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APPARATUS FOR TWO-DIMENSIONAL
TRANSDUCERS USED IN
THREE-DIMENSIONAL ULTRASONIC
IMAGING

[0001] This application claims priority to U.S. Provisional
Application Ser. No. 60/572,560 filed May 18, 2004

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] Generally, the present invention relates to ultra-
sound imaging. More specifically, the present invention
relates to microfabricated transducers with associated elec-
tronics capable of three-dimensional ultrasound imaging.
[0004] 2. Description of the Related Art

[0005] An acoustic transducer is an electronic device used
to emit and receive sound waves. Ultrasonic transducers are
acoustic transducers that operate at frequencies above 20
KHz, and more typically, in the 1-20 MHz range. Ultrasonic
transducers are used in medical imaging, non-destructive
evaluation and other applications. The most common forms
of ultrasonic transducers are piezoelectric transducers. In
U.S. Pat. No. 6,271,620 entitled, “Acoustic Transducer and
Method of Making the Same.” issued Aug. 7, 2001, Lada-
baum describes microfabricated ultrasonic transducers
(MUTSs) capable of competitive performance compared to
piezoelectric transducers.

[0006] In U.S. Pat. No. 6,246,158, Ladabaum teaches
monolithic integration of MUTs with circuitry. The basic
transduction element of the MUT is a vibrating capacitor. A
substrate contains a lower electrode, a thin diaphragm is
suspended over the substrate and a metallization layer serves
as an upper electrode. If a DC bias is applied across the lower
and upper electrodes, an acoustic wave impinging on the
diaphragm will set it in motion, and the variation of electrode
separation caused by such motion results in an electrical
signal. Conversely, ifan AC signal is applied across the biased
electrodes, the AC forcing function will set the diaphragm in
motion, and this motion emits an acoustic wave in the
medium of interest.

[0007] InU.S. Pat.No. 6,430,109. Khuri-Yakub et al. teach
the use of through-wafer vias to provide electrical connec-
tions to MUT elements and thus allow connection to an image
processing chip. The image processing chip is not described,
and the through-wafer interconnects are taught to provide a
means for control voltages and electrical excitation of MUTs.
The focus of this referenced prior art is transmission; recep-
tion details are not taught.

[0008] Integration of piezoelectric materials with electron-
ics is also known in the art, as is taught in Plummer, J.,
Meindl, J., and Maginness, M., “An Ultrasonic Imaging Sys-
tem for Realtime Cardiac Imaging,” Proceedings of the IEEE
International Solid-State Circuits Conference, 1974, p. 162-
163. PVDF (polyvinyl di-fluoride), a piezoelectric polymer,
can be formed on an electronic substrate. See, for example,
Reston, R. and Kolesar, E, “Pressure-sensitive field-effect
transistor sensor array fabricated from a piezoelectric poly-
vinylidene fluoride film, Proceedings of the IEEE Engineer-
ing in Medicine and Biology Society, 1989, p. 918-919. The
authors are not aware of high quality medical imaging piezo-
electric materials successfully integrated directly on top of
electronic circuits, such as PZT-5H, for example, though it
may be that in the future high quality composite piezoelec-
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trics are successfully formed on top of electronics. The
present invention is taught with respect to a monolithically
integrated MUT transducer embodiment, but need not be
limited to it. Piezoelectric, through-wafer via MUTs, or other
currently unknown transducer layers may be used on the
electronic circuitry herein disclosed.

[0009] InU.S. Pat. No. 6,106,472, Chiang and Broadstone
teach a system and method of beam formation within a probe
housing. The beam formation is accomplished by the sam-
pling, delay, and summation of ultrasonic channel data. The
compact nature of the beamformer is made possible by aCCD
delay chip.

[0010] None of these references teaches or claims specific
structures or methods directed to 3-D imaging.

[0011] Savord et al., in U.S. Pat. No. 6,381,197, describe
the use of both bias lines and FET switches to control the
aperture of a MUT array, but do not teach specific structures
or methods directed to 3-D imaging.

[0012] Ultrasound systems that generate three-dimensional
(3-D) images of the subject of interest are available today.
Most of the commercially available systems form three-di-
mensional images form multiple two-dimensional (2-D)
slices taken by a mechanically translating or rotating probe.
An example of such a system is General Electric’s Voluson
730, which has its origins from the work of Kretz in Austria.
U.S. Pat. No. 4,341,120, issued in 1982, describes a multi-
element probe that is electronically scanned in the azimuth
direction, but is mechanically moved to capture image slices
in the elevation direction.

[0013] Mechanical translation suffers from several disad-
vantages, among them cost, reliability, and mechanical jitter.
The resolution of the reconstructed image in the elevation
direction is a function of the slice thickness of the elevation
profile of the transducer, as well as of the positioning accu-
racy of the mechanical translation scheme or device.

[0014] Other approaches to 3-D imaging are also known in
the art. Systems based on two dimensional transducer arrays
are taught, for example, in U.S. Pat. Nos. 4,694,434, 5,229,
933 and 6,126,602. One disadvantage of these conventional
3-D imaging systems based on 2-D transducer arrays is that
the interconnecting circuitry between each individual trans-
ducer element and its associated control circuitry can be
difficult and expensive to design and manufacture. Further-
more, parasitic resistance, capacitance, and cross-talk in the
interconnect paths can degrade the performance of the imag-
ing system.

[0015] In both mechanically scanned and electronically
scanned approaches for 3-D imaging known in the art, a
disadvantage is the slow frame-rate of 3-D images that is a
function of a 3-D image being formed from many 2-D slices.
[0016] In imaging applications, an ultrasonic transmitter
sends ultrasound waves into the subject of interest, and an
ultrasonic receiver detects the return waveforms. Typically in
medical imaging, the transmitter and receiver are the same
transducer array, and timing between the elements of the
array is varied during transmit and receive events to form
images. However, the transmitter need not necessarily be the
same as the receiver. It has been realized by the present
inventors that as long as sufficient signal-to-noise ratio is
available, a fully populated matrix of transducers can capture
enough information during receive events to form 3-D images
of the subject of interest. The present invention relates to the
electronic circuitry used to control a two-dimensional matrix
of transducers during receive events. The transducer matrix
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and electronics can be MUT transducers monolithically inte-
grated with underlying electronics, as taught by Ladabaum,
MUT transducers connected by through-wafer vias to the
electronics, as taught by Khuri-Yakub, PVDF transducers
formed over the electronics and connected to them, or other
piezoelectric transducers not yet reduced to practice. It is
critical that the interconnect paths between transducer ele-
ment and electronics have insignificant parasitic resistance
and capacitance. Thus, the monolithic approach is the pre-
ferred embodiment.

[0017] Thus, what is needed is electronic circuitry that can
be used with a fully populated two-dimensional transducer
array (matrix), preferably, for example, integrated immedi-
ately below the transducer matrix, and that can provide suf-
ficient information for the formation of three-dimensional
images by a 3-D ultrasound imaging system. The present
invention provides such circuitry.

SUMMARY OF THE INVENTION

[0018] The present invention provides an electronic circuit
chip that, when properly connected to a large aperture, fully-
populated 2-D transducer matrix, provides sufficient infor-
mation to an imaging system to form 3-D images of the region
of interest. The electronic circuit achieves this by providing
an amplifier for each element of the transducer matrix. In one
embodiment of the present invention the amplifier’s output is
connected to signal conditioning electronics and ultimately to
an analog sample-and-hold circuit. The voltages stored in the
analog circuit corresponding to several elements are then
rapidly read out by a multiplexer, and transmitted to the
imaging system’s high speed A/D converter by a line driver
and a suitable interconnect. In another embodiment of the
present invention, the analog sample-and-hold circuit is trig-
gered at different times for different elements in a set, and the
stored voltage samples in the set are summed together before
transmission to the system’s A/D converter. In yet another
embodiment of the present invention, the output of the ampli-
fiers is summed without the track and hold circuit, with the
gain of each amplifier in the element set varied in time to
control elevation aperture and focusing. In yet another
embodiment, frequency domain multiplexing is used as
opposed to time-base multiplexing so that a single intercon-
nect line can carry many channels worth of data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] These and other aspects and features of the present
invention will become apparent to those of ordinary skill in
the art upon review of the following description of specific
embodiments of the invention in conjunction with the accom-
panying figures, wherein:

[0020] FIG. 1 illustrates the a fully populated receive aper-
ture used to implement a three-dimensional (3-D) imaging
system according to an embodiment of the present invention;
[0021] FIG. 2illustrates exemplary signal conditioning cir-
cuitry that can be integrated below the cMUT array according
to an embodiment of the present invention;,

[0022] FIG. 3 illustrates a column multiplexed readout
method according to an embodiment of the present invention;
[0023] FIG. 4illustrates a method that multiplexes the out-
puts of many elements (e.g., M elevation elements) together
in time according to an embodiment of the present invention;

Apr. 23,2009

[0024] FIG. 5 illustrates a line amplifier that can be at the
end of the lines of the multiplexed transducer elements
according to an embodiment of the present invention;

[0025] FIG. 6 illustrates the circuit architecture for partial
beam formation according to an embodiment of the present
invention;

[0026] FIG. 7 illustrates an embodiment of the signal con-
ditioning circuitry blocks that can be integrated below the
transducer array according to an embodiment of the present
invention;

[0027] FIG. 8illustrates one embodiment of a simple adder
with time-varying gain used to sum the outputs of amplifiers
corresponding to several transducer elements according to an
embodiment of the present invention; and

[0028] FIG. 9 illustrates the elevation aperture translation
and focusing achieved by varying the amplifier gain in the
elevation direction according to an embodiment of the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

[0029] The present invention will now be described in
detail with reference to the drawings, which are provided as
illustrative examples of the invention so as to enable those
skilled in the art to practice the invention. Notably, the figures
and examples below are not meant to limit the scope of the
present invention. Where certain elements of the present
invention can be partially or fully implemented using known
components, only those portions of such known components
that are necessary for an understanding of the present inven-
tion will be described, and detailed descriptions of other
portions of such known components will be omitted so as not
to obscure the invention. Further, the present invention
encompasses present and future known equivalents to the
components referred to herein by way of illustration.

[0030] FIG. 1 illustrates a fully populated receive aperture
100 used to implement a three-dimensional (3-D) imaging
system according to an embodiment of the present invention.
Such an aperture can produce high quality 3-D images. As
shown in FIG. 1 for illustrative purposes, the 2-D capacitive
microfabricated ultrasonic transducer (cMUT) array consists
of a two-dimensional (2-D) grid of cMUT elements 10. The
vertical columns of cMUT elements are in the elevation direc-
tion, with the azimuth direction shown along the horizontal
direction (i.e., in rows). Below the cMUT cells (not shown),
according to an aspect of this embodiment, there can be
integrated electronics and signal conditioning circuitry 120,
which can be integrated circuits disposed into the substrate of
the cMUT. While it is preferred that the circuitry for each cell
be disposed below that cell, other arrangements are within the
scope of this invention, such that the integrated electronics
and signal conditioning circuitry 120 is below the transducer
array.

[0031] The present invention and its several embodiments
focus onelectronic circuitry capable of transmitting sufficient
information from each transducer element in a 2-D matrix to
a3-D imaging system. For example, if there are N elements in
the azimuth direction of the array, and M elements in its
elevation direction, then NM intermediate outputs need to be
read out into the ultrasound system. Image quality require-
ments of modern scanners dictate that the product NM>4000.
Of course the present invention will be equally as applicable
to future advances in the art of scanners. It is impractical to
connect a cable to each of the elements and provide a probe
which can be manually manipulated by the sonographer. Vari-
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ous multiplexing methods for achieving the communication
between the transducer and the ultrasound system according
to the present invention are described below.

[0032] As will become evident to those skilled in the art in
view the teaching of at least some aspects of the present
invention, the exemplary embodiments are not intended to be
limited to use with capacitive microfabricated ultrasonic
transducers. Rather, aspects of the present invention are
equally applicable to many other types of transducers, includ-
ing, but not limited to, piezoelectric polymers (e.g., polyvinyl
difluoride, or PVDF), piezoelectric film (e.g., sol gel spin-on
depositions) and other piezoelectric materials (e.g., PZT-5H).
Further, the electronics taught by the present invention, while
illustrated as being monolithically integrated with the trans-
ducer matrix, can be a separate integrated circuit or discrete
elements or a combination of all of the above (i.e., on-chip,
off-chip, integrated, discrete, etc.).

[0033] FIG. 2illustrates exemplary signal conditioning cir-
cuitry 200 that can be integrated below the cMUT array
according to an embodiment of the present invention. As
shown in FIG. 2, the acoustic element 210 can be first con-
nected to a low noise amplifier 220 with high input imped-
ance. This tends to raise the signal level above the thermal
noise floor, and can buffer the impedance from that of the
element 210 to make the subsequent circuitry more straight-
forward. The input impedance ofthis amplifier 220 can affect
the acoustic reflectivity of the receiver surface, and should
therefore be chosen judiciously. For example, this input
impedance can be approximately the complex conjugate of
the electrical impedance of the transducer element 210 (as
first taught in U.S. patent application Ser. No. 10/803,808 to
Hossack et al., filed on Mar. 17, 2004 and entitled “Electric
Circuit for Tuning a Capacitive Electrostatic Transducer”).
[0034] The output of the low noise amplifier 220 can be
connected to a variable-gain stage 230. This stage can
decrease the dynamic range requirements of the electronics
that follow it by increasing its gain with time, for example, as
the acoustic pulse is attenuated through the body. Following
the time gain control stage 230 is an anti-aliasing filter 240,
which can substantially eliminate (i.e., attenuate to below an
electrically-significant level) the frequency content in the
signal above the Nyquist frequency. The Nyquist frequency
canbe set by the clock rate of the next stage, a sample and hold
circuit 250, and is generally equal to about twice the fre-
quency of the upper frequency edge of the desired passband.
The sample and hold circuit can include a track-and-hold
trigger 255 that, in this embodiment can be driven by a fixed
frequency. In one embodiment, after the signal conditioning
circuitry, an amplified and sampled signal is available at the
intermediate output 260 under each 2-D array element for the
duration of each clock period.

[0035] Inthe simplest embodiment, the receive chip is sim-
ply read out one column at a time. A three dimensional image
can be formed at the expense of N times the number of
transmit-receive events required for a two dimensional
image. A typical modern ultrasound machine can form 302-D
images per second, so in the case of an N by M transducer
matrix, a volumetric image could be obtained in N/30 sec-
onds. As an example the transducer matrix might be a 64 by
128 matrix, so that a volumetric image frame would require
2.1 seconds.

[0036] FIG.3illustrates a column multiplexed readout chip
300 according to an embodiment of the present invention. A
multiplexer can connect one column out of N 310 to the M
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interconnects 320 which are wired to the ultrasound system.
The disadvantage of this approach is the slow nature of the
image acquisition, and thus the requirement that the subject of
interest remain still over the acquisition time period, or that
motion compensation algorithms be employed by the system.
As will be evident to those skilled in the art with reference to
this disclosure, the azimuth rows could just as easily be mul-
tiplexed in M times the number of transmit-receive events,
and N azimuth interconnects connected to the ultrasonic sys-
tem.

[0037] Another embodiment of the present invention is
illustrated in FIG. 4, which shows a chip 400 that captures
samples of each transducer element at the Nyquist rate, for
example, 20 Mega-samples per second, but during the hold-
ing period, quickly and serially multiplexes the sampled out-
puts of many elements (e.g., M elevation elements) to a single
system interconnect line. This type of time multiplexing is
much faster because even though the ultrasonic sampling rate
is 20 Mega-samples per second, by way of example, the
serialized data rate can be at least ten times faster. For
example, the voltage from each element of a line of elements
410 is connected sequentially to the input of a high-speed
amplifier and coaxes 420, and the combined data sent to the
ultrasound system. This process can occur at about 200 Mega-
samples per second, and even faster, depending on the elec-
trical characteristics of the interconnect path and the line
driver. Line drivers with GHz bandwidths are known in the
art. In this way, the number of interconnects can be reduced to
a manageable number. As will be evident to those skilled in
the art with reference to this disclosure, the azimuth rows
could just as easily be multiplexed in time, and M elevation
interconnects connected to the ultrasonic system. According
to this aspect, all of the information from every element in the
array can be preserved.

[0038] FIG. 5illustrates more detail of the multiplexed line
of elements 500 of the embodiment of FIG. 4. As shown in
FIG. 5, ahigh speed line amplifier 510 can be at the end of the
lines of the multiplexed transducer elements 520 according to
an embodiment of the present invention. The line amplifier
510 can also be connected to the ultrasound system (not
shown) via a high-speed output 530. The electrical circuit 540
for this embodiment can include the line driver 550 that serves
as an impedance buffer between the system interconnect 560
and the multiplexing 570 of the transducer elements’ inter-
mediate outputs 580, and provides sufficient power to drive
the interconnect line 560 with high analog fidelity to the A/D
converter 590 in the ultrasound system.

[0039] Upon review of the preceding description of time
multiplexing, it will be clear to those skilled in the art that the
same effect can be obtained by frequency domain multiplex-
ing. Instead of dividing up the available clock period into
smaller slices of time, the bandwidth is divided up and the
channel data modulated up to unique frequency segments of
the bandwidth available in the line amplifier and interconnect.
On the system end, filters, either digital or analog, can be used
to extract the waveforms corresponding to each element. This
and other variations in multiplexing methods are intended to
be within the scope of the present invention.

[0040] Another aspect of the present invention includes
control of the transducer array such that delays can be intro-
duced between elements in the elevation direction, for
example, and that subsequently samples are summed to pro-
vide a partially beam-formed output. In some applications, it
may be advantageous to have such a pre-beam-formed output,
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which emerges at a lower data rate than that produced by a
time-multiplexed or frequency-multiplexed output. The
bandwidth required at the interconnect path and A/D con-
verter would only need to be enough to pass the sampled
output of a single channel. This bandwidth is typically in the
range of about 20 MHz up to about 70 MHz.

[0041] FIG. 6 illustrates the circuit architecture for a par-
tially beam-formed transducer 600 according to an embodi-
ment of the present invention. In this embodiment, each
element’s track-and-hold trigger (not shown) is not driven
with afixed frequency. Instead. the elevation control lines 620
create a dynamically varying delay between adjacent eleva-
tion elements 640, which determines the elevation beam
steering angle and the focal length, and can be provided in the
system 630. They create a dynamic focus on receive by sup-
plying a delay 644 that compensates for the difference in
travel time between adjacent elements 640 and adding 646 in
that delay. Thus, a delay from an adjacent element 650 is
passed to the adder 646 of that adjacent element, and so on
660. The quantity of delay changes as the sound pulse travels
deeper into the body, for example; the schedule of such delay
changes depends on the element’s location. This achieves a
“tracking lens” ensuring that the received signal is in focus at
all times. For high-quality beam formation, dynamic control
of amplitude is also necessary. This may be accomplished by
supplying appropriate control signals to the previously
described time-gain-control block. If the focal range is r, and
the elevation steering angle is A, two elements positioned at
(v, 0) and (y+Ay, 0) require a delay of:

Ar ! [\/(rsingﬁ — )%+ r2cosk¢ — \/(rsin¢ — [y + Ay])? + r2coste }

c

[0042] in which r=r(t) for dynamic focusing. This delay is
accomplished in two ways; for a coarse delay (i.e. a delay
greater than the sampling period), an analog FIFO is provided
between the elements. The fine delay is realized by slipping
the sampling clock. Note that this delay can be substantially
identical for all members of an elevation row, so that the delay
control can be substantially identical across an elevation row,
as illustrated conceptually in the close-up view in FIG. 6.
Although each “elevation delay control” is depicted as one
line, in actual physical implementation, each “elevation delay
control” line in the schematic can correspond to several con-
ductive traces that control the sample trigger as well as the
reconfigurable FIFO. One of the key attributes is that the
control traces can extend across the array because each azi-
muth element has substantially identical elevation control.

[0043] The consequence of this on-chip processing is that
pre-beam-formed data is available at the output of each piece
of the overall azimuth element 630. In the simplest case, the
entire azimuth column 630 undergoes beam formation. If
there are N azimuth columns in the array, these N lines travel
over traditional cables to the imaging system. In the system,
dynamic delays are provided to create focusing in the azimuth
direction: for elements at (x, 0) and (x+Ax, 0) and an azimuth
steering angle of 0,

1
Ar= - [\/ (rsind — x)% + r2cos?f — \/ (rsinf — [x + Ax])? + r2cos20 ]
c
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[0044] FIG. 7 illustrates an embodiment of the signal con-
ditioning circuitry 700 that can be integrated below the trans-
ducer array according to an embodiment of the present inven-
tion. This embodiment can achieve a fine delay by slipping
the sample and hold’s trigger 720. FIG. 7 only shows one
stage of course delay 710, but such a delay can contain several
stages, for example, a FIFO whose delay is switchable down
the beam. Such a FIFO might hold several samples inside it to
wait long enough to correctly add an element’s voltage to that
of the adjacent elements. As will now be evident to those
skilled in the art, several methods of implementation for this
coarser delay are possible, for example, such as using struc-
tures that look like DRAM cells, cascaded track & holds,
CCDs or switched-capacitor circuits, all of which are
intended to be encompassed within the scope of the present
invention. The delayed signals of elevation elements can be
summed together 730 and transmitted down an interconnect
path 740 to the imaging system.

[0045] The advantage of this circuit, which provides par-
tially beam-formed data, is that outputs to the system are
lower speed and require less bandwidth, but it does not supply
the raw sampled data from every element in the beam-formed
direction, so there is some information loss. Such information
loss can be acceptable under certain conditions.

[0046] A further, simplified embodiment of the present
invention, one without the need for sample and hold circuitry,
1s illustrated in FIGS. 8 and 9. In this embodiment, 3-D image
formation is made in an analogous manner to mechanical
translation of a 1-D probe. Rather than mechanical transla-
tion, the aperture of the transducer is electronically translated,
for example, in the elevation direction. Only amplifier blocks
are needed. Because no sample and hold block is present, an
anti-aliasing filter is also unnecessary. Electronic aperture can
be translated by controlling the gain of each amplifier in time.
FIG. 8 illustrates one embodiment of a simple adder 800 with
time-varying gain 810 used to sum the outputs of amplifiers
corresponding to several transducer elements 820 to a single
output 830 according to an embodiment of the present inven-
tion.

[0047] In this embodiment, aperture translation is neces-
sary, but not sufficient. For a given aperture position, some
degree of elevation focusing would be desirable. Because the
aperture is translated, a fixed mechanical lens on the trans-
ducer is not possible. However, effective focusing can be
achieved by judicious time-based expansion of the aperture.
FIG. 9 illustrates the concept by showing 4 time snapshots of
the elevation profile 900 of the gain of the amplifier blocks.
This gain profile can be achieved in a simple manner by
control lines 910 that traverse the electronic circuit chip and
connect to the amplifier blocks. Traditional ultrasound cable
outputs 920 can be used for this embodiment.

[0048] The first two time snapshots are at a first beam
position 930. The first time snapshot is the curve of a first
short range apodize gain pattern 934. This elevation gain
pattern provides for focusing in the short range. The second
time snapshot is the curve of a first long range apodize gain
pattern 936. By varying the gain smoothly in time from the
first short range snapshot to the first long-range snapshot in a
manner correlated with the speed of sound in the subject of
interest, a narrow slice thickness for the first beam position
930 can be achieved. The next two time snapshots are at a
second beam position 940. This second beam position 940
can likewise include a second short range gain pattern 944
and a second long-range gain pattern 946. In order to form a
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3-D image, many such beam positions, each providing for
smooth gain variation to generate thin image slice thickness,
are required. The advantage of this fully, electronically trans-
lated and focused aperture is that trade-offs between frame
rate and image slice thickness (which translates to resolution
in the elevation direction) can be made, and all the control is
achieved by M signal lines in an N by M transducer matrix.

[0049] Although the present invention has been particu-
larly described with reference to embodiments thereof, it
should be readily apparent to those of ordinary skill in the art
that various changes, modifications and substitutes are
intended within the form and details thereof, without depart-
ing from the spirit and scope of the invention. Accordingly, it
will be appreciated that in numerous instances some features
of the invention will be employed without a corresponding
use of other features. Further, those skilled in the art will
understand that variations can be made in the number and
arrangement of components illustrated in the above figures. It
is intended that the scope of the appended claims include such
changes and modifications.

1-23. (canceled)

24. A method for providing analog ultrasonic imaging data
signals capable of rendering an image of an object, the
method comprising: receiving an acoustic signal and produc-
ing received analog ultrasonic signals therefrom at a plurality
of receive transducer elements disposed on a chip; condition-
ing the received analog ultrasonic signals to produce the
analog ultrasonic imaging data signals therefrom the step of
conditioning including the steps of: periodically sampling the
received analog ultrasonic signals from each receive trans-
ducer element to produce analog samples using sample and
hold circuits located substantially below the receive trans-
ducer elements; and operating upon the analog samples to
produce the analog ultrasonic imaging data signals; output-
ting the analog ultrasonic imaging data signals off the chip.

25. The method according to claim 24 further including the
step of using an electronic system external to the chip to
render a 3-d image of an object using the analog ultrasonic
imaging data signals.

26. The method of claim 24 wherein the periodic analog
samples are obtained at a predetermined rate.

27. The method of claim 26 wherein the step of operating
adds together different ones of the analog samples obtained
during a clock period to produce conditioned analog ultra-
sonic imaging data signals, and wherein the conditioned ana-
log ultrasonic imaging data signals are used to produce the
analog ultrasonic imaging data signals.
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28. The method of claim 27 wherein the step of periodically
sampling obtains and stores the samples in a plurality of
analog sample-and-hold circuits associated with different
ones of the receive transducer elements, wherein the receive
transducer elements are grouped into different sets, and
wherein those analog sample-and-hold circuits in each set are
triggered at different times based upon a predetermined clock
rate to obtain the corresponding samples for a given clock
period.

29. The method of claim 24 wherein the step of outputting
amplifies the analog ultrasonic imaging data signals to drive
a chip interconnect.

30. The method of claim 24 wherein the receive transducer
elements are grouped into different sets, and the step of oper-
ating serially multiplexes the analog samples of each set to
produce the analog ultrasonic imaging data signals.

31. The method of claim 30 wherein the step of outputting
amplifies the analog ultrasonic imaging data signals.

32. The method of claim 30 wherein the step of periodically
sampling obtains and stores the samples in a plurality of
analog sample-and-hold circuits associated with different
ones of the receive transducer elements and those analog
sample-and-hold circuits in each set are triggered at substan-
tially the same time.

33. The method of claim 30 wherein: each of the plurality
of sets is an elevation group, each elevation group formed in
an elevation direction and arranged adjacently in azimuth,
each of the plurality of elevation groups including at least two
of the receive transducer elements; adjacent transducer ele-
ments of different elevation groups form a plurality of azi-
muth groups; and different azimuth groups are triggered at a
different time by a trigger signal.

34. The method of claim 24, wherein the step of condition-
ing includes amplifying the received analog ultrasonic signals
prior to the step of periodically sampling.

35. The method of claim 34 wherein the amplifying applies
a variable gain.

36. The method of claim 35, wherein the variable gain
increases during a receive period.

37. The method of claim 35 further including the step of
filtering the received analog ultrasonic signals with an anti-
aliasing filter to attenuate frequency content above a Nyquist
frequency.

38-45. (canceled)
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