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CAPACITIVE MICROMACHINED
ULTRASONIC TRANSDUCERS WITH
INCREASED PATIENT SAFETY

FIELD OF THE INVENTION

[0001] This invention relates to medical diagnostic ultra-
sonic imaging and, in particular, to ultrasonic transducer
probes which use capacitive micromachined ultrasonic
transducers (CMUTs).

BACKGROUND OF THE INVENTION

[0002] Traditionally, ultrasonic transducers are formed of
piezoelectric ceramic materials such as PZT or of piezoelec-
tric polymers such as PVDF. Recently it has been shown that
transducers can be made by semiconductor processes. Such
transducers are formed of tiny semiconductor cells in which
a vibrating membrane generates and receives the ultrasonic
energy and are referred to as micromachined ultrasonic
transducers (MUTs.) Two such transducer types are those
which utilize a piezoelectric material on the membrane
called piezoelectric micromachined ultrasonic transducers
(PMUTs) and those which utilize a capacitive effect between
a conductive membrane and another electrode called capaci-
tive micromachined ultrasonic transducers (CMUTs.) Indi-
vidual transducer elements may be formed of dozens or
hundreds of such MUT cells operating in unison. Since these
cells are very small, each MUT cell only produces or
responds to a small amount of acoustic energy. To improve
the sensitivity of a CMUT a DC bias voltage is applied
across the two electrodes to bias the moving membrane
electrode into close proximity with the other electrode. This
will enable a relatively smaller signal to vibrate the mem-
brane on transmit. and a small ultrasound signal to develop
a relatively large capacitive variation on receive. Conven-
tionally a high DC bias voltage is applied to the moving
membrane electrode at the top of the CMUT, and the other
electrode on the base of the CMUT is grounded to provide
this biasing potential. To protect the patient from the high
bias voltage at the top of a CMUT array, the array is covered
with an insulating material such as an acoustic lens which
separates the high voltage on the membrane electrodes from
the skin of the patient during use of a CMUT ultrasound
probe. However the lens material can become worn during
use and can possibly develop surface cracks in the material
with age. A crack which is deep enough to reach the
membrane electrodes can thus expose the patient to the
hazard of a high voltage. Accordingly it is desirable to
employ measures which protect the patient from this pos-
sible hazard and improve the patient safety of a CMUT
probe.

[0003] It is an objective of the present invention to
improve the patient safety of a CMUT transducer to safe-
guard against exposure to high operating voltages of the
transducer. It is a further objective to prevent exposure of a
patient to high voltages in the event of cracking or other
failures of the protective lens covering of a CMUT probe.

SUMMARY OF THE INVENTION

[0004] In accordance with the principles of the present
invention, the bias voltage of an ultrasonic CMUT cell array
is applied with a low voltage or ground coupled to the top
membrane electrodes of the array and a high voltage coupled
to the bottom electrode. In a preferred implementation a
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control integrated circuit is located below the bottom elec-
trode and the electronics of this circuit is electrically floated
relative to the electronics of the ultrasound system to which
the CMUT probe is connected. In order to couple signals
between the CMUT array and its integrated circuit, a level
shifter is used which prevents DC coupling through the
signal lines and causes the signals in the probe to be
referenced to a floating electrical baseline.

BRIEF DESCRIPTION OF THE INVENTION

[0005] In the drawings:

[0006] FIG. 1 is a cross-sectional view of a typical sus-
pended membrane CMUT transducer cell.

[0007] FIG. 2 is a cross-sectional view of a CMUT cell
being operated in the collapsed mode.

[0008] FIG. 3 is a cross-sectional view of a CMUT array
coupled to an ultrasound system which illustrates the hazard
presented by a crack in the insulating lens material of a
CMUT probe.

[0009] FIG. 4 is a cross-sectional view of a CMUT array
coupled to an ultrasound system in accordance with the
principles of the present invention with the membrane
electrodes grounded and the probe electronics floating with
level shifted signal connections.

[0010] FIGS. 5a-5d illustrate level shifters suitable for use
in the implementation of the present invention of FIG. 4 for
coupling digital control signals between the CMUT probe
and the ultrasound system.

[0011] FIGS. 6a-6¢ illustrate level shifters suitable for use
in the implementation of the present invention of FIG. 4 for
coupling analog ultrasound signals between the CMUT
probe and the ultrasound system.

[0012] FIG. 7 is a block diagram of an ultrasonic imaging
system suitable for use with CMUT probe of the present
invention.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0013] CMUTs were initially constructed to operate in
what is now known as a suspended or “uncollapsed” mode.
Referring to FIG. 1, a typical uncollapsed CMUT transducer
cell 10 is shown in cross-section. The CMUT transducer cell
10 is fabricated along with a plurality of similar adjacent
cells on a substrate 12 such as silicon. A diaphragm or
membrane 14 which may be made of silicon nitride is
supported above the substrate by an insulating support 16
which may be made of silicon oxide or silicon nitride. The
cavity 18 between the membrane and the substrate may be
air or gas-filled or wholly or partially evacuated. A conduc-
tive film or layer 20 such as gold forms an electrode on the
diaphragm, and a similar film or layer 22 forms an electrode
on the substrate. These two electrodes, separated by the
dielectric cavity 18, form a capacitance. When an acoustic
signal causes the membrane 14 to vibrate the variation in the
capacitance can be detected, thereby transducing the acous-
tic wave into a corresponding electrical signal. Conversely,
an a.c. signal applied across the electrodes 20,22 will
modulate the capacitance, causing the membrane to move
and thereby transmit an acoustic signal. A DC bias voltage
VB from a DC bias voltage supply is also applied across the
electrodes, drawing the membrane and its top electrode 20
into close proximity with the floor of the cavity of the cell
to increase sensitivity.
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[0014] FIG. 2 is a schematic cross-section of a CMUT cell
which is operated in the collapsed mode. The CMUT cell
includes a substrate layer 12 such as silicon, a substrate
electrode 22, a membrane layer 14, and a membrane elec-
trode ring 28. In this example, the electrode 22 is circularly
configured and embedded in the substrate layer 12. In
addition, the membrane layer 14 is fixed relative to the top
face of the substrate layer 12 and configured/dimensioned so
as to define a spherical or cylindrical cavity 18 between the
membrane layer 14 and the substrate layer 12. The cell and
its cavity 18 may define alternative geometries. For
example, cavity 18 could define a rectangular and/or square
cross-section, a hexagonal cross-section, an elliptical cross-
section, or an irregular cross-section.

[0015] The bottom electrode 22 is typically insulated on
its cavity-facing surface with an additional layer (not pic-
tured). A preferred insulating layer is an oxide-nitride-oxide
(ONO) dielectric layer formed above the substrate electrode
and below the membrane electrode. The ONO-dielectric
layer advantageously reduced charge accumulation on the
electrodes which leads to device instability and drift and
reduction in acoustic output pressure. The fabrication of
ONO-dielectric layers on a CMUT is discussed in detail in
European patent application no. 08305553.3 by Klootwijk et
al., filed Sep. 16, 2008 and entitled “Capacitive microma-
chined ultrasound transducer.” Use of the ONO-dielectric
layer is desirable with collapsed mode CMUT, which are
more susceptible to charge retention than are uncollapsed
device. The disclosed components may be fabricated from
CMOS compatible materials, e.g., Al, Ti, nitrides (e.g.,
silicon nitride), oxides (various grades), tetra ethyl oxysilane
(TEOS), poly-silicon and the like. In a CMOS fab, for
example, the oxide and nitride layers may be formed by
chemical vapor deposition and the metallization (electrode)
layer put down by a sputtering process. Suitable CMOS
processes are LPCVD and PECVD, the latter having a
relatively low operating temperature of less than 400° C.

[0016] Exemplary techniques for producing the disclosed
cavity 18 involve defining the cavity in an initial portion of
the membrane layer 14 before adding a top face of the
membrane layer 14. Other fabrication details may be found
in U.S. Pat. No. 6,328,697 (Fraser). In the exemplary
embodiment depicted in FIG. 2, the diameter of the cylin-
drical cavity 18 is larger than the diameter of the circularly
configured electrode plate 22. Electrode ring 28 may have
the same outer diameter as the circularly configured elec-
trode plate 22, although such conformance is not required.
Thus, in an exemplary embodiment of the present invention,
the electrode ring 28 is fixed relative to the top face of the
membrane layer 14 so as to align with the electrode plate 22
below.

[0017] InFIG. 2 the CMUT cell membrane layer is biased
to a collapsed state, in which the membrane 14 is in contact
with the floor of the cavity 18. This is accomplished by
applying a DC bias voltage to the two electrodes as indicated
by voltage VB applied to the electrode ring 28 and a
reference potential (ground) applied to the substrate elec-
trode 22. In a preferred implementation of a CMUT cell of
the present invention, the bottom electrode is not grounded
but coupled to a DC reference potential and the a.c. drive
signal for the cell (as well as received signals) are applied to
and received at the bottom electrode. This electrode arrange-
ment improves patient safety by moving a high voltage
potential of the relatively high DC bias voltage further away
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from the patient-facing side. While the electrode ring 28
could also be formed as a continuous disk without the hole
in the center, FIG. 2 illustrates why this is not necessary.
When the membrane 14 is biased to its precollapsed (or fully
collapsed) state as shown in this drawing, the center of the
membrane is in contact with the floor of the cavity 18. As
such, the center of the membrane 14 does not move during
operation of the CMUT. Rather. it is the peripheral area of
the membrane 14 which moves, that which is above the
remaining open void of the cavity 18 and below the ring
electrode. By forming the membrane electrode 28 as a ring,
the charge of the upper plate of the capacitance of the device
is located above the area of the CMUT which exhibits the
motion and capacitive variation when the CMUT is operat-
ing as a transducer. Thus, the coupling coeflicient of the
CMUT transducer is improved.

[0018] FIG. 3 illustrates a CMUT transducer probe 100’
connected to an ultrasound system represented at 150 in the
drawing. Shown in this illustration is an array of four CMUT
cells 10 with a common top electrode 20 and individual
bottom electrodes 22 for each CMUT cell. Dielectric 16
supports the top electrodes and membranes across the cavity
18 of each cell which allows the membranes and top
electrodes to move in response to an applied DC bias voltage
VB and received ultrasonic energy. A DC bias voltage
H+(V) is applied to the common electrode 20 to bias the top
electrodes in the desired proximity with the floors of the
cavities 18. The exact value of the DC bias voltage required
to bring the membrane in the proximity of the cavity floor
(into a pre-collapsed or collapsed state) may depend on the
CMUT’s cell exact design and dimensions. The CMUT
cells, having an average diameter of about 70 micrometer,
may require an application of the DC bias voltage of around
150 V in order to bring the cell membrane in the proximity
of the cell floor. Therefore, a range of voltages within which
the CMUT array may operate can be a range of the relatively
high DC bias voltages being above 50V or even above
100-150V. A lens 68 or other insulative covering protects the
patient from direct contact with the high voltage of the DC
bias. In accordance with a preferred implementation of the
present invention the CMUT cells are fabricated on a
substrate 70 of an ASIC of control integrated circuitry 72 for
the CMUT cells. The bottom electrodes 22 of the CMUT
cells are electrically connected to the circuitry of the ASIC
by vias 74 through the top surface of the substrate 70.
Alternatively the CMUT can be formed on its own substrate
12 and connected to a separate ASIC through any of a
number of techniques known to those skilled in the art such
as flip chip connection, conductive adhesives, or through
silicon vias. The ASIC circuitry of the CMUT probe is
connected to the ultrasound system 150 by a cable 80 which
has one end coupled to the ASIC circuitry and the other end
coupled by a probe connector to ultrasound system 150. The
ultrasound system controls the transducer (probe) electron-
ics of the ASIC through analog or digital control lines 82,
which transmit control signals to the array, in the cable and
receives ultrasound signals through analog or digital signal
lines 84, which transmit ultrasound signals from the array.
The shielding 86 of the cable 80 is coupled to the ASIC so
that the reference potential of the ASIC is the same ground
reference as that of the ultrasound system.

[0019] FIG. 3 illustrates the problem addressed by the
present invention, which is that a crack 30 has developed in
the insulating lens material 68, extending from the patient-
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contacting upper surface of the lens to the CMUTs below
and their top electrodes 20 which are biased to the high
voltage H+ suppled from the DC bias voltage supply 140,
which is usually around 100 volts. This means that the
patient is exposed to the high voltage through the acoustic
couplants commonly used with the probe and the hazard of
a high voltage shock.

[0020] FIG. 4 illustrates the same CMUT probe 100' and
ultrasound system 150 configuration but with the bias volt-
age VB applied for improved patient safety in accordance
with the present invention. Instead of applying the high
voltage bias VB from the bias supply to the top membrane
electrodes of the CMUT cells, a low voltage which does not
pose a shock hazard or ground is coupled to the top
membrane electrodes as shown in the drawing. The high
voltage side of the bias potential is then applied at the
bottom electrodes of the CMUT cells as shown by the H+
supply 140 connection to the ASIC circuitry 72 (probe
electronics). However, this creates a problem which is that
the low voltage ASIC circuitry 72 must now operate with
reference to the high potential of the H+ supply. Further-
more, the control signal lines from the ultrasound system
operate at low voltages belonging to a range of the relatively
low voltages (this is the voltage range of the ultrasound
system operation) and therefore cannot be directly con-
nected to the ASIC circuitry, which is now floating at the
high voltage potential. In accordance with a further aspect of
the present invention, control signals are coupled between
the ultrasound system 150 and the ASIC circuitry by level
shifters, which provide DC isolation in the control signal
lines and shift the signal baseline to that of the electrically
floating ASIC circuitry. One or more level shifters 90 are
used to make the shifted signal coupling through the digital
control lines 82, and are also used to couple analog signals
such as received ultrasound signals through the signal lines
84. These level shifters can be adapted to shift a baseline of
the control signal from a relatively low or reference voltage
to a range of the relatively high DC bias voltage, which is
coupled to the bottom electrodes of the CMUT cells. Fur-
ther, these level shifters can be adapted to shift a baseline of
the ultrasound signals provided by the probe circuitry 72
(ASIC) from the high voltage potential to the range of the
relatively low voltage potential (which can be the reference
potential of the ultrasound system). Thus the high DC bias
voltage is applied in a way which can only expose the patient
to a harmless electrical potential in the event of failure of the
insulating lens, the ASIC electronics 72 is operated by
electrically floating it relative to the high potential of the bias
voltage, and there is no DC coupling of control through the
probe cable 80 to the ASIC electronics, which instead are
level shifted to the reference high voltage on the ASIC
circuitry. In addition, the baseline of the ultrasound signals
transmitted to the ultrasound system is shifted to the range
of the relatively low voltages, within which the system is
arranged to operate. Thus, level shifters provide a further
decoupling of the ultrasound system electronics from the
high DC voltages of the probe. A combination of the level
shifters with the floating probes electronics provides not
only improved patience safety but also a simplified electrical
arrangement. The range of the relatively high DC bias
voltage has the relatively high DC bias voltage located in its
middle and expands into increasing and reduced voltage
values with respect to the relatively high DC bias voltage.
For example, the range can be 25% or 20%, preferably 5%
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of a total voltage difference between the relatively low (or
reference voltage) and the relatively high DC bias voltage.
The range of the relatively low voltages can be in the order
of 5 to 20 V; or 0 to 10 V; while the range of the relatively
high DC relatively high DC bias voltage can be 50 to 70 V,
or 100 to 160 V. The level shifter(s) 90 can be located at the
connector end of the probe cable in the connector enclosure,
in the handle of the probe, or integrated into the electronics
behind the CMUT array as is the ASIC electronics.

[0021] FIGS. 5a-5d illustrate several level shifter configu-
rations suitable for use for level shifters 90 in FIG. 4 for
shifting the level of digital signals. FIG. 5a shows a pulse
from 1.8 v digital circuitry being applied to the input of a
buffer amplifier 200, which is referenced between 0 v for a
grounded ultrasound system and a 1.8 v supply. The output
signals of the buffer amplifier are capacitively coupled by a
capacitor 204 to the input of a second buffer amplifier 202,
which is referenced between 100 v and 101.8 v. The output
signals of buffer amplifier 202 are the same as the original
input signals, but now referenced to 100 v (the voltage of the
H+ bias supply in this example) for the 1.8 v signal
amplitude, which is now at 101.8 v. This circuit accom-
plishes level shifting using a capacitor 204.

[0022] FIG. 55 illustrates another level shifter configura-
tion which uses a transformer 206. The primary winding of
the transformer is driven by buffer amplifier 200 and the
secondary signal is stepped up to a 100v reference level. As
a result, buffer amplifier 202 will again produce the original
1.8 v digital pulse but now varying between 101.8 v and the
100 v reference level.

[0023] FIG. 5c¢ illustrates an optical level shifter configu-
ration, this one using a pair of photo diodes 208. Photo diode
208¢ is driven by buffer amplifier 200 to emit a pulse of
light, which is received by photo diode 2084. The electrical
signal of receiving photo diode 2085 is referenced to 100 v
by operation of the buffer amplifier 202 referenced between
100 v and 101.8 v, which is again the amplitude variation of
the output signal referenced to 100 v.

[0024] FIG. 5d illustrates another level shifter configura-
tion, this time using a transistor 210 and taking advantage of
the high input impedance at the base (with use of a bipolar
junction transistor) or gate (with use of a FET) electrode of
the transistor. The illustrated transistor is driven by the
buffer amplifier 200 with its output collector (or drain in the
FET case) electrode coupled to the 101.8 v supply for buffer
amplifier 202. The buffer amplifier 202 again produces a 1.8
v output signal referenced to 100 v (100 v—=101.8 v).
[0025] FIGS. 64, 65 and 6¢ illustrate several of the level
shifter configurations of FIG. 5, this time being used for
level shifting an analog signal. In these examples the input
signal is an analog signal varying about a 0.9 v reference
level. As a result of level shifting using a capacitor 204 (FIG.
6a), a transformer 206 (FIG. 64) or a transistor 210 (FIG.
6¢). the output buffer amplifier 202 produces the same 1.8 v
peak-to-peak analog signal as the input signal but now
baselined to 100.9 v, varying between a maximum excursion
of 100 v and 101.8 v in each example.

[0026] FIG. 7 illustrates in block diagram form an ultra-
sonic diagnostic imaging system 150 suitable for use with a
CMUT array probe of the present invention. A CMUT array
100 is located on the tip of a catheter or distal end of an
ultrasound probe 100", together with a microbeamformer
ASIC 112. The microbeamformer ASIC 112 may comprise
control integrated circuitry 72 for the CMUT cells. The
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CMUT array 100 can be a one- or a two-dimensional array
of MUT transducer elements capable of scanning in a 2D
plane or in three dimensions for 3D imaging. Microbeam-
formers are capable of at least partial beamforming of the
signals received by groups or “patches™ of transducer ele-
ments as described in U.S. Pat. No. 5,997,479 (Savord et
al.), U.S. Pat. No. 6,013,032 (Savord), and U.S. Pat. No.
6,623,432 (Powers et al.) The microbeamformer is coupled
to transmit/receive (T/R) switches 116 which switch
between transmission and reception and protect the main
system beamformer 120 from high energy transmit signals
when a microbeamformer is not used and a transducer array
is operated directly by the main system beamformer. The
transmission of ultrasonic beams from the CMUT transducer
array 100 under control of the microbeamformer ASIC 112
is directed by a transducer controller 118 coupled to the T/R
switch and the main system beamformer 120, which
receives input from the user’s operation of the user interface
or control panel 38. One of the functions controlled by the
transducer controller is the direction in which beams are
steered. Beams may be steered straight ahead from (orthogo-
nal to) the transducer array, or at different angles for a wider
field of view. The transducer controller 118 also controls a
circuit 104 for the DC bias applied from the DC bias supply
140 to the CMUT cells which biases the cell membranes 14
as described above to a partially or fully collapsed state for
operation of the CMUTs in the desired mode of operation.

[0027] The partially beamformed signals produced by the
microbeamformer 112 on receive are coupled to a main
beamformer 120 where partially beamformed signals from
individual patches of transducer elements are combined into
a fully beamformed signal. For example, the main beam-
former 120 may have 128 channels, each of which receives
a partially beamformed signal from a patch of dozens or
hundreds of CMUT transducer cells. In this way the signals
received by thousands of transducer elements of a CMUT
transducer array can contribute efficiently to a single beam-
formed signal. In a basic implementation the acoustic sig-
nals received from rows of CMUT cells are processed into
beams from an image plane in front of the rows of cells to
form a scanned 2D image.

[0028] The beamformed signals are coupled to a signal
processor 122. The signal processor 122 can process the
received echo signals in various ways, such as bandpass
filtering, decimation, I and Q component separation, and
harmonic signal separation which acts to separate linear and
nonlinear signals so as to enable the identification of non-
linear echo signals returned from tissue and microbubbles.
The signal processor may also perform additional signal
enhancement such as speckle reduction, signal compound-
ing, and noise elimination. The bandpass filter in the signal
processor can be a tracking filter, with its passband sliding
from a higher frequency band to a lower frequency band as
echo signals are received from increasing depths, thereby
rejecting the noise at higher frequencies from greater depths
where these frequencies are devoid of anatomical informa-
tion.

[0029] The processed signals are coupled to a B mode
processor 126 and a Doppler processor 128. The B mode
processor 126 employs amplitude detection for the imaging
of structures in the body such as the tissue of organs and
vessels in the body. B mode images of structure of the body
may be formed in either the harmonic mode or the funda-
mental mode or a combination of both as described in U.S.
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Pat. No. 6,283,919 (Roundhill et al.) and U.S. Pat. No.
6,458,083 (Jago et al.) The Doppler processor 128 processes
temporally distinct signals from tissue movement and blood
flow for the detection of the motion of substances such as the
flow of blood cells in the image field. The Doppler processor
typically includes a wall filter with parameters which may be
set to pass and/or reject echoes returned from selected types
of materials in the body. For instance, the wall filter can be
set to have a passband characteristic which passes signal of
relatively low amplitude from higher velocity materials
while rejecting relatively strong signals from lower or zero
velocity material. This passband characteristic will pass
signals from flowing blood while rejecting signals from
nearby stationary or slowing moving objects such as the wall
of the heart. An inverse characteristic would pass signals
from moving tissue of the heart while rejecting blood flow
signals for what is referred to as tissue Doppler imaging,
detecting and depicting the motion of tissue. The Doppler
processor receives and processes a sequence of temporally
discrete echo signals from different points in an image field,
the sequence of echoes from a particular point referred to as
an ensemble. An ensemble of echoes received in rapid
succession over a relatively short interval can be used to
estimate the Doppler shift frequency of flowing blood, with
the correspondence of the Doppler frequency to velocity
indicating the blood flow velocity. An ensemble of echoes
received over a longer period of time is used to estimate the
velocity of slower flowing blood or slowly moving tissue.

[0030] The structural and motion signals produced by the
B mode and Doppler processors are coupled to a scan
converter 132 and a multiplanar reformatter 144. The scan
converter arranges the echo signals in the spatial relationship
from which they were received into a desired image format.
For instance, the scan converter may arrange the echo signal
into a two dimensional (2D) sector-shaped format, or a
pyramidal three dimensional (3D) image. The scan con-
verter can overlay a B mode structural image with colors
corresponding to motion at points in the image field corre-
sponding with their Doppler-estimated velocities to produce
a color Doppler image which depicts the motion of tissue
and blood flow in the image field. The multiplanar refor-
matter will convert echoes which are received from points in
a common plane in a volumetric region of the body into an
ultrasonic image of that plane, as described in U.S. Pat. No.
6,443,896 (Detmer). A volume renderer 142 converts the
echo signals of a 3D data set into a projected 3D image as
viewed from a given reference point as described in U.S.
Pat. No. 6,530,885 (Entrekin et al.) The 2D or 3D images are
coupled from the scan converter 32, multiplanar reformatter
44, and volume renderer 142 to an image processor 130 for
further enhancement, buffering and temporary storage for
display on an image display 40. In addition to being used for
imaging, the blood flow velocity values produced by the
Doppler processor 128 are coupled to a flow quantification
processor 134. The flow quantification processor produces
measure of different flow conditions such as the volume rate
of blood flow. The flow quantification processor may receive
input from the user control panel 38, such as the point in the
anatomy of an image where a measurement is to be made.
Output data from the flow quantification processor is
coupled to a graphics processor 136 for the reproduction of
measurement values with the image on the display 40. The
graphics processor 136 can also generate graphic overlays
for display with the ultrasound images. These graphic over-
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lays can contain standard identifying information such as
patient name, date and time of the image, imaging param-
eters, and the like. For these purposes the graphics processor
receives input from the user interface 38, such as a typed
patient name. The user interface is also coupled to the
transducer controller 118 to control the generation of ultra-
sound signals from the transducer array 100 and hence the
images produced by the transducer array and the ultrasound
system. The user interface is also coupled to the multiplanar
reformatter 144 for selection and control of a display of
multiple multiplanar reformatted (MPR) images which may
be used to perform quantified measures in the image field of
the MPR images.

1. A capacitive micromachined ultrasonic transducer
(CMUT) array probe with improved patient safety, said
probe being connectable to an ultrasound system operating
in a range of relatively low voltages, wherein said probe
comptrises:

a substrate;

a plurality of CMUT cells located on the substrate, each
cell having a top patient-facing electrode and a bottom
electrode, wherein

a relatively low reference voltage is arranged to be
coupled to the top electrodes of the CMUT cells; and

arelatively high DC bias voltage is arranged to be coupled
to the bottom electrodes of the CMUT cells, wherein
the relatively high DC bias voltage is larger than the
relatively low reference voltage;

probe electronics coupled to the CMUT cells and
arranged to provide control signals to the cells and
ultrasound signals from the cells;

a probe cable having a first end coupled to the probe
electronics and a second end coupleable to the ultra-
sound system and having one or more of a control
signal line and an ultrasound signal line, wherein each
control signal line is adapted to transmit the control
signals from the ultrasound system to the probe elec-
tronics and each ultrasound signal line is adapted to
transmit the ultrasound signals from the probe elec-
tronics to the ultrasound system; and

the probe further comprises

one or more level shifters coupled to the one or more
control signal line and ultrasound signal line, wherein
one or more level shifters is adapted to shift a baseline
of the control signal to a range of the relatively high DC
bias voltage and to shift a baseline of ultrasound signal
to the range of the relatively low voltages.
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2. The CMUT array probe of claim 1, wherein the probe
electronics is arranged to electrically float at a high voltage
potential of the relatively high DC bias voltage relative to
ultrasound system ground potential.

3. The CMUT array probe of claim 1, wherein the one or
more level shifters further comprise a capacitive level
shifter, a transformer level shifter, an optical level shifter, or
a transistor level shifter.

4. The CMUT array probe of claim 3, wherein the probe
electronics further comprises ASIC circuitry.

5. The CMUT array probe of claim 4, wherein the ASIC
circuitry is located on the substrate.

6. The CMUT array probe of claim 4, further comprising
a second substrate; wherein the ASIC circuitry is located on
the second substrate.

7. The CMUT array probe of claim 6, wherein the ASIC
circuitry and its substrate are bonded to the CMUT cells and
their substrate by a flip chip connection, conductive adhe-
sive, or silicon vias.

8. The CMUT array probe of claim 3, wherein the one or
more level shifters further comprises first and second buffers
interposed by a capacitor, first and second buffers interposed
by a transformer. first and second buffers interposed by
photo diodes, or first and second buffers interposed by a
transistor.

9. The CMUT array probe of claim 1, wherein the one or
more level shifters are located at the second end of the cable.

10. The CMUT array probe of claim 1, wherein the one
or more level shifters are located in a handle of the CMUT
probe.

11. The CMUT array probe of claim 10, wherein the one
or more level shifters are integrated into the probe electron-
ics.

12. The CMUT array probe of claim 1, wherein the
ultrasound signal line further comprises an analog signal
line.

13. The CMUT array probe of claim 1, wherein the high
DC bias voltage further comprises a DC bias supply coupled
between the probe electronics and ground.

14. The CMUT array probe of claim 1, further comprising
an insulating covering overlaying the top patient-facing
electrodes of the plurality of CMUT cells.

15. The CMUT array probe of claim 14, wherein the
insulating covering further comprises an acoustic lens.
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