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(57) ABSTRACT

Sparse arrays of transducer elements may be beneficial in
providing ultrasound transducer probes with a wide total
aperture while containing a manageable number of trans-
ducer elements. Sparse arrays made with bulk piezoelectric
materials or with arrays of micro-elements can be effectively
with ping-based multiple aperture ultrasound imaging tech-
niques to perform real-time volumetric imaging.

331

Channel 1

Channel 2

332
326



Patent Application Publication  Jul. 27,2017 Sheet 1 of 10 US 2017/0209121 A1

a0 —" )




Patent Application Publication  Jul. 27,2017 Sheet 2 of 10

413

/

D[]D O OO DDDD [0
-0 PO 0,08 Oopog [ 0
oYdop

_ — .
O~ o U U Ug oO0o 00o
D%E[ﬁ%%mﬁijuﬂﬂéém

US 2017/0209121 A1

401

/

0 ZIjﬂmcﬁﬁ;///
DHED L O
0 0 nd-



Patent Application Publication  Jul. 27,2017 Sheet 3 of 10 US 2017/0209121 A1

411

412




US 2017/0209121 A1

Jul. 27,2017 Sheet 4 of 10

Patent Application Publication

Fig. 8

312

310
OOO&%\?OOCOQOO\

302

000OOOOTOOOOOOO
Qo o000 O
O00C000000D000
O00COOOCOOOO0OO0
D000 0O00OC0O0O0C00
OO0 O
D0000COO0OOO00OC
OCO00COOC000000C
T O00Q000000D0OO0O
o6 oo oo O
OC0O00OOCOO0ODO0
OCO00000OCOOO0Q0
CO0O00OO0O0O000
COHOOCO OO0 O
CO0O000OO00O0OO
0000CO0C000O0O0O00O0O0
COO000QOOCOOO0
OocOocO oo O
D0000000CO000O0O0
YOOO00000OCO0OQ0000
O0000000000QC0O0O0
OO OCOOOHOOO O
O0CO00000OOCO0O0O0O0OCOO0
OCOOOCOOQCOOOOCOO0O
OCO0O0C0CO0OO0000000

oo o000 O

/OOOODDOOOQOOOOOO

ORY

O

O
@)

000 00000000 0OC0OOC0O0O 0000000

@

ORORE;
00 Q
O 0

Q&
o
O

O 0/0
O

QO

o 0O

N

C

)

o)

o

O

N




Patent Application Publication  Jul. 27,2017 Sheet 5 of 10 US 2017/0209121 A1

Fig. 9

(0

N O\G O@g/

ok

OO

9
O
Fig. 10A

331

! Channel |
1D
R

J| Channel 2 )‘ 333

Channel 3

Fig. 10B

Element ‘
Channel l

354 \




Patent Application Publication  Jul. 27,2017 Sheet 6 of 10 US 2017/0209121 A1

322
\ / 331
Channel | Fig 11A
328
Channel 2
324 330
Channel 3 326
333

322

N /Q—/‘—-—m Fig. 11B
. /
T Element

Channel




Patent Application Publication  Jul. 27,2017 Sheet 7 of 10 US 2017/0209121 A1

600

602

606

Fig. 12

608

{

656
650

658

652

/ N
_/

\ 654

660 %

Fig. 13



Patent Application Publication  Jul. 27,2017 Sheet 8 of 10 US 2017/0209121 A1

700

704 710 2 704

702 706

702

®
SR

T

900000000000~ vouv=7080)
R TGS
AN N AU AN A LV A AN
AN TS ‘ A N \
OO IONII RIS IO
007,001,180 H\NGLH OOV Y70l
YNNI ITT T IEKIL IO
A NI NTTETTECI LG
4 L@L@A@ N2 700 ﬁ%’"“é’é‘ O

OCOONGAS ST ,
W27 7000495 == 900811100088
! A A AN RLGIIANAAAA
90087700000.70()6 0000600
O\\7 7708/ INY 1009007708086
NGO ST K XTSI
NS IR IIII I TITO
ozor&ow.mo:ozme@w«émox»;u;go
000 000w+ w0 00s 0000~ 066
Resececosisostonetoess

(O

Fig. 14 o



810

US 2017/0209121 A1
802
856

E

- N
CoCo0o0Oo0cQO0CsCoQ0oQ0
CQOo0e0000000000000C0
PNeX-ToX-Jol-Tol-TeoX-Tol-ToI-Tol-ToL-Tol"]
[eXel-JoXTol-Tok-Jel-To Il ¢l-Jol-J ol -10)

0000000000000000000%\
CCCO00CODCO0OOQO00COQYO

862

/

[0}
— CO0O0000DOVOO0O0OOCOOBOD et
oG OO0 CO0QOVOOBOA000D0O0
- O0oCo0oColo0CeCo000
[eX 1oL ol -1el-Jel-ToT-Jo - JaT -Jol-ToL:]
“ W ] 0000000000002 00000
= OoOoOoWMOJWoOOOoOOOO
= . S
@ O
= -9 o oo
o oy
> B——— v 2
< g0 O & =1 )) eSS
~ oo o 9 -y
- ° 00 =
~ © O
o~ o © o
_ ° 0 - A
= o]
— O
O
W
~ 5%S)
% —
o 3
s 3
=)
\
wy
ca

<
<
=2l

Patent Application Publication
850

Fig. 16B

Fig. 16A



Patent Application Publication  Jul. 27,2017 Sheet 10 of 10  US 2017/0209121 A1

Fig. 17

-
Weighting
Memory

Raw Data ——
Memor,

234
XN

202 .y

Image
Buffer

246~  —-mm—mmm—me- |



US 2017/0209121 Al

ULTRASOUND IMAGING WITH SPARSE
ARRAY PROBES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 62/287,694, filed on Jan. 27,
2016, titled “Ultrasound Imaging Using Apparent Point-
Source Transmit Transducer”, and U.S. Provisional Patent
Application No. 62/310,482, filed on Mar. 18, 2016, titled
“Real-Time Three-Dimensional Ultrasound Imaging” both
of which are herein incorporated by reference in their
entirety.

INCORPORATION BY REFERENCE

[0002] All publications and patent applications mentioned
in this specification are herein incorporated by reference in
their entirety to the same extent as if each individual
publication or patent application was specifically and indi-
vidually indicated to be incorporated by reference.

FIELD

[0003] This application relates generally to the field of
ultrasound imaging, and more particularly to ping-based
ultrasound imaging using sparse arrays of ultrasound trans-
ducer elements.

BACKGROUND

[0004] In conventional scanline-based ultrasonic imaging,
a focused beam of ultrasound energy is transmitted into body
tissues to be examined and echoes returned along the same
line are detected and plotted to form a portion of an image
along the scanline. A complete image may be formed by
repeating the process and combining image portions along a
series of scanlines within a scan plane. Any information in
between successive scanlines must be estimated by interpo-
lation.

[0005] The same process has been extended to obtaining
ultrasonic images of three-dimensional volumes by combin-
ing images from multiple adjacent slices (where each slice
is in a different scan plane). Again, any information from any
space in between successive scan planes must be estimated
by interpolation. Because time elapses between capturing
complete 2D (two-dimensional) slices, obtaining 3D (three-
dimensional) image data for a moving object may be sig-
nificantly impaired. So-called “4D” (four-dimensional)
imaging systems (in which the fourth dimension is time)
strive to produce moving images (i.e., video) of 3D volu-
metric space. Scanline-based imaging systems also have an
inherent frame-rate limitation which creates difficulties
when attempting 4D imaging on a moving object.

[0006] As a result of these and other factors, some of the
limitations of existing 2D and 3D ultrasonic imaging sys-
tems and methods include poor temporal and spatial reso-
lution, imaging depth, speckle noise, poor lateral resolution,
obscured tissues and other such problems.

[0007] Significant improvements have been made in the
field of ultrasound imaging with the creation of multiple
aperture imaging, examples of which are shown and
described in Applicant’s prior patents and applications ref-
erenced above. Multiple aperture imaging methods and
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systems allow for ultrasound signals to be both transmitted
and received from physically and logically separate apet-
tures.

SUMMARY OF THE DISCLOSURE

[0008] The various embodiments of systems and methods
herein provide the ability to perform high resolution three-
dimensional ultrasound imaging at frame rates sufficient to
capture details of moving objects. Traditional scanline-based
ultrasound imaging methods are limited to relatively slow
frame rates due to the need to transmit and receive many
scanlines to obtain a single two-dimensional plane. Extend-
ing such techniques to obtain imaging data from a complete
3D volume results in even slower frame rates due to the need
to image many 2D slices.

[0009] As an example, assume that one needs to collect
data from a cube of tissue 10 cm on a side at a depth ranging
from 5§ cm to 15 em. If scanlines are transmitted from a
commor center, the shape that would be explored would be
a truncated pyramid instead of a shape with comparable
thickness in the proximal and distal regions. The tissue may
be sampled with beams that are 2 mm (or less) apart on the
distal face of the cube. To cover the distal surface one would
need at least S0x50 directed beams or 2500 directed pulses.
With a maximum pulse rate of approximately 2500 pulses/
sec (which may be constrained by the speed of sound in
tissue, the expected signal attenuation, and the background
noise level), all of the required data may be collected in
about one second. This collection time may be adequate for
non-moving tissue such as bone, liver, etc.. but is not fast
enough to capture motion in arteries, or organs such as
kidneys and especially the heart, or in moving joints or
muscles.

[0010] On the other hand, with ping-based imaging, a
single ping, propagating substantially uniformly in three
dimensions, can insonify the entire volume, and dynamic
beamforming (focusing) can identify the sources of the echo
returns. Using ping-based imaging techniques, a minimum
of three pings may be needed to obtain data for a 3D volume,
while a minimum of two pings may be needed to obtain data
for a 2D slice. In practical terms, ten to fifty (or more) pings
may be used to achieve a desired image quality. For
example, the use of 25 pings at a rate of 2500 pings per
second may require only 0.01 seconds to acquire all the data
for the entire 10 cm cube of tissue. For this particular
example, data collection may be 100 times faster than with
the scanline-based method.

[0011] Using ping-based ultrasound imaging techniques,
both 2D and 3D frame rates may be increased substantially
so as to allow for imaging of 3D volumes in real-time.
Furthermore, by applying multiple aperture imaging tech-
niques (e.g., transmitting and receiving ultrasound signals
through multiple, spatially or physically separated acoustic
windows), the resolution of such real-time 3D images may
be dramatically improved relative to single-aperture tech-
niques.

[0012] Ping-based multiple aperture ultrasound imaging
can provide very powerful real-time three-dimensional
imaging capabilities as described above. The benefits of
ping-based multiple aperture ultrasound imaging may be
achieved by using transducer probes with overall dimen-
sions much larger than traditional ultrasound probes. For
example, ping-based multiple aperture ultrasound imaging
may be beneficially used with probes having an active
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imaging surface in excess of 100 cm?. Traditionally, ultra-
sound elements in a probe are spaced as close together as
possible, typically significantly less than (and generally no
more than) half a wavelength of the ultrasound frequency
being used.

[0013] However, using traditional element-to-element
spacing in such a large probe would require a cable far too
thick for the cable to be usable. Although some tricks may
be used to reduce the number of individual conductors
required in a cable, a better solution is to increase the
allowed spacing between elements, thereby reducing the
total number of elements in an array. Use of sparse arrays
with traditional scanline-based imaging methods suffers
from substantial complications, artifacts, and low resolution
and is therefore not generally practical. Based on the
research into the use of sparse arrays scanline-based phased
array techniques, one would expect the use of sparse arrays
with ping-based multiple aperture ultrasound imaging tech-
niques to suffer similar difficulties, but that is unexpectedly
not the case. In fact, sparse arrays can be used quite
effectively with ping-based multiple aperture ultrasound
imaging techniques as described herein.

[0014] In some embodiments, sparse arrays of transducer
elements may be beneficial in providing an ultrasound probe
with a wide total aperture while containing a manageable
number of transducer elements.

[0015] The following disclosure provides various embodi-
ments of ultrasound probe configurations, methods of mak-
ing such probes, and methods of using such probes to
perform high-frame-rate, high-resolution, real-time 2D, 3D
and 4D ultrasound imaging.

[0016] An ultrasound transducer probe is provided, com-
prising an array of ultrasound transducing micro-elements,
where each micro-element has a diameter less than 500
microns, a first group of micro-elements electrically con-
nected to a first signal conductor, a second group of micro-
elements electrically connected to a second signal conduc-
tor, the second signal conductor being electrically separate
from the first signal conductor, and a third group of micro-
elements positioned between the first group and the second
group, the third group of micro-elements being permanently
disconnected from any signal conductors.

[0017] In some embodiments, each micro-element has a
diameter between 25 microns and 200 microns.

[0018] In other embodiments, some of the micro-elements
of the first group are differently sized than other micro-
elements of the first group, wherein the size of a micro-
element corresponds its fundamental operating frequency.
[0019] In one embodiment, the micro-elements of the first
group are connected to a first ground conductor and the
micro-elements of the second group are connected to a
second ground conductor not electrically connected to the
first ground conductor. In another embodiment, the first
group of micro-elements includes more micro-elements than
the second group. In some embodiments, the first group of
micro-elements collectively forms a dedicated transmit ele-
ment and the second group of micro-elements collectively
forms a dedicated receive element.

[0020] In one embodiment, the probe comprises a fourth
group of micro-elements electrically connected to the first
signal conductor by a switch that, when closed causes the
fourth group to form a combined element with first group. In
some embodiments, the micro-elements of the fourth group
collectively surround the micro-elements of the first group.
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In another embodiment, the fourth group of micro-elements
is adjacent to the first group of micro-elements. In one
embodiment, the fourth group of micro-elements is contigu-
ous with the first group of micro-elements.

[0021] Insome embodiments, the combined element has a
different shape than the first group alone. In other embodi-
ments, the combined element has a shape that is the same as
a shape of the first group but a different size.

[0022] An ultrasound imaging system is also provided,
comprising a transducer probe having a first array segment
and a second array segment separated from the first array
segment by a gap of open space, the first and second array
segments secured to at least one structural housing member
rigidly holding the first and second arrays in fixed positions
relative to one another, and an imaging control system
containing instructions to: transmit an unfocused ultrasound
ping from a transmit aperture approximating a point-source
into an object to be imaged, receiving echoes of the ping
from reflectors directly below gap with receive transducer
elements on both the first array segment and the second array
segment, producing a volumetric image of the region below
the gap by combining echo data from echoes received by
receive elements on both array segments.

[0023] In one embodiment, each array segment comprises
an array of micro-elements as in any of the previous embodi-
ments.

[0024] An ultrasound imaging probe is also provided,
comprising a sparse array of ultrasound transducer elements
in which less than 50% of potential element positions are
occupied by active transducer elements, the sparse array
having a first plurality of elements designated as transmit
elements and a second plurality of elements designated as
receive elements, and wherein no more than N of the receive
elements are equidistant to any one transmit element,
wherein N is an integer between 1 and 100.

[0025] In one embodiment, N is 1, 2, 3, 4, or 5.

[0026] In another embodiment, spacing between adjacent
elements are pseudo-random distances. In other embodi-
ments, spacing between adjacent elements are non-repeating
distances based on a non-repeating number sequence.
[0027] In one embodiment, the transmit elements and the
receive elements are made of bulk piezoelectric material.
[0028] In other embodiments, each transmit element and
each receive element is made up of a plurality of micro-
elements.

[0029] In one embodiment, at least one transmit element
or at least one receive element is made up of two sub-groups
of micro-elements.

[0030] In other embodiments, at least one transmit ele-
ment or at least one receive element comprises a first
plurality micro-elements operating at a first frequency and a
second plurality of microelements operating at a second
frequency different than the first frequency.

[0031] In additional embodiments, at least two of the
designated transmit elements are configured to transmit
different frequencies of ultrasound than a remainder of the
transmit elements.

[0032] In other embodiments, spacing between adjacent
elements is irregular.

[0033] Another ultrasound imaging probe is provided,
comprising a sparse array of ultrasound transducer elements
in which adjacent transducer elements are spaced by a
distance of greater than half a maximum wavelength at
which any element of the array is configured to operate, the
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sparse array having a first plurality of elements designated as
transmit elements and a second plurality of elements desig-
nated as receive elements.

[0034] In one embodiment, spacing between adjacent ele-
ments are pseudo-random distances. In other embodiments,
spacing between adjacent elements are non-repeating dis-
tances based on a non-repeating number sequence.

[0035] In one embodiment, the transmit elements and the
receive elements are made of bulk piezoelectric material.
[0036] In another embodiment, each transmit element and
each receive element is made up of a plurality of micro-
elements.

[0037] In some embodiments, at least one transmit ele-
ment or at least one receive element is made up of two
sub-groups of micro-elements. In another embodiment, at
least one transmit element or at least one receive element
comprises a first plurality micro-elements operating at a first
frequency and a second plurality of microelements operating
at a second frequency different than the first frequency.
[0038] In additional embodiments, at least two of the
designated transmit elements are configured to transmit
different frequencies of ultrasound than a remainder of the
transmit elements.

[0039] In other embodiments, spacing between adjacent
elements is irregular.

[0040] An ultrasound imaging method is also provided,
comprising transmitting a first ultrasound ping from a trans-
mit aperture approximating a point source at a first time,
receiving echoes of the first ultrasound ping with a first
transducer element between the first time and a second time,
the first transducer element coupled to a first receive channel
by a first signal conductor, closing a switch at the second
time to connect a second transducer element to the first
signal conductor, the second transducer element surrounding
the first transducer element, receiving echoes of the first
ultrasound ping with the first transducer element and the
second transducer element between the second time and a
third time, and producing an image from the echoes received
between the first time and the third time and displaying the
image.

[0041] In some embodiments, first transducer element has
a circular shape, and the second transducer element has a
ring shape concentric with the first transducer element.
[0042] In an additional embodiment, the first transducer
element comprises a first group of micro-elements electri-
cally connected to the first signal conductor. In some
embodiments, the second transducer element comprises a
second group of micro-elements electrically connectable to
the first signal conductor via the switch.

[0043] In another embodiment, echoes received between
the first time and the second time are near-field echoes.
[0044] In some embodiments, the image is a volumetric
image. In another embodiment, the image is a two-dimen-
sional image.

[0045] An ultrasound imaging method is provided, com-
prising transmitting a first ultrasound ping from a transmit
aperture approximating a point source at a first time, receiv-
ing and storing echoes of the first ultrasound ping with a first
transducer element, the first transducer element coupled to a
first receive channel by a first signal conductor, receiving
and storing echoes of the first ultrasound ping with a second
transducer element that surrounds the first transducer ele-
ment, the second transducer element coupled to a second
receive channel by a second signal conductor, retrieving first
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echoes received by the first element between a first time and
athird time, retrieving second echoes received by the second
element between a second time and the third time, the
second time occurring between the first time and the third
time, combining the first echoes received between the sec-
ond time and the third time with the second echoes, and
producing an image from the combined echoes and display-
ing the image.

[0046] In some embodiments, the first transducer element
has a circular shape, and the second transducer element has
a ring shape concentric with the first transducer element.
[0047] In other embodiments, the first transducer element
comprises a first group of micro-elements electrically con-
nected to the first signal conductor.

[0048] In one embodiment, the second transducer element
comprises a second group of micro-elements electrically
connectable to the first signal conductor via the switch.
[0049] In another embodiment, echoes received between
the first time and the second time are near-field echoes.
[0050] In some embodiments, the image is a volumetric
image. In another embodiment, image is a two-dimensional
image.

[0051] An ultrasound imaging method is also provided,
comprising transmitting a first ultrasound ping from a trans-
mit aperture approximating a point source at a first time,
receiving echoes of the first ultrasound ping with a first
transducer element between the first time and a second time,
the first transducer element coupled to a first receive channel
by a first signal conductor, opening a switch between the first
transducer element and the first signal conductor and simul-
taneously closing a switch between a second transducer
element and the signal conductor, the second transducer
element being larger than the first transducer element,
receiving echoes of the first ultrasound ping with the second
transducer element between the second time and a third
time, and producing an image from the echoes received by
both the first transducer element and the second transducer
element between the first time and the third time and
displaying the image.

[0052] In one embodiment, opening a switch between the
first transducer element and the first signal conductor and
simultaneously closing a switch between the second trans-
ducer element and the signal conductor comprises operating
a single switch.

[0053] In one embodiment, the image is a volumetric
image. In another embodiment, the image is a two-dimen-
sional image.

[0054] An ultrasound imaging method is also provided,
comprising transmitting a first ultrasound ping from a trans-
mit aperture approximating a point source at a first time,
receiving and storing echoes of the first ultrasound ping with
a first transducer element, the first transducer element
coupled to a first receive channel by a first signal conductor,
receiving and storing echoes of the first ultrasound ping with
a second transducer element that is larger than the first
transducer element, the second transducer element coupled
to a second receive channel by a second signal conductor,
retrieving first echoes received by the first transducer ele-
ment between a first time and a second time, retrieving
second echoes received by the second transducer element
between the second time and a third time, the second time
occurring between the first time and the third time, produc-
ing an image from the first echoes and the second echoes,
and displaying the image.
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[0055] In one embodiment, the image is a volumetric
image. In another embodiment, the image is a two-dimen-
sional image.

[0056] An ultrasound imaging method is provided, com-
prising transmitting an unfocused ultrasound ping from a
transmitter approximating a point source into an object to be
imaged, receiving echoes of the ping at a first receive
element and a second receive element, where a line between
the first receive element and the second receive element
defines an axis, retrieving position data defining a position
of the first receive element and the second receive element
relative to a common coordinate system, identifying a first
echo sample corresponding to a first reflector received at the
first element, and identifying a second echo sample corre-
sponding to the same first reflector received at the second
element, determining a first time-of-arrival at which the first
sample echo was received at the first receive element,
determining second time-of-arrival at which the second
sample echo was received at the second receive element,
comparing the first time-of-arrival and the second time-of-
arrival to determine which of the echo samples correspond-
ing to the first reflector was received first, determining that
the first element is closest to the first reflector based on the
comparison of times-of-arrival, assigning a greater weight to
the first echo sample than the second echo sample, and
producing an image of the reflector from the weighted first
echo sample and the weighted second echo sample, and
displaying the image.

[0057] In some embodiments, the method further com-
prises assigning a greater weight to the second echo sample
than a third echo sample received by a third element that is
further from the first element than from the second element
along the axis, and producing the image of the reflector from
the weighted first echo sample, the weighted second echo
sample, and the weighted third echo sample.

[0058] In one embodiment, the first time-of-arrival is
based on explicit timing information in stored echo data.
[0059] In another embodiment, the first time-of-arrival is
based on implicit timing information in stored echo data.
[0060] An ultrasound imaging system is also provided,
comprising an array of ultrasound transducer elements, a
first transducer element in the array having a long axis and
a short axis, wherein the first transducer element produces a
first phase signature in response to ultrasound signals
received from a first region of an imaged object and a second
phase signature in response to ultrasound signals received
from a second region of the imaged object, an imaging
system configured to transmit ultrasound signals into the
object from at least one transmit aperture approximating a
point-source and to receive signals produced by the first
transducer element in response to echoes of signals trans-
mitted from the at least one transmit aperture, wherein the
imaging system is further configured to determine whether
a given reflector is located in the first region or the second
region based on a phase signature produced by the first
transducer element in response to an echo of the reflector
received by the first transducer element, and wherein the
imaging system is further configured to apply weights to
echoes of the reflector received by other receive elements in
the array based on the determination of the reflector being
located in the first region or the second region, and to
produce an image based on the weighted echoes.

[0061] In some embodiments, the first region and the
second region are quadrants, and wherein the first transducer
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element further produces a third phase signature in response
to ultrasound signals received from a third quadrant of the
imaged object, and a fourth phase signature in response to
ultrasound signals received from a fourth quadrant of the
imaged object, and wherein the first and second quandrants
correspond to regions of the object adjacent opposite ends of
the short axis and the third and fourth quadrants correspond
to regions of the object adjacent opposite ends of the long
axis.

BRIEF DESCRIPTION OF THE DRAWINGS

[0062] The novel features of the invention are set forth
with particularity in the claims that follow. A better under-
standing of the features and advantages of the present
invention will be obtained by reference to the following
detailed description that sets forth illustrative embodiments,
in which the principles of the invention are utilized, and the
accompanying drawings of which:

[0063] FIG. 1 is a schematic diagram illustrating a sparse
array of ultrasound transducer elements made up of micro-
elements.

[0064] FIG. 2 is a schematic diagram illustrating a sparse
array of ultrasound transducer elements made up of micro-
elements with no micro-elements between identified ele-
ments.

[0065] FIG. 3 is a schematic diagram illustrating rectan-
gular a sparse array arrangement of ultrasound transducer
elements represented as squares.

[0066] FIG. 4 is a schematic diagram illustrating a rect-
angular sparse array arrangement of ultrasound transducer
elements.

[0067] FIG. 5 is a schematic diagram illustrating an ellip-
tical sparse array arrangement of ultrasound transducer
elements.

[0068] FIG. 6 is a schematic diagram illustrating a circular
sparse array arrangement of ultrasound transducer elements.
[0069] FIG. 7 is a schematic diagram illustrating a con-
cave or convex three-dimensional surface sparse array
arrangement of ultrasound transducer elements.

[0070] FIG. 8 is a plan view illustration of a sparse array
of regularly-spaced transmit and receive transducer ele-
ments.

[0071] FIG. 9 is a schematic diagram illustrating an
example multi-frequency transmit transducer element made
up of a plurality of micro-elements of different sizes.
[0072] FIG. 10A is a schematic illustration of an embodi-
ment of an electric circuit that may be used to connect a
group of concentric receive elements to separate receive
channels of a receive subsystem.

[0073] FIG. 10B is a schematic illustration of an embodi-
ment of an electric circuit that may be used to connect a
group of concentric receive elements to a receive channel of
a receive subsystem.

[0074] FIG. 11A is a schematic illustration of an embodi-
ment of an electric circuit that may be used to connect a
group of circular receive elements of different sizes to
separate receive channels of a receive subsystem.

[0075] FIG. 11B is a schematic illustration of an embodi-
ment of an electric circuit that may be used to connect a
group of circular receive elements of different sizes to a
single receive channel of a receive subsystem.

[0076] FIG. 12 is a schematic diagram illustrating a plu-
rality of receive transducer elements in a grid pattern,
showing axes for determining estimated reflector locations.
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[0077] FIG. 13 is a schematic diagram illustrating an
asymmetrical receive transducer element with a long axis
and a short axis.

[0078] FIG. 14 is a schematic diagram illustrating a con-
stellation configuration of ultrasound transmit elements sur-
rounded by receive elements grouped into overlapping
receive apertures based, at least in part, on proximity to
transmit elements.

[0079] FIG. 15 is a schematic illustration of a circular
ultrasound imaging probe having a central opening.

[0080] FIG. 16A is a schematic illustration showing a top
plan view of an ultrasound imaging probe having two probe
segments separated by a gap and joined to a bridge handle.
[0081] FIG. 16B is a schematic illustration showing a
bottom plan view of an ultrasound imaging probe having
two probe segments separated by a gap and joined to a
bridge handle.

[0082] FIG. 17 is a schematic block diagram illustrating
example components in an embodiment of a multiple apet-
ture imaging system.

DETAILED DESCRIPTION

[0083] The various embodiments will be described in
detail with reference to the accompanying drawings. Refer-
ences made to particular examples and implementations are
for illustrative purposes, and are not intended to limit the
scope of the invention or the claims.

[0084] The present disclosure provides systems and meth-
ods for improving the quality of real-time two-dimensional
and three-dimensional ultrasound imaging through the use
of sparse arrays of various construction, including arrays in
which each “element” is made up of a plurality of micro-
elements arranged to be operated in concert with one
another.

[0085] Although the various embodiments are described
herein with reference to ultrasound imaging of various
anatomic structures, it will be understood that many of the
methods and devices shown and described herein may also
be used in other applications, such as imaging and evaluat-
ing non-anatomic structures and objects. For example, the
various embodiments herein may be applied to non-destruc-
tive testing applications such as evaluating the quality,
integrity, dimensions, or other characteristics of various
structures such as welds, pressure vessels, pipes, structural
members, beams, etc. The systems and methods may also be
used for imaging and/or testing a range of materials includ-
ing human or animal tissues, solid metals such as iron, steel,
aluminum, or titanium, various alloys or composite materi-
als, etc.

Introduction to Key Terms

[0086] The following paragraphs provide useful defini-
tions for some terms used frequently herein. Other terms
may also be defined as they are used.

[0087] As used herein the terms “ultrasound transducer”
and “transducer” may carry their ordinary meanings as
understood by those skilled in the art of ultrasound imaging
technologies, and may refer without limitation to any single
component capable of converting an electrical signal into an
ultrasonic signal and/or vice versa. For example, in some
embodiments, an ultrasound transducer may comprise a
piezoelectric device. In other embodiments, ultrasound
transducers may comprise capacitive micro-machined ultra-
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sound transducers (CMUT), other micro-machined trans-
ducers made of electroactive materials such as piezoelectric
materials, ferroic materials, ferroelectric materials, pyro-
electric materials, electrostrictive materials, or any other
transducing material or device capable of converting ultra-
sound waves to and from electrical signals.

[0088] Transducers are often configured in arrays of mul-
tiple individual transducer elements. As used herein, the
terms “transducer array” or “array” generally refers to a
collection of transducer elements attached to a common
support structure. An array may typically (though not nec-
essarily) comprise a plurality of transducer elements
mounted to a common backing plate or substrate. Such
arrays may have one dimension (1D), two dimensions (2D),
1.X dimensions (1.XD) or three dimensions (3D) as those
terms are used elsewhere herein and/or as they are com-
monly understood in the art. Other dimensioned arrays as
understood by those skilled in the art may also be used.
Annular arrays, such as concentric circular arrays and ellip-
tical arrays may also be used. In some cases, transducer
arrays may include irregularly-spaced transducer elements,
sparsely positioned transducer elements (also referred to as
sparse arrays), randomly spaced transducer elements, or any
other geometric or random arrangement of transducer ele-
ments. Elements of an array need not be contiguous and may
be separated by non-transducing material or empty space.

[0089] An element of a transducer array may be the
smallest discretely functional component of an array. For
example, in the case of an array of piezoelectric transducer
elements, each element may be a single piezoelectric crystal
or a single machined section of a piezoelectric crystal. As
another example, in an array made up of a plurality of
micro-elements (e.g., micro-machined elements, micro-
dome elements, or other micro-sized elements), a group of
micro-elements may be electrically coupled so as to operate
collectively as a single functional element. In such a case, a
group of collectively-operating micro-elements may be
referred to as a single “element.”

[0090] As used herein, the terms “transmit element” and
“receive element” may carry their ordinary meanings as
understood by those skilled in the art of ultrasound imaging
technologies. The term “transmit element” may refer with-
out limitation to an ultrasound transducer element which at
least momentarily performs a transmit function in which an
electrical signal is converted into an ultrasound signal.
Similarly, the term “receive element” may refer without
limitation to an ultrasound transducer element which at least
momentarily performs a receive function in which an ultra-
sound signal impinging on the element is converted into an
electrical signal.

[0091] In cases where imaging is performed by transmit-
ting “ping-based” or “point-source transmission” ultrasound
signals, the term “transmit element” may refer to a single
element or to a plurality of elements operated together to
form the desired waveform transmission. For example, a
plurality of transducer elements may be activated simulta-
neously or with delays selected to produce a circular or
spherical waveform in the region of interest. Such a plurality
of transducers, when operated together to form such a
waveform, may have a collective acoustic center which is
the apparent point-source origin of the transmitted wave-
form. Phrased differently, one or more transmit elements
may approximate a point-source transmitter if an unfocused
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spherical waveform produced by the one or more transmit
elements appears to have originated from a point source.
[0092] Transmitted ultrasound signals may be focused in
a particular direction, or may be unfocused, transmitting in
all directions or a wide range of directions. Transmission of
ultrasound into a medium may also be referred to herein as
“insonifying.” An object or structure which reflects ultra-
sound waves may be referred to as a “reflector” or a
“scatterer.”

[0093] As used herein, terms referring to a “position” or
“location” of a transducer element refer to an acoustic center
position exhibited by the element. In some cases, an acoustic
center position of an element may be precisely coincident
with a mechanical or geometric center of the element, group
of elements, or group of micro-elements. However, in many
cases an acoustic center position of an element may be
different than a mechanical or geometric center of the
element due to various factors such as manufacturing irregu-
larities, damage, irregular element geometries, or other
factors. Acoustic center positions of elements may be deter-
mined using various calibration techniques such as those
described in US Patent Application Publication 2014/
0043933, titled “Calibration of Multiple Aperture Ultra-
sound Probes,” U.S. Pat. No. 9,282,945, titled “Calibration
of Ultrasound Probes,” or other methods.

[0094] As used herein, the term “aperture” may refer to a
single transducer element or a group of transducer elements
that are collectively managed as a common group by imag-
ing control electronics. For example, in some embodiments
an aperture may be a grouping of elements which may be
physically separate and distinct from elements of an adjacent
aperture. However, adjacent apertures need not necessarily
be physically separate or distinct. Conversely, a single
aperture may include elements of two or more physically
separate or distinct transducer arrays or elements spaced
from one another by any distance or different distances. In
some cases, two or more elements need not be adjacent to
one another to be included in a common aperture with one
another. For example, distinct groups of transducer elements
(e.g., a “left aperture’) may be constructed from a left array,
plus the left half of a physically distinct center array, while
a “right aperture” may be constructed from a right array, plus
the right half of a physically distinct center array.

[0095] As used herein, the terms ‘“receive aperture,”
“insonifying aperture,” and/or “transmit aperture” are used
herein to mean an individual element, a group of elements
within an array, or even entire arrays, that perform the
desired transmit or receive function as a group. In some
embodiments, such transmit and receive apertures may be
created as physically separate components with dedicated
functionality. In other embodiments, any number of transmit
and/or receive apertures may be dynamically defined elec-
tronically as needed. In other embodiments, a multiple
aperture ultrasound imaging system may use a combination
of dedicated-function and dynamic-function apertures. In
some cases, elements may be assigned to different apertures
during two or more ping cycles (as defined below).

[0096] As used herein, the term “ping cycle” refers to a
cycle that begins with the transmission of a ping from a
transmit aperture approximating a point source and ends
when all available (or all desired) echoes of that transmitted
ping have been received by receive transducer elements. In
many cases, ping cycles may be distinct and separated by
some time period. In other cases, ping cycles may overlap
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one another in time. That is, an N+1th ping cycle may begin
(with transmission of a ping) before an Nth ping cycle is
completed (i.e., before all echoes of the Nth ping are
received).

[0097] In various embodiments, a single “image” or
“image frame” may be produced from the echoes of one or
more transmitted pings. Therefore, an “imaging cycle” or
“Image cycle” may refer to a cycle that begins with the
transmission of a first ping that will contribute to an image
and may end with the reception of echoes of a final ping
contributing to the same image. In various embodiments, a
single imaging cycle may include one, two, three, four, five,
or more ping cycles.

[0098] As used herein, the term “total aperture™ refers to
the overall size of all imaging apertures in a probe. In other
words, the term “total aperture” may refer to one or more
dimensions defined by a maximum distance between the
furthest-most transducer elements of any combination of
transmit and/or receive elements used for a particular imag-
ing cycle. Thus, the total aperture may be made up of any
number of sub-apertures designated as send or receive
apertures for a particular cycle. In the case of a single-
aperture imaging arrangement, the total aperture, sub-aper-
ture, transmit aperture, and receive aperture may all have the
same dimensions. In the case of a multiple aperture imaging
arrangement, the dimensions of the total aperture may
include the sum of the dimensions of all send and receive
apertures plus any space between apertures.

[0099] In some embodiments, two apertures may be
located adjacent to one another on a continuous array. In
other embodiments, two apertures may overlap one another
on a continuous array, such that at least one element func-
tions as part of two separate apertures. The location, func-
tion, number of elements and physical size of an aperture
may be defined dynamically in any manner needed for a
particular application.

[0100] Elements and arrays described herein may also be
multi-function. That is, the designation of transducer ele-
ments or arrays as transmitters in one instance does not
preclude their immediate re-designation as receivers in the
next instance. Moreover, embodiments of control systems
herein include the capabilities for making such designations
electronically based on user inputs, pre-set scan or resolu-
tion criteria, or other automatically determined criteria.
[0101] As used herein, the “image-able field” of the imag-
ing system may be any area or volume of an imaged object
or substance that may practically be imaged by the imaging
system. For a ping-based imaging system as described
herein, the term “image-able field” may be synonymous
with the term “insonified region.” The term “region of
interest” may refer to a two-dimensional or three-dimen-
sional region within the image-able field. The extents of an
image-able field relative to a probe may be imposed by
physical limits (e.g., based on signal-to-noise ratios or
attenuation rates) or may be chosen logical limits (e.g.,
based on a desired region of interest).

[0102] As used herein, the term “pixel” refers to a region
of two-dimensional space within an image-able field of the
imaging system. The term “pixel” is not intended to be
limited to a pixel of a display device, and may represent a
region of a real-world-scale object that is either larger or
smaller than a display pixel. A “pixel” may represent a
region of the image-able field of any real-world size, and in
some cases may represent a region smaller than any resolv-



US 2017/0209121 Al

able object of the imaging system. Pixels may be, but need
not necessarily be square or rectangular, and may have any
shape allowing for contiguous two-dimensional representa-
tion of the image-able field. In some cases, data representing
a pixel may not be displayed, but may still be processed as
a unit and referred to as a “pixel.”

[0103] As used herein, the term “voxel” refers to a region
of three-dimensional space within an image-able field of the
imaging system. The term “voxel” is not intended to be
limited to any particular portion of a two-dimensional or
three-dimensional display device, and may represent a
region of a real-world-scale object that is either larger or
smaller than a display voxel. A “voxel” may represent a
three-dimensional region of the image-able field of any
real-world size, and in some cases may represent a region
smaller than any resolvable object of the imaging system.
Voxels may be, but need not necessarily be three-dimen-
sional square or rectangular prisms. Voxels may have any
shape allowing for contiguous three-dimensional represen-
tation of the image-able field. In some cases, data represent-
ing a voxel may not be displayed, but may still be processed
as a unit and referred to as a “voxel.”

[0104] As used herein, the terms “pixel location” and
“voxel location” (or “position”) refer to a location within the
image-able field that is identifiable by a coordinate system,
which may be a Cartesian coordinate system or any other
coordinate system. Unless otherwise specified, references to
a location of a pixel or voxel may generally refer to a
center-point (e.g., center-of-mass, circular center, etc.) of the
pixel or voxel.

[0105] As used herein, a pixel may be described as “inter-
secting” a voxel. A two-dimensional pixel may be defined as
intersecting a three-dimensional voxel using any desired
convention. For example, for square pixels and cubic voxels,
a pixel intersecting a voxel may be a square face of the voxel
or any other square or rectangle passing through the voxel.
If a coordinate system used for pixels is different than a
coordinate system used for voxels, then one pixel may
intersect multiple voxels.

[0106] As used herein, the term “echo” refers to an ultra-
sound wavefront or an analog or digital representation of an
ultrasound wavefront that arrives at a receive transducer
element. Because imaging methods described herein allow
for an extremely wide range of probe configurations, some
ultrasound signals arriving at a receive transducer element
may originate at a transmit transducer element on an oppo-
site side of an imaged object. Such wavefronts are also
intended to be included within the definition of an “echo”
even if such wavefronts may also be described as “trans-
mitted” or “deflected.”

[0107] As used herein, the terms “reflector” and “scat-
terer” refer to a physical portion of a physical object being
imaged. When struck by a wavefront, reflectors and scatter-
ers will tend to re-radiate a wavefront in a direction genet-
ally dictated by physics. The terms are not intended to limit
the relative geometry or positions of transmitters, scatterers,
and reflectors.

[0108] As used herein, the verb terms “reflect” and “scat-
ter” refer to the effect of a scatterer on a propagating
ultrasound wavefront. In some cases, a wavefront that is
only slightly deflected (e.g., forming a combined transmit
element/scatterer/receive element angle approaching 180°)
by a scatterer may still be described as having been
“reflected” by that scatterer (or “reflector”).
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[0109] As used herein, the term “sample” refers to a digital
data element in a physical volatile or non-volatile storage
medium. Unless context suggests otherwise, “samples”
described herein generally refer to data elements represent-
ing a discrete portion of a received ultrasound waveform. A
time-varying electrical signal produced by a transducer
element vibrating in response to a received ultrasound
wavefront may be quantified and digitally sampled at a
sample rate in order to produce a series of digital values
representing the received time-varying electrical signal.
Those values may be referred to as “samples.” In some
cases, a “sample” may include an interpolated value in
between two digitally stored sample values.

[0110] If digital sampling is done at a known sample rate
(usually, but not necessarily a consistent sample rate), the
position of each sample (e.g., as measured by a location in
memory device, or a position in a sequence of values) may
be directly related to an arrival time of the wavefront
segment responsible for each sample value.

[0111] As used herein, the term “beamform” refers to the
process of determining a value for pixels or voxels based on
a sample value (directly stored or interpolated), the known
acoustic center position of a transmit element responsible for
the sample value, and the known acoustic center position of
a receive element responsible for the sample value. Beam-
forming is described in further detail elsewhere herein.

[0112] As used herein, the term “image” (as a noun) refers
to a human-visible graphical representation of a physical
object or a series of non-transitory digital values stored on
a physical storage medium that may be interpreted by
software and/or an image processor to produce such a
graphical representation. As used herein, the term “image”
does not necessarily imply any particular degree of quality
or human-readability. An “image” may refer to a two-
dimensional representation (e.g., a cross-section, in some
cases) or a three-dimensional volumetric representation of
an object. Therefore, a “volumetric image” may include a
visible representation of a three-dimensional point cloud or
digital data representing the three-dimensional point cloud.
As used herein, the terms “image” and “imaging” (in verb
form) refer to a process that results in an image.

Introduction to Point-Source Transmission Ultrasound
Imaging

[0113] In various embodiments, point-source transmission
ultrasound imaging, otherwise referred to as ping-based
ultrasound imaging, provides several advantages over tra-
ditional scanline-based imaging. Point-source transmission
differs in its spatial characteristics from a “phased array
transmission” which focuses energy in a particular direction
from the transducer element array along a directed scanline.
A point-source pulse (also referred to herein as a “ping”)
may be transmitted so as to generate either a two-dimen-
sional circular wavefront or a three-dimensional spherical
wavefront, thereby insonifying as wide an area as possible
in the two-dimensional or three-dimensional region of inter-
est. Echoes from scatterers in the region of interest may
return to all of the elements of receive apertures (or all of
those elements not blocked by obstacles preventing trans-
mission of the echoes). Those received echo signals may be
filtered, amplified, digitized and stored in short term or long
term memory (depending on the needs or capabilities of a
particular system).
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[0114] Images may then be reconstructed from received
echoes by determining positions of reflectors responsible for
received echo samples. The position of each reflector
responsible for a digital echo sample may be calculated
based on the arrival time of the received echo sample (which
may be inferred based on a sample position and a known
sampling rate) relative to the known time at which the ping
was transmitted, the acoustic position of the transmit ele-
ment(s) responsible for the echo sample, and the acoustic
position of the receive element responsible for the echo
sample. This process of determining positions of reflectors is
generally referred to herein as beamforming.

[0115] Beamforming may be performed by a software-
based, firmware-based, or hardware-based dynamic beam-
forming technique, in which a beamformer’s focus may be
continuously changed to focus at a particular pixel position
corresponding to a reflector position. Such a beamformer
may be used to plot the position of echoes received from
point-source pings. In some embodiments, such a dynamic
beamformer may plot the locus of each echo signal based on
a round-trip travel time of the signal from the transmitter to
an individual receive transducer element.

[0116] In the two-dimensional imaging case, for a given
echo sample produced by a transmit transducer element and
a receive transducer element, the locus of possible positions
of the target reflector responsible for the echo sample will be
an ellipse mathematically defined by two foci. A first focus
of the ellipse will be at the position of the transmit trans-
ducer element and the second focus will be at the position of
the receive transducer element. Although several other pos-
sible reflector positions lie along the same ellipse, echoes of
the same target reflector will also be received by other
receive transducer elements. The slightly different positions
of each receive transducer element means that each receive
element will define a slightly different ellipse for the target
reflector. Accumulating the results by summing the ellipses
for multiple receive elements at slightly different positions
will indicate an intersection of the ellipses for a reflector. As
echo samples from more receive elements are combined
with the first, the intersecting ellipses will converge towards
a point at which the target reflector is located. Similarly,
echoes of pings transmitted from different transmit element
positions may also be combined to further refine reflector
points. The target reflector position may be correlated with
a pixel location representing the reflector. The combined
sample values may be used to determine a display intensity
for a display pixel at the pixel location. The echo amplitudes
received by any number of transmit positions and receive
elements may thereby be combined to form each pixel. In
other embodiments the computation can be organized dif-
ferently to arrive at substantially the same result.

[0117] Various algorithms may be used for combining
echo signals received by separate receive elements. For
example, some embodiments may process echo-signals indi-
vidually, plotting each echo signal at all possible locations
along its ellipse, then proceeding to the next echo signal.
Alternatively, each pixel location may be processed indi-
vidually, identifying and processing all echo samples poten-
tially contributing to that pixel location before proceeding to
the next pixel location.

[0118] Image quality may be further improved by com-
bining images formed by the beamformer from one or more
subsequent transmitted pings, transmitted from the same or
a different point-source (or multiple different point-sources).
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Still further improvements to image quality may be obtained
by combining images formed by more than one receive
aperture.

[0119] An important consideration is whether the summa-
tion of images from different pings, different transmit point-
sources or different receive apertures should be coherent
summation (phase sensitive) or incoherent summation (sum-
ming magnitude of the signals without phase information).

[0120] The decision as to whether to use coherent or
incoherent summation may be influenced by the lateral
extent/size of the receive aperture(s) and/or the transmit
aperture(s). In some embodiments, it may be convenient to
confine the size of an aperture to conform to the assumption
that the average speed of sound is substantially the same for
every path from a scatterer to each element of the transmit
or receive aperture. For narrow receive apertures this sim-
plifying assumption is easily met. However, as the width of
the receive aperture increases, an inflection point may be
reached (referred to herein as the “maximum coherent
aperture width” or “maximum coherence width™), beyond
which paths traveled by echoes of a common reflector will
necessarily pass though different types of tissue having
intrinsically different speeds of sound when returning to the
elements furthest apart from one another. When this differ-
ence results in receive wavefront phase shifts approaching or
exceeding 180 degrees, additional receive elements
extended beyond the maximum coherence width will actu-
ally degrade the image rather than improve it.

[0121] The same maximum coherent aperture size consid-
erations may also apply to the size of transmit apertures,
which may include a plurality of transducer elements. In the
case of two-dimensional transducer arrays used in three-
dimensional imaging (or 3D data collection), it may be
useful to define a maximum coherent aperture size in two
dimensions. Thus, in various embodiments a maximum
coherent aperture may be defined as a group of transducer
elements in a square, circle, polygon or other two-dimen-
sional shape with a maximum distance between any two
elements such that phase cancellation will be avoided when
echo data received at the elements of the aperture are
coherently combined.

[0122] Therefore, in order to realize the benefits (e.g., in
terms of increased spatial resolution) of a wide probe with
a total aperture width far greater than the maximum coherent
aperture width, the full probe width may be physically or
logically divided into multiple transmit and/or receive apet-
tures, each of which may be limited to an effective width less
than or equal to the maximum coherent aperture width, and
thus small enough to avoid phase cancellation of received
signals.

[0123] The maximum coherence width can be different for
different patients (or different test objects), for different
probe positions on the same patient, and for other variables
such as ultrasound frequency. In some embodiments, a
compromise width may be determined for a given probe
and/or imaging system. In other embodiments, a multiple
aperture ultrasound imaging control system may be config-
ured with a dynamic algorithm to subdivide the available
elements into groups that are small enough to avoid signifi-
cant image-degrading phase cancellation. In various
embodiments, a particular coherent aperture size may be
determined automatically by a control system, or manually
through user input via a user control such as a dial or slider.
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[0124] In some embodiments, coherent (phase sensitive)
summation may be used to combine echo data received by
transducer elements located on a common receive aperture
resulting from one or more pings. In some embodiments,
incoherent summation may be used to combine echo data or
image data received by separate receive apertures if such
receive apertures are sized and positioned so as to form a
combined total aperture that is greater than a maximum
coherence width for a given imaging target.

[0125] Two-dimensional ping-based beamforming may
implicitly assume that the wavefronts emitted from the
point-source are physically circular in the region of interest.
In actuality, the wavefront may also have some penetration
in the dimension orthogonal to the scanning plane (i.e., some
energy may essentially “leak” into the dimension perpen-
dicular to the desired two-dimensional image plane, which
may have the effect of reducing the effective imaging depth).
Additionally, the “circular” wavefront may actually be lim-
ited to a semicircle or a fraction of a circle less than 180
degrees ahead of the front face of the transducer according
to the unique off-axis properties of the transducing material
used. Similarly, a three-dimensional “spherical” wavefront
may have an actual shape of a hemisphere or less than a
hemisphere within the medium to be imaged.

Ping-Based Imaging for 3D Ultrasound Imaging

[0126] The above description of point-source ultrasound
imaging (also referred to herein as “ping-based” imaging)
predominantly describes two-dimensional imaging in which
ultrasound signals are focused into a narrow field approxi-
mating a plane in a region of an image. Such two-dimen-
sional focusing may be accomplished with lensing or other
techniques. Ping-based imaging can also be extended to
real-time three-dimensional imaging without adding signifi-
cant complexity. Three-dimensional ping-based imaging can
be performed using an ultrasound probe with transducer
elements spaced from one another in two dimensions. Some
example probe configurations are described elsewhere
herein.

[0127] When a three-dimensional pulse is initiated from a
point-source transmit transducer, the resulting semi-spheri-
cal wavefront travels into the insonified region containing a
region of interest (ROI) where some of the ultrasound
energy may be reflected (or deflected) by scatterers in the
ROIL. Some of the echoes from the scatterers may travel
towards receive transducer elements of the probe, where the
echoes may be detected, amplified, digitized, and stored in
a short-term or long-term memory device. Each digitized
sample value may represent a scatterer from the ROI. As in
the 2D case, the magnitude of each received sample, along
with its time of arrival and the exact positions of the transmit
and receive transducers used, may be analyzed to define a
locus of points identifying potential positions of the scat-
terer. In the 3D case, such a locus is an ellipsoid having as
its foci the positions of the transmitter point source and
receive transducer element. Each unique combination of
transmit and receive transducer elements may define a
separate view of the same reflector. Thus, by combining
information from ellipsoids produced from multiple trans-
mit-receive transducer element combinations, the actual
location of each reflector may be more accurately repre-
sented.

[0128] For example, in some embodiments an image in a
3D array of voxels may be assembled in computer memory
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by beginning with an evaluation of a selected digital sample.
The selected digitized sample value may be written into
every voxel indicated by the corresponding ellipsoid
described above. Proceeding to do the same with every other
collected sample value, and then combining all resulting
ellipsoids may produce a more refined image. Real scatterers
would be indicated by the intersection of many ellipsoids
whereas parts of the ellipsoids not reinforced by other
ellipsoids would have low levels of signal and may be
treated as noise (i.e., eliminated or reduced by filters, gain
adjustments, or other image processing steps).

[0129] In other embodiments. the order of computation
may be changed by beginning with a selected voxel in a final
3D image volume to be produced. For example, for a
selected voxel, the closest stored sample or interpolated
sample may be identified for each transmitter/receiver pair.
All samples corresponding to the selected voxel may then be
evaluated and summed (or averaged) to produce a final
representation of the voxel. Closeness of a sample to a
selected voxel may be determined by calculating the vector
distance from the three-dimensional position of a transmitter
(i.e., the transmitter used to produce the sample) to the
selected voxel position plus the vector distance from the
selected voxel position to the position of a receiver used to
produce the sample. Such a linear distance may be related to
the time-divided sample values by dividing the total path
length by speed of sound through the imaged object. Using
such a method, the samples corresponding to a calculated
time may be associated with the selected voxel. Once
identified, data corresponding to a common voxel may be
combined according to a chosen combining algorithm.
[0130] Image Layer Combining

[0131] Techniques for determining the location for
received echo samples are generally referred to herein as
beamforming, while techniques for combining information
obtained from multiple transmitter/receiver combinations or
from multiple separate pings transmitted using the same
transmitter/receiver combination may generally be referred
to as image layer combining. In various embodiments, a
frame may be made up of any number of combined image
layers. Frames may be displayed sequentially at a desired
frame-rate on a display to form a moving image or video.
The above-described beamforming processes may benefi-
cially also be used for evaluating pixel values in a 2D
cross-sectional slice through a 3D volume using raw echo
data. In various embodiments, such 2D slices may be taken
at any arbitrary angle or along any curved path through the
3D volume. The same techniques may also be used to zoom
in (i.e., increase the size of features) using raw echo data
rather than enlarging processed pixels or voxels.

[0132] Images obtained from different unique combina-
tions of one ping and one receive element and/or combina-
tions of one ping and one receive aperture may be referred
to herein as “sub-image layers.” Multiple sub-image layers
may be combined coherently to improve overall image
quality (e.g., by combining multiple ellipses or ellipsoids as
described above). Additional image layer combining may be
performed to further improve the quality of a final image. In
the context of image layer combining, the term “image” may
refer to a single two-dimensional pixel, a single voxel of a
three-dimensional volume or a collection of any number of
pixels or voxels.

[0133] Image layer combining may be described in terms
of four image layer levels. These include base-level image
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layers, first-level image layers, second-level image layers
and third-level image layers. As used herein, the phrase
base-level image layer refers to an image obtained by
beamforming echoes received at a single receive element
from a single transmitted ping. As described above, the
beamforming process defines an ellipse corresponding to
each echo sample. Therefore, a base-level image may
include a series of such ellipses representing all of the
echoes of a single ping received by a single receive element.
Such an image may not be particularly useful for diagnostic
imaging purposes, but may be used for other purposes.
[0134] A first-level image layer may be formed from
echoes received at a single receive aperture resulting from a
single ping from a single transmit aperture (where a “trans-
mit aperture” can be a composite point-source transmit
element, a single-element transmitter, or a group of transmit
elements). For a unique combination of a single ping and a
single receive aperture, the echoes received by all the
receive elements in the receive aperture may be summed
coherently to obtain a first-level image layer. Alternatively,
first-level images may be formed by combining the echoes
of two or more pings received at elements of a common
receive aperture.

[0135] Multiple first-level image layers resulting from
echoes of multiple transmit pings (from the same or different
transmit apertures) received at a single receive aperture can
be summed together to produce a second-level image layer.
Second-level image layers may be further processed to
improve alignment or other image characteristics.

[0136] Third-level images may be obtained by combining
second-level image layers formed with data from multiple
receive apertures. In some embodiments, third-level images
may be displayed as sequential time-domain frames to form
a moving image.

[0137] In some embodiments, pixels or voxels of a first-
level image layer may also be formed by summing in-phase
and quadrature echo data, that is by summing each echo with
an echo % wavelength delayed for each receive-aperture
element. In some cases, echo data may be sampled and
stored as an in-phase data set and as a separate quadrature
data set. In other cases, if the digital sampling rate is
divisible by four, then a quadrature sample corresponding to
an in-phase sample may be identified by selecting a sample
at an appropriate number of samples prior to the in-phase
sample. If the desired quadrature sample does not corre-
spond to an existing whole sample, a quadrature sample may
be obtained by interpolation. Combining in-phase and
quadrature data for a single image (pixel, voxel or collection
of pixels or voxels) may provide the advantage of increasing
the resolution of the echo data without introducing blurring
effects. Similarly, samples at values other than 4 wave-
length may be combined with in-phase samples in order to
improve various imaging characteristics.

[0138] Combination, summation or averaging of various
image layers may be accomplished either by coherent addi-
tion, incoherent addition, or a combination of the two.
Coherent addition (incorporating both phase and magnitude
information during image layer summation) tends to maxi-
mize lateral resolution, whereas incoherent addition (sum-
ming magnitudes only and omitting phase information)
tends to average out speckle noise and minimize the effects
of image layer alignment errors that may be caused by minor
variations in the speed of sound through the imaged
medium. Speckle noise is reduced through incoherent sum-
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ming because each image layer will tend to develop its own
independent speckle pattern, and summing the patterns
incoherently has the effect of averaging out these speckle
patterns. Alternatively, if the patterns are added coherently,
they reinforce each other and only one strong speckle pattern
results.

[0139] Inmost embodiments, echoes received by elements
of a single receive aperture are typically combined coher-
ently. In some embodiments, the number of receive aper-
tures and/or the size of each receive aperture may be
changed in order to maximize some desired combination of
image quality metrics such as lateral resolution, speed-of-
sound variation tolerance, speckle noise reduction, etc. In
some embodiments, such alternative element-to-aperture
grouping arrangements may be selectable by a user. In other
embodiments, such arrangements may be automatically
selected or developed by an imaging system.

[0140] Variations in the speed of sound may be tolerated
by incoherent addition as follows: Summing two pixels
coherently with a speed-of-sound variation resulting in only
half a wavelength’s delay (e.g., approximately 0.25 mm for
3 MHz ultrasound) results in destructive phase cancellation,
which causes significant image data loss; if the pixels are
added incoherently, the same or even greater delay causes
only an insignificant spatial distortion in the image layer and
no loss of image data. The incoherent addition of such image
layers may result in some smoothing of the final image (in
some embodiments, such smoothing may be added inten-
tionally to make the image more readable).

[0141] At all three image layer levels, coherent addition
can lead to maximum lateral resolution of a multiple aper-
ture system if the geometry of the probe elements is known
to a desired degree of precision and the assumption of a
constant speed of sound across all paths is valid. Likewise,
at all image layer levels, incoherent addition leads to the best
averaging out of speckle noise and tolerance of minor
variations in speed of sound through the imaged medium.
[0142] In some embodiments, coherent addition can be
used to combine image layers resulting from apertures for
which phase cancellation is not likely to be a problem, and
incoherent addition can then be used where phase cancel-
lation would be more likely to present a problem, such as
when combining images formed from echoes received at
different receive apertures separated by a distance exceeding
some threshold.

[0143] Insome embodiments, all first-level images may be
formed by using coherent addition of all sub-image layers
obtained from elements of a common receive aperture,
assuming the receive aperture has a width less than the
maximum coherent aperture width. For second and third
level image layers, many combinations of coherent and
incoherent summation are possible. For example, in some
embodiments, second-level image layers may be formed by
coherently summing contributing first-level image layers,
while third-level image layers may be formed by incoherent
summing of the contributing second-level image layers.
[0144] Time-domain frames may be formed by any level
of image layer depending on the desired trade-off between
processing time and image quality. Higher-level images will
tend to be of higher quality, but may also require more
processing time. Thus, if it is desired to provide real-time
imaging, the level of image layer combination processing
may be limited in order to display images without significant
“lag” being visible to the operator. The details of such a
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trade-off may depend on the particular processing hardware
in use as well as other factors.

2D Imaging while Collecting 3D Data

[0145] In some embodiments, a form of 2D imaging may
be performed using a probe and imaging system configured
for 3D imaging by simply beamforming and displaying only
a 2D slice of data from the received three-dimensional echo
data. For example, such techniques may be used in order to
reduce a beamform calculation and simplify display for
real-time imaging using an imaging device with limited
processing capability, while still retaining the full 3D echo
data.

[0146] For example, a two-dimensional plane may be
selected (automatically or by a user) from the voxels making
up a three-dimensional volumetric representation of the
imaged region, voxels intersecting the selected plane may be
identified. An image window may be defined by automati-
cally or manually selecting a portion of the selected plane,
and a two-dimensional image of the selected image window
may then be formed by beamforming only those echo
samples corresponding to the voxels intersecting the
selected plane and lying within the selected image window.
The selected two-dimensional image window may then be
displayed in real-time while three-dimensional data of the
entire insonified volume is simultaneously collected. In
some cases two separate image windows in the same or
different image planes may be defined and imaged simulta-
neously from the same set of real-time three-dimensional
echo data.

[0147] The collected full 3D echo data may be beam-
formed and reviewed at a later time using a device with
greater processing power. In some embodiments, the 2D
slice to be beamformed and displayed may be automatically
selected by an imaging device. Alternatively, the 2D slice to
be beamformed and displayed may be selected or adjusted
by an operator of the device.

Data Capture & Offline Analysis

[0148] In various embodiments, raw un-beamformed echo
data resulting from a ping transmitted from point-source
transmit transducers and received by one or more arrays of
receive transducer elements may be captured and stored in
a raw data memory device for subsequent retrieval and
analysis. Alternately, captured echo data may be digitally
transmitted over a network for remote processing, beam-
forming, and/or viewing. In addition to echo data, additional
data may also be stored and/or transmitted over a network
and retrieved for subsequent and/or remote image generation
and analysis. Such additional data may include calibration
data describing the positions of the transmitting and receiv-
ing transducer elements, and transmit data describing the
identity (or position) of transmitting transducers associated
with specific echo data.

[0149] After retrieving such data, a clinician may use the
data to reconstruct imaging sessions in a variety of ways
while making adjustments that may not have been made
during a live imaging session. For example, images of a
series of 2D slices through a 3D volume may be generated
and shown in succession in order to simulate a 2D transducer
passing across a surface of the region of interest. Examples
of these and other methods are described in Applicant’s US
Patent Application Publication 2014/0058266, titled, “Ultra-
sound Imaging System Memory Architecture” and PCT
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Patent Application Publication WO02016/028787, titled
“Network-Based Ultrasound Imaging System.”

[0150] Some embodiments of a probe configured for
imaging an entire patient’s body or a substantial portion of
a patient’s body may comprise an array of designated
point-source transmitters and designated receive elements
sized and arranged to cover a substantial portion of the
desired region of a patient’s body. For example, a probe may
be sized to cover substantially half of a patient’s chest or
more. Such a probe may have a maximum dimension of
about 8 cm to about 10 cm.

[0151] Alternatively, a much smaller probe capable of
insonifying a conically-shaped volume of, for example, + or
=30 degrees, can be placed on a patient’s body such that an
organ of interest may be included in the cone. Such a probe
may be placed in more than one place to cover a larger
volume of interest.

Designated Point Source Transmitters

[0152] As described above, a point-source transmitter may
be approximated using a single small transducer element of
a transducer array. When performing 2D ping imaging using
a 1D array (an array of elements with parallel longitudinal
axes, typically including a lens to focus the signal into a
single imaging plane), a single element may be able to
produce a ping with sufficient energy in the imaging plane
to achieve imaging at a reasonable depth.

[0153] Additionally, in various embodiments, an “appat-
ent point-source transmitter” transducer may be configured
to produce a waveform that both approximates an actual
point-source and has suflicient energy to produce high
quality images at the desired depth. In some cases, such
apparent point-source transmitters may be configured such
that ultrasound power output may be limited only by safety
considerations within the imaged medium.

[0154] As used herein, the phrase “point-source” refers to
a point in two-dimensional (2D) space or three-dimensional
(3D) space that represents a center point of a transmitted 2D
or 3D ultrasound waveform, respectively. In some embodi-
ments, such a point is ideally an infinitely small point
corresponding to a produced wavefront with a consistent
semi-spherical shape. In embodiments in which such a
waveform is produced by a single small element, such a
point may lie on the surface of the transducer element. As
used herein, the terms “semi-spherical pulse” and “semi-
spherical wavefront” may refer to any ultrasound wavefront
with a spherical-section shape, including wavefronts with
approximately spherical-section shapes greater than or less-
than an ideal semi-sphere. Similarly, the terms “semi-circu-
lar pulse” and “semi-circular wavefront” may refer to any
ultrasound wavefront which appears in an imaging plane to
have a circular-section shape, including wavefronts with
approximately circular-section shapes greater than or less-
than an ideal semi-circle.

[0155] In some cases, multiple (e.g., two, three, four or
more) small transducer elements from a common transmit/
receive array may be excited simultaneously to produce a
ping with more energy than may be produced by a single
element.

[0156] In some embodiments, a designated point source
transmitter may comprise a large transducer shaped and
configured to produce a relatively high-power waveform
that “appears” to have originated from a point-source even
if the location of the apparent point source does not corre-
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spond to a physical structure responsible for producing the
wavefront—in other words, an apparent point-source. When
performing beamforming calculations to determine the loca-
tion of reflectors based on the timing of received echoes, the
location of the apparent point-source may be used as the
origin of the transmitted ping wavefront. In various embodi-
ments, an approximate location of an apparent point source
may be estimated based on a physical geometry or other
characteristic of a designated point source transmitter.

[0157] In some embodiments, particularly suitable shapes
for designated point source transmitters may include indi-
vidual elements in the shape of concave and convex spheri-
cal caps sized to deliver sufficient ultrasound power to
perform real-time three-dimensional ping-based imaging.
Convex spherical caps may generally be referred to herein as
“dome-shaped,” while concave spherical caps may be
referred to as “bowl-shaped.” Some examples of imaging
probes incorporating examples of such spherical cap trans-
ducer elements (otherwise referred to as “apparent point
source” transducer elements) are shown and described in
U.S. Patent Application Publication No. US 2015/0080727.

Examples of Piezoelectric Materials and Manufacturing

[0158] In some cases, a designated point source transmit-
ter may include a single structure or one or more element
sub-structures arranged in a planar, convex, or concave
shape. In some embodiments, each designated transmitter
element or receive transducer elements may be constructed
from a single contiguous piece of a piezoelectric material.
Such elements may be referred to herein as “bulk” elements
or as being made from “bulk piezoelectric” materials. In
other embodiments, transmitter and/or receiver elements
may be composed of a plurality of sub-element structures,
such as cut piezoelectric materials, micro-element structures
(as described further below), or other structures that may be
operated collectively to form a complete element.

[0159] In some embodiments, transmitter elements or
receiver elements may be in the form of a thin shell of a
piezoelectric material in a planar shape or in the shape of a
truncated spherical cap. Such elements may be made of any
material exhibiting piezoelectric properties. Many naturally
occurring and synthetic materials are known to exhibit
piezoelectric properties that may be of a character suitable
for use in ultrasound imaging applications. In the case of
ping-based multiple aperture ultrasound imaging, ultrasound
ping signals may be transmitted at frequencies commonly
used in diagnostic medical ultrasound, e.g., in the range of
about 1 MHz to about 20 MHz or more. Thus, apparent
point-source transducers with fundamental frequencies
within this range may be suitable for use in ping-based
multiple aperture imaging.

[0160] Naturally-occurring piezoelectric materials include
quartz, topaz and tourmaline, while man-made piezoelectric
ceramic materials include lead zirconate titanate (PZT),
barium titanate, lead metaniobate, & polyvinylidene diftuo-
ride (PVF,—not naturally piezoelectric, but may be made so
by heating in the presence of a strong electrical field). Some
man-made piezoelectric ceramic materials may be combined
with non-piezoelectric polymer materials to create piezo-
composites.

[0161] In the case of bulk elements made from piezoelec-
tric materials, the thickness of a designated transmitter
element, whether planar, bowl-shaped, or dome-shaped,
may be directly related to the fundamental frequency of the
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transducer. In some cases (e.g., for some piezoelectric
ceramic materials), the thickness of a transducer shell may
be equal to about half a wavelength of its corresponding
fundamental frequency. However, depending on the mate-
rials and/or structures used, the shell thickness may be
differently related to a transducer element’s fundamental
frequency. Manufacturing processes may also vary depend-
ing on the piezoelectric material used and other factors.
[0162] For example, natural or man-made piezoelectric
material may be machined using traditional techniques in
order to form the desired shape directly from a block of
material. Such machining may be performed using mechani-
cal cutters, water jets or any other available machining
technique. Alternatively, a block or sheet of piezoelectric
material may be machined into a plurality of elements
attached to a flexible substrate which may then be formed
into the desired shape. For example, a plurality of concentric
ring cuts 42 and radial cuts 44 may be made in a sheet of
piezoelectric material, which may then be formed over a
backing material with the desired shape (e.g., a spherical-
cap). In such embodiments, the individual sub-element
sections that make up the element may be electrically
connected so as to transmit simultaneously without phasing.
[0163] In some embodiments, a desired shape may be
molded (e.g., by injection molding, die casting, or other
molding process) from a piezo-composite material.
Examples of molding processes that may be adapted to
forming spherical-cap elements are described in U.S. Pat.
No. 5,340,510 and U.S. Pat. No. 5,625,149.

[0164] Ultrasound transducers may also be produced in
desired shapes using additive manufacturing techniques
(commonly known as 3D printing techniques). For example,
US Patent Application Publication 2013/0076207 and US
Patent Application Publication 2013/0088122 describe sys-
tems and methods for forming transducers in the shape of
cylindrical posts. Similar techniques may also be adapted to
form transducers with spherical-cap or other shapes. Addi-
tionally, other manufacturing techniques such as laser sin-
tering, stereo lithography, chemical vapor deposition or any
other suitable techniques may be used to produce transduc-
ers in the shapes and sizes described herein.

[0165] Capacitive Micromachined Ultrasound Transducer
(CMUT) formation techniques may also be used to form
transducers of desired shapes onto a pre-shaped substrate.
WO 2012/112540 shows and describes some examples of
structures and techniques that may be adapted to forming
spherical-cap shaped transducers. Alternately, a transducer
element may be made by forming an array of CMUT
transducers on a substrate pre-formed into a desired shape
(e.g., a concave or convex spherical cap as described above).
In such embodiments, the CMUT elements may be electri-
cally connected so as to transmit simultaneously without
phasing.

[0166] Insome embodiments, transducer elements may be
made up of a plurality of micro-elements which may be
made using lithographic techniques, thin-film deposition
techniques, etching techniques, additive manufacturing
techniques, surface micromachining, bulk micromachining,
and/or other methods. For example, U.S. Pat. No. 6,222,304
to Bernstein (which is incorporated herein by reference)
describes processes for making micro-shell transducer ele-
ments which include a substrate, an electro-active medium
mounted on the substrate and including an arched section
spaced from the substrate defining a chamber between the
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substrate and arched section, and a pair of electrodes
mounted on the medium for either applying an electric field
across the medium for flexing the arched section or sensing
the electric field generated by a flexure of the medium. Other
techniques may also be used to produce micro-elements of
different types. For example, in some cases, the flexible
“arched section” may be replaced by a flexible planar
section or a flexible concave section that may be flexed upon
application of an appropriate electrical signal.

[0167] Insome embodiments, in order to build transducer
elements into a probe, the “front” surface of each element
(e.g., the inside surface of a concave element, the outside
surface of a convex element or the outward-facing surface of
a planar element) may be plated with an electrically con-
ductive layer (such as a metal) so as to allow electrical
connection to the element. In some embodiments, the entire
inner surface and the entire outer surface of each element
may be plated, thereby allowing the entire piezoelectric shell
to be activated by applying an electrical signal across the
two plated surfaces. In other embodiments, less than an
entire shell may be activated by plating less than an entire
inner and/or outer surface of the shell. In this way, a similar
range of element sizes may be made functional from a single
physical structure.

[0168] Using materials and methods available, transmitter
and receiver elements may be made in a range of shapes,
such as having a top surface that is planar, convex, concave,
or combination of shapes. Transmitter and/or receiver ele-
ments may also have various plan-view shapes such as
circular, rectangular, pentagonal, hexagonal, heptagonal,
octagonal, other polygonal, or others. Elements can be
electrically and logically connected to a controller so as to
be dedicated transmitters, dedicated receivers, or switchable
between transmit and receive functions. Elements can be
arranged into various arrays, such as regular arrays, irregular
arrays, sparse arrays, or arrays that may be controlled so as
to be operated as regular, irregular, or sparse arrays.
Ultrasound Imaging Arrays Constructed from Micro-Ele-
ments

[0169] Ultrasound probes made up of ultrasound transmit-
ters and receivers may be made by various techniques
suitable for producing arrays of micro-elements. As used
herein, the term “micro-element” refers to very small trans-
ducer elements with sizes (e.g., diameters) on the order of
less than about 1,000 microns, in some cases about 10
microns to about 500 microns, in some cases between about
50 microns to about 200 microns, in some cases between
about 50 and about 150 microns, in some cases between
about 10 microns and about 25 microns, in some cases
between about 25 microns to about 50 microns, and in some
cases between about 50 microns and about 100 microns. In
some cases, a micro-element may be defined as any element
that has a diameter equal to less than half a wavelength of
the ultrasound frequency in the imaged material at which the
micro-element will be used.

[0170] Typically, micro-elements may be too small to be
mechanically machined from traditional bulk piezoelectric
materials, and may therefore be made using lithographic
techniques, thin-film deposition techniques, etching tech-
niques, additive manufacturing techniques, surface micro-
machining, bulk micromachining, and/or other methods. For
example, U.S. Pat. No. 6,222,304 to Bernstein (which is
incorporated herein by reference) describes processes for
making micro-shell transducer elements which include a
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substrate, an electro-active medium mounted on the sub-
strate and including an arched section spaced from the
substrate defining a chamber between the substrate and
arched section, and a pair of electrodes mounted on the
medium for either applying an electric field across the
medium for flexing the arched section (i.e., in order to
transmit an ultrasound signal) or sensing the electric field
generated by a flexure of the medium (i.e., in order to receive
an ultrasound signal impinging on the micro-element). Other
techniques may also be used to produce micro-elements of
different types. For example, in some cases, the flexible
“arched section” may be replaced by a flexible planar
section or a flexible concave section that may be flexed upon
application of an appropriate electrical signal and/or may be
sensitive to received impulses.

[0171] Insome embodiments, it may be desirable to create
arrays of micro-elements capable of conforming to a desired
shape. In such embodiments, a pattern of micro-elements
may be formed on a semiconductor substrate using one or
more of the above techniques, a back-surface (i.e., opposite
the surface on which micro-elements lie) of the substrate
may be thinned to make the substrate flexible to a desired
degree, and the substrate may then be conformed to a new
shape and secured to a supporting material. In various
embodiments, such thinning and re-shaping may be per-
formed over an entire substrate surface or in localized
regions.

[0172] There are generally four methods for wafer thin-
ning common in the art of semiconductor manufacturing.
They include mechanical grinding, chemical mechanical
polishing (CMP), wet etching and atmospheric downstream
plasma (ADP), and dry chemical etching (DCE).

[0173] Using such techniques (or combinations thereof),
one or more sections of an array of micro-elements may be
conformed so as to form entire arrays or array sections in
desired shapes. For example, arrays may be shaped so as to
conform to a portion of a human anatomy, such as a breast,
a joint (e.g., a knee, elbow, wrist, ankle, etc.), a skull, or
other anatomical structure. In other examples, arrays may be
shaped so as to conform to mechanical, structural, or indus-
trial parts. In other examples, array sections may be shaped
to form three-dimensional element groups arranged to
exhibit desired transmit patterns. For example, such tech-
niques may be used to form transducer element groups
configured to transmit apparent point-source waveforms.
[0174] In some embodiments, an array of micro-elements
may be conformed so as to form dome-shaped sections or
dish-shaped sections, such as the spherical section elements
described herein. For example, convex or concave dome-
shaped transmit elements optimized for near-field imaging
may be formed from a plurality of micro-elements on a
thinned section of substrate and conformed to a desired
dome shape.

[0175] In some embodiments, a dome-shape may be opti-
mized for near-field imaging based on transmit angles of
micro-elements that will make up the dome. Each micro-
element may have a transmit angle relative to a centerline of
a transmitted wavefront. The transmit angle of a micro-
element defines the angle at which the energy of a trans-
mitted wavefront drops below some threshold value.
[0176] In some embodiments, a convex dome shape opti-
mized for near-field imaging may be defined by a spherical
section with a cut elevation selected such that wavefronts
transmitted from micro-elements at a low region of the dome
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(i.e., a region of the spherical section adjacent an attachment
point with the surrounding micro-element array) will not
tend to impinge directly on adjacent micro-elements. The
micro-elements of such a dome-shaped group may be elec-
trically connected such that they may be operated as a single
element. As in various other examples herein, the spherical
center point of such an element may be used as the acoustic
center point for the purpose of beamforming calculations for
pings transmitted from such a spherical-section shaped
transmitter element.

[0177] In some embodiments, a concave dish shape opti-
mized for far-field imaging may be defined by a spherical
section with a cut elevation selected such that wavefronts
transmitted from micro-elements within the dish will not
tend to impinge directly on other micro-elements within the
dish-shaped element. The micro-elements of such a dish-
shaped group may be electrically connected such that they
may be operated together to collectively form a single
transmitter and/or receiver element. As in various other
examples, the spherical center point of such an element
group may be used as the acoustic center point for the
purpose of beamforming calculations for pings transmitted
from such a spherical-section shaped transmitter element or
receiver element.

[0178] In some embodiments, an overall shape of a sub-
strate supporting an array of micro-elements may be con-
formed into a desired shape. For example, in some embodi-
ments a substrate supporting an array of micro-elements
may be formed into complex overall shapes. In some cases,
an array of micro-elements may include one or more sur-
faces with inflected sections, such as to conform to an
anatomical or other structure.

[0179] In various embodiments, micro-elements may be
grouped to form shaped transducer elements such as those
described elsewhere herein. Groups of micro-elements may
be treated collectively as a single element in the various
processes described herein, and may be referred to herein as
“element groups” or “micro-element groups.” For example,
as shown in FIG. 1 and FIG. 2, a plurality of adjacent
micro-elements may be logically and electrically treated as
a single unit so as to form transducer elements of a desired
size and shape, and in a desired location. In some embodi-
ments, spherical cap or dome-shaped elements may be
formed from a plurality of micro-elements.

[0180] One advantage of forming transducer elements
from a group of such micro-elements is that the position of
each micro-element may be known very precisely based on
the precision of manufacturing techniques used to produce
the micro-elements. Therefore, the position of each micro-
element-group may also be known very precisely.

[0181] In some embodiments, a group of micro-elements
forming a single transducer element group may collectively
share a single electrical ground conductor and a single
electrical signal conductor. In some embodiments, each of
the ground conductor and the signal conductor for each
transducer element group may form a differential pair inde-
pendent of signal and ground conductors for other elements
of the array. In other words, micro-elements in a group of
micro-elements forming an element group may share a
single ground conductor that is not shared with ground
conductors of micro-elements belonging to other element
groups between the probe and a connector joining the probe
to control electronics. Similarly, micro-elements of an ele-
ment group may share a single signal conductor that is not
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shared with signal conductors of micro-elements of other
element groups between the probe and a connector joining
the probe to control electronics. In some embodiments, some
micro-elements (e.g., a sub-set of micro-elements forming
an element group) may be joined to signal and/or ground
conductors of other micro-elements via a switch configured
to allow the sub-set of micro-elements to be switchably
joined to signal and/or ground conductors of other micro-
elements.

[0182] Alternately, some or all micro-element groups may
share a common ground conductor and/or a common signal
conductor. For example, in some embodiments micro-ele-
ment groups that form elements that are collectively part of
a single aperture may share a common ground conductor
and/or a common signal conductor. In other embodiments,
one or more signal and/or ground conductors may be shared
in a multiplexed arrangement, such as time-division-multi-
plexed communications, or other multiplexing method.

Sparse Array Probes for Real Time 3D Imaging

[0183] Ping-based multiple aperture ultrasound imaging
can provide very powerful real-time three-dimensional
imaging capabilities as described above. The benefits of
ping-based multiple aperture ultrasound imaging may be
achieved by using transducer probes with overall dimen-
sions much larger than traditional ultrasound probes. For
example, ping-based multiple aperture ultrasound imaging
may be beneficially used with probes having an active
imaging surface in excess of 100 cm?. Traditionally, ultra-
sound elements in a probe are spaced as close together as
possible, typically significantly less than (and generally no
more than) half a wavelength of the ultrasound frequency
being used.

[0184] However, using traditional element-to-element
spacing in such a large probe would require a cable far too
thick for the cable to be usable. Although some tricks may
be used to reduce the number of individual conductors
required in a cable, a better solution is to increase the
allowed spacing between elements, thereby reducing the
total number of elements in an array. Use of sparse arrays
with traditional scanline-based imaging methods suffers
from substantial complications, artifacts, and low resolution
and is therefore not generally practical. Based on the
research into the use of sparse arrays scanline-based phased
array techniques, one would expect the use of sparse arrays
with ping-based multiple aperture ultrasound imaging tech-
niques to suffer similar difficulties, but that is unexpectedly
not the case. In fact, sparse arrays can be used quite
effectively with ping-based multiple aperture ultrasound
imaging techniques as described herein.

[0185] In some embodiments, sparse arrays of transducer
elements may be beneficial in providing an ultrasound probe
with a wide total aperture while containing a manageable
number of transducer elements.

[0186] In other fields, a “sparse array” is generally defined
as an array in which the majority of array positions have a
zero or null value. In some cases, a similar definition may be
applied to an array of ultrasound transducer elements. In the
context of an array of ultrasound transducer elements, a
sparse array may be defined as an array of potential element
positions in which a majority of the element positions
contain no active elements. For example, the inactive ele-
ment positions may contain no transducers, or may contain
transducers that are not active at a specified time, if ever. For
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example, inactive element positions may comprise trans-
ducer elements that are temporarily or permanently electri-
cally disconnected from imaging control electronics. In
other examples, inactive element positions may comprise
empty spaces (or spaces filled with non-transducing mate-
rial) of sizes equivalent to a transducer element.

[0187] In some cases, an ultrasound transducer array in
which less than a majority of element positions contain no
active elements may also be considered “sparse” if average
spacing between adjacent elements exceeds a threshold
distance. For example, in some cases, an ultrasound trans-
ducer array may be considered “sparse” if all (or nearly all)
adjacent elements of the array are spaced from one another
by a distance of at least half a wavelength of the ultrasound
transmitted and/or received by the elements. In still other
cases, an ultrasound transducer array may be considered
“sparse” if at least a majority of elements of the array are
spaced from adjacent elements by a distance of at least a
threshold distance. If an array is configured to operate at
more than one ultrasound frequency, then a threshold dis-
tance may be half of the maximum wavelength at which any
part of the array is configured to operate.

[0188] In some various, ultrasound probes comprising a
sparse array of ultrasound transmitters and receivers may be
made using one or more of the various micro-element or
sub-element configurations described herein. For example,
in some embodiments, a sparse array may be formed from
a continuous array of micro-elements by electrically assign-
ing micro-elements to element-groups where the element
groups are located in a sparse arrangement. Examples of
such embodiments are described below with reference to
FIG. 1. In some such embodiments, micro-elements that are
not assigned to an element-group may simply be electrically
inactive.

[0189] In some embodiments, instead of a continuous
array of micro-elements (as in FIG. 1), a sparse-array
transducer probe may comprise a plurality of groups of
micro-elements formed in desired locations on a substrate
without necessarily forming additional micro-elements
between micro-element groups. FIG. 2 illustrates an
example of such a sparse array 480 made up of separated
micro-element groups 481-486.

[0190] In some embodiments, ultrasound probes compris-
ing a sparse array of ultrasound transmitters and receivers
may be made by forming individual transducer elements
from bulk piezoelectric material, mechanically picking up
and placing each element in a precise location on a substrate,
securing each element to the substrate, and making electrical
connections to each element. Bulk piezoelectric elements
may be made in any shape or size as described herein.
[0191] Insome embodiments, a sparse array probe may be
effectively used by 3D multiple aperture imaging techniques
as described herein, and in some cases may be preferred to
a continuous array densely populated with transducer ele-
ments, particularly when spacing between receivers and
transmitters avoid certain patterns. In certain circumstances,
using a probe having a sparse two-dimensional or three-
dimensional array of regularly-spaced transducer elements
with the ping-based multiple aperture imaging beamforming
techniques described herein may result in the production of
self-reinforcing artifacts that may undesirably degrade
image quality. Such artifacts may be the result of phase
cancellation causing certain returning echo signals to cancel
one another out before reaching some receive elements

Jul. 27,2017

thereby producing distortions in the form of extremely dark
and/or extremely bright bands in the resulting image.
[0192] In some embodiments, such artifacts may be
avoided or mitigated by positioning transducer elements at
inconsistent distances from one another in a sparse array. In
other words, phase cancellation artifacts may be avoided or
mitigated by positioning transmit and receive elements such
that no two transducer elements are an equal distance from
any single third element. In some cases, a small amount of
element position equivalence may be acceptable. In
examples of such embodiments, a probe may be constructed
such that no more than “N” receive elements are located an
equal distance from a single transmitter, where “N” is an
integer value between 1 and 1,000 or more, more commonly
between about 1 and 100, and in some specific examples N
may be 1, 2,3, 4, 5, 10, 100 or more and wherein all of the
receiver elements receive the same frequency of ultrasound
signal.

[0193] In some embodiments, transmit elements may be
regularly-spaced relative to one another while spacing
receive elements at irregular distances relative to the trans-
mit elements. In other embodiments, both transmit elements
and receive elements may be irregularly positioned in a
sparse array.

[0194] In some embodiments, a two-dimensional sparse
array of transducer elements positioned to mitigate phase
cancellation artifacts may include elements spaced from one
another at “random” distances. FIG. 3 and FIG. 4 illustrate
examples of two-dimensional sparse array element positions
in which a distance between any two adjacent elements is
not exactly equal to any other distance between two adjacent
elements. In the example of FIG. 3 and FIG. 4, the distances
between adjacent elements are effectively random in the
sense that there is no mathematical pattern relating the
distances.

[0195] FIG. 3 illustrates a two-dimensional array 401
made up of elements 410 unevenly spaced from one another
in two dimensions according to a pseudo-random pattern. In
various embodiments, the array 401 illustrated in FIG. 3
may have an overall length dimension 413 and/or an overall
width dimension 414 of about 3 cm to about 10 cm or more.
Each element 410 of the array 401 may have a square shape,
a circular shape, a polygonal shape, or any other regular or
irregular shape. For example, FIG. 20 illustrates a sparse
array 402 embodiment in which designated transmit ele-
ments are shown as circular elements 411 while designated
receive elements are shown as square elements 412. In other
embodiments, all elements may be circular, square, or
otherwise-shaped elements even if some are designated
transmitters and others are designated receivers.

[0196] In addition to the generally rectangular arrays
shown in FIG. 3 and FIG. 4, sparse arrays 401, 402 of
ultrasound elements with uneven spacing may be arranged
in other shapes, such as a generally oval shaped array 403 as
shown in FIG. 5, or a generally circular shaped array 404 as
shown in FIG. 6.

[0197] Sparse arrays of ultrasound elements with uneven
spacing may also be arranged in a generally planar configu-
ration, or a generally concave or convex configuration 405
as shown in FIG. 7. The arrangement of transducer elements
shown in FIG. 7 may be made convex by a supporting
substrate layer positioned on the concave side of the pattern
of elements. Similarly, supporting the elements with a
substrate on the convex side of the pattern will provide a
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concave array. In other embodiments, sparse arrays may be
arranged for use in intra-venous ultrasound probes or other
specialized probes.

[0198] In some embodiments, spacing distances between
elements may be non-repeating random or pseudo-random
distances obtained with use of a random or pseudo-random
number generation algorithm. In other examples, spacing
distances between elements may be irregular values which
may be based on non-repeating values from an integer
sequence such as the Fibonacci sequence or any other
non-repeating numeric sequence. In some cases, an algo-
rithm may be applied to values from a numeric sequence in
order to maintain element spacing distances within a desired
range. For example, in some embodiments distances
between adjacent elements may be constrained to a range
such as 1 mm to 10 mm (or 1 mm to 20 mm or more).
[0199] In various embodiments, the spacing between
transducer elements need only be un-equal by an amount at
least as great as a manufacturing tolerance of a manufac-
turing method used to construct the array. For example, if an
array manufacturing process is capable of positioning ele-
ments on a substrate within a distance of +/1 100 microns of
an intended position, then it may be desirable to design the
two spacing distances so as to be different by at least 100
microns. In other embodiments, the spacing between trans-
ducer elements need only be un-equal by an amount based
on a frequency of ultrasound used.

[0200] In some medical imaging applications, variations
in tissues may introduce enough randomness to signals to
substantially avoid or minimize most phase cancellation
artifacts. Therefore, in some cases a sparse array probe may
include a larger number of regularly-spaced transducer
elements if other factors can be expected to minimize phase
cancellation artifacts. For example, FIG. 8 illustrates an
example array 302 of dedicated transmit elements 310 and
receive elements 312. In various embodiments, the transmit
elements 310 and/or the receive elements 312 may be
replaced with any other transmit or receive elements
described elsewhere herein. FIG. 15 and FIG. 16B also
illustrate elements with examples of regularly spaced ele-
ments which may contain elements of any construction such
as those described herein.

Multiple Frequency Sparse Arrays

[0201] In some cases, phase cancellation artifacts may be
avoided or mitigated by constructing and/or operating a
sparse array probe such that only a small number of regu-
larly-spaced elements operate at the same ultrasound fre-
quency as one another. For example, some embodiments of
sparse array probes may be constructed and/or operated such
that no more than “N” receive elements operating at the
same ultrasound frequency (or combination of frequencies)
are equidistant to any one transmit element. In such embodi-
ments, N may be an integer between 1 and 100, in some
specific examples, N may be 1, 2, 3, 4, 5 or more. Thus, for
example, a probe may contain any number of receive
elements equidistant to one or more transmit elements as
long as no more than N of the receivers are operated at the
same ultrasound frequency (or combination of frequencies).
[0202] The ultrasound frequency (or combination of fre-
quencies) at which any given transmit or receive element
may be operated may be based on structural characteristics
of the element (e.g., material, thickness, diameter, or other
dimensions) and/or variable operational characteristics such
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as an electric voltage or signal shape applied to the element.
Which and to what degree such factors may change an
element’s operating frequency may depend on the element
material and/or the process by which it is manufactured. For
example, while many transducers may have a fundamental
frequency, many can also be driven (i.e., operated in transmit
or receive) at frequencies other than their fundamental
frequency. The range of frequencies at which any particular
transducer element may be driven may depend on many
factors such as the material, construction, available power,
etc.

[0203] Forexample, in various embodiments, an operating
frequency of a micro-element may be determined by a
diameter of a flexible section of material, such as the “arched
section” described by Bernstein referenced above or a
similarly-configured flexible planar or concave section.
Thus, in some embodiments, micro-element groups may be
made up entirely of micro-elements configured to operate at
the same frequency, or may be made up of micro-elements
configured to operate at different frequencies. For example,
in some embodiments an outer micro-element group (e.g.,
464 in FIG. 1) may be configured to operate at a different
(e.g., a higher frequency or a lower frequency) than micro-
elements making up a central group 466, either by being
physically constructed differently or by being operated dif-
ferently.

[0204] FIG. 9 illustrates an example of a group of micro-
elements of different sizes arranged to form a multi-fre-
quency transmit element. As described above, the funda-
mental transmit frequency of a micro-element may be a
function of the size of a flexible surface member. Therefore,
a multi-frequency transmit element group may be formed by
providing micro-elements of varying sizes arranged so as to
be controllable as a common element group. The group 500
of micro-elements in FIG. 9 includes micro-elements of
three different sizes. In other embodiments, micro-elements
of two, four, five, six, or more different sizes may be grouped
into a transmitter or receiver group. Other patterns or
numbers of micro-elements of each size may also be used,
depending on the waveform characteristics desired.

[0205] The variously-sized micro-elements of FIG. 9 may
be electrically connected so as to be activated simultane-
ously as a group, such as by providing a single electrical
signal conductor and a single electrical ground conductor
common to all of the micro-elements of a transmit group
such as that shown in FIG. 9.

[0206] In some embodiments, a micro-element array may
comprise a plurality of transmit element groups containing
micro-elements of various sizes. In some embodiments,
different transmit elements may be provided with different
mixes of micro-element sizes in order to produce pings with
different multi-frequency combinations. In this way. each
transmit group may have a unique frequency signature. If
different transmitters in a probe have different mixes of
micro-element sizes to produce a different frequency signa-
ture, then pings transmitted from one transmitter may be
distinguished from pings transmitted by a second transmit-
ter, even if pings from the two transmitters are transmitted
at the same time or during overlapping ping cycles.

[0207] In other words, when a probe is configured to
include at least two transmitters configured to transmit
multi-frequency waveforms and receive elements of the
probe are sensitive to all of the transmitted frequencies, then
echoes received by each receive element of the probe may
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be mapped to the transmitter that produced the echo based
only on the frequency signature of the received echoes. This
may be tremendously beneficial in increasing ping rates
and/or frame rates well beyond the limits imposed by
single-frequency imaging.

Sparse Arrays with Varied or Variable Element Sizes

[0208] In some embodiments, a size of transducer ele-
ments may be varied instead of or in addition to varying
spacing between elements. For example, in some embodi-
ments, a sparse ultrasound array may be entirely made up of
transducer elements of various (and/or variable) sizes as
shown for example in FIG. 1, FIG. 10A, FIG. 10B, FIG.
11A, FIG. 11B.

[0209] In some embodiments, micro-element groups may
be switched between a first configuration in which a first
element group includes a first group of micro-elements and
a second configuration in which the first element group
includes a second group of micro-elements in addition to (or
subtracted from) the first group of micro-elements. In some
embodiments, such switching between a first configuration
and a second configuration may be performed in between
ping cycles. That is, a first ping may be transmitted and
echoes of the first ping may be received by the micro-
elements of the first configuration of the element group.
Then, a second ping may be transmitted, and echoes of the
second ping may be received by the second configuration in
which the first element group includes a second group of
micro-elements in addition to the first group of micro-
elements.

[0210] Similarly, a transmit element group may be con-
figured to be switchable between a first configuration and a
second configuration that is larger, smaller, or differently
shaped than the first configuration.

[0211] Alternatively, element groups may be switched
between a first configuration and a second configuration
within a single ping cycle. In such embodiments, a first ping
may be transmitted, a first plurality of echoes of the first ping
may be received by the micro-elements of the first configu-
ration of the element group, and the switch may then be
closed so that a second plurality of echoes of the first ping
may be received by the micro-elements of the second
configuration of the element group in addition to or instead
of the micro-elements of the first configuration. In some
embodiments, the first plurality of echoes may be relatively
near-field echoes that are produced by reflectors closer than
a threshold distance to the receiver micro-elements, and the
second plurality of echoes may be mid-field or far-field
echoes that are produced by reflectors further than a thresh-
old distance from the receiver micro-elements. Assuming an
approximately constant speed of sound, the threshold may
be a time value, such that the first plurality of echoes may
be received with the first configuration of micro-elements
until a switch-time at which a switch may activate the
second configuration of micro-elements to allow the second
plurality of echoes to be received after the switch-time until
the end of the ping cycle.

[0212] In some embodiments, individual micro-elements
or groups of micro-elements may be electrically switchable
so as to be selectively included in or excluded from a
micro-element group forming an element or an aperture.
Transmit element groups or receive element groups may be
configured to be switchable between a first configuration and
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a second configuration, where the second configuration is
larger, smaller, or differently shaped than the first configu-
ration.

[0213] For example, FIG. 1 illustrates an example section
of a continuous array 450 of micro-elements 460. Some of
the micro-elements 460 are indicated as having been
assigned to an element-group 462, 464, 466, 468, 470, and
472. FIG. 1 further illustrates an outer group of micro-
elements 464 identified by stippling surrounding a central
group 466 of micro-elements. In one embodiment of the
illustrated example, a larger element group 468 may be used
as a transmit element, and the smaller element groups 462,
464, 470, and 472 may be used as receive elements.
[0214] In some embodiments, the outer group 464 may be
switchable as a group so as to selectively form a larger
element in combination with the central group 466. Similar
element groups may be formed with any number of adjacent
micro-element groups in any desired configuration. Such a
variably-sized element may be used as a transmit element, as
a receive element, or as both.

[0215] Another example is provided in the groups 472 and
474 which provide for switchable configurations with dif-
ferent shapes and sizes. One or more switches may be
provided to allow the group 474 to be included with the
group 472 so that both groups 472 and 474 may operate
together as a single element (e.g., as a receive element or as
a transmit element). The elongated element formed by the
combination of sub-groups 472 and 474 may be beneficially
used in combination with the process for estimating a
position of a reflector using an elongated receive element.
[0216] In some embodiments, ping-based receive beam-
forming calculations (as described herein) may be per-
formed using the position of the circular center of the center
micro-element (e.g., 744) of a micro-element group as the
acoustic center position of the transducer element group. In
embodiments in which a micro-element group is arranged
such that it does not include a centrally-located micro-
element, the position of the micro-element group may be
defined at a center-of-mass point or a geometric center point
of the group of micro-elements. In other embodiments,
various calibration processes may be used to measure,
determine, and/or to refine an acoustic center position for
each transducer element group. Examples of suitable cali-
bration processes are described in US Patent Application
Publication US 2014/0043933 titled “Calibration of Mul-
tiple Aperture Ultrasound Probes,” U.S. Pat. No. 9,282,945
titled “Calibration of Ultrasound Probes,” and U.S. Pat. No.
9,510,806 titled “Alignment of Ultrasound Transducer
Arrays and Multiple Aperture Probe Assembly,” each of
which is incorporated by reference herein.

[0217] FIGS. 10A and 9B illustrate examples of radially
symmetrical groups 342 of switchable concentric sub-ele-
ments 344, 346, 348 which may be operated in concert with
one another. The group 342 may include a central circular
receive element 344 surrounded by one or more concentric-
ring receive elements 346, 348 providing the ability to
obtain the benefits of elements of various sizes in a small
physical footprint while maintaining a consistent acoustic
center position. In various embodiments, a center element
344 may be surrounded by two, three or more rings, depend-
ing on the needs of a particular application.

[0218] In some embodiments, the space (or “kerf”)
between the center circular element 344 and the inner ring
346 and the space/kerf between rings 344, 348 may be as
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small as possible so as to provide as much of a seamless
transition between adjacent ring elements as possible. In one
example, the inner circular element 344 may have a diameter
of about 1 mm, the inner ring 346 may have a width of about
0.5 mm, and the outer ring 348 may have a width of about
0.5 mm. In such an example, the center element 344 and
inner ring element 346 may be combined to mimic a circular
element with a diameter of about 2 mm, and the center
element 344, inner ring element 346, and outer ring element
348 may be combined to mimic a circular element with a
diameter of about 3 mm.

[0219] As shownin FIG. 10A, in some embodiments, each
element 344, 346, 348 may be individually connected to a
separate receive channel 331, 332, 333 of a receive subsys-
tem so as to allow echoes received with each concentric
element to be stored separately. Using such an arrangement,
a complete image may be formed from received echoes after
echoes have been received with all receive elements of all
sizes. This may allow for a “digital switching” process in
which echo data received with the sub-elements may be
selectively combined to improve a final image. Stored
echoes may be retrieved from the memory device and
combined so as to obtain an optimal image based on the
timing of received echoes and/or the location of the trans-
mitted ping.

[0220] In such embodiments, echo data received with the
center element 344 alone may be used for beamforming
near-field reflectors. Echo data received with the center
element 344 may be coherently combined with echo data
received with the inner ring element 346 for beamforming
mid-field reflectors. Similarly, echo data received with the
center element 344 may be coherently combined with echo
data received with the inner ring element 346 and the outer
ring element 348 for beamforming far-field reflectors.
[0221] As with other embodiments using receivers of
various sizes, the transitions between “near-field,” “mid-
field,” and “far-field” (or between “near-field” and “far-
field” for systems with only two sizes of receive elements)
may be defined based on optimal characteristics of the
intended imaging application, the particular sizes of the
elements to be used, transmitted ultrasound frequencies, and
other factors. One advantage of the digital switching meth-
ods described herein is that the transition between “neat-
field,” “mid-field,” and “far-field” may be changed and
redefined after echo data has been received and stored. This
may allow for iterative adjustment of such transitions for
optimization of image quality or other desired characteris-
tics.

[0222] Alternatively, as illustrated in FIG. 10B, each
group of three ring sections 342 may be electrically con-
nected to a common receive channel of a receive subsystem
so as to allow for electrical switching between “small,”
“medium,” and “large” receive elements. When the three
ring sections 344, 346, 348 are arranged in a concentric
pattern, the location of the circular center of each of the
sections 344, 346, 348 will be the same, thereby simplifying
beamforming operations.

[0223] As illustrated in FIG. 10B, a center circular ele-
ment 344 and one or more concentric ring sections 346, 348
may be electrically connected to a common receive channel
330 via switches 352, 354. The switches 352, 354 may be
any remotely operable electrical switch, and may include
any suitable electromechanical, MEMS, semiconductor or
other components. The sub-elements 344, 346, and 348 may
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be electrically connected in parallel when the switches 352,
354 are closed. In some embodiments, each sub-element
344, 346, 348 may have an independent ground conductor.
In other embodiments, the sub-elements 344, 346, 348 may
share a common ground conductor.

[0224] In use, a ping may be transmitted from a transmit
element at a time="to,” and the transition between “neat-
field,” “mid-field,” and “far-field” may be defined in terms
of time, where “t,” is the time at which the transition from
near-field to mid-field occurs and “t,” is the time at which
the transition from mid-field to far-field occurs. In this
example, both switches 352, 354 may be open during and
immediately following transmission of a ping at time t0.
Then, at time t1, the inner-ring switch 352 may be closed,
thereby electrically combining the signal generated by the
inner circular element 344 with the signal generated by the
inner-ring transducer element 346. At time t2, the outer-ring
switch 354 may also be closed, leaving the inner-ring switch
352 also closed, thereby electrically combining the signal
generated by the inner circular element 344 with the signal
generated by the inner-ring transducer element 346 and the
outer-ring transducer element 348. The resulting echo data
string produced by the ping transmitted at t0 will then
contain near-field echoes received by the inner circle ele-
ment 344 alone, mid-field echoes received by the combined
inner circular element 344 and the inner ring element 346,
and far-field echoes received by all three 344, 346, 348
elements combined.

[0225] As with other embodiments described herein,
receive elements of various sizes may be made using any
suitable manufacturing process or processes. For example,
continuous circular disc-shaped elements and ring-shaped
elements may be made of a bulk PZT material, other
piezoelectric materials, or from arrays of micro-elements or
other sub-elements using any of the various manufacturing
techniques identified herein. The transducer elements 344,
346, 348 may also have shapes other than circular, such as
polygonal or amorphous shapes. Each of the elements 344,
346, 348 may also be made up of multiple micro-elements.
[0226] In some embodiments, a center element and one or
more concentric ring elements may be formed from a single
continuous piece of PZT (or other piezoelectric material)
that is plated with an electrically conductive material to form
a center element 344 and one or more distinctly-operable
rings 346, 348. For example, the ring elements may be
defined by rings of plated electrically conductive material in
the shape of the desired ring(s) with regions of un-plated
material in between adjacent ring elements or between an
inner ring and a center element. In some embodiments,
ring-shaped plated regions may be formed on both a top and
a bottom surface of the piezoelectric material. In other
embodiments, ring-shaped sections may be plated on a top
surface, and a bottom surface may be continuously plated. In
some embodiments using such a continuous piezoelectric
structure with plated and un-plated regions, a bias voltage
may be applied to an inner ring 346 and/or an outer ring 348
while receiving echoes with a center element in order to
dampen unwanted oscillation of the outer region of PZT.
[0227] In some embodiments, a switchable group of sub-
elements such as that illustrated in FIG. 10B may be used as
a transmit element of variable size. For example, differently-
shaped waveforms or waveforms of different power levels
may be produced by transmitting from the center element
344 alone than by transmitting simultaneously from both the
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center element 344 and the inner ring element 346, which
will in turn be different than a waveform transmitted from all
three sub-elements 344, 346, 348.

[0228] In some embodiments, the center element 344 may
also be switchably connected to a receive system or a
transmit system. In some embodiments, the arrangement
illustrated in FIG. 10A may be combined with the arrange-
ment in FIG. 10B. That is, each sub-element may be
switchable between one of three states: connected to its own
receive (or transmit) channel, connected in electrical parallel
with one another, or disconnected (ie., at open circuit
relative to the other sub-elements).

[0229] In some embodiments, elements of different sizes
may be grouped in different constellations allowing for a
different mode of operation. FIG. 11A illustrates elements of
multiple sizes arranged in a group 322. In some embodi-
ments, elements of varying sizes may be grouped together,
each group 322 including a small element 324, a medium
element 326, and a large element 328 positioned close
together. In some embodiments, a sparse array may com-
prise groups of elements of different sizes in which the
elements in each group may be spaced from one another by
a distance of less than half a wavelength of the ultrasound
transmitted and/or received by the elements. In other words,
groups 322 of elements may be sparsely positioned relative
to other groups, while the elements of each group may be
non-sparsely spaced from one another.

[0230] In one example, the small element 324 may have a
diameter of about 1 mm, the medium element 326 may have
a diameter of about 2 mm, and the large element 328 may
have a diameter of about 3 mm (any other sizes may also be
desired, depending needs of a particular application). In
other examples, an element constellation 322 may include
receive elements of only two sizes or elements of four or
more sizes. The individval and relative element sizes used
and the relative positions of elements may also be varied
depending on the needs of a particular application. In some
embodiments, each element of a constellation group 322
may comprise concentric elements as described above with
reference to FIGS. 10A and/or 9B.

[0231] In some embodiments, each element 324, 326, 328
of the constellation of FIG. 11A and the constellation of FIG.
11B may be a micro-element (e.g., a micro-dome as
described above or another micro-element structure) or a
group of micro-elements.

[0232] As described above, smaller-diameter elements
may provide optimal receive characteristics for echoes
returned by relatively shallow (or near-field) reflectors,
while larger-diameter elements may provide optimal receive
characteristics for echoes returned by relatively deep (or
far-field) reflectors. Therefore, in some embodiments, an
imaging system may be configured to switch between using
information from elements of various size such that small
elements 324 may be used primarily for forming images
from echoes received from near-field reflectors, medium-
sized elements 326 may be used primarily for forming
images from echoes received from mid-field reflectors, and
large elements 328 may be used primarily for forming
images from echoes received from far-field reflectors.
[0233] In some embodiments, this switching may be
accomplished digitally by forming a complete image from
received echoes after echoes have been received with all
receive elements of all sizes. To achieve this digital switch-
ing in some embodiments, each of the receive elements 324,
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326, 328 of the constellation of FIG. 11 A may be individu-
ally electrically connected to a separate channel 331, 332,
333 of a receive subsystem. In such embodiments, echoes
received by the elements of varying sizes may be digitized
and stored in a memory device separately. Stored echoes
may then be retrieved from the memory device and com-
bined so as to obtain an optimal image based on the timing
of received echoes and/or the location of the transmitted
ping.

[0234] Because each received echo sample can be mapped
to a three-dimensional position within the imaged volume,
one or more threshold depths may be established in order to
determine which regions of a volume (or 2D image) should
be formed with echoes received by small elements, which
regions should be formed with echoes received by medium-
sized elements, which regions should be formed with echoes
received by large elements, and which regions should be
formed by combining echoes from small and medium ele-
ments or by combining echoes from medium and large
elements. Such information can be stored in an imaging
controller and used during live imaging or during recon-
struction of an image from stored echo data. As with other
embodiments described herein, receive element constella-
tions may be grouped into receive apertures, each receive
aperture having an overall size selected such that echoes
received by multiple elements of a common receive aperture
may be combined coherently without phase cancellation.
Information obtained from two or more receive apertures
may then be combined incoherently.

[0235] The digital switching method described above
relies on the echoes received by each receive element of
each size being individually stored at least temporarily. In
alternative embodiments, the number of receive channels
used by receive elements of various sizes may be reduced by
incorporating switches. F or example, as illustrated in FIG.
11B, a receive group 322 including a large element 328, a
medium element 326, and a small element 324 may be
electrically connected to a single receive channel 330 of a
receive subsystem via switches S1, S2, S3. Fach of the large
328, medium 326, and small 324 elements may be switched
“on” (closed-circuit) during times when that element is
expected to return usable (or beneficially-contributing)
information. During times when an element of a particular
size is not expected to return usable information, the element
may be switched “off” (open-circuit) in favor of switching
on an element of a different size.

[0236] Switching of receive elements will be described
with reference to an example. Assume that a ping is trans-
mitted from a transmit element at a time="t,.” If the tran-
sition between “near-field,” “mid-field,” and “far-field” is
defined in terms of time, where “t,” is the time at which the
transition from near-field to mid-field occurs and “t,” is the
time at which the transition from mid-field to far-field
occurs, then a single group of three differently-sized receive
elements may be switched as follows: only the small ele-
ment 324 is switched on (e.g., S1 is closed, S2 and S3 are
open) from time t, to t;, only the medium element 326 is
switched on (S2 is closed, S1 and S3 are open) from time t;
to t,, and only the large element 328 is switched on (83 is
closed, S1 and S2 are open) from time t, until the next ping
is transmitted (or until such time as all receivable echoes can
be expected to have returned). In some embodiments, two or
more of the switches S1, S2, S3 may be combined into a
single multi-position switch.
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[0237] In some embodiments, when using differently-
sized receive elements in combination with digital or elec-
trical switching, an image formation subsystem may use a
physical location of each individual element 324, 326, 328
to identify echo samples corresponding to a particular pixel
or voxel location within an imaged region. In the case of
digital switching, the position of the circular center of each
receive element may be individually stored and associated
with the corresponding receive channel for use during
beamforming operations. Even in the electrical switching
case, because the time at which switching occurs is known,
the samples corresponding to the small, medium, and large
elements can be determined based on times associated with
the data samples, and the appropriate element circular center
position information may be used for beamforming echoes
received by the elements of different sizes.

[0238] In some embodiments, transducer elements of dif-
ferent sizes in a pattern such as that shown in FIG. 1, FIG.
11A, FIG. 11B, FIG. 10A, or FIG. 10B or any other pattern,
may be used as transmit elements. For example, planar,
concave, or convex elements of any circular, polygonal, or
other shape may be provided in two, three, or more different
sizes for use as dedicated transmit elements.

[0239] In various embodiments, switches used for switch-
ing individual micro-elements or groups of micro-elements
may include microelectromechanical systems (MEMS)
switches of any suitable type. In some embodiments, MEMS
switches may be formed on an opposite side of same
substrate as the micro-elements. MEMS or other switches
may be controllable by transmit subsystems, receive sub-
systems, or both, as appropriate for a given application.
[0240] In some embodiments, low noise amplifiers
(LNAs) may also be provided on the back-side of a substrate
supporting an array of micro-elements. In some embodi-
ments, one LNA may be provided for each receive element
(or group of micro-elements controlled collectively). In
other cases, one LNA may be provided for each receive
aperture or group of receive elements. In various embodi-
ments, LNAs may also be controlled by one or more
elements of an imaging control system, such as a transmit
subsystem or a receive subsystem.

Detecting Reflector Position Based on Pattern or Shape of
Receive Elements

[0241] As described herein, beamforming calculations
produce a locus of possible locations for a reflector based on
a known position of a transmitter element and a receiver
element, and the loci obtained from multiple elements are
combined to converge towards an actual location for a given
reflector. Therefore, any additional information about the
likely position of reflectors may be used to further enhance
image quality.

[0242] In some embodiments, a known pattern of receiver
elements may be used to determine an approximate direction
from which echoes return to the receiver elements. This may
be understood with reference to the illustration in FIG. 12,
which shows a pattern 600 of six receive elements 602, each
made up of a plurality of micro-elements. The elements 602
are shown arranged in a regular grid pattern for clarity of
illustration, but may be irregularly spaced and may be
asymmetrically aligned relative to one another. Various axes
may be drawn through any two or more transducer elements
arranged in the pattern. FIG. 12 illustrates a vertical axis
610, a horizontal axis 606, and two diagonal axes 604, 608.

Jul. 27,2017

Several other axes could also be drawn, any of which could
be used with the same methods.

[0243] For echoes of a given reflector arriving at the
receive elements 602, the beamforming process will deter-
mine the locus of possible location points for the reflector
based on the position of the transmitter and the positions of
each of the receive elements 602. In some embodiments, the
system may also compare the absolute time-of-arrival of the
echoes of the given reflector at elements along one or more
of the axes (604, 606, 608, 610). For example, if the
upper-right element along the diagonal axis 604 receives an
echo of the given reflector at an earlier time than the same
echoes arrive at the center element (a time measured in
nanoseconds), then it may be reasonable to conclude that the
reflector is located in a portion of the region of interest closer
to the upper-right quadrant of the array section.

[0244] This location estimate information may be sup-
ported or confirmed by comparing the arrival time of the
given reflector echoes at the upper-right element with the
arrival time of the same given reflector echoes at the lower
left element. Additional elements along the same axis may
also be used to further confirm an estimate of an origin of the
reflector. Comparing arrival times of the same given reflec-
tor along other axes may provide further information about
the approximate location of the reflector.

[0245] In some embodiments, a process of axis-based
direction estimation may include: transmitting an unfocused
ultrasound ping from a transmitter approximating a point
source into an object to be imaged. Echoes of the transmitted
ping may then be received at a first receive element and a
second receive element, where a line between the first
receive element and the second receive element defines an
axis. The first receive element and the second receive
element may be located at known positions relative to a
common coordinate system (e.g., based on position data
retrieved from a data store). The process may proceed by
identifying a first echo sample corresponding to a first
reflector received at the first element, and identifying a
second echo sample corresponding to the same first reflector
received at the second element. A first time-of-arrival may
be determined for the time at which the first sample echo
was received at the first receive element. The first time-of-
arrival may be based on explicit or implicit timing informa-
tion in the stored echo data. Explicit timing information may
include specific clock times recorded along with each
received echo sample. Implicit timing information may
include a known sample rate and a sample position (or
interpolated sample position) of a particular sample relative
to some baseline (e.g., a start-of-ping time). A second
time-of-arrival may be determined for the time at which the
second sample echo was received at the second receive
element. The first and second times-of-arrival may then be
compared to determine which of the elements first received
the echo sample corresponding to the first reflector. The
element that received the first reflector’s echo sample first is
closest to the reflector along the axis. This information may
then be used for other elements along the same axis.
[0246] Based on the estimated given reflector position
information obtained above, echoes of the given reflector
received by elements that are further away from the esti-
mated reflector position may be weighted lower than echoes
of the same reflector received by elements closer to the
estimated position of the reflector. It the first reflector is
closer to the first receiver element along the axis, then the
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echoes of the first reflector received by the first element may
be weighted higher than the echoes of the first reflector
received by the second element when the echoes are com-
bined to form an image. The same information may also be
used to weight echoes of the same first reflector received by
other elements along the same axis. That is, echo contribu-
tions from receive elements determined to be closer to the
reflector along the axis may be given more weight (i.e., a
larger weighting factor) than echo contributions from
receive elements further away from the reflector along the
axis.

[0247] In some embodiments, one or more asymmetri-
cally-shaped receive elements may be used to estimate an
approximate location of a reflector in order to improve
image quality. For example, FIG. 13 illustrates receive
transducer element 650 with a generally elliptical shape
having a long axis 654 and a short axis 652. Echoes with
strong directional components along one or both axes of
such an asymmetrical element will produce recognizable
phase patterns due to the asymmetry. The different phase
patterns may be due to phase differences of echoes arriving
predominantly along each axis.

[0248] For example. assume an echo returning to the
element 650 with a strong component along the long axis
656 arrives at the top point 656 at a first time, then arrives
at the center point 658 at a second time after the first time,
and finally arrives at the bottom point 660 at a third time
after the second time. The echoes of a single reflector
arriving to the upper point 656 will be slightly out of phase
with the echoes of the same reflector arriving at the middle
658 and lower points 660. In the same way, echoes arriving
at different times at different points along the short axis 652
may also exhibit a unique phase pattern.

[0249] For a given shaped asymmetrical receive element,
the phase pattern along each axis can be calibrated by
transmitting pings from known transmit positions relative to
the asymmetrical receive element and measuring the phase
response. Then the approximate direction of each arriving
echo can be estimated based on the phase pattern response
of the asymmetrical receiver(s). The calibration set of vari-
ous phase patterns corresponding to various origin points
may be stored, and used during imaging to estimate the
approximate location of reflectors by comparing echo phase
patterns with the calibration set phase patterns.

[0250] In various embodiments, a wide range of asym-
metrical receive element shapes may be used to estimate
approximate reflector locations. For example, any shape
with at least one generally long axis and one generally
shorter axis may be used. Such shapes may include elon-
gated irregular polygons such as rectangles or rectangles
with rounded corners, oblong shapes, oval shapes, or gen-
erally elongated amorphous shapes.

[0251] Invarious embodiments, each receive aperture may
include only one, two, three, four, five, or more asymmetri-
cal receivers. In other embodiments, an entire array of
receive elements may be asymmetrical. Asymmetrical ele-
ments need not all be aligned with long axes in the same
direction as one another, and in some embodiments it may
be desirable to provide asymmetrical elements with long
axes perpendicular to one another.

[0252] In various embodiments, asymmetrical transducer
elements may be formed of any transducing material and
using any manufacturing process, including those described
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elsewhere herein. For example, asymmetrical elements may
be formed from a group of micro-elements in a micro-
element array.

[0253] Although the examples of shaped receive elements
above are described relative to arrays made up of micro-
elements, the same techniques and principles may also be
applied using elements of different constructions made by
various other manufacturing processes. For example, the
techniques may also be applied using machined bulk PZT
elements.

Sparse Arrays with Overlapping Micro-Element Groups
[0254] In some embodiments, it may be desirable to
configure a ping-based ultrasound imaging probe with dedi-
cated transmitter elements and receive elements grouped
into overlapping receive apertures in a constellation con-
figuration. For example, FIG. 14 illustrates an array 700 of
micro-elements 710 in which micro-elements are grouped
into transmit element groups and receive element groups.
[0255] As shown, each transmit element group 702 (indi-
cated by “X” hatched micro-elements) may be surrounded
by a plurality of receive element groups 704 (indicated by
“/” hatched micro-elements). In various embodiments,
receive elements 704 may be grouped into receive apertures
706 based on their proximity to a transmit element 702.
Receive apertures 706 are indicated by the lines drawn
around groups of receive elements 704. As shown, some
elements may participate in two or more different receive
apertures 704.

[0256] As with other embodiments described herein, each
receive element may be connected to a separate channel in
a receive subsystem such that echoes received by each
receive element may be independently stored. Therefore,
receive elements may be assigned to apertures after echo
data has been collected. In some cases, receive elements
may be assigned to apertures based on the known positions
of receive elements relative to known positions of transmit
elements.

[0257] In any of the probe embodiments described in this
disclosure, point source transmitters may take any suitable
form, such as a single bulk piezoelectric element, a seg-
mented piezoelectric element, a coordinated group of bulk
piezoelectric elements, or a dedicated transmitter group of
micro-elements which may be operated to transmit spherical
waveform pings from an apparent point source at a geomet-
ric center of the transmitter group. Micro-elements making
up a transmitter group may be arranged in a planar arrange-
ment relative to one another. Alternately, micro-elements
making up a transmitter group of micro-elements may be
arranged on a locally concave or convex substrate so as to
form an apparent-point-source transducer element.

Sparse Array Probes with Physical Gaps

[0258] In various embodiments, transmitter micro-ele-
ment groups and/or receiver micro-element groups may be
made in any other planar, convex, concave, concave and
convex, or amorphous shape. For example, micro-element
groups may be formed in approximately square shapes,
approximately circular shapes, approximately polygonal
shapes, approximately concentric ring shapes, etc. Overall
dimensions of transmitter micro-element groups and
receiver micro-element groups may be sized as described
elsewhere in this disclosure. In some cases, transmitter
micro-element groups may be the same size as receiver
micro-element groups, e.g., with dimensions of between
about 150 microns and about 0.5 mm or more.
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[0259] 1In various embodiments, the use of a sparse array
configuration may allow for other uses of regions in between
transducer elements. For example, various treatment struc-
tures may be provided in spaces between transducer ele-
ments. Such treatment structures may include high fre-
quency ultrasound (HIFU) transmitters for delivering
targeted ablative US treatment, radiation or drug delivery
elements, lasers or radio frequency (RF) delivery elements,
or any other structures for treating or diagnosing a patient
that may be positioned in spaces between transducer ele-
ments contributing to a unified image.

[0260] In some embodiments, vacuum ports may be pro-
vided between transducer elements for causing a tissue or
other medium to be drawn into contact with a surface of the
imaging probe. Vacuum ports may comprise holes and/or
channels in the substrate, support structures, matching lay-
ers, lensing layers, etc.

[0261] In some embodiments, sparse array probes may be
configured with openings or gaps through which instruments
or tools may be inserted. For example, probes may be
configured with gaps sized and configured to receive instru-
ments or tools such as scalpels, scrapers, biopsy tools,
robotic arms, needles, surgical tools, or other implements.

[0262] FIG. 15 illustrates an ultrasound probe made up of
a circular array 800 of transducer elements 802 with a gap
810 in the center. The circular array 800 may be made up of
array segments 812, 814, 816, 818. For example, FIG. 15
shows a probe array made up of four pie-slice segments each
in the shape of a quarter-circular segment. The segments
may be rigidly fixed in a housing, bracket, or other structural
support configured to hold the segments in a consistent
position relative to one another. The central gap 810 may be
sized to allow insertion of various tools or instruments as
discussed above.

[0263] Using ping-based multiple aperture imaging tech-
niques, the region immediately under the probe gap 810 may
be imaged by transmitting spherical ping signals that
insonify the region under the gap, and receiving echoes with
receive elements 802 near the gap 810. In some embodi-
ments, transducer elements closer to the central gap 810 may
be spaced more closely to one another so as to provide more
receive elements adjacent to the gap, thereby increasing the
number of receivers that may receive echoes from reflectors
lying under the gap 810.

[0264] Transmit transducer elements will tend to produce
spherical waveforms that propagate in all directions extend-
ing from the point-source transmitter element into the
imaged object. At some angle from normal, the strength of
the transmitted energy will typically tend to drop off dra-
matically, thereby defining a threshold angle. Rotating a
single angle about the point-source defines a “signal cone.”
Reflectors within the signal cone will tend to provide
sufficiently high signal-to-noise reflections that they may be
reliably imaged, while reflectors outside of the signal cone
may tend to return echoes with too little energy to provide
valuable contributions to the final image. The signal cone for
any particular transmit transducer element may be deter-
mined empirically by experimentation. Receive elements
may have a similar signal cone of positively-contributing
reflectors. As described herein, the angle of a transducer
element’s signal cone may be related to the size of the
element with smaller elements generally having a wider
signal cone than larger elements. On the other hand, larger
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elements may produce more energy (or may be sensitive to
weaker received signals) than smaller elements.

[0265] Based on the size of the gap and the angles of
transmitter signal cones and receiver signal cones, transmit-
ter elements and receiver elements may be positioned rela-
tive to the gap 810 so as to allow effective imaging of the
volume below the gap 810. For example, in some cases,
transmitter elements and receiver elements with wide signal
cones (also referred to as “look angles™) may be positioned
in a higher density adjacent to the gap, while transmit and
receive elements with narrower signal cones may be posi-
tioned further from the gap. As described in various
examples herein, transmitter elements and receiver elements
of various or variable sizes may be used based on the energy
requirements and signal cone shapes.

[0266] FIG. 16A and FIG. 16B illustrate another example
of an ultrasound probe 850 with a physical gap 852 sepa-
rating array segments 854, 856. The probe 850 of FIG. 16A
and FIG. 16B is generally configured to provide real-time
volumetric imaging of a region below both array segments
including the region below the gap 852 between the seg-
ments. The gap 852 may be used for performing various
surgical, diagnostic, or interventional procedures.

[0267] The probe 850 of FIG. 16A and FIG. 16B may
include a bridge handle 860 rigidly joining the two array
segments 854, 856 and containing conduits for electrical
connections. The bridge handle may take any shape and
structure as needed in order to rigidly hold the array seg-
ments in consistent positions relative to one another. Based
on the size of the gap 852 and the angles of transmitter signal
cones and receiver signal cones, transmitter elements and
receiver elements may be positioned relative to the gap 852
so as to allow effective imaging of the volume below the gap
852. As above, transmitter and receiver elements 862 of
various or variable sizes may be used based on the energy
requirements and signal cone shapes.

Multiple Aperture Ultrasound Imaging System Components

[0268] The block diagram of FIG. 17 illustrates compo-
nents of an ultrasound imaging system 200 that may be used
in combination with various embodiments of systems and
methods as described herein. The system 200 of FIG. 17
may include several subsystems: a transmit control subsys-
tem 204, a probe subsystem 202, a receive subsystem 210,
an image generation subsystem 230, and a video subsystem
240. In various embodiments, the system 200 may also
include one or more memory devices for containing various
data for use during one or more ultrasound imaging steps.
Such memory devices may include a raw echo data memory
220, a weighting factor memory 235, a calibration data
memory 238, an image buffer 236 and/or a video memory
246. In various embodiments all data (including software
and/or firmware code for executing any other process) may
be stored on a single memory device. Alternatively, separate
memory devices may be used for one or more data types.

[0269] The transmission of ultrasound signals from ele-
ments of the probe 202 may be controlled by a transmit
control subsystem 204. In some embodiments, the transmit
control subsystem 204 may include any combination of
analog and digital components for controlling transducer
elements of the probe 202 to transmit un-focused ultrasound
pings at desired frequencies and intervals from selected
transmit apertures according to a desired imaging algorithm.
In some embodiments a transmit control system 204 may be
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configured to transmit ultrasound pings at a range of ultra-
sound frequencies. In some (though not all) embodiments,
the transmit control subsystem may also be configured to
control the probe in a phased array mode, transmitting
focused (i.e., transmit beamformed) ultrasound scanline
beams.

[0270] In some embodiments, a transmit control sub-
system 204 may include a transmit signal definition module
206 and a transmit element control module 208. The trans-
mit signal definition module 206 may include suitable
combinations of hardware, firmware and/or software con-
figured to define desired characteristics of a signal to be
transmitted by an ultrasound probe. For example, the trans-
mit signal definition module 206 may establish (e.g., based
on user inputs or on pre-determined factors) characteristics
of an ultrasound signal to be transmitted such as a pulse start
time, pulse length (duration), ultrasound frequency, pulse
power, pulse shape, pulse direction (if any), pulse amplitude,
transmit aperture location, or any other characteristics.
[0271] The transmit element control module 208 may then
take information about the desired transmit pulse and deter-
mine the corresponding electrical signals to be sent to the
appropriate transducer elements in order to produce this
signal. In various embodiments, the signal definition module
206 and the transmit element control module 208 may
comprise separate electronic components, or may include
portions of one or more common components.

[0272] Upon receiving echoes of transmitted signals from
a region of interest, the probe elements may generate time-
varying electrical signals corresponding to the received
ultrasound vibrations. Signals representing the received
echoes may be output from the probe 202 and sent to a
receive subsystem 210. In some embodiments, the receive
subsystem may include multiple channels, each of which
may include an analog front-end device (“AFE”) 212 and an
analog-to-digital conversion device (ADC) 214. In some
embodiments, each channel of the receive subsystem 210
may also include digital filters and data conditioners (not
shown) after the ADC 214. In some embodiments, analog
filters prior to the ADC 214 may also be provided. The
output of each ADC 214 may be directed into a raw data
memory device 220. In some embodiments, an independent
channel of the receive subsystem 210 may be provided for
each receive transducer element of the probe 202. In other
embodiments, two or more transducer elements may share a
common receive channel.

[0273] In some embodiments, an analog front-end device
212 (AFE) may perform certain filtering processes before
passing the signal to an analog-to-digital conversion device
214 (ADC). The ADC 214 may be configured to convert
received analog signals into a series of digital data points at
some pre-determined sampling rate. Unlike most ultrasound
systems, some embodiments of the ultrasound imaging
system of FIG. 17 may then store digital data representing
the timing, phase, magnitude and/or the frequency of ultra-
sound echo signals received by each individual receive
element in a raw data memory device 220 before performing
any further receive beamforming, filtering, image layer
combining or other image processing.

[0274] Inorder to convert the captured digital samples into
an image, the data may be retrieved from the raw data
memory 220 by an image generation subsystem 230. As
shown, the image generation subsystem 230 may include a
beamforming block 232 and an image layer combining
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(“ILC”) block 234. In some embodiments, a beamformer
232 may be in communication with a calibration memory
238 that contains probe calibration data. Probe calibration
data may include information about the precise position,
operational quality, and/or other information about indi-
vidual probe transducer elements. The calibration memory
238 may be physically located within the probe, within the
imaging system, or in location external to both the probe and
the imaging system.

[0275] In some embodiments, after passing through the
image generation block 230, image data may then be stored
in an image buffer memory 236 which may store beam-
formed and (in some embodiments) layer-combined image
frames. A video processor 242 within a video subsystem 240
may then retrieve image frames from the image buffer, and
may process the images into a video stream that may be
displayed on a video display 244 and/or stored in a video
memory 246 as a digital video clip, e.g., as referred to in the
art as a “cine loop”.

[0276] In some embodiments, the AFE 212 may be con-
figured to perform various amplification and filtering pro-
cesses to a received analog signal before passing the analog
signal to an analog-to-digital conversion device. For
example, an AFE 212 may include amplifiers such as a low
noise amplifier (LNA), a variable gain amplifier (VGA), a
bandpass or lowpass/anti-aliasing filter, and/or other ampli-
fication or filtering devices. In some embodiments, an AFE
device 212 may be configured to begin passing an analog
signal to an ADC 214 upon receiving a trigger signal. In
other embodiments, an AFE device can be “free running”,
continuously passing an analog signal to an ADC.

[0277] In some embodiments, each analog-to-digital con-
verter 214 may generally include any device configured to
sample a received analog signal at some consistent, prede-
termined sampling rate. For example, in some embodiments,
an analog-to-digital converter may be configured to record
digital samples of a time-varying analog signal at 25 MHz,
which is 25 million samples per second or one sample every
40 nanoseconds. Thus, data sampled by an ADC may simply
include a list of data points, each of which may correspond
to a signal value at a particular instant. In some embodi-
ments, an ADC 214 may be configured to begin digitally
sampling an analog signal upon receiving a trigger signal. In
other embodiments, an ADC device can be “free running”,
continuously sampling a received analog signal.

[0278] Insome embodiments, the raw data memory device
220 may include any suitable volatile or non-volatile digital
memory storage device. In some embodiments, the raw data
memory 220 may also comprise communication electronics
for transmitting raw digital ultrasound data to an external
device over a wired or wireless network. In such cases, the
transmitted raw echo data may be stored on the external
device in any desired format. In other embodiments, the raw
data memory 220 may include a combination of volatile
memory, non-volatile memory and communication electron-
ics.

[0279] Insome embodiments, the raw data memory device
220 may comprise a temporary (volatile or non-volatile)
memory section, and a long-term non-volatile memory
section. In an example of such embodiments, the temporary
memory may act as a buffer between the ADC 214 and the
beamformer 232 in cases where the beamformer 232 may be
unable to operate fast enough to accommodate data at the
full rate from the ADC 214. In some embodiments, a
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long-term non-volatile memory device may be configured to
receive data from a temporary memory device or directly
from the ADC 214. Such a long-term memory device may
be configured to store a quantity of raw echo data for
subsequent processing, analysis or transmission to an exter-
nal device.

[0280] Insome embodiments, the beamforming block 232
and the image layer combining block 234 may each include
any digital signal processing and/or computing components
configured to perform the specified processes (e.g., as
described below). For example, in various embodiments the
beamforming 232 and image layer combining 234 may be
performed by software running on a single GPU, on multiple
GPUs, on one or more CPUs, on combinations of CPUs &
GPUs, on single or multiple accelerator cards or modules, on
a distributed processing system, or a clustered processing
system. Alternatively, these or other processes may be
performed by firmware running on an FPGA (Field Pro-
grammable Gate Array) architecture or one or more dedi-
cated ASIC (Application-Specific Integrated Circuit)
devices.

[0281] In some embodiments, the video processor 242
may include any video processing hardware, firmware and
software components that may be configured to assemble
image frames into a video stream for display and/or storage.

[0282] In any embodiment, a plurality of elements may
share one or more conductors in a multiplexed arrangement,
such as time-division-multiplexed communications, or other
multiplexing methods. Multiplexing signals may allow for a
cable size to be reduced without sacrificing the benefits of
individual channels for each element.

[0283] In any embodiment, the exact acoustic location of
each transmit element and each receive element may be
determined by precision manufacturing, by calibration, or
some combination of both. Such element location informa-
tion may be stored and made available to an image-forma-
tion and/or beamforming system.

Certain Terminology

[0284] Although this invention has been disclosed in the
context of certain preferred embodiments and examples, it
will be understood by those skilled in the art that the present
invention extends beyond the specifically disclosed embodi-
ments to other alternative embodiments and/or uses of the
invention and obvious modifications and equivalents
thereof. Various modifications to the above embodiments
will be readily apparent to those skilled in the art, and the
generic principles defined herein may be applied to other
embodiments without departing from the spirit or scope of
the invention. Thus, it is intended that the scope of the
present invention herein disclosed should not be limited by
the particular disclosed embodiments described above, but
should be determined only by a fair reading of the claims
that follow.

[0285] In particular, materials and manufacturing tech-
niques may be employed as within the level of those with
skill in the relevant art. Furthermore, reference to a singular
item, includes the possibility that there are plural of the same
items present. More specifically, as used herein and in the
appended claims, the singular forms “a,” “and,” “said,” and
“the” include plural referents unless the context clearly

dictates otherwise. Also as used herein, unless explicitly
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stated otherwise, the term “or” is inclusive of all presented
alternatives, and means essentially the same as the com-
monly used phrase “and/or.” It is further noted that the
claims may be drafted to exclude any optional element. As
such, this statement is intended to serve as antecedent basis
for use of such exclusive terminology as “solely,” “only
and the like in connection with the recitation of claim
elements, or use of a “negative” limitation. Unless defined
otherwise herein, all technical and scientific tennis used
herein have the same meaning as commonly understood by
one of ordinary skill in the art to which this invention
belongs.

[0286] Certain features that are described in this disclosure
in the context of separate implementations can also be
implemented in combination in a single implementation.
Conversely, various features that are described in the context
of a single implementation can also be implemented in
multiple implementations separately or in any suitable sub-
combination. Although features may be described above as
acting in certain combinations, one or more features from a
claimed combination can, in some cases, be excised from the
combination, and the combination may be claimed as any
subcombination or variation of any subcombination. Fur-
ther, the claims may be drafted to exclude any disclosed
element. As such, the foregoing sentence is intended to serve
as antecedent basis for use of such exclusive terminology as
“solely,” “only” and the like in connection with the recita-
tion of claim elements, or use of a “negative” limitation.

[0287] Moreover, while operations may be depicted in the
drawings or described in the specification in a particular
order, such operations need not be performed in the particu-
lar order shown or in sequential order, and all operations
need not be performed, to achieve the desirable results.
Other operations that are not depicted or described can be
incorporated in the example methods and processes. For
example, one or more additional operations can be per-
formed before, after, simultaneously, or between any of the
described operations. Further, the operations may be rear-
ranged or reordered in other implementations. Also, the
separation of various system components in the implemen-
tations described above should not be understood as requir-
ing such separation in all implementations, and it should be
understood that the described components and systems can
generally be integrated together in a single product or
packaged into multiple products. Additionally, other imple-
mentations are within the scope of this disclosure.

[0288] Some embodiments have been described in con-
nection with the accompanying drawings. Some of the
figures may be drawn to scale, but such scale should not be
limiting, since dimensions and proportions other than what
are shown are contemplated and are within the scope of the
disclosed invention. Distances, angles, etc. are merely illus-
trative and do not necessarily bear an exact relationship to
actual dimensions and layout of the devices illustrated.
Components can be added, removed, and/or rearranged.
Further, the disclosure herein of any particular feature,
aspect, method, property, characteristic, quality, attribute,
element, or the like in connection with various embodiments
can be used in all other embodiments set forth herein.
Additionally, any methods described herein may be prac-
ticed using any device suitable for performing the recited
steps.
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What is claimed is:

1. An ultrasound transducer probe comprising:

an array of ultrasound transducing micro-elements, where
each micro-element has a diameter less than 500
microns,

a first group of micro-elements electrically connected to a
first signal conductor;

a second group of micro-elements electrically connected
to a second signal conductor, the second signal con-
ductor being electrically separate from the first signal
conductor;

a third group of micro-elements positioned between the
first group and the second group, the third group of
micro-elements being permanently disconnected from
any signal conductors.

2. The transducer probe of claim 1 wherein each micro-
element has a diameter between 25 microns and 200
microns.

3. The transducer probe of claim 1 wherein some of the
micro-elements of the first group are differently sized than
other micro-elements of the first group, wherein the size of
a micro-element corresponds its fundamental operating fre-
quency.

4. The transducer probe of claim 1 wherein the micro-
elements of the first group are connected to a first ground
conductor and the micro-elements of the second group are
connected to a second ground conductor not electrically
connected to the first ground conductor.

5. The transducer probe of claim 1 wherein the first group
of micro-elements includes more micro-elements than the
second group.

6. The transducer probe of claim 1 wherein the first group
of micro-elements collectively forms a dedicated transmit
element and the second group of micro-elements collec-
tively forms a dedicated receive element.

7. The transducer probe of claim 1 further comprising a
fourth group of micro-elements electrically connected to the
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first signal conductor by a switch that, when closed causes
the fourth group to form a combined element with first
group.

8. The transducer probe of claim 7, wherein the micro-
elements of the fourth group collectively surround the
micro-elements of the first group.

9. The transducer probe of claim 7, wherein the fourth
group of micro-elements is adjacent to the first group of
micro-elements.

10. The transducer probe of claim 9, wherein the fourth
group of micro-elements is contiguous with the first group of
micro-elements.

11. The transducer probe of claim 7, wherein the com-
bined element has a different shape than the first group
alone.

12. The transducer probe of claim 7, wherein the com-
bined element has a shape that is the same as a shape of the
first group but a different size.

13. An ultrasound imaging system comprising:

a transducer probe having a first array segment and a
second array segment separated from the first array
segment by a gap of open space, the first and second
array segments secured to at least one structural hous-
ing member rigidly holding the first and second arrays
in fixed positions relative to one another; and

an imaging control system containing instructions to:
transmit an unfocused ultrasound ping from a transmit
aperture approximating a point-source into an object to
be imaged, receiving echoes of the ping from reflectors
directly below gap with receive transducer elements on
both the first array segment and the second array
segment, producing a volumetric image of the region
below the gap by combining echo data from echoes
received by receive elements on both array segments.

14. The system of claim 13, wherein each array segment
comprises an array of micro-elements.
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