer array 802 further includes N electrical contacts
906, . ..,906,, and M electrical contacts 908, . . ., 908, .
[0051] The array 902 further includes an electrically con-
ductive element 910, that electrically connects the electrical
contact 906, to each of the elements 904, ,, . . ., 904, ,,
forming a row line element 912,. Likewise, electrically
conductive elements 910,, 910, 910,, . . . 910,, respec-
tively electrically connect the electrical contacts 906,, 906,
906, . . . 906, to the elements 904, ,, . . ., 904, ,,, 904, ,,
2.59045,,904, . ...,904,,,...904,,,...,904,,,
forming row line elements 912,, 912, 912, . . ., 912,
[0052] Each of the row line element 912,, 912,, 912,
912,, ...,912, is addressed via the corresponding electri-
cally conductive element 906,, 906,, 9065, 906,, . . . 906,,.
For example, an excitation signal at the electrically conduc-
tive element 906, excites the entire row line element 912,



US 2019/0265344 Al

or the elements 904, ,,...,904, ,, ..., an excitation signal
at the electrically conductive element 906,, excites the entire
row line element 912y, or the elements 904,,,, . . . 904, ,,.
In another example, receiving a signal from the electrically
conductive element 906, receives signals from the entire
row line element 912, or the elements 904, ,, ..., 904, ,,
., receiving a signal from the electrically conductive
element 906, receives signals from the entire row line
element 912, or the elements 904, . . ., 904, ,,.
[0053] The array 902 further includes an electrically con-
ductive element 914, that electrically connects the electrical
contact 908, to each of the elements 904, ;, . . ., 904, ,,
forming a column line element 916,. Likewise, electrically
conductive elements 914,, 914,, 914,, . . . 914, respec-
tively electrically connect the electrical contacts 908, 908,
908,, . . . 908,, to the elements 904, ,, . . ., 904, ,,, 904, |,
2.5 9045,,904, ,,...,904,,,...904,,,...,904,,,
forming column line elements 916, 9165, 916,, . . ., 916,.
[0054] Each of the column line element 916,, 916,, 916,
916,, . . ., 916,, is addressed via the corresponding elec-
trically conductive element 908,, 908, 908,, 908, . . .,
908,,. For example, an excitation signal at the electrically
conductive element 908, excites the entire column line
element 916, or the elements 904, ,, ..., 904, ,,...,an
excitation signal at the electrically conductive element 908,
excites the entire column line element 916, ,, or the elements
904, 5, . . ., 904, ,,. In another example, receiving a signal
from the electrically conductive element 908, reads signal
from the entire column line element 916,, or the elements
904, ,, . .. ,904,,, ..., receiving a signal from the
electrically conductive element 908, reads signals from the
entire column line element 916,,, or the elements 904, ,,, .
c 5904, .
[0055] A first group 918 of elements at a central region of
the array 802 each have a first area A; (W, *L,). A second
group 920 of sub-elements (which excludes the first group
918) disposed along a perimeter or periphery of the array
802 each have a second area A, (W,*L,). A third group of
sub-elements 922 disposed at the corners of the array 802
each have a third area A; (W;*L;). However, this configu-
ration is not limiting. For example, in another embodiment,
there may be more or less groups and/or different groups.
Furthermore, in FIG. 9, the elements for all three of the
groups 918, 920 and 922 is rectangular or square, and, in
another embodiment, at least one of the sub-elements is
otherwise shaped, such as circular, elliptical, triangular,
hexagonal, etc.
[0056] In the illustrated embodiment, W,>W,~W; and
L,~L,>L;, However, this configuration is not limiting. Gen-
erally, the width (W) and length (L) of each element is such
that A;>A,>A;. The pressure output (the transmitted pres-
sure), transmitted in response to an excitation signal (e.g., a
voltage pulse) of an element with an area A (or W*L) is P.
As such, the pressure output, due to excitation signal, of the
elements of the first group 918, which have an area A, is P, .
The pressure output, due to excitation signal, of the elements
ofthe second group 920, which have an area A, is P,, where
P,=aP,, where a=A,/A,. The pressure output, due to exci-
tation signal, of the elements of the third group, which have
an area A, is P;, where P,=fP,, where =A,/A,.
[0057] The signal output, generated by an element in
response to an incident acoustical wave impinging thereon,
for an element with an area A is S. As such, the signal output,
due to an impinging acoustical wave, of the elements of the
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first group 918, which have an area A, is S,. The signal
output, due to an impinging acoustical wave, of the elements
of'the second group 920, which have an area A, is S,, where
S,=aS,, where a=A,/A,. The signal output, due to an
impinging acoustical wave, of the elements of the third
group 922, which have an area A;, is S;, where S;=fS,,
where f=A,/A;.

[0058] With this configuration, the transmit pressure and/
or the signal generated during transmit and receive scale
with the transducing area of each element. In the illustrated
embodiment, the scaling scales down the transmit pressure
and the signal generated during receive going from the first
group 918, to the second group 920, to the third group 922
of elements. Thus, a particular row line element or column
line element includes fixed discrete area controlled apodiza-
tion. Such apodization effectively down weights the output
pressure transmitted by (during transmit) and the electrical
signal generated by (during receive) at the ends of each row
and/or column line element, mitigating or reducing ghost
artifact introduced by the edge clements.

[0059] The configuration shown in FIG. 9, can be formed
by through dicing, screen-printing (where the layout of each
cell is defined by a mask), and/or other approach. Dicing is
well suited for creating the rectangular sub-elements shown
in FIG. 9. As the resonance frequency of piezo-elements is
given by the height, the area can be freely adjusted without
altering the operating frequency of each sub-element. This
configuration allows for varying the transmitted/received
signal of a single line element. For transmit, the amplitude
of the excitation pulses need not be varied, so a fixed
excitation pulse waveform at a single amplitude can be used.
Only phase control is required to allow focusing and steering
of the beam.

[0060] FIG. 10 schematically illustrates a variation of the
transducer array 802 in FIG. 9 in which the geometry of the
second group 920 of elements is not rectangular, and the
apodization linearly scales (rather than discretely scales) the
output pressure transmitted by (during transmit) and the
electrical signal generated by (during receive) of the ele-
ments of the periphery. This is achieved in this example
through a triangular geometry of the second group 920 of
elements in which the apodization decreases in a direction
towards the periphery. Again, other geometries, such as
hexagonal, irregular, circular, etc. are also contemplated
herein. Screen-printing is well suited for such shapes. The
configuration of FIG. 10 also does not include the third
group 922, or corner elements 904, ;, 904, ,, 904, ,,, and
904, ,,. In another variation, the apodization can scale in a
non-linear manner, for example, where the geometry of the
outer sub-elements in a non-linear. Furthermore, the first
group 916 can also have non-linear geometries.

[0061] FIG. 11 shows an example of dynamic area con-
trolled apodization for a single one of the elements 904 of
the transducer array 802. In FIG. 11, the single element 904
includes a 3x3 arrangement of piezo sub-elements 1102,
including a first row 1104, of sub-elements 1102, a second
row 1104, of sub-elements 1102, and a third row 1104 of
sub-elements 1102, each row including three sub-elements
1102, and a first column 1106, of sub-elements 1102, a
second column 1106, of sub-elements 1102, and a third
column 1106, of sub-elements 1102, each column including
three sub-elements 1102.

[0062] A row electrode 1108 is in electrical communica-
tion with the sub-elements 1102 of the second row 1104,. A
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first plurality of switches 1110 and 1112 respectively selec-
tively electrically connect the sub-elements 1102 of the first
row 1104, and the sub-elements 1102 of the third row 1104,
to the row electrode 1108. As such, the area of the illustrated
element 904 can be dynamically changed, row-wise,
between three different discrete area levels. The levels
include: only the second row 1104,; the second row 1104,
and either the first row 1104, or the third row 1104, and all
three rows.

[0063] A column electrode 1114 is in electrical commu-
nication with the sub-elements 1102 of the second column
1106,. A second plurality of switches 1116 and 1118 respec-
tively selectively electrically connect the sub-elements 1102
of the first column 1106, and the sub-elements 1102 of the
third column 1106, to the column electrode 1114. As such,
the area of the illustrated element 904 can be dynamically
changed, column-wise, between three different discrete area
levels. The levels include: only the second row 1106,; the
second row 1106, and either the first row 1106, or the third
row 11065, and all three rows.

[0064] Combining the switching of the rows and columns,
the area of the illustrated element 904 can be dynamically
changed between nine different discrete area levels. This
includes only the central sub-elements 1102 up to all of the
sub-elements 1102.

[0065] Generally, if the number of enabled switches in row
iis denoted k, and the number of enabled switches in column
j is denoted the area apodization A of element (i; j) is A(i;
17k, xk;. Any separable 2-D function can be implemented as
an apodization function. The number of switches per row or
column for kxk cells per element can in principle be reduced
to 2k-2, as this—together with the possibility of not reading
out the signal from a row or column—allows any number of
cells in a given element to be active.

[0066] FIGS. 12, 13, and 14 shows examples of area
controlled apodization where the transducer array 802
includes a CMUT transducer array. FIG. 12 shows a sub-
portion of a CMUT transducer array 802. FIG. 13 shows an
example of fixed area controlled apodization. FIG. 14 shows
an example of dynamic area controlled apodization.
[0067] In FIG. 12, the sub-portion of the transducer array
802 includes two line elements 1202 and 1204 in one
direction 1206 and four line elements 1208, 1210, 1212 and
1214 in a different direction 1216. An element 904 includes
XxY cells 1218, where X and Y are positive integers, and
X=Y or X=Y. Different elements 904 may have the same or
a different number of cells 1218.

[0068] InFIG.13,X=Y=5, arranged as a 5x5 matrix, or 25
elements 904. For sake of clarity and explanatory purposes,
only reference numerals for a single element 904 and a
single cell 1218 of the element 904 are provided. For the
other components, the description of FIG. 9 can be refer-
enced. In FIG. 13, the transducing area of each element 904
is fixed by the number of cells 1218 which populate the
element 904. That is, an element 904 with twice the number
of cells 1218 as another element 904 will have twice the
transducing area as the other element 904.

[0069] By way of example, for the row line element 912,,
element 1,1 includes a single cell 1218, element 1,2 includes
two cells 1218, the element 1,3 includes three cells 1218,
element 1,4 includes two cells 1218, and element 1,5
includes one cell 1218. As such, the elements 1,2 and 1,3
have twice the transducing area as the elements 1,1 and 1,4,
and the element 1,3 has three times the transducing area as
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the elements 1,1 and 1,4. In this embodiment, a similar
pattern is followed for the column line element 916, . That is,
the element 1,1 includes a single cell 1218, element 2,1
includes two cells 1218, element 3,1 includes three cells
1218, element 4,1 includes two cells 1218, and element 5,1
includes one cell 1218.

[0070] As shown in the illustrated embodiment, the center
element 3,3 includes nine cells 1218. The elements (element
3,2; element 2,3; element 4,3; element 3,4) adjacent to the
center element 3,3 each include five cells 1218. The ele-
ments (element 2,2; element 4,2; element 2.4; element 4,4)
at the corners of the element 3,3 each include four cells
1218. The elements along the periphery and at the corners
include less than four cells 1218. With this configuration, the
apodization rolls off from the center element 3,3 to the edge
elements as a function of a distance from the center element
3,3 to each of the other elements 904. Again, this has the
effect of down waiting the edge sub-elements, mitigating
ghost artifact introduced thereby. The geometry of each
element 904 can be the same or different.

[0071] Generally, a size of each cell 1218 is determined by
the desired fundamental resonant frequency of the trans-
ducer array 802. The active or transducing area of an
element 904 is adjusted by varying the number of cells 1218
per element 904. With the geometry in FIG. 13, the element
3,3 has nine (9) discrete apodization levels, and the other
elements 907 have less than nine discrete apodization levels,
or a number of discrete apodization levels determined by the
number of cells 1218. A given transducer element 904 pitch
and cell 1218 pitch defines a maximum number of cells per
element 904, and the apodization profile is discretized into
a number of levels equal to the maximum number of cells
per element 904.

[0072] FIG. 14 shows an example of dynamic area con-
trolled apodization. In FIG. 14, a single element 904
includes a 3x3 arrangement of CMUT cells 1218, including
a first row 1402, of CMUT cells 1218, a second row 1402,
of CMUT cells 1218, and a third row 1402, of CMUT cells
1218, each row including three CMUT cells 1218, and a first
column 1404, of CMUT cells 1218, a second column 1404,
of CMUT cells 1218, and a third column 1404, of CMUT
cells 1218, each column including three CMUT cells 1218.
[0073] A row electrode 1406 is in electrical communica-
tion with the cells of the second row 1402,. A first plurality
of switches 1408 and 1410 respectively selectively electri-
cally connect the cells of the first row 1402, and the cells of
the third row 1402, to the row electrode 1406. As such, the
area of the illustrated element 904 can be dynamically
changed, row-wise, between three different discrete area
levels. The levels include: only the second row 1402,; the
second row 1402, and either the first row 1402, or the third
row 1102, and all three rows.

[0074] A column electrode 1416 is in electrical commu-
nication with the cells of the second column 1404,,. A second
plurality of switches 1412 and 1414 respectively selectively
electrically connect the cells of the first column 1404, and
the cells of the third column 1404, to the column electrode
1416. As such, the area of the illustrated element 904 can be
dynamically changed, column-wise, between three different
discrete area levels. The levels include: only the second row
1404,; the second row 1404, and either the first row 1404,
or the third row 1404, and all three rows.

[0075] Combining the switching of the rows and columns,
the area of the illustrated element 904 can be dynamically
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changed between nine different discrete area levels. This
includes only the central CMUT cell 1218 up to all of the
CMUT cells 1218. Similar to the piezoelectric element 904
of FIG. 11, if the number of enabled switches in row i is
denoted k; and the number of enabled switches in column j
is denoted the area apodization A of element (i; j) is A(i;
1)7k;xkj. As with fixed area-controlled apodization, dynamic
area controlled apodization of row-column addressed arrays
offers 2N transmit and receive connections to an NxN
transducer array since the switches can be operated from a
pre-programmed independent circuit.

[0076] FIG. 15 shows an example of bias controlled
apodization in connection with a CMUT transducer array
802. For sake of clarity and explanatory purposes, this
example includes a 6x6 array. However, it is to be under-
stood that smaller and larger arrays, and non-square arrays
are also contemplated herein. It is also to be understood that
the illustrated voltage levels are also provided for explana-
tory purposes and are not limiting; other voltage levels are
contemplated herein.

[0077] The transducer array 802 includes the electrical
contacts 906,, . . ., 906,, each electrically connected to a
plurality of the elements 904 via the electrically conductive
elements 910, . . ., 910, forming the row line elements
912,,...,912,. The array 802 further includes the electrical
contacts 908, . . ., 908, each electrically connected to a
plurality of elements 904 via the electrically conductive
elements 914, . . ., 914, forming the column line elements
916,, . . ., 916,.

[0078] In this example, the transducer array 802 further
includes a first set of direct current (DC) voltage sources
1502, . . ., 1502, and a second set of DC voltage sources
1504, ..., 1504 The first set of DC voltage sources 1502,
. .., 1502, respectively are electrically connected to the
electrical contacts 906, . . ., 906, and the second set of DC
voltage sources 1504, . . . , 1504, respectively are electri-
cally connected to the electrical contacts 908, . . . , 908,.
[0079] The DC voltages generate a map of voltage differ-
ences over the sub-elements of the array 802. In general, if
the DC bias voltage applied to the i’th row is denoted r(i) and
the DC bias voltage applied to the j’th column is denoted
c(j), then the bias voltage of element (i; j) is given by V,(i;
J)=Ir(@)-c()l. As the apodization of the individual sub-
elements in terms of power scaling is a function of only
V(i ) for a given operating frequency, DC bias control
allows application of any apodization profile over the entire
2D array that can be described as the sum of two arbitrary
discrete 1D functions.

[0080] Since the number apodization levels are not limited
by the number of cells per sub-element, the DC bias voltage
can take any level. Bias-controlled apodization can be
implemented as either a fixed or a dynamic apodization. In
the first case, a simple voltage divider circuit can be imple-
mented next to the transducer, and the apodization profile is
fixed, but the apodization levels are continuous. For
dynamic DC bias, a slightly more complicated electronic
circuit has to be designed; however, usually only a small
number of predefined apodization profiles are needed, so
these could be pre-programmed and switched between by an
external IC.

[0081] With dynamic DC bias voltage control apodization,
time gain compensation can be directly integrated into the
transducer array 802. By ramping up the DC bias voltage
during receive, the signals from the transducer array 802 are

Aug. 29,2019

effectively time gain compensated, and only a weaker sub-
sequent time dependent amplification of the signals are
needed.

[0082] FIGS. 16 and 17 illustrate an example of integrated
fixed area apodization for the symmetry axis normal to the
array 802. In this instance, the suppression of ghost echoes
from a point scatterer located on the symmetry axis normal
to the transducer is achieved by applying a rotationally
symmetric apodization profile to the transducer. For a
CMUT array with 9 cells per sub-element, there are nine (9)
apodization levels. A discretized version of a 2D Hann
window with 9 levels on a 32x32 array is shown in FIG. 16,
and the corresponding mask layout for the CMUT array is
shown in FIG. 17. Other suitable windows include, but are
not limited to, a Hamming, a linear, a Gaussian, and/or other
discrete and/or continuous windows.

[0083] For point scatterers located away from the symme-
try axis normal to the transducer, the main echo will be
damped, as the active area of the sub-eclements directly
beneath it is reduced. Consequently, the resulting image will
have a decreasing signal-to-noise ratio (SNR) as a function
of the point scatterer’s distance from the symmetry axis. In
order to address this issue, a second layout is proposed.
[0084] FIG. 18 illustrates an example of apodization
enabling homogeneous rectilinear imaging with optional
beam steering. Using fixed area apodization as an example,
the layout in FIG. 18 consists of a 2-D row-column
addressed array 1800 with all elements having the same
(maximum) active area. On each end of the line elements, an
apodization element 1802 is attached in which the active
area is gradually decreased from a full active area next to the
line element to zero active area at the opposing end (the edge
of the entire array). With this approach, all point scatterers
imaged using rectilinear imaging will experience the same
apodization and exhibit the same SNR. In general, the layout
in FIG. 18 can be used in connection with area apodization
(e.g., the example of FIG. 21), bias apodization, damping
material, and/or apodization. Damping materials are dis-
cussed in Demore et al., “Real-Time Volume Imaging Using
a Crossed Electrode Array,” IEEE Transactions on Ultra-
sonics, Ferroelectrics, and Frequency Control, vol. 56, no. 6,
June 2009.

[0085] Beam steering can be employed through a modi-
fication: If the apodization elements located in the direction
of the beam steering are turned off, the main echo from a
point scatterer located will reach the non-apodized part of
the line elements first, hence resulting in a full amplitude
response. The transmitted/received signal from CMUTs is
negligible if no DC bias is applied. By providing four
separate DC bias supplies to the apodization elements
located on the four sides of the array (or providing four
switches, using floating ground, etc.), the apodization ele-
ments can be turned on and off in these four groups.
[0086] FIG. 21 illustrates an example mask layout 2100.
In contrast to the embodiment discussed in connection with
FIGS. 16 and 17, in which the array includes a rotationally
symmetric apodization profile, this layout is not rotationally
symmetric to the axis normal to the array 802. Rather, a
same apodization pattern is employed apodization elements
which are located only at the end of each 1D array.

[0087] In the illustrated example, each of the 1D arrays is
a line element that includes a first end, a second end and a
middle region there between, and apodization is only at the
first and second end regions of each of the 1D arrays, and not
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at the middle region of each of the 1D arrays. The illustrated
mask layout 2100 includes column contacts 2102 and row
contacts 2104.

[0088] The mask layout 2100 further includes a first group
2106 of column apodization elements and a second group
2108 of column apodization elements. The mask layout
2100 further includes a third group 2110 of row apodization
elements and a fourth group 2112 of row apodization
elements. As shown, the first, second, third and fourth
groups 2106, 2108, 2110, and 2112 of apodization elements
are located only at the first and second ends of each 1D array,
and not at the middle region of the 1D arrays.

[0089] The mask layout 2100 further includes first row
contacts 2114 to apodization elements in the first group
2106, and second row contacts 2116 to apodization elements
in the second group 2108. The mask layout 2100 further
includes third column contacts 2118 to apodization elements
in the third group 2110, and fourth column contacts 2120 to
apodization elements in the fourth group 2112.

[0090] The mask layout 2100 further includes a non-
apodized region 2122, which corresponds to only the middle
regions of the 1D arrays, and not the first and second ends
of the 1D arrays. In this example, the non-apodized region
2122 is a rectangular region about a center of the array, in a
central region within the boundary of the first, second, third
and fourth groups 2106, 2108, 2110, and 2112 of the
apodization elements.

[0091] The mask layout 2100 is shown inside of a chip
border 2124. Corner regions 2126 do not include any
elements. The corner regions 2126 are rectangular shaped.
One side of each corner regions 2126 is adjacent to apodized
rows elements. Another side of each corner regions 2126 is
adjacent to apodized column elements. The two sides inter-
sect at a corner at which the corresponding corner region
2126 is adjacent to the non-apodized region 2122.

[0092] FIG. 19 graphically illustrates the output of the
transducer array 208 in connection with the row-column
addressing of described herein, for example, in connection
with FIGS. 8-18. From FIG. 19, the output includes only a
main lobe 1900 (and no ghost lobes). For comparative
purposes, FIG. 7 graphically illustrates the row-column
addressing of discussed in connection with FIGS. 1 and 2. In
FIG. 7, the output includes a main lobe 702 as well as ghost
lobes 704 and 706.

[0093] In the above, the focus has been on 2-D transducer
arrays utilizing row-column addressing. However, as 2-D
row-column addressed arrays are essentially two 1-D arrays
orthogonal to each other, the described apodization tech-
niques and time gain compensation can also be applied to
1-D arrays. For low-end ultrasound scanners that do not
incorporate the extra electronics needed to apply transmit
apodization, a static apodization can be implemented
directly in the transducer using these techniques.

[0094] Another possible use of these techniques is to
improve the out-of-plane performance by apodizing 1-D
arrays in the out-of-plane direction. This out-of-plane
apodization could either be fixed or dynamic. If the apodiza-
tion is fixed, it would not influence how the ultrasound
scanner uses the transducer nor would it lead to extra
connections. Fixed area-controlled apodization can be incor-
porated in both CMUTs and piezoelectric transducers. In
1-D piezoelectric arrays the fixed area apodization can be
changed by e.g. widening the dicing trenches in the crystal.
[0095] FIG. 20 illustrates an example method.
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[0096] It is to be understood that the following acts are
provided for explanatory purposes and are not limiting. As
such, one or more of the acts may be omitted, one or more
acts may be added, one or more acts may occur in a different
order (including simultaneously with another act), etc.
[0097] At 2002, a transmit mode signal is received, plac-
ing a transducer array that includes at least one 1D array of
transducing elements with integrated apodization in transmit
mode.
[0098] At 2004, optionally, where the apodization is
dynamic, a transmit apodization pattern signal is received
setting the transmit apodization pattern.
[0099] At 2006, an excitation signal is received by the
transducer array.
[0100] At 2008, the at least one 1D array of transducing
elements transmits an ultrasound wave in response to receiv-
ing the excitation signal.
[0101] At 2010, a receive mode signal is received placing
the transducer array in receive mode.
[0102] At 2012, optionally, where the apodization is
dynamic, a receive apodization pattern signal is received
setting the receive apodization pattern.
[0103] At2014, a reflected wave, generated in response to
an interaction of the transmitted ultrasound wave with
structure, is received by the at least one 1D array of
transducing elements or another the at least one 1D array of
transducing elements.
[0104] At 2016, the at least one 1D array of transducing
elements receiving the reflected wave generates a signal
indicative thereof.
[0105] At 2018, the generate signal is processed and at
least image is generated based thereon.
[0106] The methods described herein may be imple-
mented via one or more computer processors (e.g., a micro-
processor, a central processing unit (cpu), etc.) executing
one or more computer readable instructions encoded or
embodied on computer readable storage medium (which
excludes transitory medium) such as physical memory
which causes the one or more processors to carry out the
various acts and/or other functions and/or acts. Additionally
or alternatively, the one or more processors can execute
instructions carried by transitory medium such as a signal or
carrier wave.
[0107] The application has been described with reference
to various embodiments. Modifications and alterations will
occur to others upon reading the application. It is intended
that the invention be construed as including all such modi-
fications and alterations, including insofar as they come
within the scope of the appended claims and the equivalents
thereof.
What is claimed is:
1. A system, comprising:
at least one 1-D array, including:
aplurality of transducing elements, wherein at least one
transducing element of the plurality of transducing
elements includes a plurality of rows of sub-cle-
ments;
a row electrode; and
a row switch configured to electrically connect one row
of the plurality of rows to the row electrode for a first
dynamically controlled row area apodization and
concurrently electrically connect at least two rows of
the plurality of rows for a second dynamically con-
trolled row area apodization.
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2. The system array of claim 1, further comprising:

a pre-programmed circuit that controls the switches to
connect either the one row of the plurality of rows to
the row electrode for the first dynamically controlled
row area apodization or the at least two rows of the
plurality of rows for the second dynamically controlled
row area apodization.

3. The system array of claim 1, wherein the at least one
transducing element of the plurality of transducing elements
further includes a plurality of columns of sub-elements, the
at least one 1-D array further includes a column electrode,
and the at least one 1-D array further includes a column
switch configured to electrically connect one column of the
plurality of columns to the column electrode for a first
dynamically controlled column area apodization and con-
currently electrically connect at least two columns of the
plurality of columns for a second dynamically controlled
column area apodization.

4. The system array of claim 3, further comprising:

a pre-programmed circuit that controls the switches to
connect either the one column of the plurality of
columns to the column electrode for the first dynami-
cally controlled column area apodization or the at least
two columns of the plurality of columns for the second
dynamically controlled column area apodization.

5. The system array of claim 3, further comprising:

a pre-programmed circuit that controls the switches to
connect either the one row of the plurality of rows to
the row electrode for the first dynamically controlled
row area apodization or the at least two rows of the
plurality of rows for the second dynamically controlled
row area apodization.

6. The system array of claim 5, further comprising:

a pre-programmed circuit that controls the switches to
connect either the one column of the plurality of
columns to the column electrode for the first dynami-
cally controlled column area apodization or the at least
two columns of the plurality of columns for the second
dynamically controlled column area apodization.

7. The system array of claim 1, wherein sub-clements

include a piezoelectric transducing sub-element.

8. The system array of claim 1, wherein sub-clements
include a capacitive micro machined ultrasonic transducing
sub-element.

9. The system array of claim 1, wherein the row switch
electrically connects more than two rows but less than all of
the rows to the row electrode for the first dynamically
controlled row area apodization.

10. The system array of claim 2, wherein the column
switch electrically connects more than two columns but less
than all of the columns to the column electrode for the
second dynamically controlled row area apodization.

11. A method, comprising:

transmitting an ultrasound waveform with a transducer
array that includes dynamically controlled area
apodization that is integrated into physical elements of
the transducer array;

receiving a reflected wave with the transducer array; and
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processing the received reflected wave to generate at least

one image.

12. The method of claim 11, further comprising:

switching a row switch to electrically connect one row of

a plurality of rows of physical elements to a row
electrode for a first dynamically controlled row area
apodization and to concurrently electrically connect at
least two rows of the plurality of rows of physical
elements for a second dynamically controlled row area
apodization.

13. The method of claim 11, wherein the row switch
electrically connects more than two rows but less than all of
the rows to the row electrode for the first dynamically
controlled row area apodization.

14. The method of claim 12, further comprising:

switching a column switch to electrically connect one

column of a plurality of columns of physical elements
to a column electrode for a first dynamically controlled
column area apodization and to concurrently electri-
cally connect at least two columns of the plurality of
columns of physical elements for a second dynamically
controlled column area apodization.

15. The method of claim 11, further comprising:

switching a column switch to electrically connect one

column of a plurality of columns of physical elements
to a column electrode for a first dynamically controlled
column area apodization and to concurrently electri-
cally connect at least two columns of the plurality of
columns of physical elements for a second dynamically
controlled column area apodization.

16. The method of claim 15, wherein the column switch
electrically connects more than two columns but less than all
of the columns to the column electrode for the second
dynamically controlled row area apodization.

17. The method of claim 15, further comprising:

switching a row switch to electrically connect one row of

a plurality of rows of physical elements to a row
electrode for a first dynamically controlled row area
apodization and to concurrently electrically connect at
least two rows of the plurality of rows of physical
elements for a second dynamically controlled row area
apodization.

18. A method, comprising:

transmitting an ultrasound waveform with a transducer

array that includes dynamically controlled direct cur-
rent bias apodization that is integrated into physical
elements of the transducer array;

receiving a reflected wave with the transducer array; and

processing the received reflected wave to generate at least

one image.

19. The method of claim 18, further comprising:

controlling the direct current bias apodization with a

direct current voltage bias.

20. The method of claim 19, further comprising:

controlling time gain compensation with the direct current

voltage bias.



