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(57) ABSTRACT

A method of calibrating an ultrasound probe includes
mounting an ultrasound probe onto a calibration system,
transmitting an ultrasound test signal from an element of the
probe through a test medium of the calibration system, and
receiving the test signal on a matrix of hydrophones such
that an element’s position relative to other elements and
other arrays within the same probe can be computed. Fur-
ther, the system described herein is configured to detect the
acoustic performance of elements of a probe and report the
results to an end user or service provider.
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CALIBRATION OF ULTRASOUND PROBES

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This is a continuation of U.S. patent application
Ser. No. 15/044,932, filed Feb. 16, 2016, now U.S. Pat. No.
10,206,662, which is a continuation of U.S. patent applica-
tion Ser. No. 13/279,110, filed Oct. 21, 2011, now U.S. Pat.
No. 9,282,945, which is a continuation-in-part of U.S. patent
application Ser. No. 12/760,327, filed Apr. 14, 2010, now
U.S. Pat. No. 8,473,239, which claims the benefit of U.S.
Provisional Patent Application No. 61/169,200, filed Apr.
14, 2009, titled “Alignment and Fixturing of the Universal
Multiple Aperture Medical Ultrasound Transducer”. All of
the above referenced patents and applications are incorpo-
rated herein by reference in their entireties.

[0002] This application is relevant to Applicant’s co-
owned patent applications including U.S. patent application
Ser. No. 12/760,373, filed Apr. 14, 2010, titled “Universal
Multiple Aperture Medical Ultrasound Probe”, published
Oct. 14, 2010 as U.S Patent Publication No. 2010-0262013,
and U.S. Provisional Patent Application No. 61/392,896,
filed Oct. 13, 2010, titled “Multiple Aperture Medical Ultra-
sound Transducers.” All of the above referenced patents and
applications are incorporated herein by reference in their
entireties.

INCORPORATION BY REFERENCE

[0003] Unless otherwise specified herein, all patents, pub-
lications and patent applications mentioned in this specifi-
cation are herein incorporated by reference to the same
extent as if each individual publication or patent application
was specifically and individually indicated to be incorpo-
rated by reference.

FIELD

[0004] The present invention relates generally to imaging
techniques, and more particularly to ultrasound imaging, and
still more particularly to systems and methods for calibration
and quality assurance measurement of ultrasound probes,
particularly probes having multiple apertures.

BACKGROUND

[0005] In conventional ultrasonic imaging, a focused
beam of ultrasound energy is transmitted into body tissues to
be examined and the returned echoes are detected and
plotted to form an image. While ultrasound has been used
extensively for diagnostic purposes, conventional ultra-
sound has been greatly limited by depth of scanning, speckle
noise, poor lateral resolution, obscured tissues and other
such problems.

[0006] 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 U.S. Pat. No. 8,007,439 issued
Aug. 30, 2011 and titled “Method and Apparatus to Produce
Ultrasonic Images Using Multiple Apertures”; U.S. Pat. No.
9,146,313 issued Sep. 29, 2015, titled “Point Source Trans-
mission and Speed-Of-Sound Correction Using Multiple-
Aperture Ultrasound Imaging”; and U.S. patent application
Ser. No. 12/760,375, filed Apr. 14, 2010, titled “Universal
Multiple Aperture Medical Ultrasound Probe,” all three of
which are incorporated herein by reference. Multiple aper-
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ture imaging methods and systems allow for ultrasound
signals to be both transmitted and received from separate
apertures.

[0007] One problem with multiple aperture imaging is that
it can be difficult to know the exact position of the elements
of a large apparatus with multiple and separate physical
points of contact (“footprints”) on the patient. It is desirable
for each element position to be known to within Yio wave-
length (for example, 0.03 mm at 3 MHz). In contrast, with
conventional ultrasound probes, regardless of array vertical
displacement or integration (e.g., 1.5D or 2D), there has
never been a need to solve alignment and position issues
between multiple arrays or multiple individual elements.
The calibration methods and apparatuses described herein
teach how to solve these problems for Universal Multiple
Aperture ultrasound probes.

SUMMARY

[0008] In general, in one aspect, a method of calibrating an
ultrasound probe includes mounting an ultrasound probe
onto a calibration system, transmitting an ultrasound test
signal from an element of the probe through a test medium
of the calibration system, receiving the test signal at a first
hydrophone of the calibration system at a first time; receiv-
ing the test signal at a second hydrophone of the calibration
system at a second time, receiving the test signal at a third
hydrophone of the calibration system at a third time, and
determining an acoustic position of the element based upon
differences in the first time, the second time, and the third
time.

[0009] This and other embodiments may include one or
more of the following features.

[0010] The elements can be part of an array having a
plurality of elements, and the method can further include
repeating the transmitting, receiving, and determining steps
for at least one additional element in the array. The trans-
mitting, receiving, and determining steps can be performed
for every element in the array. The transmitting, receiving,
and determining steps can be performed for less than all of
the elements in the array, and the method can further include
interpolating acoustic positions of all remaining elements.
The probe can include a plurality of distinct arrays. and the
transmitting, receiving, and determining steps can be per-
formed for at least two elements in each array. The plurality
of arrays can be separated by physical space. At least one
array can be non-planar with respect to another array.
[0011] The first, second, and third hydrophones can be part
of a first line of hydrophones and fourth, fifth, and sixth
hydrophones can be part of a second line that is parallel to
the first line, and the method can further include receiving
the test signal on all six hydrophones and determining an x,
y, and z position of the element based on differences of
arrival times at each hydrophone. Further, there can be a
third line of two or more hydrophones that is transverse to
the first and second lines, and the method can further include
computing the angle of transmission of the element based
upon the position of maximum levels of energy received on
any of the hydrophones.

[0012] The method can further include storing the deter-
mine position of the element in a memory chip on the probe.
The method can further include overwriting position data
stored in a memory chip with the determined position.
[0013] The method can further include establishing a tank
coordinate system relative to the first, second, or third
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hydrophone. The method can further include determining a
position of every element of the probe relative to the tank
coordinate system. The method can further include estab-
lishing a probe coordinate system relative to an element of
the probe. The method can further include rotating or
translating all of the determined positions to the probe
coordinate system. The position can be determined relative
to a Cartesian coordinate system.

[0014] The method can further include storing the deter-
mined position in memory and retrieving the stored position
during imaging or image processing.

[0015] The method can further include transmitting an
ultrasound test signal from a fourth hydrophone to the first,
second, or third hydrophone to verify the operation of the
first, second, or third hydrophone.

[0016] In general, in one aspect, a method of determining
functionality of an ultrasound probe can include mounting
an ultrasound probe onto a calibration system, transmitting
an ultrasound signal between a hydrophone of the calibra-
tion system and an element of the probe, the transmitting
occurring through test medium of the calibration system;
and determining an acoustic performance of the element.
[0017] This and other embodiments can include one or
more of the following features.

[0018] The test signal can be transmitted from the hydro-
phone and received by the element. The test signal can be
transmitted from the element and received by the hydro-
phone.

[0019] The element can be part of an array having a
plurality of elements, and the method can further include
repeating the transmitting, receiving, and determining steps
for at least one additional element in the array. The probe can
include a plurality of distinct arrays, and the transmitting,
receiving, and determining steps can be performed for at
least one element of each array.

[0020] The test signal can be transmitted by the first,
second, or third hydrophone and received by a fourth
hydrophone to verify signal performance.

[0021] The determined acoustic performance can be
stored and transmitted electronically to report probe perfor-
mance to service providers and end users.

[0022] In general, in one aspect, a system for calibrating
an ultrasound probe includes a tank substantially filled with
a test medium, a dock attached to the tank, and a plurality of
hydrophones. The dock is configured to hold an ultrasound
probe. The plurality of hydrophones are arranged in a matrix
along a wall of the tank opposite the dock.

[0023] This and other embodiments can include one or
more of the following features.

[0024] The system can further include a controller con-
figured to send an ultrasound signal from an element of the
probe through the test medium to first, second, and third
hydrophones of the plurality of hydrophones, and the con-
troller can be further configured to determine an acoustic
position of the element based upon differences in times that
the signal is received at the first, second, and third hydro-
phones.

[0025] The system can further include the probe, and the
probe can include at least two arrays separated by a physical
space, and the dock can be configured so as to hold at least
one of the arrays at a non-orthogonal angle with respect to
the hydrophone matrix. The probe can include a calibration
memory chip configured to store data obtained by the
calibration system.
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[0026] The dock can be configured to conform to the
ultrasound probe shape. The dock can be configured such
that, when the probe is positioned in the dock, the probe is
directly adjacent to the test medium. The material of the
dock can have substantially the same speed of sound as the
test medium.

[0027] The matrix can include a first row of hydrophones,
a second row of hydrophones parallel to the first row of
hydrophones, and a third row of hydrophones transverse to
the first and second rows.

[0028] The system can further include a calibrator hydro-
phone located on a wall of the tank separate from the wall
along which the plurality of hydrophone receivers are
arranged.

BRIEF DESCRIPTION OF THE FIGURES

[0029] FIG. 1 illustrates a two-aperture system.
[0030] FIG. 2 illustrates a three-aperture system.
[0031] FIG. 3 is a schematic diagram showing a possible

fixture for positioning an omni-directional probe relative to
the main probe.

[0032] FIG. 4 is a schematic diagram showing a non-
instrumented linkage for two probes.

[0033] FIG. 5 is a block diagram of the transmit and
receive functions where a three array Multiple Aperture
Ultrasound Transducer and the associated MAUI electronics
are used in conjunction with a host ultrasound machine. In
this embodiment, the center probe is used for transmit only
and mimics the normal operation of the host transmit probe.
[0034] FIG. 5A is a block diagram of the transmit and
receive functions where a two array Multiple Aperture
Ultrasound Transducer and the associated MAUI electronics
are used as an add-on to a host ultrasound machine, primar-
ily for cardiac applications, with an add-on instrument. In
this case, one probe is used for transmit only and mimics the
normal operation of the host transmit probe, while the other
probe operates only as a receiver.

[0035] FIG. 6 is a block diagram of the transmit and
receive functions where a Multiple Aperture Ultrasound
Transducer is used in conjunction with only a Multiple
Aperture Ultrasonic Imaging (MAUI) device. The stand-
alone MAUI electronics control all elements on all aper-
tures. Any element may be used as a transmitter or omni-
receiver, or grouped into transmit and receive full apertures
or even sub-arrays. In this figure the insonification emanates
from the central aperture, aperture 2 of 3 apertures.

[0036] FIG. 6A depicts the insonification emanating from
other than center aperture, in this figure Aperture 3 of 3.
[0037] FIG. 6B is an illustration of two apertures being
used a Multiple Aperture Ultrasound Transducer is used in
conjunction with only a Multiple Aperture Ultrasonic Imag-
ing (MAUI) device. In this figure the insonification ema-
nates from aperture 2 of 2.

[0038] FIG. 6C is an illustration of two apertures being
used a Multiple Aperture Ultrasound Transducer is used in
conjunction with only a Multiple Aperture Ultrasonic Imag-
ing (MAUI) device. In this figure the insonification ema-
nates from aperture 1 of 2.

[0039] FIG. 7A is a top view of the precision array carrier
with six adjustment screws and an array installed.

[0040] FIG. 7B is a side view showing the longitudinal
axis adjustment of an array in the precision array carrier
being supported by the array-centering gasket.
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[0041] FIG. 7C is an end view showing the transverse axis
adjustment of the array in the precision array cartier being
supported by the array-centering gasket.

[0042] FIG. 8Ais a top view of the precision array cartier.
[0043] FIG. 8B is a side (longitudinal) view of the preci-
sion array carrier.

[0044] FIG. 8C is an end (lateral) view of the precision
array carrier.
[0045] FIG. 9A is a top view of the precision array carrier

with a centering gasket in place.

[0046] FIG. 9B is a side view (longitudinal) of the preci-
sion array carrier with a centering gasket in place.

[0047] FIG. 9C is an end view (lateral) the precision array
carrier with a centering gasket in place.

[0048] FIG. 9D is a bottom view of the precision array
carrier with a centering gasket in place.

[0049] FIG. 10A is a top view of the array in the precision
array carrier during a counter-clockwise rotational axis
adjustment.

[0050] FIG. 10B is a top view of the array in the precision
array carrier during a clockwise rotational axis adjustment.
[0051] FIG. 11 shows an end view of a precision array
carrier 2150 installed on a tissue equivalent phantom 2182
and ready to transmit and receive during alignment.

[0052] FIG. 12 shows a side view of the phantom 2182
with the ends of the targets 2167 visible.

[0053] FIG. 13A is a top view of a carrier assembly with
arrays installed (to become a precision carrier array assem-
bly) and aligned within a precision transducer receptacle and
stabilized with an acoustic damping material.

[0054] FIG. 13B is a side view of a precision array carrier
with arrays installed (to become a precision carrier array
assembly) and aligned within a precision transducer recep-
tacle and stabilized with an acoustic damping material.
[0055] FIG.13C is an end view of a precision carrier array
with arrays installed (to become a precision carrier array
assembly) and aligned within a precision transducer recep-
tacle and stabilized with an acoustic damping material.
[0056] FIG. 14A is a top view of a precision carrier array
with arrays installed and aligned within a precision trans-
ducer head receptacle, the acoustic damping material has set
and alignment screws have been removed.

[0057] FIG. 14B is a side view of a precision carrier array
assembly with arrays installed and aligned within a precision
transducer head receptacle, the acoustic damping material
has set and alignment screws have been removed.

[0058] FIG. 14C is an end view of a precision carrier array
with arrays installed and aligned within a precision trans-
ducer head receptacle, the acoustic damping material has set
and alignment screws have been removed.

[0059] FIG. 15 shows a precision transducer receptacle or
nose piece and three precision carrier array assemblies
seated atop the transducer guides.

[0060] FIG. 16 shows the precision transducer receptacle
or nose piece and three precision carrier array assemblies as
in FIG. 22, and an ultrasound transducer array seated in each
transducer guide of the nose piece.

[0061] FIG. 17 is a drawing using three independent
probes and their installed arrays or transducers. This illus-
tration represents the positional nomenclature and array
element numbering conventions.

[0062] FIG. 18A shows the Precision Stage Assembly and
sections that control movement in three different axes.
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[0063] FIG. 18B shows the controls for the Precision
Stage Assembly.

[0064] FIG. 19A depicts is an enclosure containing Right
and Left Axial Hydrophones and a Transverse Hydrophone.
[0065] FIG. 19B depicts the dual Axial Hydrophones from
the side and illustrates the angular orientation of the Trans-
verse Hydrophone.

[0066] FIG. 20 is a representation of probes attached to the
precision stage assemblies on top of a fluid filled tank, and
well above the hydrophone assembly.

[0067] FIG. 21A is a graphic of basic geometry used to
begin the conversion of distance difference into total dis-
tance.

[0068] FIG. 21B is a graphic of the detailed geometry used
to begin the conversion of distance difference into total
distance allowing for the precision location of array element
using three hydrophones.

[0069] FIG. 21C is a graphic of geometry used to compute
the z position of an element.

[0070] FIG. 22 illustrates a nose piece containing three
separate arrays after it is installed into a Multiple Aperture
Transducer. This figure includes the transducer specific
calibration chip, the transmit synchronization module and
probe position displacement sensor.

[0071] FIG. 23A is a representation of the graphical user
interface or GUI developed to allow for the precise location
of elements of multiple arrays under test.

[0072] FIG. 23B depicts an array of elements under test
with the ultrasound beam in the center of the transverse
hydrophone, centered between the left and right hydro-
phones with the results displayed on the graphical user
interface.

[0073] FIG. 23C is a representation of an array under test
where its beam is on center but with the array to the right of
center with the results displayed on the graphical user
interface.

[0074] FIG. 23D is a representation of an array under test
that is physically on the center axis, but has its beam is to the
left of center with the results displayed on the graphical user
interface.

[0075] FIG. 24 is a representation of the automatic preci-
sion stage assembly and its major components.

[0076] FIG. 25 is a representation using three arrays and
three precision alignment stage assemblies showing their
physical placement during testing.

[0077] FIG. 26A is an illustration of an Onboard Calibra-
tion and Quality Assurance fixture mounted to the side of the
MAUI standalone system. This illustration depicts a MAUI
Radiology probe being evaluated.

[0078] FIG. 26B illustrates the Onboard Calibration and
Quality Assurance fixture evaluating a MAUI Cardiac
probe.

[0079] FIG. 27A is a perspective view illustrating an
embodiment of a calibration system attached to a multiple
aperture ultrasound imaging (MAUT) control panel.

[0080] FIG. 27B illustrates an embodiment of a calibration
system built into a MAUI electronics control panel.

[0081] FIG. 28 represents a side section view of a cali-
bration system.
[0082] FIG. 29A illustrates a multiple aperture probe

containing three separate arrays This figure includes a trans-
ducer specific calibration chip mounted within the probe
handle.
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[0083] FIG. 29B illustrates an embodiment of a curvilin-
ear multiple aperture ultrasound imaging probe.

[0084] FIG. 30A is a bottom view of a 1D or 1.5D
ultrasound transducer array.

[0085] FIG. 30B is a perspective view of a single 1D or
1.5D ultrasound transducer element with a longitudinal
geometric centerline shown.

[0086] FIG. 30C is a bottom view of a 2D matrix ultra-
sound transducer array.

[0087] FIG. 30D is a bottom view of a CMUT ultrasound
transducer array.

[0088] FIG. 31 illustrates an embodiment of a calibration
system with an adjustable clasp retaining one embodiment
of a MAUI probe in a docking site which may contain a
coupling gel.

[0089] FIG. 32A shows the top view of an embodiment of
a calibration system containing a removable docking site
which contains multiple docking forms for various shapes
and types of probes.

[0090] FIG. 32B shows a side view illustrating an embodi-
ment of a calibration system containing a removable dock-
ing site having three different docking forms for receiving
ultrasound probes.

[0091] FIG. 33 A shows a side section view of an embodi-
ment of a calibration system with a removable docking site
with a single docking form for receiving an ultrasound
probe.

[0092] FIG. 33B is a section view illustrating three
embodiments of docking forms for curvilinear, linear and
trans-esophageal ultrasound probes.

[0093] FIG. 34A is a plan view illustration of one embodi-
ment of a hydrophone matrix which may be located at a
bottom of a calibration system.

[0094] FIG. 34B a side view of the hydrophone matrix of
FIG. 34A.

DETAILED DESCRIPTION
[0095] The following disclosure provides embodiments of

calibration systems and related operation methods for cali-
brating ultrasound imaging probes, and particularly multiple
aperture ultrasound imaging (MAUT) probes. Embodiments
herein also provide systems and methods for operating such
a calibration system for various purposes relating to quality
assurance of the probes.

[0096] In some embodiments, a calibrating system may be
configured to identify the location of each and every indi-
vidual element in an ultrasound probe to a high degree of
accuracy and precision. In probes having multiple arrays of
transducer elements, a calibration system may be configured
to identify the location and/or orientation of individual
arrays. In other embodiments, a calibration system may be
configured to identify the location of only selected elements
of one or more arrays. In some embodiments, the location of
elements and/or arrays may be determined in a three dimen-
sional space such as a given X, Y, and Z coordinate system.
In other embodiments, the location of elements and/or arrays
may be determined in only two dimensions, such asan X, Y
coordinate system which may correspond to an imaging
plane of the probe.

[0097] As used herein, references to the “exact” or “pre-
cise” position of transducer elements (and similar terms)
may imply a relatively tight tolerance. For example, in some
embodiments ultrasound probe calibration systems and
methods may provide information describing the acoustic
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position of each transducer element in an array to within a
distance of a fraction of a wavelength of ultrasound being
used. In some embodiments, the acoustic position of trans-
ducer elements may be determined to within Yo of a
wavelength. In other embodiments, the acoustic position of
transducer elements may be determined to within a tolerance
of less than Y10 of a wavelength. In some embodiments, such
as for calibrating a standard (i.e.. single aperture) ultrasound
probe, much looser tolerances may also be used, provided
that such tolerances meet the needs of a particular system.

[0098] The simplest multi-aperture system consists of two
apertures, as shown in FIG. 1. One aperture could be used
entirely for transmit elements 110 and the other for receive
elements 120. Transmit elements can be interspersed with
receive elements, or some elements could be used both for
transmit and receive. In this example, the probes have two
different lines of sight to the tissue to be imaged 130. That
is, they maintain two separate physical apertures on the
surface of the skin 140. Multiple Aperture Ultrasonic Trans-
ducers are not limited to use from the surface of the skin,
they can be used anywhere in or on the body to include
intracavity and intravenous probes. In transmit/receive
probe 110, the positions of the individual elements T 1
through T,n can be measure in three different axes. This
illustration shows the probe perpendicular to the x axis 150,
so each element would have a different position x and the
same position y on the y axis 160. However, the v axis
positions of elements in probe 120 would be different since
it is angled down. The z axis 170 comes in or out of the page
and is very significant in determine whether an element is in
or out of the scan plane.

[0099] Referring to FIG. 1, suppose that a Transmit Probe
containing ultrasound transmitting elements T1, T2, . . . Tn
110 and a Receive Probe 120 containing ultrasound receive
elements R1, R2, . .. Rm are placed on the surface of a body
to be examined (such as a human or animal). Both probes
can be sensitive to the same plane of scan, and the mechani-
cal position of each element of each probe is known pre-
cisely relative to a common reference such as one of the
probes. In one embodiment, an ultrasound image can be
produced by insonifying the entire region to be imaged (e.g.,
a plane through the heart, organ, tumor, or other portion of
the body) with a transmitting element (e.g., transmit element
T.1), and then “walking” down the elements on the Transmit
probe (e.g., T,2, . . . T.n) and insonifying the region to be
imaged with each of the transmit elements. Individually, the
images taken from each transmit element may not be suf-
ficient to provide a high resolution image, but the combi-
nation of all the images can provide a high resolution image
of the region to be imaged. Then, for a scanning point
represented by coordinates (i), it is a simple matter to
calculate the total distance “a” from a particular transmit
element T n to an element of tissue 130 plus the distance “b”
from the tissue 130 to a particular receive element. With this
information, one could begin rendering a map of scatter
positions and amplitudes by tracing the echo amplitude to all
of the points for the given locus.

[0100] Another multi-aperture system is shown FIG. 2 and
consists of transducer elements in three apertures. In one
concept, elements in the center aperture 210 can be used for
transmitting and then elements in the left 220 and right 230
apertures can be used for receiving. Another possibility is
that elements in all three apertures can be used for both
transmitting and receiving, although the compensation for
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speed of sound variation would be more complicated under
these conditions. Positioning elements or arrays around the
tissue 240 to be imaged provides much more data than
simply having a single probe 210 over the top of the tissue.
[0101] The Multiple Aperture Ultrasonic Imaging meth-
ods described herein are dependent on a probe apparatus that
allows the position of every element to be known and reports
those positions to any new apparatus the probe becomes
attached. FIGS. 3 and 4 demonstrate how a single omni-
probe 310 or 410 can be attached to a main transducer
(phased array or otherwise) so as to collect data, or con-
versely, to act as a transmitter where the main probe then
becomes a receiver. In both of these embodiments the
omni-probe is already aligned within the scan plan. There-
fore, only the x and y positions 350 need be calculated and
transmitted to the processor. It is also possible to construct
a probe with the omni-probe out of the scan plane for better
transverse focus.

[0102] An aspect of the omni-probe apparatus includes
returning echoes from a separate relatively non-directional
receive transducer 310 and 410 located away from the
insonifying probe transmit transducer 320 and 420, and the
non-directional receive transducer can be placed in a differ-
ent acoustic window from the insonifying probe. The omni-
directional probe can be designed to be sensitive to a wide
field of view for this purpose.

[0103] The echoes detected at the omni-probe may be
digitized and stored separately. If the echoes detected at the
omni-probe (310 in FIG. 3 and 410 in FIG. 4) are stored
separately for every pulse from the insonifying transducer, it
is surprising to note that the entire two-dimensional image
can be formed from the information received by the one
omni. Additional copies of the image can be formed by
additional omni-directional probes collecting data from the
same set of insonifying pulses.

[0104] In FIG. 5, the entire probe, when assembled
together, is used as an add-on device. It is connected to both
an add-on instrument or MAUI Electronics 580 and to any
host ultrasound system 540. The center array 510 can be
used for transmit only. The outrigger arrays 520 and 530 can
be used for receive only and are illustrated here on top of the
skin line 550. Reflected energy off of scatterer 570 can
therefore only be received by the outrigger arrays 520 and
530. The angulation of the outboard arrays 520 and 530 are
illustrated as angles o, 560 or o, 565. These angles can be
varied to achieve optimum beamforming for different depths
or fields of view. o, and o, are often the same for outboard
arrays, however, there is no requirement to do so. The MAUI
Electronics can analyze the angles and accommodate asym-
metrical configurations. FIG. 5A demonstrates the right
transducer 510 being used to transmit, and the other trans-
ducer 520 is being used to receive.

[0105] FIG. 6 is much like FIG. 5, except the Multiple
Aperture Ultrasound Imaging System (MAUI Electronics)
640 used with the probe is a stand-alone system with its own
on-board transmitter (i.e., no host ultrasound system is
used). This system may use any element on any transducer
610, 620, or 630 for transmit or receive. The angulation of
the outboard arrays 610 and 630 is illustrated as angle c. 660.
This angle can be varied to achieve optimum beamforming
for different depths or fields of view. The angle is often the
same for outboard arrays; however, there is no requirement
to do so. The MAUI Electronics will analyze the angle and
accommodate asymmetrical configurations.
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[0106] In this illustration, transmitted energy is coming
from an element or small group of elements in Aperture 2
620 and reflected off of scatterer 670 to all other elements in
all the apertures. Therefore, the total width 690 of the
received energy is extends from the outermost element of
Aperture 1 610 to the outmost element of Aperture 2 630.
FIG. 6 A shows the right array 610 transmitting, and all three
arrays 610, 620 and 630 receiving. FIG. 6B shows elements
on the left array 610 transmitting, and elements on the right
array 620 receiving. Using one transducer for transmit only
has advantages with regard to a lack of distortion due to
variation in fat layer. In a standalone system, transmit and/or
receive elements can be mixed in both or all three apertures.
[0107] FIG. 65 is much like FIG. 5A, except the Multiple
Aperture Ultrasound Imaging System (MAUI Electronics)
640 used with the probe is a stand-alone system with its own
on-board transmitter. This system may use any element on
any array 610 or 620 for transmit or receive as is shown in
FIG. 6C. As shown in either FIG. 6B or FIG. 6C, a
transmitting array provides angle off from the target that
adds to the collective aperture width 690 the same way two
receive only transducers would contribute.

[0108] Some embodiments described herein include a
precision carrier for the proper alignment of a universal
multiple aperture ultrasound transducer. Referring to FIGS.
7A-7C, transducer array 2161 can be already “potted” in its
own fixture 2161 with lens 2162 intact. Potting procedures
are conventional methods to secure the transducer array to
its lens and to the case. Flex circuitry, cabling, and attach-
ment to the larger multiple aperture ultrasound transducer
fixture can take place after the potting procedure is com-
plete. A benefit of such embodiments is that they do not use
the same transducers during the alignment. Different trans-
ducers with different “pots™ can be utilized in any location
of the alignment fixture thanks to the flexibility of the
alignment carrier.

[0109] FIGS. 8A-8C provide views of the basic structure
and features of embodiments of a precision carrier 2150 for
a multiple aperture ultrasound transducer array. FIG. 8A
shows a top view of a precision array carrier 2150 with six
positioning screws 2151. FIG. 8B shows a side view of a
precision array carrier 2150 having two threaded screw
holes 2180 on each side. When positioning screws 2151 are
inserted into threaded screw holes (e.g., screw holes 2155
and 2156 in FIG. 7B), adjustments may be made to employ
longitudinal corrections 2159 to the “seated” array. F1G. 8C
shows a side view of a precision carrier 2150 with threaded
screw holes 2180 located on each end. When positioning
screws are inserted into these threaded screw holes, adjust-
ments may be made to employ lateral corrections 2160 to the
“seated” array (as illustrated in FI1G. 7C).

[0110] FIGS. 9A-9D show a precision array carrier 2150
with an array-centering gasket 2152 installed. FIG. 9A is a
top view of the precision carrier 2150, with an array-
centering gasket 2152 placed at the bottom of the carrier
where the lens 2162 located in the center. FIGS. 9B-9D
show side, end, and bottom views of the carrier, respectively.
The array centering gasket 2152 can be located on the
carrier’s L-shaped shoulder 2181, as illustrated in FIG. 9B.
Further, as shown in FI1G. 9B, the gasket 2152 can extend the
entire length of the carrier over the L-shaped shoulder 2181.
The gasket 2152 can extend around the corners of the
L-shaped shoulder 2181 to cover the ends of the carrier as
it illustrated in FIG. 9C. The gasket provides the array
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translational centering and a pivot point for positioning
adjustments during operation without interfering with the
integrity of the lens 2162. FIG. 9D provides a view of the
lens 2162, the bottom of the precision carrier array centering
gasket 2152, and finally the L-shaped shoulder 2181.

[0111] Referring back to FIGS. 7A-7C, which show top,
end, and side views, respectively of a precision array carrier
2150 with an array 2161 inserted therein. The array 2161 is
supported end-to-end by positioning screws 2155 and 2156.
The array can be supported from each side by positioning
screws 2153, 2154, 2157, 2158 and from the bottom by the
array centering gasket 2152. FIG. 7B shows the array 2161
in the precision array carrier 2150 being supported by array
centering gasket 2152 and ready for longitudinal adjustment.
Alternately tightening and loosening positioning screws
2155 and 2156 allows the array 2161 to be adjusted through
arc 2159 to correct longitudinal axis errors. FIG. 7C shows
the array 2161 in the precision array carrier 2150 supported
by the array centering gasket 2152 ready for transverse
alignment. Alternately adjusting positioning screw pairs
2157, 2158 and 2153, 2154 allow the array 2161 to be
corrected for transverse axis errors.

[0112] FIGS. 10A and 10B show a top views of a precision
array carrier 2150 with the array 2161 inserted. Arrows
depict, respectively, counter-clockwise and clockwise rota-
tional adjusting by way of selective screw adjustments. FIG.
10A shows a tightening of position screws 2153 and 2158
while loosening position screws 2154 and 2157 shifting the
array 2161 in a counter-clockwise arc 2165 to correct
rotational axis errors. FIG. 10B shows a tightening position
of screws 2154 and 2157 while loosening position screws
2153 and 2158 to shift the array 2161 in a clockwise arc
2166 to correct rotational axis errors.

[0113] FIG. 11 shows an end view of a precision array
carrier 2150 installed on a tissue equivalent phantom or test
block 2182 and ready to transmit and receive during align-
ment. A ‘phantom’ is a structure filled with tissue equivalent
material that has a speed of sound characteristics similar to
that of human tissue with known voids and reflectors placed
at known locations within the phantom. This end view of the
phantom shows one embodiment including three targets
2167 in profile view. These targets can be echogenic, very
reflective, or anechoic, void of reflection. The top target can
be at a pre-determined depth D from the surface of the
phantom and the face of array carrier 2150. The other targets
can be spaced at distances D1 and D2 from the top target. In
some embodiments, the pre-determined depth D can be 100
mm from the top target to the face of the array. The other
targets can have D1 and D2 distances of 10 mm, for
example. However, any range of depths for the targets 2167
can be used, depending on the desired application of the
transducer arrays. The perpendicular targets 2167 serve to
assist during the longitudinal adjustment of the array posi-
tioning. When correctly positioned, the three targets would
be displayed as exactly perpendicular to the front of the
array, and further, each target 2167 would be displayed
equidistantly one a top the other.

[0114] FIG. 12 shows a side view of the phantom 2182
with the ends of the targets 2167 visible. Once transmitting
and receiving, a lateral adjustment could be made to the
array 2163 in the carrier 2150. The correct alignment is for
achieved when all targets are visible above and below the
center target 2168.
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[0115] FIGS. 13A-13C show a precision array carrier
2150 with an array 2161 inserted and aligned, in top, side,
and end views, respectively. At this stage an acoustic damp-
ing material 2162 can be poured into the gap between the
array and the carrier to stabilize the position of arrays 2161.
FIG. 13B is a side view of the precision array carrier 2150
showing the gap between the array 2161 and the precision
array carrier 2150 filled with acoustic damping material
2162. FIG. 13C shows the gap between the array 2161 and
the precision array carrier 2150 filled with acoustic damping
material 2162.

[0116] FIGS. 14A-14C show the precision array carrier
2150 with the array 2161 inserted and aligned in top, side,
and end views, respectively. The acoustic damping material
2162 has cured and the six alignment screws have been
removed. FIG. 14B is a side view of the precision array
carrier 2150 with the array 2161 inserted, aligned, the
acoustic damping material 2162 cured and the position
alignment screws removed: At this point, the precision array
carrier 2150 with its captured array becomes a precision
carrier array assembly 2163.

[0117] FIG. 15 shows a multi-aperture ultrasound probe
assembly 2183 constructed with precision transducer recep-
tacles surrounded by structural supports 2164. The structural
supports 2164 can be constructed out of many hard materials
(e.g., metals or plastics) and usually are built into a larger
structure such as the probe 2200 in FIG. 22. In FIG. 15, the
three precision carrier array assemblies 2163 are inserted
into the precision transducer receptacles 2166.

[0118] FIG. 16 shows the multi-aperture probe assembly
2183 having precision transducer receptacles 2166 with the
precision array assemblies 2163 each locked into the recep-
tacles, thus completing the construction of the multi-aper-
ture ultrasound probe 2184 having three transducer arrays.
[0119] FIG. 22 shows a completed probe 2200 with arrays
1701, 1702, and 1703 fitted in array receptacles and ready
for submission to the calibration cycle.

[0120] Alternative apparatus and methods for constructing
and aligning multi-aperture ultrasound probes will now be
discussed. Variations in the ultrasound beam displacement
or rotation of both the insonifying and receiving probes
about the x, y and z axes are preferably detected and
corrected to achieve the best image quality. A MAUI align-
ment fixture for aligning a multi-aperture probe uses one or
more precision angular alignment controls, precision stage
assemblies that provide for the adjustment, in 6 degrees of
freedom of the each array under test.

[0121] One factor in making multi-aperture imaging sys-
tems is the importance of precisely aligning the elements of
the multiple arrays. It is well recognized that by increasing
the effective aperture of a probe system by including more
than one probe head and using the elements of all of the
probes to render an image, the lateral resolution of the image
can be greatly improved. In order to render an image, the
relative positions of all of the elements are preferably known
precisely. In some embodiments, if the probe system has
position and rotation adjustments, a display is provided to
position all of the elements to be in the same plane of scan
and to transmit or receive in the same plane of scan.
[0122] FIG. 17 shows a probe system 1700 comprising
three probes 1701, 1702, and 1703 working together as a
multi-aperture transducer though not assembled in a single
shell. This is not a standard embodiment of a multiple
aperture transducer, but serves here to aid in describing
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arrays alignment. A multi-aperture transducer can comprise
of any number of arrays 1710, 1720, 1730 (two or more), or
even individual elements. For practical reasons, arrays in
probes can easily be manufactured with a large number of
elements and element spacing within a head can be well
controlled. If one can precisely position the end elements of
each probe, it is possible to imply the positions of the other
elements. Therefore, a fixture will be described which finds
the positions of the elements. This apparatus could deter-
mine the exact location of independent elements either
inside or outside of an array; however, because arrays are
typically constructed in a linear format, the embodiment
discussed here only identifies the end elements.

[0123] In FIG. 17 these end elements are designated as
element numbers 0 through 5, where 0 and 1 are the end
elements of array 1710, 2 and 3 are the end elements of
arrays 1720 and 4 and 5 are the end elements of array 1730.
Any of the intermediate elements could be located in the
same way as will be described.

[0124] A precision alignment stage assembly is shown in
FIG. 18A. The far left area of the assembly 1801 allows for
the mechanical connection of a single probe, such as 1701
from FIG. 17. The precision alignment stage assembly has
three separate mechanisms 1801, 1802 and 1803 that control
the position of the attached array in x, y and z axes. Several
alignment stage assemblies can be used in concert so that
multiple probe arrays can be manipulated independently.
FIG. 18B allows the operator to manipulate an array in any
axis by using controls 1805, 1806, 1807, 1808, and bearing
1809. Precision screws 1804, 1805, 1806, 1807, and 1808
can be adjusted, and bearing 1809 can be rotated to affect
one or more axes for the array during the alignment process.
[0125] FIG. 25 shows the arrays 1710, 1720 and 1730
attached in line to precision alignment stages 2510, 2520 and
2530. With the arrays set in place, they can now transmit to
common points of interest and compare their points of
impact with the other arrays.

[0126] As used herein, calibration of an ultrasound probe
may involve determining the acoustic position of each
individual ultrasound element in a probe with a desired
degree of precision relative to some known coordinate
system. The basic technique for aligning and calibrating a
multiple aperture probe can be seen with reference to FIGS.
19A, 19 and 20.

[0127] FIG. 20 illustrates probes 1701, 1702 and 1703
from FIG. 17 now attached to alignment stage assemblies
above a tank or test block 2012. The tank can be filled with
any liquid, fluid, gel, solid, or other medium 2014 that is
desirable for manufacture and safety considerations, as long
as the speed of sound for the fluid is known. The tank can
include a mounting location for the alignment stage assem-
blies. In some embodiments, as shown in FIG. 20, multiple
alignment stage assemblies holding transducer elements can
be mounted on the test block. From this position, it is
possible to transmit ultrasonic pulses from the elements of
any of the arrays to be received by ultrasonic sensor or
hydrophones 2085 at the other end of the tank 2012.
[0128] As used herein, the term “hydrophone” is used in
a generic sense and refers to any instrument capable of
accurately receiving and transducing ultrasound waves into
electronic signals. In some embodiments, hydrophones may
also be used to transmit ultrasound signals. Thus, in some
embodiments, hydrophones may comprise piezoelectric
transducer arrays, or any other suitable technology. The term
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“hydrophone” is generally used herein to refer to ultrasound
receiving and/or transmitting instruments attached to a cali-
bration system, as distinct from the transducer elements and
arrays of ultrasound imaging probes to be calibrated.
[0129] As shown in FIGS. 19A-19B, the hydrophone 2085
can be a multi-axis ultrasonic hydrophone 2085 configured
to detect the X, Y and Z positions of each element of a single
array or multiple arrays under test. The multi-axis hydro-
phone 2085 can include a transverse hydrophone 2086, and
right and left hydrophones 2087 and 2088. The common
targets for the probes 1701, 1702 and 1703 to shoot at are
elements 2091, 2092 and 2093 on the right hydrophone
2087. On the left hydrophone 2088, elements 2094, 2095,
and 2096 are the targets.

[0130] In use, the probe can be attached to a signal
generator configured to excite any of the transducer ele-
ments to transmit ultrasonic pulses. An ultrasonic signal is
transmitted which exhibits good autocorrelation properties
(e.g., a long frequency sweep, or ‘chirp’ waveform, a short
(wideband) pulse, a spread spectrum waveform, etc) from at
least one element in arrays 1710, 1720 and 1730. The
transmitted ultrasound signal can travel through the test
block and be received by the receiving hydrophone trans-
ducer elements 2091, 2092, 2093, 2094, 2095, 2096 and the
transverse hydrophone 2086. It is important to note that
detection of the ultrasonic signal or pulse as received by the
hydrophone arrays cannot be detected accurately enough by
cross correlation with the signal impressed on the probe
element because the probe element itself distorts the signal.
[0131] Two innovative techniques are used to obtain the
needed accuracy in finding the relative time delays and
hence the relative distances. The first technique is to use
cross correlation between the signal received at one element
of the hydrophone (for example 2091) and the signal
received at another element of the same hydrophone (for
example 2093). The correlation peak will yield the time
difference and thus the distance difference.

[0132] The second technique is to interpolate between
samples of the received waveforms to obtain better time
resolution than simply the sampling interval. Perhaps the
best way to accomplish both of these tasks is to take the
Fourier transform of both signals, fill in zeros for the high
frequency components of a much larger transform. Call
these larger transforms FFT1 and FFT2. Then find the peak
of the inverse transform of (FFT1*(conjugate of FFT2)).
[0133] A third technique may be used to convert differ-
ential distances to total distance. Consider the triangle bee in
FIG. 21A where the point b represents one of the elements
for which we need to compute a position, and ¢ and e are
known reference points in the bottom of the water tank. The
distance d, represents a total distance between the test
element at point b and the hydrophone element at point ¢
(840 or 870). Similarly, the distance d,, represents a total
distance between the test element at point b and the hydro-
phone element at point e (820 or 850). It is desired to
measure the lengths d, and d, by triangulation, but just
knowing the difference between d, and d, is not enough. By
adding a transverse hydrophone (see 2086 In FIG. 19A) in
the bottom of the tank we have two triangles from which we
can compute d, and d,. Let e, d, and ¢ be the locations of the
hydrophones 2094, 2095 and 2096 or 2091, 2092 and 2093
of FIG. 19A.

[0134] For the following analysis, the hydrophones 2094,
2095 and 2096 are preferably on the same line and on a
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parallel line to that formed by 2091, 2092 and 2093. The
distance between 2094 and 2095 is designated d and the
distance between 2095 and 2096 is designated d;. d; and d,
are preferably known precisely as this becomes the reference
“yardstick” for the other measurements. 2095 should be
roughly centered between 2094 and 2096 LN, but d, does
not need to equal d,. The same is true for R0, RC, and RN.
[0135] Let d2 be the reference distance and define mea-
sured distances as:

dym=d,~d,=0

dom=do-d-

dym=d,~d,
[0136]

d42 :dzz+d32—2d3dz cos O

From the law of cosines we have

di2=dy’+d-2d,d; cos(m-a)=dy>+d+2d,d, cos a
cos 0={d?~dy"=ds")(=2dsdy)~(dy’~dr*~d *)(2d, dy)
P -dy*~dy?=—(dy’-dy*-d*)dyd,

(dd,—doP-d P+ {dgmrd, P/ ~d,2d o d ~d d =0
[0137]
dy=(=d 2 +d;2~Peljd+d d3) Q- 2d md )

[0138] Then d,=d,,,+d, and d,=d,,+d,.

[0139] Thus we have the full measurements from received
differential times.

[0140] Two parallel “yardsticks” or right and left hydro-
phones are provided in the bottom of the tank in order to
measure position along the z axis (i.e., the axis perpendicular
to the scan plane), as illustrated in FIG. 23B. It will be the
goal to position all of the probe elements from all three
arrays 1701, 1702 and 1703 in a line midway between the
two yardsticks using the various controls illustrated in FIG.
18B.

[0141] Referring now to FIG. 21B, consider the measure-
ment of the position of any probe element such as M0 1206.
First, consider using the right yardstick R0-RC-RN 2091,
2092, 2093. By transmitting a chirp signal from element M0
1206 and receiving it on hydrophones at R0, RC, and RN
2091, 2092 and 2093, one can calculate the differential times
for transmission along the paths d,, d,, and d,. Times can be
converted to distances if the speed of ultrasound of the test
block medium is known. If the test block medium is water,
the speed of sound is approximately sos=1.40238742+5.
03821344*TE/1000.-5.80539349*TEA2/100000.+3.
32000870*TEA3/100000 00.-1.44537900*TEA4/
1000000000.+2.99402365*TEAS/1000000000000 in mm
per microsecond where TE is the temperature in degrees
Celsius. Differential distances can be converted to total
distances according to the derivation above.

[0142] Now from trigonometry, distance a=(d,*~d,*+(d, +
d)°)/(2(d,+d,)

[0143] The position along the x' axis is d,-a.

[0144] Assuming that the element is midway between the
two yardsticks, then the position along the y' axis is sqrt
((dp2-a*~(z/2))).

[0145] Initially considerable error may occur as a result of
this assumption, but the measurement of z will allow for
adjustment of the element or the entire probe assembly until
this assumption is satisfied.

Combining and canceling terms this becomes
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[0146] Again referring to FIG. 21B, the same computa-
tions for x' and y' can be made using the left hydrophone
array 2094, 2095 and 2095. In some embodiments, the
results of the measurements made with the right hydrophone
array may be averaged with results of measurements made
with the left hydrophone array.

[0147] Advantageously, by having two hydrophone arrays
or “yardsticks,” the z axis can be measured, i.e., the position
of the elements in or out of the scan plane. Then the array
alignment apparatus can display it (see FIG. 224, 2300), and
thus allow either manual (FIG. 18B) or automatic (FIG. 24)
correction and alignment. The z variable is related to the
time of arrival difference of the pulse as received at RC 2092
and L.C 2095. The probe position should be adjusted until the
time difference is close to zero. When this is done, all of the
x and y measurements will be accurate and the relative
positions of all of the elements will be known.

[0148] In some embodiments, the right and left hydro-
phone arrays may be used to measure an acoustic position of
a test element along the z axis; i.e., the test element’s
position in or out of the scan plane. In some embodiments,
following such a measurement the calibration system may
display and/or automatically correct an alignment of the
probe within the docking area of the calibration system. In
other embodiments, the calibration system may direct an
operator to manually adjust an alignment of the probe.
[0149] The z variable may be proportional to the distance
d2 as computed from the hydrophones on track 845 minus
the distance d2 as computed from the hydrophones on track
875 in FIG. 34A. In some embodiments, the probe position
may be adjusted until this difference is close to zero.
[0150] In other embodiments in which the probe element
cannot be mechanically centered between the two tracks, the
z position can be computed. This is particularly true for 1.5D
probes and 2D probes where it is not possible to position all
elements simultaneously to a central position. In these cases,
the acoustic position of elements along the z axis may be
stored in the calibration table along with x and y coordinates
as discussed above.

[0151] The value of z can be computed through a straight-
forward trigonometric calculation as illustrated in FIG. 21C.
[0152] Let m=the distance d2 as computed from the
hydrophones on track 845 and let n=the distance d2 as
computed from the hydrophones on track 875.

[0153] Letw indicate half the known distance between the
two tracks.

n2=(w-z)2+y2
m2=(w+2)2+y2

then #2=(w-z)2+m2-(w+z)2
and z=(m2-n2)/4w.

[0154] In some embodiments, the transverse hydrophone
array may be used to determine an angular displacement of
a probe test element. In some embodiments, such informa-
tion may be used to direct automatic or manual re-position-
ing of the probe. In alternative embodiments, such informa-
tion may be incorporated into stored calibration data.
[0155] In some embodiments, a controller, such as a
computer, can scan and find the maximum signal strength on
the transverse hydrophone 2086 and record the angular
displacement for the probe element.
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[0156] To use the multiple aperture array alignment appa-
ratus as a daily calibrator, multiple aperture ultrasound
transducers may already be fully assembled, such as the
embodiment illustrated in FIG. 22. Therefore, all of these
measurements will preferably be referenced to axes on the
probe assembly. In the multi-aperture transducer probe
assembly 2200 shown in FIG. 22, it would be reasonable to
rotate and translate all measurements to a new coordinate
system (X, y) centered on the center array. The appropriate
coordinate system would be dependent on the ultrasound
imaging system for which the probe assembly would be
used. The multi-aperture probe can have a resident calibra-
tion memory or cal chip 2201 that can be programmed with
calibration data received from the automated precision stage
assembly, described below.

[0157] The transmit synchronization module 2202 is not
related to calibration, but may be used to identify the start of
pulse when the probe is used as an add-on device with a host
machine transmitting. The probe displacement sensor 2203
can be an accelerometer or gyroscope that senses the three
dimensional movement of the probe. During calibration, the
probe should be securely attached to the array alignment
apparatus so that the probe is still. The calibration system
may then compare information from the position sensor of
the probe with information from the position sensor of the
calibration tank 122 to determine whether the probe is
properly aligned.

[0158] Referring now to FIG. 23 A, a proprietary graphical
user interface or GUI 2300, allows the elemental array data
to be visualized in real-time allowing for correction of the x,
y and z variation errors. The two wide vertical lines 2001
and 2003 represent the z positions of the yardsticks R0-RC-
RN (2091, 2092, and 2093 from FIG. 19A) and LO-LC-LN
(2094, 2095, and 2096 from FIG. 19A). The thinner vertical
line 2302 is the z=0 line and the desired position of each of
the elements of a probe system. The vertical position is the
x coordinate.

[0159] Each small square, such as 2305, 2306, 2307, 2308,
2309, 2310 and 2011, is the position of a probe element in
the x-z plane. In this example there are six small squares
indicating the positions of the end elements of three probe
heads. However, the positions of more or fewer elements
could be displayed in this way. The thin horizontal lines
2312, 2313, 2314, 2315, 2316, 2317 and 2018 represent the
directivity and angular spread of each element as detected on
the multi-axis hydrophone. A useful angular spread measure
is the number of hydrophone elements on the transverse
hydrophone array which record signal strength greater or
equal to half of the maximum strength.

[0160] FIG. 23B depicts a probe element positioned cor-
rectly with the z position 2305 at or near z=0 and its
directivity positioned over the centerline. In contrast, FIG.
23C depicts a probe element with its z position 2305 offset
toward the right hydrophone. The resulting display shows
the small square, 2305, to the right of centerline, 2302. Note
that in this case, the element position is in error, but the
element directivity remains over the centerline as indicated
on the display by the horizontal line 2312 remaining cen-
tered over centerline, 2302.

[0161] Finally, FIG. 23D depicts a probe element correctly
positioned with its z 2305 position at or near z=0, 2302. The
directivity 2312, however, is misaligned in this case with an
offset toward the left hydrophone as indicated by the hori-
zontal line shifted to the left of centerline, 2302. In this case,
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the directivity needs to be corrected by adjusting the angu-
lation to bring the directivity back over center. This could be
accomplished, for example, by using controls 1805 and 1807
in FIG. 18B. Thus with this display, element position and
directivity can be monitored simultaneously and both
brought into alignment.

[0162] Adjustments of the probe position and angulation
with the precision alignment stage assembly or assemblies
should continue until all of the small squares and all of the
horizontal lines are aligned on the center vertical line as
closely as practicable, ensuring in alignment in the z axis. As
this is done, the x and y positions will be computed
accurately and no separate iteration will be required for
these.

[0163] In some manufacturing formats, arrays 2406 could
be loaded into an automated precision stage assembly like
the one in FIG. 24. Here, arrays while still within their nose
pieces can still be manipulated. In FIG. 24, we see an
automated precision stage assembly, 2406, fitted with pre-
cision stepper motors, 2403. Stepper motor controller, 2401,
drives the transducer, 2405, under test in response to instruc-
tions from controller, 2402. The controller, 2401, evaluates
data from the hydrophone assembly, 2404, and calculates
transducer corrections. Test programs residing in the con-
troller, 2402, provide transducer specific calibration data
back to the transducer, 2405, under test incorporation in its
on board calibration chip, 2201. This automatically acquired
element and array position data would be MAUI probe
specific and would be used to optimize probe and system
performance.

[0164] Using the precision stage assemblies with the array
alignment system is only part of the value of the system.
FIGS. 20A and 20B illustrate array alignment systems 2610
attached to the control unit 2620 of an ultrasound machine
2600. A cut away shows hydrophone assembly 2085 is
located at the bottom of the fluid filled system 2610. In FIG.
26A a MAUI general radiology probe 2630 is affixed to the
system for testing. In FIG. 26B, a MAUI cardiac probe 2640
1s affixed to the system for calibration. The portability of this
system, therefore allows for calibration of probes in the field
multiple times per day. Additionally the MAUI system
would alert the operator if service or maintenance was
required.

[0165] To calibrate a probe, MAUI electronic apparatus
can send a test pattern to the arrays in the probe to transmit
to the hydrophone assembly 2085. When the positions of the
probes and their directivities are reported as a result of the
sequence, the positions of all of the elements can be down-
loaded to a file specific to that probe. Each file may be stored
in the probe calibration chip 2201. The calibration chip may
report element positions in x, y and z axes to every MAUI
electronic apparatus it connects to, and therefore can per-
form multiple aperture imaging without recalibrating before
use with a different MAUT apparatus. The calibration chip
memory can also be used to analyze probe performance and
reliability.

[0166] In the special case in which all of the transmit and
receive elements are aligned in the same plane or are
manufactured so that there is no adjustment in z position, a
simplified alignment fixture can be used. Instead of two
parallel “yardsticks” of hydrophones, a single yardstick can
be used. In this case the probe would be centered over the
single yardstick using a plumb bob or a clamping device.
The x and y measurements would then be made assuming
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7=0 and zr=0. This is possible since accuracy in the value of
z1s much less critical in beamforming than is accuracy in the
values of x and y. Thus adjusting z by the relatively crude
methods of sighting with a plumb bob or clamping to a
machined edge of the probe can be acceptable in spite of the
high accuracy demands for measurement of x and y. Obvi-
ously, the cost of this simplified fixture would be much
reduced resulting in a fixture which could be used in the field
rather just in the probe assembly factory.

[0167] Embodiments below provide further systems and
methods for calibrating ultrasound imaging probes as well as
systems and methods for testing quality assurance charac-
teristics of ultrasound imaging probes. Although the follow-
ing embodiments are shown and described with reference to
multiple aperture ultrasound imaging (MAUI) probes, the
skilled artisan will recognize that many features of the
systems and methods described may also be applied to
ultrasound probes of any configuration where it is desirable
to determine the acoustic position or the health of one or
more ultrasound transducer elements in an ultrasound probe.

[0168] As discussed above and with further reference to
FIGS. 28, 34A, and 34B, some embodiments of a calibration
process may comprise three stages: First, a single test-
element of the probe may transmit an ultrasound test signal
into the calibration tank 122 through the filler material 210.
Second, the hydrophones 230 may receive the ultrasound
test signal, and associated electronics and/or software may
geometrically triangulate the origin of the test signal in order
to determine an acoustic position of the test element to
within a desired degree of accuracy. Third, the acoustic
position of the test element may be transformed into a
coordinate system with a known origin relative to the probe.
Coordinates for the test element may be stored in a table of
coordinates associated with the probe. These steps may then
be repeated for each transducer element in each transducer
array within a probe until the acoustic position of each
element is determined and recorded in a table of coordinates.

[0169] Embodiments of the systems and methods herein
may quantify both transmitted and received ultrasonic pulses
and use the information obtained to identify the acoustic
position of single transducer elements and/or full arrays of
transducer elements. Further, embodiments of the systems
and methods herein may also quantify the “health” of probe
elements. The “health” of a probe element may refer to a
number of factors including transmitting and receiving effi-
ciency of probe elements, element sensitivity, and electronic
functionality.

[0170] Probes with multiple aperture arrays may be prop-
erly aligned during production as discussed above. How-
ever, regularly recalibrating an ultrasound probe throughout
the life of the probe as opposed to only during manufactur-
ing can allow for high quality imaging over a long period of
time without requiring the probe to be returned to a manu-
facturer or repair facility. To address these needs, a calibra-
tion system may be provided to accompany probes into the
field. In some embodiments, a calibration system may be
attached to or integrally formed with an ultrasound control
panel. In some embodiments, a calibration system may
include a tank in the shape of an open-topped box with a
mounting portion in a top section of the box for holding a
probe in a calibration orientation and a plurality of receivers
at a bottom of the box for receiving ultrasound signals
transmitted from the probe.
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[0171] By providing a calibration system as an attachment
to an ultrasound imaging system, the calibration system
becomes easily accessible to operators. In some embodi-
ments, the calibration system may serve as a probe storage
location for holding probes not in use. In some embodi-
ments, a plurality of imaging probes of different configura-
tions may be stored in the calibration system. Probes may
then be selectively calibrated according to a calibration
process, thus making a wide range of probe designs readily
available for imaging. Moreover, adjustable multiple aper-
ture probes may be re-configured into a different shape and
then recalibrated for each patient.

[0172] Referring to FIG. 27A, a calibration system 120
may work in conjunction with a control panel 100. The
control panel 100 can contain and control electronic hard-
ware and software configured to transmit, receive and pro-
cess ultrasound signals using a multiple aperture ultrasound
imaging (MAUI) probe. Such hardware and software is
generically referred to herein as MAUI electronics. As
shown in FIG. 27A, the calibration system 120 may be
externally mounted to a control panel 100. In such embodi-
ments, the system 120 may be electronically connected to
the MAUI electronics by a wired system which may include
any desired wiring arrangement, such as wiring harnesses or
removable plugs. Alternatively, referring to FIG. 27B, a
calibration system 120 may be embedded into the control
panel 100. In further embodiments, a calibration system 120
may be provided as an entirely separate device, which may
be electronically connected to the MAUI electronics by any
suitable wired or wireless arrangement. In further embodi-
ments, the electronics controlling a calibration system,
including electronics controlling a probe during calibration
may be entirely independent (physically and/or electroni-
cally) of the electronics used for controlling an ultrasound
imaging process.

[0173] As shown in FIG. 28, in some embodiments the
calibration system 120 may resemble a rectangular tank that
may be relatively small in size without the bulky alignment
features that can be required during manufacturing. In some
embodiments, an opening at the top of the tank 122 may be
sized to receive a probe 370. The tank 122 may have an
overall height approximately the length of a pencil box (e.g,,
between about 10 and 24 inches in some embodiments),
although larger or smaller tanks may also be used. In some
embodiments, a width and/or depth (e.g., in/out of the plane
of FIG. 28) of the tank 122 may be sized to minimize
un-desired reflections from side walls of the tank. Addition-
ally, a material and internal surface texture of the tank 122
may also be engineered to minimize noise from undesired
reflected ultrasound waves.

[0174] In some embodiments, a matrix of ultrasonic sen-
sors or hydrophones 230 may be attached to the bottom of
the tank 122. The matrix of hydrophones 230 can function
similar to the multi-axis hydrophone 2085 described above.
It is desirable for the calibration tank 122 to be configured
such that an entire ultrasound path between the probe and all
receivers is occupied by a material with a consistent and
known speed of sound. Thus, similar to the tank 2012
described above, the tank 122 may be filled by a filler 210
made of a liquid, gel or solid material with a consistent and
known speed of sound. The filler 210 may be any material
that is desirable for manufacture and safety considerations.
The speed of sound through the filler 210 should be known
precisely in order to accurately calculate the distance trav-
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eled by any given ultrasound pulse during a calibration
process. In one embodiment. the filler 210 is made of a
relatively rigid ballistics gel. The filler 210 can occupy
substantially all of the tank 122. In some embodiments, the
filler occupies most of the tank 122 except for a top layer
which may be reserved for a docking area 220 configured for
receiving an ultrasound probe to be calibrated.

[0175] In some embodiments, the docking area 220 may
be an empty void which may be filled with a liquid or gel
which may conform to a shape of a probe to be calibrated
such as the illustrated multiple aperture probe 370. In other
embodiments, the docking area 220 may include a molded
piece of ballistics gel (or other suitable material) configured
to conform to the shape of a probe to be calibrated. Prefer-
ably, the material used in the docking area 220 has substan-
tially the same speed of sound as the filler material 210. In
other embodiments, the docking area and/or the entire filler
may comprise a flexible bladder filled with a suitable liquid
or gel material. In some embodiments, the probe and/or the
docking area may be coated with an ultrasound coupling gel
as will be clear to the skilled artisan.

[0176] For the best results, probes should be substantially
immobile during all calibration and quality testing. To
reduce error the calibration system 120 may be equipped
with a mechanical docking device configured to hold the
probe(s) in a substantially rigid and consistent position.
Referring to FIG. 31, in some embodiments, an adjustable
clasp 510 may be provided to capture and hold a probe 370
by a handle section or any other suitable portion of the
probe. In other embodiments, a clasp or grasping element
may be integrally formed with the docking area 220. In some
embodiments, the docking area 220 and/or a clasp 510 may
include electronic contacts or other elements which may
interact with corresponding features on a probe to ensure
consistently proper positioning of the probe for calibration.

[0177] In other embodiments, accelerometers, gyroscopes
or other position sensors within the probe may be used to
inform an operator of proper or improper positioning of a
probe within a docking area of a calibration system. In some
embodiments, corresponding position sensors (e.g., gyro-
scopes, accelerometers or other sensors) may be provided in
or on the calibration tank. A calibration system may then
compare information from the position sensor of the probe
with information from the position sensor of the calibration
tank 120 to determine whether the probe is properly aligned
for calibration.

[0178] FIGS. 32A-33B illustrate embodiments of docking
devices 610 that may be used in a docking area of a
calibration system. FIG. 32A shows an embodiment of a
docking device 610 with a plurality of probe-specific
molded receivers (602-628). In such an embodiment, each
probe that might be used with a particular system may have
a specific receiver within the calibration system. For
example, the top center docking site 604 may be configured
to receive a curvilinear MAUI probe 375 having a continu-
ous concave curved array 378 of ultrasound transducer
elements such as that shown in FIG. 29B.

[0179] FIG. 32B is a cross-sectional view of the calibra-
tion tank taken through line A1-A in the plan view of FIG.
32A. In some embodiments, each docking device molded
receiver may be manufactured to best fit the specific needs
of each probe; this can be especially useful for probes with
a more tight curvature or uniquely designed probes.
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[0180] Other embodiments, as shown for example in
FIGS. 33A and 33B may feature interchangeable docking
receivers custom made for each transducer. The docking
receivers 710, 720, and 730 may be removably attached to
a docking area 220 of the calibration system. Each receiver
710, 720, and 730 may be formed for a specific type of
probe. In further embodiments, one or more receivers may
be configured to receive any of the probes shown and
described in U.S. patent application Ser. No. 13/029,907
published as US Patent Publication 2011/0201933, now U.S.
Pat. No. 9,146,313, and incorporated herein by reference.
[0181] Insome embodiments, the dock may be configured
such that the ultrasound probe may be stored in the dock
when not in use. The user or operator can then optionally
calibrate the probe prior to removing the probe from the
dock.

[0182] In some embodiments, one or more temperature
sensors may be provided and configured to measure a
temperature of the filler 210. As discussed above, the
temperature of the filler material 210 is used to calculate the
acoustic position of transducer elements in a probe during
calibration. Thus, in some embodiments, a plurality of
temperature sensors (e.g., thermocouples, thermistors, opti-
cal thermal imaging systems, etc.) may be positioned
throughout the tank to obtain enough measurements to
determine an average temperature of the filler 210 at any
given time. In other embodiments, a single temperature
sensor may be sufficient.

[0183] In some embodiments, a hydrophone matrix 230
such as that shown in FIG. 34A and FIG. 28B may be used
to detect the X, Y and Z positions of each element of a single
array or multiple arrays in a probe under calibration. In some
embodiments, the multi-axis hydrophone 230 can include a
transverse hydrophone array 810, a right hydrophone array
845 and a lefi hydrophone array 875. In other embodiments,
the hydrophone matrix may include only a single array of
hydrophone elements. In other embodiments, a hydrophone
matrix may comprise a two-dimensional array of many
detector elements to enable further measurements. For
example, the hydrophone matrix may comprise a 3x3 array,
a 4x4 array, a 4x6 array or any other ‘n’x‘m’ array of
hydrophone elements.

[0184] In some embodiments, the hydrophone matrix 230
may act as a target when the probe is firing. In some
embodiments, hydrophone elements selected to be detectors
to may depend on the size, shape and orientation of the probe
to be calibrated. In some embodiments, such calibration
process details may be stored in the calibration chip or
another data store in communication with the calibration
system electronics.

[0185] Ultrasound transducer elements or arrays of ele-
ments are typically cut from a common crystal wafer (e.g.,
of a piezoelectric crystal) to form 1D, 1.5D and 2D arrays.
Alternatively, some ultrasound elements may be printed or
machined into a micromachined lattice structure to form an
array called a Capacitive Micromachined Ultrasonic Trans-
ducer (CMUT) array. FIG. 24A illustrates a 1D piezoelectric
transducer array in which each rectangular segment repre-
sents a single transducer element 400. Such an array is
referred to as one-dimensional because the array has only
rows of longitudinal transducer elements without columns.
FIG. 24B illustrates a 2D piezoelectric transducer array in
which each square segment represents a separate transducer
element 400. Such an array is referred to as 2-dimensional
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because the array of elements extends in two directions,
having both rows and columns. FIG. 30C illustrates a
CMUT array in which each transducer element 400 has a
more complex geometric shape. Furthermore, a CMUT
array has a much more complex arrangement, where ele-
ments are not necessarily arranged in rows and columns.
[0186] In the case of conventional 1D and 1.5D phased
array probes, the position of the elements is often roughly
determined by the size of the cuts inside the crystal wafer
upon initial manufacture. Referring to FIG. 30B, in this
process, the acoustic center of each element is assumed to be
at the center of the shaped crystalline structure 440, usually
a parabolic channel running down the mid portion 420 of the
elements. This may or may not be the true acoustic center of
the element due to slight variations in the structure of the
PZT crystal or variability in the machining process. None-
theless, transmit and receive beamformers typically assume
that the acoustic center position of a transducer element is
coincident with its geometric center. When the true acoustic
center of an element is not exactly at the geometric center
(e.g., along the longitudinal axis 420), then both transmit
waveform energy and echoes being received are not being
optimized. They are subject to the errors of being out of
alignment, which detrimentally affects image quality and
depth. The same problem may also exist for 1.5D, 2D and
CMUT arrays. Therefore, even traditional single-aperture
phased array probes may benefit from regular calibration
using the systems and methods described herein.

[0187] Once an ultrasound probe is firmly mounted in the
docking area of the calibration system, a calibration process
may be initiated. In some embodiments, a calibration pro-
cess may be initiated by a user pressing a button (e.g., 140
in FIG. 27B) on a calibrator or imaging system control
panel.

[0188] In some embodiments, the calibration system may
be configured to determine the acoustic position of trans-
ducer elements relative to a single array of which an
individual test element is a part. For example, in the case of
a multiple aperture probe such as that shown in FIG. 29A,
the acoustic position of each element on the center array 350
maybe determined relative to a coordinate system 380
centered on that array. Similarly, the acoustic positions of
elements in the left 340 and right 360 arrays may also be
determined relative to separate coordinate systems centered
on those respective arrays.

[0189] A further calibration process may then be
employed to detect the position of one full array relative to
another, thereby providing information describing the rela-
tive positions of the three coordinate systems. In such an
embodiment, test signals may be transmitted from elements
at opposite ends or corners of each array to be located
relative to other arrays. This may allow for the measurement
of the length, acoustic center and 3-dimensional orientation
of each array relative to other arrays in a probe containing
multiple arrays. For example, the position and orientation of
a planar transducer array may be determined by identifying
the three-dimensional location of a sufficient number of
array elements to define the orientation of the array’s planar
surface. In some embodiments, three elements may be
sufficient to define the plane of an array. In other embodi-
ments, several or all elements may be located to define the
orientation of the array’s plane. In some embodiments,
information describing the orientation of a planar array may
be stored along with other calibration data. Such embodi-
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ments may be especially useful when calibrating adjustable
probes which may contain two or more physically separate
arrays which are free to move relative to one another.
[0190] In some embodiments, the calibration system can
be configured to transmit a new test signal to the hydrophone
matrix from every element of the probe such that the
acoustic location of every element of the probe can be
determined. In other embodiments, a test signal can be sent
from only a few of the probe elements, such as two probe
elements in an array, and the remaining locations can be
determined through interpolation.

[0191] Many transmit pulse patterns may be used in the
step of transmitting an ultrasound test signal from a test
element. In some embodiments, an ultrasonic test signal may
be transmitted which exhibits good autocorrelation proper-
ties. In some embodiments, such a test signal may comprise
a long frequency sweep, a ‘chirp’ waveform, a spread
spectrum waveform, a ‘ping’, a pseudorandom sequence, or
another suitable pattern. In some embodiments, a test signal
may be selected to require minimal computational complex-
ity.

[0192] As will be clear to the skilled artisan in view of the
discussion herein, the only directly measurable ultrasound
parameter in the calibration system is the time delay
between transmission of a test signal from a probe test
element and receipt of the test signal at each hydrophone
element. Based on these time delays, known speed of sound
through the filler material, and known physical geometry of
the calibration system, the position of a test element may be
calculated.

[0193] It is important to note that in many cases, a test
element may distort the timing of a transmitted signal. Thus,
in some embodiments, it may be desirable to perform time
delay measurements without relying on a presumed “trans-
mit time” as determined by a time of sending an electrical
signal to a transducer element. In such embodiments, the
total distance traveled by an ultrasound test signal may be
determined by using only the speed of sound and the
difference between the time at which the test signal is
received at a first hydrophone element and a time-of-receipt
of the test signal at a second hydrophone element.

[0194] Multiple techniques, such as those described above
with reference to FIGS. 21A, 21B & 21C, may be used to
obtain the needed accuracy in finding the relative time
delays and hence the relative distances, including using
cross correlation between the signal received at one hydro-
phone element (e.g., 820) and the signal received at another
element of the same hydrophone array (e.g., 840), interpo-
lating between samples of the received waveforms to obtain
better time resolution than simply the sampling interval, and
converting a differential distance measured by two hydro-
phone elements to a total distance traveled by an ultrasound
test signal.

[0195] Referring to FIG. 28, a coordinate system 260 can
be established relative to the hydrophone matrix. In FIG. 28,
the X-axis is aligned with left and right directions in the
tank, the Y-axis is aligned with the “up and down” directions
in the tank, and the Z-axis is perpendicular to the scan-plane
and the plane of FIG. 28. The position of a plurality of probe
elements, such as every probe element, can then be deter-
mined relative to the coordinate system 260.

[0196] Insome embodiments, position measurements may
be translated from the coordinate system 260 with an origin
relative to the hydrophones matrix to a coordinate system
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380 with an origin located on the probe itself, as shown in
FIG. 29. In the coordinate system 380 shown in FIG. 29, the
X-axis lies along a center line of all three arrays, the Y-axis
is perpendicular to the plane of the center array, and the
Z-axis is perpendicular to the X & Y axes, extending in and
out of the page of FIG. 29A. In some embodiments, a
process of rotating and translating coordinates may be used
to translate the coordinate systems. In some embodiments,
an appropriate probe-relative coordinate system may be
dependent on the ultrasound imaging system for which the
probe assembly is to be used.

[0197] With a conventional array, a transmit pulse from a
transmitting element to a reflector is easily calculated back
to a given receive element. Assuming a constant speed of
sound, the positions in a conventional matrix or linear array
are mechanically assumed so that transmit and receive paths
can be easily computed. In multiple aperture imaging it is
important to determine the position of each element relative
to the position of any other element(s) in a known space such
as a Cartesian X, Y, and Z coordinate system illustrated in
FIG. 31 for example. In some embodiments, such a coor-
dinate system may have one element designated as an origin
and acoustic center positions of all other element(s) may be
assigned coordinates relative to this initial position. From
this the position of any element may then be known relative
to any other.

[0198] As will be clear to the skilled artisan, the origin of
a coordinate system may be centered at any element, or at
any other point on or off of the probe. Additionally, the
calibration system need not necessarily use a Cartesian
coordinate system; any suitable coordinate system may be
used, provided that such a coordinate system gives accurate
information about the position of transducer elements.
[0199] The information obtained through calibration as
well as the new coordinate system may then be compared to
original element position information for the probe, as well
as any previous calibration data. In some embodiments, this
information may be tracked over time to better understand
the properties of the probe elements and the probes as they
are used. In some embodiments, this time-series calibration
information may be stored and/or analyzed in an ultrasound
imaging system, a remote server system, or any other
suitable computing system.

[0200] During manufacturing, each MAUI transducer may
be properly aligned and calibrated according to the type of
crystal matrix used. The initial coordinate system and cali-
bration may then be programmed into a memory chip 310,
which can be set in the handle of the probe as shown in FIG.
29A. When the probe is recalibrated at some later time, the
calibration system electronics may compare the new cali-
bration results to the initial or last-known position of the
elements. Difference data or new position data may then be
updated in the calibration chip 310. Besides maintaining the
calibration data, calibration chip 310 may also contain data
for setting up a general layout of each probe, this informa-
tion may be used to inform the calibration system of the
number of elements to fire and in roughly what order or
design during calibration.

[0201] In some embodiments, calibration data for a probe
may be stored in a location other than the probe itself. It is
generally desirable for calibration data to be associated
specifically with the probe it describes, but such information
may be stored in any practical physical location. For
example, in some embodiments, a probe may have an ID
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chip which carries substantially only an identification num-
ber which may be used to retrieve a unique calibration
record stored in a remote (e.g., internet-accessible) database,
in an ultrasound imaging system, or any other location. In
some embodiments, communications systems may also be
provided to allow for logging of calibration data into an
ultrasound imaging system data log, and/or sending to a
service provider and/or providing an operator with an appro-
priate on screen notification.

[0202] Each probe may have a unique element coordinate
table which may be permanently associated with the probe,
and which may be updated in subsequent calibration pro-
cesses. In some embodiments, the calibration data over-
writes calibration data previously stored in the memory.
Overwriting advantageously ensures that updated data is
constantly available, even in systems with small amounts of
available memory.

[0203] In some embodiments, probes may be recalibrated
and data stored as many times as desired by an operator,
technician, or manufacturer.

[0204] The stored coordinate table may be used by ultra-
sound imaging system electronics in order improve the
quality of ultrasound images generated using the calibrated
probe. In one embodiment, the updated position data can be
used during imaging, e.g., the stored data can be used as an
input in an algorithm used to generate an image from a
multiple aperture ultrasound imaging system. In another
embodiment, the stored coordinate table can be used in
post-image processing, i.e., the stored data can be used to
decode stored image data or raw echo data.

[0205] Instruments of any kind used in the field on a daily
basis will typically suffer from general wear and tear. To
better understand the degradation of ultrasound transducers
over time, as well as to obtain regular feedback pertaining to
the general functionality of the probe, the calibration system
may also be configured to perform general quality assurance
functions. In some embodiments, the calibration system may
test both the transmitting and receiving functions of the
probe, report operational capabilities to the sonographer and
send probe functionality data and repair requests to the
service provider.

[0206] In some embodiments, the quality assurance test
may be performed before each calibration so that the infor-
mation obtained can be used to more accurately calibrate the
probe. In some embodiments, after securing a probe in a
docking area of the calibration system, a quality assurance
test sequence may be manually or automatically initiated.
For example, in some embodiments, the quality assurance
test may be initiated via a button on the control panel. In
some embodiments, a quality assurance test sequence may
comprise three stages: The first stage will be referred to as
hydrophone verification, the second stage will be referred to
as an element transmit test and the third will be referred to
as an element receive test.

[0207] In some embodiments, an additional self-test
hydrophone 240 may be mounted to a side wall near the top
of the tank 122 for use in quality assurance testing. The
self-test hydrophone 240 and corresponding control elec-
tronics may be configured to check the position and function
of the hydrophones of the main hydrophone matrix 230 in
order to ensure proper calibration of the calibration system.
In one embodiment the self-test hydrophone 240 may be
located in the top of the tank 122 along the centerline of the
hydrophone matrix 230. In other embodiments, a self-test
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hydrophone 240 may be positioned at any other location
within the tank suitable for performing the described func-
tions. In a process similar to the process for calibrating
ultrasound probe elements, the self-test hydrophone 240
may send and receive ultrasound pulses to the main cali-
bration hydrophones 230 and then use this information to
ensure the hydrophones 230 are functioning properly and
accurately.

[0208] Each hydrophone of the main hydrophone matrix
230 may also transmit a self-test signal to be received by the
self-calibrator hydrophone 240. The process may be similar
to those described elsewhere herein for the calibration and
quality assurance testing of ultrasound probe elements. The
proper functioning and exact location of the hydrophone
elements is very important for the best possible calibration
of the probes.

[0209] Insome embodiments, the hydrophone verification
stage may ensure that information obtained from the hydro-
phones is accurate. As shown in FIG. 28, some embodiments
of the calibration system may be equipped with one or more
self-calibrator hydrophones 240 located in a top corner of
the tank. A self-calibrator hydrophone 240 may be used to
verify the transmitting and receiving capabilities of the
hydrophones elements of the hydrophone arrays 810, 845,
875 in the hydrophone matrix 230. In some embodiments,
the self-calibrator may also be used to verify the acoustic
positions of the elements of the main hydrophone matrix
230. The self-calibrator may transmit ultrasonic self-test
signal pulse or pulses in a set pattern from a known location.
The strength of received signals and the order in which they
are received may be used to determine the acoustic position
and receiving functionality of the hydrophone elements
using methods similar to those described above.

[0210] Insome embodiments, a quality assurance transmit
test may be designed to test the transmit strength, efliciency
and/or effectiveness of each transducer element of an ultra-
sound probe. A QA transmit test may begin by exciting a test
transducer element with a precise electrical signal to cause
the transducer to transmit ultrasonic pulses. The transmit test
signal may have any shape and frequency as desired, pref-
erably with good autocorrelation propertics as discussed
above with reference to calibration test embodiments.
[0211] The test signals may then be received by one or
more hydrophone elements. The received frequency may
then be transformed by the hydrophone transducer into
specific amplitudes of electrical charge. From the resulting
charges obtained by the hydrophones, the calibration system
may determine whether a received signal has expected
properties based on the electrical signal input to the test
element. After testing all test elements, the calibration
system may determine which test elements fall below an
average transmitting capability and which fail to fire at all.
This information may be obtained by comparing the ampli-
tudes created by each test signal and then identifying which
elements fall below the mean and by how much. In some
embodiments, QA transmit test result data may be stored in
a calibration chip within a probe or in any other suitable
location. In some embodiments, an absolute value of a mean
transmit strength may also be stored and analyzed over time
to evaluate the long term health of a probe.

[0212] In some embodiments, a quality assurance receive
test may evaluate the receiving capabilities of each probe
element in a similar (but opposite) process. In some embodi-
ments, a calibration hydrophone (230 or 240) may transmit
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a precise ultrasonic test signal pulse or pulses of a known
frequency. Each probe element may then receive the test
signal and transform it into an electrical charge with a
specific amplitude. The electric charges or amplitudes of the
receiving probe elements may then be compared relative to
each other and to any previous receive test data. Much like
the transmitting test elements that are receiving poorly or not
converting the ultrasonic pulses at all may fall out of
tolerance. The average of the element receiving pulse ampli-
tudes compared over time may indicate the degradation of
elements. As above, test data may be logged, stored, and
analyzed over time.

[0213] In some embodiments an ultrasound system opera-
tor/technician may be provided with information about
quality assurance calibration and test data resulting from the
above processes. [n some embodiments, a service provider
and/or probe manufacturer may also be informed of cali-
bration and/or test data, e.g., when elements are underper-
forming or no longer transmitting or receiving. This infor-
mation can be used to decide when to schedule probe repairs
or when a probe should be replaced. Compensation for
elements which are no longer firing, or for the adjustment of
transmit amplitude and receive gain of any particular ele-
ment may then be done internally to the electronics of an
ultrasound imaging system (e.g., MAUI electronics in the
case of a multiple aperture ultrasound imaging system).
[0214] Although many of the embodiments of ultrasound
probe calibration and quality assurance testing systems and
methods are shown and described with reference to multiple
aperture ultrasound imaging probes, these systems and
methods can also be applied to single aperture ultrasound
imaging systems.

[0215] Terms such as “optimized,” “optimum,” “precise,”
“exact” and similar terms used in relation to quantitative
parameters are merely intended to indicate design param-
eters which may be controlled or varied in accordance with
general engineering principles, and may involve a compro-
mise based on the balancing of competing design factors.
Use of these terms is not intended to imply or require that the
parameters or components thereof are designed for the best
possible or theoretical performance.

[0216] The above disclosure is sufficient to enable one of
ordinary skill in the art to practice the invention, and
provides the best mode of practicing the invention presently
contemplated by the inventor. While there is provided herein
a full and complete disclosure of the preferred embodiments
of this invention, it is not desired to limit the invention to the
exact construction, dimensional relationships, and operation
shown and described. Various modifications, alternative
constructions, changes and equivalents will readily occur to
those skilled in the art and may be employed, as suitable,
without departing from the true spirit and scope of the
invention. Such changes might involve alternative materials,
components, structural arrangements, sizes, shapes, forms,
fanctions, operational features or the like.

What is claimed is:

1. A multiple aperture ultrasound probe comprising:

a probe housing;

a probe bracket positioned within and secured to the probe
housing;

a first transducer array secured to a substantially planar
plate-shaped first precision alignment element by a
layer of a solidified polymer material interposed
between a first surface of the first precision alignment
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element and a first surface of the first transducer array,
a second surface of the first precision alignment ele-
ment being secured to the probe bracket;

asecond transducer array secured to a substantially planar

plate-shaped second precision alignment element by a
layer of a solidified polymer material interposed
between a first surface of the second precision align-
ment element and a first surface of the second trans-
ducer array, the second precision alignment element
being secured to the probe bracket; and

a solidified polymer material disposed in a space between

the probe bracket and the probe housing.

2. The probe of claim 1, wherein the first transducer array
and the second transducer array are precisely aligned rela-
tive to the first precision alignment element and second
precision alignment element, respectively.

3. The probe of claim 1, wherein the first surface of first
transducer array is approximately parallel to a surface
defined by transducer elements.

4. The probe of claim 1, wherein the first precision
alignment element is secured to the probe bracket by a
plurality of mechanical fasteners.
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