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7 ABSTRACT

An aperture rotates for ultrasound imaging with an ultra-
sound transducer responsive to bias for operation, such as
c¢MUTs or electrostrictive crystal transducers. By rotating a
bias aperture relative to a time delay aperture, a more
isotropic beam profile results. Acoustic energy is transmitted
with one arrangement of bias and time delay apertures. The
bias and/or time delay apertures are rotated for receiving
acoustic energy in response to the transmitted acoustic
energy. The two-way convolution of the different aperture
positions results in a more isotropic beam profile.
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ROTATING APERTURE FOR ULTRASOUND
IMAGING WITH A CAPACITIVE MEMBRANE OR
ELECTROSTRICTIVE ULTRASOUND
TRANSDUCER

RELATED APPLICATIONS

[0001] The present patent document claims the benefit of
the filing date under 35 U.S.C. §119(e) of Provisional U.S.
Patent Application Ser. No. 60/719,810, filed Sep. 22, 2005,
which is hereby incorporated by reference.

BACKGROUND

[0002] The present embodiments relate to ultrasound
imaging with a capacitive membrane or microfabricated
ultrasound transducer (¢cMUT) or electrostrictive crystal
transducer. cMUTs may be formed from semiconductor
material or from other materials. A plurality of membranes
or other structures with electrodes transduce between acous-
tic and electrical energies. Groups of the membranes operate
as different elements. Various arrangements of elements may
be provided on the cMUT, such as multi- or two-dimen-
sional arrays of elements.

[0003] To operate a ¢cMUT, the membranes are biased by
a DC voltage. Alternating signals are applied to the elements
to generate acoustic energy. Acoustic energy received by the
elements is converted into alternating signals.

[0004] U.S. Patent Published Application No. 2004/
0160144 shows a multidimensional cMUT. The bias volt-
ages are applied as a Fresnel aperture. Positive, negative or
zero level bias voltages are applied in a pattern to focus
acoustic energy. The alternating signals are used for beam-
forming with a time delay aperture. The time delay and
Fresnel apertures are orthogonal to each other. Higher side
lobes may result from the Fresnel aperture focus than from
the time delay aperture. For three-dimensional imaging,
poor side lobes along one axis can negatively influence
image quality in any slice orientation.

BRIEF SUMMARY

[0005] By way of introduction, the preferred embodiments
described below include methods, systems and improve-
ments for ultrasound imaging with a capacitive membrane or
electrostrictive ultrasound transducer. By rotating a bias
aperture and a time delay aperture, a more isotropic beam
profile results. Acoustic energy is transmitted with one
arrangement of bias and time delay apertures. The bias and
time delay apertures are rotated for receiving acoustic
energy in response to the transmitted acoustic energy. The
two-way convolution of the different aperture positions
results in a more isotropic beam profile.

[0006] In a first aspect, a method is provided for ultra-
sound imaging with an ultrasound transducer responsive to
a bias. Acoustic energy is transmitted from the ultrasound
transducer with bias lines connected along a first direction of
the ultrasound transducer and transmit signal lines con-
nected along a second direction different from the first
direction. Acoustic energy is received with the ultrasound
transducer in response to the transmitting and with the bias
lines connected along a direction different from the first
direction and receive signal lines connected along a direc-
tion different from the second direction.
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[0007] Inasecondaspect,an improvement in a method for
transmitting and receiving acoustic energy with an ultra-
sound transducer responsive to a bias for transduction opera-
tion is provided. The transmitting and receiving are respon-
sive to hias signals applied to the ultrasound transducer and
to alternating signals. The improvement includes inter-
changing the bias signals and alternating signals between a
transmit event and a receive event responsive to the transmit
event.

[0008] In a third aspect, a further improvement in a
method for transmitting and receiving acoustic energy with
an ultrasound transducer is provided. The transmitting and
receiving are responsive to bias signals, which may or may
not fluctuate, and to alternating signals. The further
improvement includes adjusting the bias pattern while
receiving to dynamically focus in phase at a multiplicity of
depths. The DC bias is changed slowly to prevent the
unwanted generation of acoustic energy. Alternatively, such
energy is generated and then filtered out by the imaging
system.

[0009] In a fourth aspect, a system is provided for ultra-
sound imaging with an ultrasound transducer responsive to
a bias for operation. First electrodes are on the ultrasound
transducer. The first electrodes are distributed across a
second direction and each extends over multiple elements
along a first direction. Second electrodes are on the ultra-
sound transducer. The second electrodes are distributed
across the first direction and each extends over multiple
elements along the second direction. A bias generator is
connectable with the first and second electrodes. Alternating
signal lines are connectable with the first and second elec-
trodes. At least one switch is operable to connect the bias
generator to the first electrodes during transmit and the
second electrodes during receive and operable to connect the
alternating signal lines to the second electrodes during
transmit and the first electrodes during receive.

[0010] The present invention is defined by the following
claims, and nothing in this section should be taken as a
limitation on those claims. Further aspects and advantages
of the invention are discussed below in conjunction with the
preferred embodiments and may be later claimed indepen-
dently or in combination.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The components and the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, in the figures, like
reference numerals designate corresponding parts through-
out the different views.

[0012] FIG. 1 is a circuit diagram of one embodiment of
a system for ultrasound imaging with a cMUT or electros-
trictive crystal transducer;

[0013] FIG. 2 shows graphical representations of three
embodiments of Fresnel apertures;

[0014] FIG. 3 is a graphical representation of a combina-
tion of two Fresnel apertures according to one embodiment;

[0015] FIG. 4 is a flow chart diagram of one embodiment
of a method for ultrasound imaging with a cMUT or
electrostrictive crystal transducer; and
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[0016] FIG. 5 is a timing chart diagram for the method of
FIG. 4.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0017] The bias lines and alternating signal lines are
interchanged between transmit and receive events. For
example, orthogonal Fresnel bias and time delay axes are
electronically interchangeable, effectively rotating the
acoustic aperture by 90 degrees. By electronically swapping
the Fresnel and time delay axes between transmit and
receive, the round trip beam profiles in both azimuth and
elevation are the product of both the Fresnel and time delay
beam profiles. Side lobes may be further reduced by using
seven or more quantized bias levels to apodize the Fresnel
bias pattern. The beam profile can be made even more
isotropic by dynamically adjusting the Fresnel bias pattern
on receive. The transducer may have electrodes in a matrix
configuration where N? element addressability is achieved
with only 2N connections. Other embodiments with or
without one or more of the features discussed above may be
provided.

[0018] FIG.1 shows a system for ultrasound imaging with
a capacitive membrane or microfabricated ultrasound trans-
ducer 12 (herein referred to as a ¢cMUT or capacitive
membrane ultrasound transducer) or an electrostrictive crys-
tal transducer 12. The system includes the transducer 12, a
bias generator 18, transmit lines 20, receive lines 22, high
voltage switches 24, low voltage switches 26, and grounding
capacitors 28, 30. Additional, different or fewer components
may be provided. For example, the transmit and receive
lines 20, 22 are the same lines. As another example, switches
directly connect or disconnect the transmit and receive lines
20, 22 and the bias generator 18 to different electrodes 14,
16 of the transducer 12.

[0019] The system is integrated on a substrate. For
example, the bias generator 18, cMUT 12, and low voltage
switches 26 are integrated on a same semiconductor sub-
strate. Additional, different or fewer components may be
integrated. A different substrate than used for the cMUT 12
or discrete components may be used for the components of
the system. A separate crystal structure may be used, such as
associated with electrostrictive transducers.

[0020] FIG. 1 shows a single channel. For operation of the
transducer 12, a plurality of parallel channels is provided.
Each channel corresponds to a receive or transmit beam-
former channel and associated electrode 14, 16. Separate
components are used for the different channels, such as
separate transmit lines 20, receive lines 22, high voltage
switches 24 and low voltage switches 26. Alternatively or
additionally, one or more components are used for more than
one channel. For example, the bias generator 18 is used for
all of the channels or for more than one channel with a same
bias level.

[0021] The transducer 12 is a ¢MUT or electrostrictive
crystal transducer. The transducer is responsive to a bias for
transduction operation. As an electrostrictive transducer, the
transducer 12 includes a plurality of crystals patterned or
diced into elements. As a cMUT, the transducer 12 includes
a plurality of membranes or other structures and associated
voids or chambers. The membranes are flexible. Electrodes
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14, 16 are positioned within the chambers and on the
membranes. A grounding electrode is provided in common
for all the elements, such as a ground electrode positioned on
an outer surface of the cMUT 12 as a membrane-connected
electrode. The movement of the membrane and the corre-
sponding potential differences between the electrodes 14, 16
and ground allows transduction between acoustical and
electrical energies. The membranes are sized and shaped to
operate at desired frequencies, such as any bandwidth cen-
tered at an ultrasound frequency (e.g., a frequency within the
range of 1-20 MHz). The membranes, chambers and elec-
trodes 14, 16 may be formed on a semiconductor substrate
with CMOS or other microfabrication techniques.

[0022] The interconnections of the electrodes 14, 16
define a plurality of elements. The transducer 12 of FIG. 1
is a multidimensional (e.g., NxN) array of elements. One
dimensional or other multidimensional distributions of ele-
ments in a rectangular, triangular, hexagonal, or other grid
may be provided. Each element includes many membranes
or other flexible structures, such as tens or hundreds of
membranes and chambers, electrically connected in parallel.
A greater or less number may be provided, such as a single
membrane and chamber for each element.

[0023] The electrodes 14, 16 include interconnections
between elements. The electrodes 16 connect to different
groups of elements than the electrodes 14. The electrodes 14,
16 are in a matrix pattern with rows of electrodes 16
extending along elevation and columns of electrodes 14
extending along azimuth. 1 to N electrodes 16 are distributed
across an azimuth direction, and each extends over multiple
elements along the elevation direction. 1 to M electrodes 14
are distributed across the elevation direction, and each
extends over multiple elements along the azimuth direction.
In FIG. 1, the number of each type of electrodes 14, 16 are
shown as equal (N), but unequal numbers may be used. Each
electrode 14, 16 is one element wide, but wider electrodes
14, 16 may be used. The length of each electrode 14, 16
extends across the entire transducer 12, but shorter lengths
may be provided, such as dividing one or more rows or
columns into two or more electrodes 14, 16.

[0024] The electrodes 14, 16 are orthogonal to each other,
such as being along azimuth and elevation dimensions. In
alternative embodiments, the electrodes 14, 16 are at other
angles across the transducer 12, such as 45 degrees. More
than two sets of electrodes 14, 16 may be provided, such as
three sets of electrodes in a matrix pattern across the
transducer 12 at 60 degree angles to each other.

[0025] Both a DC bias on one electrode 14, 16 and signal
information on the other electrode 16, 14 are applied to a
same acoustic element. For example, both electrodes 14, 16
connect with the electrodes within the chambers of the
elements. In one embodiment, the electrodes 14, 16 and
cMUT disclosed in U.S. Patent Publication Nos. 2004/
0160144 (application Ser. No. 10/367,106, filed Feb. 13,
2003) and U.S. patent application Ser. No. 10/819,094 filed
Apr. 5, 2004, the disclosures of which are incorporated
herein by reference, are used. In alternative embodiments,
the electrodes 14 connect to element electrodes in the
chamber, and the electrodes 16 connect to element elec-
trodes on the membrane. Alternatively, both the bias voltage
and signal information may be combined on the same
electrode 14, 16. While shown as rectangular arrangements
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in FIG. 1, the electrodes 14, 16 may comprise traces,
jumpers or other electrical interconnections.

[0026] The bias generator 18 is a high voltage FET net-
work connected with a voltage source. Different transistors,
switches, voltage dividers, transformers, voltage generators
or other devices may be used. Any now known or later
developed bias generator 18 may be used.

[0027] The bias generator 18 is connectable with both sets
of electrodes 14, 16. In the embodiment of FIG. 1, the bias
generator 18 connects with the electrodes 14, 16 through
diodes. Ground connections provided by the switches 24, 26
alternately connect the bias generator 18 to a different
electrode 14, 16 than used by the alternating signals. In
alternative embodiments, a multiplexer or other circuit
arrangement switchably connects the bias generator to the
different sets of electrodes 14, 16. The bias generator 18
includes a sufficient number of outputs, either as discrete
outputs or outputs connected to a fewer number of bias
generator circuits, to connect with a maximum number of
electrodes 14, 16 used in a bias aperture.

[0028] Inoneembodiment, the bias generator 18 generates
alternating waveforms at a frequency less than the alternat-
ing frequency of operation of the transducer 12 (ultrasound
frequency) to act substantially as a DC bias. A bias voltage
frequency of less than or equal to %5 the frequency of the
alternating signal may be “substantially DC.” For example,
a 500 KHz waveform is generated. By switching at about
500 KHz, a sinusoidal waveform may be used to gradually
increase and decrease the bias voltage between transmit and
receive events. The gradual transition, such as over one or
two microseconds, may avoid generation of undesired
acoustic transmissions. Any unwanted sound generated dur-
ing the transition may be filtered out from the received
signal. At the substantially zero portion of the bias wave-
form, the bias generator 18 may be switched to another
electrode 14, 16. At the bias waveform peaks, the connected
electrode 14, 16 is biased for transmission or reception.
Alternatively, gradual transition is provided by stepped DC
transition or switching. In yet other alternative embodi-
ments, the bias generator has no or a more rapid transition.

[0029] The bias generator 18 is operable to generate at
least two different bias levels, such as a zero bias and a
non-zero bias or negative and positive biases selected for a
desired sensitivity of the transducer 12, such as 10-120 volts.
With three bias levels or two non-zero levels, relative
phasing may be used for a Fresnel focus. The bias generator
18 outputs positive, zero and negative voltages as the biases
applied to one set of electrodes 14, 16. The opposite or 180
degree phase shift resulting from opposite polarity biases on
different electrodes focuses the acoustic energy. At one or
more focal regions, the acoustic energy phases align. A
greater number of bias levels may be used, such as five or
seven bias levels. Different bias levels are applied to differ-
ent electrodes 14, 16, forming an apodized Fresnel aperture
for use during transmit and/or receive events. Symmetrical
or non-symmetrical bias levels (e.g., two positive and three
negative levels) may be used. On receive, the bias levels
and/or Fresnel bias pattern may smoothly fluctuate over the
duration of the receive event in a way that dynamically
focuses based on phase.

[0030] The number of phase changes along one side or
half of the Fresnel aperture is the same as the number of
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cycles used in the excitation waveform. For example, the
excitation waveforms are two or three cycles. A greater or
less number of phase changes and cycles may be provided.
A number of phase changes different than the number of
cycles may be used. FIG. 2 shows, at the top graphical
representation, a Fresnel aperture using three bias levels
with three phase changes for each half of the Fresnel
aperture.

[0031] A zero bias is applied to electrodes 14, 16 outside
of an active region of the Fresnel aperture. The Fresnel
apertures shown in FIG. 2 have zero bias applied outside of
each active aperture. Alternatively, a rapidly alternating bias
consisting of alternating regions of negative and positive
bias may be used to cancel the signal waveforms for
elements outside the active aperture.

[0032] To reduce sidelobes, the bias pattern is altered to
have transitions that are more gradual. The more gradual
effect is accomplished by inserting short sections of alter-
nating bias (+-) into the region surrounding a bias phase
transition, such as shown by the middle Fresnel aperture as
compared to the top Fresnel aperture of FIG. 2. Alterna-
tively, the Fresnel aperture is apodized with intermediate
bias levels, such as shown by the lower Fresnel aperture of
FIG. 2. The apodized Fresnel aperture shown in FIG. 2 has
seven discrete bias levels evenly spaced over a positive
maximum to a negative maximum of the same magnitude.
Other distributions of levels may be used.

[0033] Sidelobe levels may alternatively or additionally be
reduced (or main lobes narrowed) by apodizing differently
as a function of time. For example, multiple Fresnel aper-
tures are used, one for transmit operation and one for receive
operation. Analytical apodized bias pattern for N firings are
represented as:

Vi(x, 2) = sin|

g -z
o[
w

Al S P
k=~ k=123..

For each Firing k, T, is the delay in seconds added to the
waveform before beam summation for one-way response.
For two-way response, the number should be doubled.

[0034] For dynamic receive focus, the bias pattern is given
as a function of time, where t=0 is the time of the transmit
firing, as:

Vi(x, 1) = sin

T P (A
-1+ E‘FZ_E

[0035] Two apodized Fresnel firings, when added
together, may generate more ideal phase across their aper-
ture. Bias levels are assigned in a way that simultaneously
minimizes both the phase error and the amplitude distortion
of the reconstructed aperture. Additional improvement in
sidelobes can be achieved with four firings, capturing the
acoustic cross-terms between transmit and receive. Bias
interleaving is implemented by first optimizing a pattern
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with 2N-1 available bias levels and doubling the bias line
pitch. The apodization values are then back-projected onto
groups of two or more normal bias lines. The ideal phase is
represented as:

w
PPERFECT = J(sz +22 -2

Oprrpcr 18 inverted to create a defocused point source,
providing:

VeI, X, 2) = cos[ci(\/ 2+t —z)}-e’“” . e”g
w
Vialt, %, 2) = sin[ci (Va2 - z)] -
w

Vei+ Ve =

Pty -(cos[ d (m—z)]+j-sin[ci (\/m —z)])
w

Cw

(\/ sk fztl

T W
Ve + Vi = e@72) . Pew

which is equal t0 ¢pprppcr plus an offset. FIG. 3 shows two
Fresnel apertures for different transmit firings and the asso-
ciated phase and amplitude reconstructions. The reconstruc-
tions correspond to combining received signals from a same
scan line but associated with the two (or more) different
transmit Fresnel apertures. Two or four back-to-back firings
are used to interrogate the same region of the tissue. The
difference between these firings is the Fresnel patterns used
on transmit and receive.

[0036] An interleaved bias line pattern with N bias levels
and W line width performs essentially as well as a non-
interleaved bias pattern with 2N bias levels and 2W line
width. The same degree of sidelobe reduction may be
achieved by either apodizing more smoothly using wide
elements, or by using coarser apodization that toggles fre-
quently (interleaving) along a finer element pitch. In other
words, doubling the number of available bias levels allows
the total number of bias lines to be cut in half.

[0037] Referring again to FIG. 1, for transmit and receive
events, the bias generator 18 applies bias sequentially to
different sets of electrodes 14, 16, such as applying a Fresnel
aperture in elevation for transmit and in azimuth for receive.
The alternating signal lines 20, 22 are applied in an opposing
manner, such as applying beamforming with the alternating
signal lines in azimuth for transmit and in elevation for
receive.

[0038] The alternating signal lines 20, 22 are traces, wires
and/or coaxial cables. The alternating signal lines 20, 22
include separate transmit alternating signal lines 20 and
receive alternating signal lines 22. Alternatively, at least a
portion of the transmit and receive alternating signal lines
20, 22 share a same trace, wire or cable. Transmit and
receive alternating signal lines may be carried on the same
cables in other embodiments. The bias voltages may be
generated elsewhere in the system and provided along the
same cables, then separated from the AC signals at the
transducer with electrical circuits, such as bias-T circuits.

[0039] Distinct alternating signal lines 20, 22 are provided
for each electrode 14, 16 to be used in a transmit or receive
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time delay aperture. Alternatively, the alternating signal
lines are used to implement a phase aperture, such as a
Fresnel aperture. The transmit alternating signal lines 20
connect with a transmit beamformer (not shown). The
transmit beamformer relatively delays and/or phase-shifts
and apodizes signals from different channels. Each of the
channels connects to a different one of the transmit alter-
nating signal lines 20 and associated electrodes 14 or 16. The
receive alternating signal lines 22 connect with a receive
beamformer (not shown). The receive beamformer relatively
delays and/or phase-shifts and apodizes signals on different
channels. Each of the channels connects to a different one of
the receive alternating signal lines 22 and associated elec-
trodes 14 or 16. The data from the channels is summed
together with appropriate time delays and/or phase shifts to
isolate a spatial location. The transmit and receive beam-
formers operate as delay and/or phase based beamformers.
The alternating signal lines 20, 22 connect with different
electrodes 14, 16 to form the time delay aperture.

[0040] The alternating signal lines 20, 22 are connectable
with the electrodes 14, 16. In the embodiment of FIG. 1, the
arrangement of the high and low voltage switches 24 and 26
effectively connect and disconnect the alternating signal
lines 20, 22 from the electrodes 14, 16. By grounding the
transmit alternating signal line 20, the bias generator 18
connects to one of the electrodes 16 while the receive
alternating signal line 22 connects to one of the electrodes
14. By grounding the receive alternating signal line 22, the
bias generator 18 connects to one of the electrodes 14 while
the transmit alternating signal line 20 connects to one of the
electrodes 16. Alternatively, switches, a multiplexer, a diode
network, mechanical or MEMS relays or other devices in a
different arrangement switchably connect the alternating
signal lines 20, 22 to the electrodes 14, 16.

[0041] The high voltage switch 24 is a high voltage FET
or other switch operable with 100-200 volts. Other voltage
levels and corresponding switches may be used. The high
voltage switches 24 of multiple channels are discrete com-
ponents or are integrated on a multiplexer with switches 24
for some or all of the channels.

[0042] The low voltage switch 26 is a low voltage FET,
transistor or other switch operable with 1-20 volts. Other
voltage levels and corresponding switches may be used. The
low voltage switches 26 of multiple channels are discrete
components or are integrated on a multiplexer with switches
26 for some or all of the channels.

[0043] The switches 24, 26 are operable to connect the
bias generator 18 to one of the row electrodes 16 and the
transmit alternating signal line 20 to one of the column
electrodes 14 during transmit events. The high voltage
switch 24 is open and the low voltage switch 26 is closed,
grounding the vertical electrodes of the transducer. During
transmit events, the bias generator 18 is connected to one of
the column electrodes 14, and the transmit alternating signal
line 20 is connected to one of the row electrodes 16. During
receive, the low voltage switch 26 is open, and the high
voltage switch 24 is closed, grounding the horizontal elec-
trodes of the transducer.

[0044] After transmission, the switches 24, 26 are
switched to change the bias and time delay apertures relative
to the transducer 12. The switching rotates the aperture
between transmit and receive, such as rotating a time delay
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aperture of the alternating signal lines 20, 22 of multiple
channels and a Fresnel aperture of the bias generator 18
between transmit and receive responsive to the transmit. The
switches 24, 26 alter between the transmit and receive
alternating signal lines 20, 22 as part of switching the
apertures. Alternatively, the same alternating signal lines 20,
22 are used for transmit and receive operation, so are used
for both configurations of the switches 24, 26.

[0045] In the embodiment of FIG. 1, 2N electrodes 14, 16
are provided for the bias and alternating signal lines 20, 22.
A grounding electrode may also be provided. The 2N
electrodes are for N? elements. A total of 2N (or fewer, if the
cables are muxed) cables for the alternating signal lines 20,
22 are provided for addressing all of the elements. For a
non-square array, the apertures are interchanged by switch-
ing M+N lines, where M is the number of rows and N is the
number of columns. The bias generator 18 is provided at the
transducer 12 or in a probe, or in the ultrasound system.
Alternatively, additional bias lines, such as seven, are pro-
vided and switches at the probe route the bias signals to form
the Fresnel aperture. N amplifiers and 2N switches are
located in the probe handle. In alternative embodiments,
additional cables are provided, and/or additional or fewer
components are provided in the probe.

[0046] The capacitors 28, 30 are grounding capacitors.
The capacitor 28 connects between the high voltage switch
24 and the transmit alternating signal line 20. The capacitor
30 connects between the low voltage switch 26 and the bias
generator 18. The grounding capacitors 28, 30 allow ground-
ing of alternating signals while maintaining or allowing DC
or bias signals (e.g., signals that vary at lower frequencies
than the alternating signal frequencies).

[0047] In alternative embodiments, the elements of the
transducer 12 are individually addressable without a matrix
configuration. For example, a separate electrode connection
is provided for each element. Multiplexers or other switches
may be used to route the bias and alternating signals to
different groups of elements.

[0048] FIG. 4 shows one embodiment of a method for
ultrasound imaging with a capacitive membrane ultrasound
transducer. Additional, different or fewer acts may be pro-
vided in the method. The method uses the system of FIG. 1
or a different system.

[0049] The method of FIG. 4 includes transmitting and
receiving acoustic energy with a ¢cMUT, electrostrictive
crystal transducer or other transducer using a bias for
transducing between acoustic and electrical energies. The
transmitting and receiving are responsive to bias signals
applied to the ultrasound transducer and to alternating
signals applied to or received from the transducer.

[0050] In act 40, acoustic energy is transmitted from the
transducer. For the transmission, bias lines connect along a
one direction on the transducer, and transmit signal lines
connect along a different direction on the transducer. For
example, the bias lines connect to azimuth extending elec-
trodes spaced across an elevation dimension, and the trans-
mit signal lines connect to elevation extending electrodes
spaced across an azimuth dimension. The elevation and
azimuth dimensions are orthogonal. The bias lines form a
phase-shifted aperture across the elevation dimension, and
the transmit signal lines form a time delay or phase aperture
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across the azimuth dimension. An opposite arrangement
(e.g., phase-shifted bias aperture in the azimuth dimension
and time delay or phase alternating signal aperture in the
elevation dimension) may be provided for transmission.

[0051] The bias lines apply bias voltages to the transducer.
The bias voltages may be associated with two or more
levels. Different levels of bias are applied to different
elements. In one embodiment, the bias voltages include
positive and negative levels, allowing focusing with a
Fresnel pattern. Three or more, such as five or seven,
different bias levels are applied across the bias aperture.
Where the bias aperture extends along the azimuth dimen-
sion, the Fresnel pattern focuses in azimuth. Where the bias
aperture extends along the elevation dimension, the Fresnel
pattern focuses in elevation.

[0052] The transmit signal lines connect a transmit beam-
former to the transducer. The transmit beamformer applies a
time delay (or phase-shifted) pattern to signals on the
transmit signal lines connected with the transducer. Where
the time delay aperture extends along the azimuth dimen-
sion, the time delay pattern focuses in azimuth. Where the
time delay aperture extends along the elevation dimension,
the time delay pattern focuses in elevation. In act 40, the
time delay and bias apertures extend along different, such as
orthogonal, directions.

[0053] FIG. 5 shows the timing for a single channel. FIG.
5 shows a timing diagram for the method of FIG. 4 imple-
mented with the system of FIG. 1. The high voltage switch
is turned off for transmit. The low voltage switch is turned
on for transmit. After switching, seven different levels of
bias are applied along the bias aperture. The non-zero levels
are gradually ramped up as represented by the transmit DC
timing. Once the bias levels are ramped up (or while
ramping is occurring), the transmit waveform is applied as
represented by the transmit AC timing. Subsequently, the
bias levels are gradually ramped down to zero values.

[0054] Referring again to FIG. 4, the bias and time delay
apertures are interchanged or moved in act 42, Bias and
delay focus connections are altered. Alternatively, only bias
or only the time delay apertures are moved. The connections
for the bias signals and alternating signals are interchanged
or altered between a transmit event and a receive event
responsive to the transmit event. The change rotates the
acoustic aperture between the transmit event and the receive
event responsive to the transmit event. For example, the
acoustic aperture defined by the bias and alternating signal
connections is rotated by about 90 degrees. Interchanging
switches between apertures, while changing may move the
apertures relative to the transducer with or without switching
between the apertures

[0055] In one embodiment, the bias signals create a
Fresnel aperture. Bias signals with at least five, seven or
other number of different levels, including positive and
negative levels, generate the Fresnel aperture. Altering the
connections and applied position of the bias signals electri-
cally rotates the Fresnel aperture. The alternating signals are
for a time delay aperture. Altering the connections and
applied position of the alternating signals electronically
rotates the time delay aperture. By altering the location of
the Fresnel and time delay aperture between transmit and
receive events, round trip beam profiles are products of both
a Fresnel and a time delay beam profile in both azimuth and
elevation.
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[0056] To increase the isotropic characteristic of received
signals for volumetric imaging, the bias lines are connected
orthogonal to signal lines on the transducer for transmit, and
the bias lines are reconnected orthogonal to the signal lines
at a different orientation on the transducer for receive. For
example, the different bias signals are applied in an elevation
pattern for the transmit event, and the alternating signals are
delayed in an azimuth pattern for the transmit event. The
different bias are applied in an azimuth pattern for a corre-
sponding receive event, and the alternating signals are
delayed in an elevation pattern for the receive event. The
patterns used for transmit and receive may be the same or
different.

[0057] FIG. 5 shows altering the position or status of the
high and low voltage switches. The alternation rotates or
changes the acoustic aperture position. For example, the bias
and time delay apertures are interchanged.

[0058] Referring again to FIG. 4, acoustic energy is
received with the transducer in act 44. The reception is
responsive to the transmission in act 40. Due to the inter-
change or other alteration in act 42, the reception of act 44
is performed with the bias lines and receive signal lines
connected along different directions than the bias lines and
transmit signal lines for the transmission of act 40. The
different directions for reception than for transmission are
opposite (e.g., rotate aperture 90 degrees) or not opposite
(e.g., rotate aperture other than 90 degrees or rotate bias
connections differently than signal line connections). For
example, the different directions are along the azimuth and
elevation dimensions of the transducer array. During recep-
tion, the direction of the bias aperture and the time delay
aperture are orthogonal, but another angle may be used. The
orthogonal apertures are interchanged to rotate by 90
degrees for transmission.

[0059] In one embodiment, the bias signals create a
Fresnel aperture. Bias signals with at least five different
levels, including positive and negative levels, generate the
Fresnel aperture. Signals received along another direction
are delayed, forming a time delay aperture.

[0060] In FIG. 5, the low voltage switch is turned off for
receive. The high voltage switch is turned on for receive.
After switching, seven different levels of bias are applied
along the bias aperture. A different DC timing line is
provided to reflect the different connections and associated
aperture. The non-zero levels are gradually ramped up as
represented by the receive DC timing. Once the bias levels
are ramped up (or while being ramped), the receive wave-
form is sampled or received as represented by the receive
AC timing. Subsequently, the bias levels are gradually
ramped down to zero values. Transmit bias lines may be
ramped down while simultaneously being ramped up for
receive.

[0061] The transmission act 40, interchange act 42 and
reception act 44 are repeated for a same or different scan
lines. For example, the acts 40, 42, 44 are repeated at least
once for each of a plurality of scan lines in a volume. The
resulting data represents the volume. Using rendering, such
as surface rendering or ray line projections, a three-dimen-
sional representation of the volume is generated. The view-
ing direction for the three-dimensional representation is
manually or automatically selected and may change. By
interchanging the Fresnel bias aperture and the time delay
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aperture between transmit and receive events, the three-
dimensional representation is associated with sidelobe levels
along one direction that are substantially the same as side-
lobe levels along another direction, such as an orthogonal
direction. Time delay focusing produces significantly lower
side lobes than Fresnel phase shift focusing, leading to
asymmetry. By electronically rotating the transducer aper-
ture between transmit and receive within the interval of a
single beam, the round trip beam profile is product of both
time delay and Fresnel focusing. The round trip beam profile
has low overall side lobes that are substantially isotropic in
elevation and azimuth. In general, a transducer (¢cMUT or
electrostrictive crystal) is patterned or segmented into one or
more segments which are mechanically isolated from each
other. A first set of electrodes, placed in the vicinity of the
transducer, are aligned in a certain direction and are elec-
trically connected to a set of groups of transducer segments.
A second set of electrodes, also placed in the vicinity of the
transducer, are aligned in a different direction from the first
and are electrically connected to a different set of groups of
transducer segments.

[0062] During transmit, alternating signals are applied to
a subset of electrodes drawn from both the first and second
sets, and smoothly varying bias voltages (having lower
frequencies than the alternating signals or no variation at all)
are applied to another subset of electrodes drawn from both
sets. The two subsets of alternating signals and bias voltages
may have many, few, or no shared elements. Bias voltages
and alternating signals may be applied to the same elec-
trodes simultaneously, or to different electrodes. Acoustic
energy is generated by those segments that simultaneously
see both a bias voltage and alternating signal in some
combination. Time-delay based focusing will be brought
about by either the alternating signal or by the smoothly
varying bias, and phase-shift based focusing will be rel-
egated to the other electrical mode. In this way, time-delay
focusing and phase-shift focusing will occur along different
axes in space.

[0063] During receive, the bias voltages are attached to a
new subset of electrodes, different from the transmit subset
and/or this same subset is used but the bias voltages are
made to smoothly vary in a materially different way. At the
same time, alternating signals are received from a new
subset of electrodes and/or from the same subset but beam-
formed by the ultrasound system in a materially different
way. During receive, the physical axes along which time-
delay focusing and phase-shift focusing of the acoustic
signal occur are reversed from the transmit case, leading to
a more isotropic beam profile.

[0064] In one embodiment implementing the general
approach above, row electrodes are arranged in strips on one
side of a ¢cMUT acoustic transducer which has been seg-
mented into small 2D elements. Orthogonal column elec-
trodes are arranged in strips on the opposite side.

[0065] During transmit, a constant bias voltage arranged
in a Fresnel pattern is applied to the column electrodes, and
alternating signals are applied to the row electrodes. Acous-
tic energy is generated in the region where bias voltage and
alternating signals coincide. Time-delay focusing is brought
about by the alternating signals and phase-shift focusing is
brought about by the Fresnel bias pattern.
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[0066] Directly after transmit, the bias voltage is removed
from the row electrodes and these are subsequently
grounded so they can no longer support alternating signals.

[0067] During receive, a smoothly varying bias voltage
arranged in a dynamic Fresnel pattern is applied to the row
electrodes, bringing about dynamic phase-shift focusing. At
the same time, alternating signals are received from the
column elements and are dynamically focused via time-
delays. In this way, the physical axes of time-delay and
phase-shift focusing have been switched between transmit
and receive.

[0068] While the invention has been described above by
reference to various embodiments, it should be understood
that many changes and modifications can be made without
departing from the scope of the invention. It is therefore
intended that the foregoing detailed description be regarded
as illustrative rather than limiting, and that it be understood
that it is the following claims, including all equivalents, that
are intended to define the spirit and scope of this invention.

1 (we) claim:

1. A method for ultrasound imaging with an ultrasound
transducer responsive to a bias for transduction, the method
comprising:

transmitting from the ultrasound transducer responsive to
the bias for transduction with bias lines connected
along a first direction of the ultrasound transducer and
transmit signal lines connected along a second direction
different than the first direction;

receiving, with the ultrasound transducer in response to
the transmitting, with the bias lines connected along a
direction different from the first direction and receive
signal lines connected along a direction different from
the second direction.

2. The method of claim 1 wherein receiving comprises
receiving with the direction different from the first direction
being the second direction and the direction different from
the second direction being the first direction.

3. The method of claim 1 wherein transmitting comprises
transmitting with the first direction orthogonal to the second
direction and wherein receiving comprises receiving with
the direction different from the first direction orthogonal to
the direction different than the second direction.

4. The method of claim 1 wherein transmitting comprises
transmitting from a multi-dimensional array of elements of
the ultrasound transducer having first electrodes extending
along a elevation dimension of the array and second elec-
trodes extending along an azimuth dimension of the array,
the first direction being one of the elevation or azimuth
dimensions, the second direction being the other one of the
elevation or azimuth dimensions, and wherein receiving
comprises receiving with the direction different than the first
direction is the other one of the elevation or azimuth
dimensions and the direction different than the second
direction is the one of the elevation or azimuth dimensions.

5. The method of claim 1 wherein transmitting comprises:

applying a first Fresnel pattern to the ultrasound trans-
ducer with the bias lines, the first Fresnel pattern being
along the first direction; and
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applying a first time delay pattern to signals on the
transmit signal lines connected with the ultrasound
transducer, the first time delay pattern being along the
second direction; and

wherein receiving comprises:

applying a second Fresnel pattern to the ultrasound trans-
ducer with the bias lines, the second Fresnel pattern
being along the direction different than the first direc-
tion; and

applying a second time delay pattern to signals from the
ultrasound transducer, the second time delay pattern
being along the direction different from the second
direction;

6. The method of claim 1 wherein transmitting comprises
applying a first Fresnel pattern to the ultrasound transducer
with the bias lines, the first Fresnel pattern being along the
first direction and responsive to at least five different bias
levels; and wherein receiving comprises applying a second
Fresnel pattern to the ultrasound transducer with the bias
lines, the second Fresnel pattern being along the second
direction and responsive to the at least five different bias
levels.

7. The method of claim 1 further comprising:

repeating the transmitting and receiving along a plurality
of scan lines in a volume; and

generating a three-dimensional representation of the vol-
ume;

wherein the three-dimensional representation is associ-
ated with sidelobe levels along the first direction sub-
stantially a same as sidelobe levels along the second
direction.

8. In a method for transmitting and receiving acoustic
energy with a ultrasound transducer responsive to a bias for
operation, the transmitting and receiving being responsive to
bias signals applied to the ultrasound transducer and to
alternating signals, an improvement comprising;

interchanging the bias signals and alternating signals
between a transmit event and a receive event respon-
sive to the transmit event.

9. The improvement of claim 8 wherein interchanging
comprises rotating an acoustic aperture between the transmit
event and the receive event responsive to the transmit event.

10. The improvement of claim 9 whetein rotating com-
prises rotating the acoustic aperture by about 90 degrees.

11. The improvement of claim 8 wherein interchanging
comprises connecting bias lines orthogonal to signal lines on
the ultrasound transducer, and reconnecting the bias lines
orthogonal to the signal lines at a different orientation on the
ultrasound transducer.

12. The improvement of claim 8 wherein interchanging
comprises:

applying different bias signals in a first elevation pattern
for the transmit event;

delaying the alternating signals in a first azimuth pattern
for the transmit event;

applying the different bias signals in a second azimuth
pattern for the receive event; and

delaying the alternating signals in a second elevation
pattern for the receive event.
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13. The improvement of claim 8 wherein interchanging
comptises electrically rotating a Fresnel aperture responsive
to the bias signals and a delay aperture responsive to the
alternating signals.

14. The improvement of claim 13 further comprising:

generating the Fresnel aperture as a function of the bias

signals with at least five different levels.

15. The improvement of claim 8 wherein the ultrasound
transducer is a multidimensional array of M elements with
rows of first electrodes extending along elevation and col-
umns of second electrodes extending along azimuth,
wherein interchanging comprises switching with about two
times a square root of M bias and signal lines.

16. The improvement of claim 8 wherein interchanging
comprises providing round trip beam profiles in both azi-
muth and elevation which are products of both a Fresnel and
a time delay beam profile.

17. A system for ultrasound imaging with an ultrasound
transducer operable with bias, the system comprising:

first electrodes on the ultrasound transducer operable with
bias, the first electrodes distributed across a second
direction and each extending over multiple elements
along a first direction;

second electrodes on the ultrasound transducer, the sec-
ond electrodes distributed across the first direction and
each extending over multiple elements along the sec-
ond direction;

a bias generator connectable with the first and second
electrodes;

alternating signal lines connectable with the first and
second electrodes; and

at least one switch operable to connect the bias generator
to the first electrodes during transmit and the second
electrodes during receive and operable to connect the
alternating signal lines to the second electrodes during
transmit and the first electrodes during receive.
18. The system of claim 17 wherein the alternating signal
lines connect with a delay beamformer.
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19. The system of claim 17 wherein the alternating signal
lines comprise transmit lines connected with a transmit
beamformer and receive lines connected with a receive
beamformer, the transmit lines separate from the receive
lines, the at least one switch operable to connect the transmit
lines as the alternating signal lines during transmit and the
receive lines as the alternating signal lines during receive.

20. The system of claim 17 wherein the first direction
comprises an elevation direction and the second direction
comprises an azimuth direction orthogonal to the elevation
direction, the at least one switch operable to rotate an
aperture between transmit and receive.

21. The system of claim 17 wherein the bias generator is
operable to generate at least five bias levels, different ones
of the bias levels applied to different ones of the first and
second electrodes during transmit and receive, respectively,
the different ones of the bias levels comprises a Fresnel
aperture.

22. The system of claim 17 wherein the at least one switch
is operable to rotate a time delay focus aperture of the
alternating signal lines and a Fresnel aperture of the bias
generator between transmit and receive responsive to the
transmit.

23. The system of claim 19 wherein the at least one switch
comprises high voltage switches connected with the transmit
lines and low voltage switches connected with the receive
lines, the bias generator connected between the transmit and
receive lines; and

further comprising first grounding capacitors connected
between the high voltage switches and the transmit
lines and second grounding capacitors connected
between the low voltage switches and the bias genera-
tor.

24. The system of claim 17 wherein the bias generator is
operable to dynamically focus during receive operation as a
fanction of bias signals.

25. The method of claim 1 wherein receiving comprises
dynamically focusing with the bias lines.
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