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RECEIVE CIRCUIT FOR ULTRASOUND
IMAGING

BACKGROUND

The present invention relates to receive circuits for ultra-
sound imaging. In particular, receive circuits for use with
different transducers are provided.

Ultrasound imaging for echocardiography applications
requires transducers with high volume-per-second rates for
scanning. For real-time imaging of moving structures, 20 or
more, such as 35, two or three-dimensional representations
are generated each second. Large amounts of information
are communicated from an ultrasound probe to an ultra-
sound system base unit.

Various transducers and associated beamformers have
been provided for three-dimensional ultrasound imaging.
Currently, mostly mechanical transducers are used.
However, the associated imaging is not provided in real time
and typically requires ECG gating. Two-dimensional trans-
ducer arrays for faster electronic/electronic steering and
volume acquisition also have been provided. For example,
sparse two-dimensional arrays or fully sampled two-
dimensional arrays have been used. Sparse arrays provide
poor contrast resolution.

Fully sampled two-dimensional arrays use expensive
additional beamforming hardware. Two-dimensional arrays
repetitively generate transmit beams and responsive receive
beams. The beams are electronically steered within the
three-dimensional volume. Electronic steering requires a
system channel for each of the elements used. Since the
number of elements in a two-dimensional array is high, the
number of channels required is high. More channels require
a greater number of cables. Providing beamforming or
partial beamforming within the probe of the transducer array
may reduce the number of cables required, but the required
number of channels and hardware for sampling the two-
dimensional array is still high. Furthermore, analog delays
used for beamforming in the probe are expensive and large,
and the beamformer in the probe may have limited program-
mability.

Transducer arrays include elements with a ground elec-
trode and a signal electrode switchably connected to sepa-
rate transmit and receive system channels. With beamform-
ing capabilities built into the probe, high voltage transistors
or diodes operating as switches to isolate the transmit
channels from the receive channels are also included within
the probe. These high voltage devices are not easily inte-
grated with the beamforming circuitry, so require additional
space.

In one system disclosed in U.S. Pat. No. 5,622,177, the
number of system channels and cables is reduced by using
time division multiplexing. Data from a plurality of ele-
ments is multiplexed onto one signal line. However, time
division multiplexed data has different characteristics than
conventional data representing the signal from a single
transducer element. Receive circuitry designed for use with
conventional data may improperly introduce noise or errors
in time division multiplexed data.

BRIEF SUMMARY

By way of introduction, the preferred embodiments
described below include methods and systems for receiving
different types of signal formats from different ultrasound
transducers. A base unit of an ultrasound system includes a
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connector and receiver circuit for connecting with one of
multiple different types of transducers. For example, a
conventional transducer providing analog information asso-
ciated with a single element on one receive channel is
connected with the connector and receiver circuit.
Alternatively, a transducer outputting time division multi-
plex or other multiplex information representing multiple
transducer elements is connected with the connector and
receiver circuit. The receiver circuit processes the received
information differently depending on the data format. For
example, the preamplifier impedance or gain is different for
single element signals versus time division multiplex sig-
nals. As another example, a low pass filter bandwidth is
larger for time division multiplex signals than for signals
representing a single element.

The embodiments also include receive circuits with an
analog-to-digital converter positioned prior to a digital
demultiplexer. Time division multiplex or other multiplex
signals from a transducer array are converted to a digital
format prior to demultiplexing.

Other embodiments include methods and systems for
adapting multiplexing or processing of multiplexed signals.
A test signal or ultrasound signals are transmitted from a
transducer to the receiver circuit and analyzed. The multi-
plexer of the transducer is synchronized with an analog
digital converter with selectable delays responsive to the
analysis. In another embodiment, coefficients or other filter
characteristics of a digital equalizer are selected as a func-
tion of the analysis.

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 inven-
tion are discussed below in conjunction with the preferred
embodiments.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

The components and figures are not necessarily to scale,
emphasis instead being placed upon illustrating the prin-
ciples of the invention. Moreover, in the figures, like refer-
ence numerals designate corresponding parts throughout the
different views.

FIG. 1 is a block diagram of one embodiment of an
ultrasound system for receiving different types of signals
from different transducer probes.

FIG. 2 is a flow chart diagram of one embodiment of a
method for receiving data associated with a plurality of
transducer elements on a single cable.

FIG. 3 is a block diagram of one embodiment of a
transducer with isolated transmit and receive channels.

FIG. 4 is a circuit diagram of one embodiment of a
transmitter.

FIG. § is a circuit diagram of an alternative embodiment
of a transmitter.

FIG. 6 is a flow chart diagram of one embodiment
representing use of the isolated transmit and receive chan-
nels of FIG. 5 to transmit and receive acoustic information.

FIG. 7 is a graphical representation of unipolar pulses
with opposite phases.

FIG. 8 is a graphical representation of a multi-
dimensional transducer array.

FIG. 9 is a perspective view of one embodiment of an
interior of a probe including a multi-dimensional transducer
array connected with circuit boards.

FIG. 10 is a cross sectional diagram of one embodiment
of a multi-dimensional array assembled from modules.
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FIGS. 11A and 11B are graphical representations of steps
performed for manufacturing a multi-dimensional array
using pre-diced modules.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Faster or more complex two-dimensional and three-
dimensional ultrasound imaging is provided by using mul-
tiplexing. A multiplexer is provided within a probe so that
information from multiple transducer elements are multi-
plexed onto one signal channel for transmission to a base
unit or ultrasound system for further processing. To avoid
having different systems for different types of transducers,
receive circuitry of an ultrasound system is operable in
different modes based on the format of signals provided by
the transducer. To further minimize the number of channels
connecting a probe to an ultrasound system without
adversely affecting the size of the probe, a transmit channel
is separated from the receive channel by a transducer ele-
ment. This separation isolates the transmit channel while
minimizing integration of high voltage devices within the
probe. To allow the element to isolate the transmit and
receive channels, the transducer array is manufactured from
separately diced modules, each module including signal
traces to opposite sides of each element.

The developments discussed above for multiplexing may
be used independent of the multiplexing or other features.
These independent developments or features are described
in three general sections below. Receive circuitry for receiv-
ing information associated with different signal formats or
for receiving just multiplexed format is described first.
Isolation of the transmit path from the receive path using a
transducer element and associated methods of use are
described second. Finally, transducer arrays and methods of
manufacture are described.

Receive Circuitry:

FIG. 1 shows a block diagram of one embodiment of an
ultrasound system 10. The system 10 includes a base unit 12
with receive circuitry 14 and an image processor 16. The
receive circuitry 14 is operable to connect with different
types of transducer probes 18, 20 via a cable 22. A plurality
of receive circuits 14 are electrically connectable with the
probes 18, 20 for processing signals from an array of
elements 24. Additional, different or fewer components may
be provided in the system 10, such as providing only one
type of transducer probe 18, 20.

One transducer probe 20 comprises an array of piezoelec-
tric or microelectromechanical elements 24 for transducing
between acoustic and electrical energies. The probe 20
includes a single element, a linear array of elements or a
multi-dimensional array of elements. The probe 20 also
includes a housing covering the array. The housing is shaped
to be a hand-held device or may be shaped for insertion into
cavities or cardiovascular system of a patient. The probe 20
connects to the receive circuitry 14 using a cable 22 for each
element 24 of the array. Each cable 22 transmits an analog
signal representing the acoustic energy received at a single
element 24. The signaling provided on the cable 22 from the
probe 20 are conventional signals free of multiplexing or
other intermediate circuits between the element 24 and the
connector 32. The probe 20 provides signals or other infor-
mation formatted differently than the signals from probe 18.

The probe 18 includes a linear or multi-dimensional array
of elements 24 connected with a multiplexer 26. In one
embodiment, 1,536 elements 24 are configured as a two-
dimensional or multi-dimensional array. The probe 18 also
includes a housing covering the array. The housing is shaped
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to be a hand-held device or may be shaped for insertion into
cavities or cardiovascular system of a patient. In one
embodiment, the transducer probe 18 comprises multi-
dimensional transducer probe manufactured as discussed
below using modules, but other linear or multi-dimensional
arrays using a ground plane or with separate signaling made
from one PZT component or modules may be used.

The probe 18 includes preamplifiers 35 and time gain
controls 37 as a receive channel 64 prior to multiplexing.
The receive channel 64 connects with the element 24. The
preamplified and time gain controlled information are pro-
vided to sample and hold circuits 60. The sample and hold
circuit 60 comprise analog delays for multiplexing analog
information from multiple elements 24 onto one output. In
the preferred embodiment, no sample and hold function
exists. Analog waveforms are interleaved in time with no
“hold” and no “analog delay” operation. Use of a sample and
hold is not a requirement but it is one possible alternative.

In one embodiment, the receive circuits in the probe 18
dissipate less than 5 watts. In one embodiment, one multi-
plexer 26 is provided for every eight elements 24, but a
single multiplexer may be provided for all elements or for a
different number of elements. The multiplexer 26 comprises
an analog or digital network of switches responsive to a
probe control 28. In one embodiment, the multiplexer 26
combines signals from a plurality of elements 24 using time
division multiplexing. In alternative embodiments, fre-
quency multiplexing or other multiplexing schemes now
known or later developed may be used. The probe control 28
controls the multiplexer 26 in response to a clock signal so
that analog signals from each of the ¢lements are assigned a
specific time slot within a frame of time division multiplex
information. In one embodiment, the probe 18 and associ-
ated multiplexer 26 comprise the time division multiplexing
probe discussed in U.S. Pat. No. 5,622,177, the disclosure of
which is incorporated herein by reference. Additional, dif-
ferent or fewer components may be provided in a probe 18,
such as providing additional amplifiers or filters in the probe
18 or a probe free of the preamplifiers or time gain controls.

The multiplexer 26 outputs time division multiplex or
other formatted data to a line driver 30. The line driver 30
comprises an amplifier or other device integrated with or
separate from the multiplexer 26 for transmitting the mul-
tiplexed information over the cable 22. Separate cables 22
may be provided for additional multiplexers 26, such as 192
or 256 cables 22.

The base unit 12 comprises an ultrasound imaging
system, such as a hand-held, cart based or other system for
generating a two-dimensional or three-dimensional repre-
sentation of a patient. The receiver circuitry 14 receives
information from one or more transducer probes 18, 20 for
beamformation, detection and other ultrasound image pro-
cessing by the image processor 16.

The receive circuit 14 includes a connector 32, a mode
control processor 34, a preamplifier 36, a time gain control
circuit 38, a low pass filter 40, a buffer 42, an analog-to-
digital converter 44, a digital equalizer 46, a digital demul-
tiplexer 48, an analysis processor 50, and a selectable delay
52. Additional, different or fewer components may be pro-
vided. The receiver circuit 14 comprises one or various
combinations of two or more of the components described
above. For example, the receiver circuitry comprises just the
preamplifier 36 or just the low pass filter 40. The receive
circuit 14 is operable with the transducer probe 20 where the
signals from elements 24 may or may not be amplified
and/or processed before transmission to the base unit 12. A
second mode of operation allows transmission of time
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division or other multiplexed signals representing a group of
elements along one signal line or cable 22. The receive
circuitry 14 comprises a single receive channel within the
base unit 12. Multiple receive channels for association with
different cables 22 and different elements 24 are provided.

The connector 32 comprises a female or male latch with
electrical contacts for connecting with a bundle of cables 22.
The connector 32 is operable to connect with different
transducer probes 18, 20. For example, a probe with time
division multiplexing capabilities is connected to the con-
nector 32. As another example, the probe 18 is disconnected
from the connector 32 and the other probe 20 is connected
to the connector 32. The connector 32 releasably maintains
physical and electrical contact with the bundle of cables 22.
In alternative embodiments, a separate connector 32 is
provided for different probes 18, 20. The same base unit 12
and receive circuit 14 may be used for receiving and
processing information from different types of transducer
probes 18, 20. For example, the connector 32 connects with
the probe 18 for imaging using a fully populated two-
dimensional or 1.5 dimensional array. Time division multi-
plexing allows for steering in two spatial dimensions for
two-dimensional or three-dimensional imaging while mini-
mizing the number of cables 22 for communicating signals
1o the base unit 12. The same connector 32 connects with the
other transducer probe 20 for ultrasound imaging using
signals free of multiplexing. In one embodiment, multiple
connectors 32 are provided with relay or solid-state switch-
ing into the common receive circuit 14 to provide rapid
access to a selection of transducers. Each individual con-
nector 32 may accept either multiplexed transducers 18 or
conventional transducers 20.

The mode control processor 34 comprises a control
processor, general processor, application specific integrated
circuit or other analog or digital device for controlling
components of the receive circuit 14, such as the preampli-
fier 36 and low-pass filter 40. In response to a configuration
entered by the user, in response to control signals provided
by the probe control 28, in response to a detection by the
connector 32 of a type of probe, or in response to analysis
of signals received from the ultrasound probe 18, 20, the
mode control processor 34 configures one or more compo-
nents of the receive circuitry 14 for processing in accordance
with the type of data or data format provided by the probe
18, 20. The characteristics of the receive circuit are config-
ured as a function of the data format.

The preamplifier 36 comprises transistors or other analog
or digital devices for providing a low noise, wide band
matched receiver. The preamplifier 36 is programmable or
responsive to the mode control processor 34 for program-
ming characteristics of the preamplifier. For operation with
the transducer probe 20 or operation with signals represent-
ing a single transducer element 24, the preamplifier 36 is
programmed to have a impedance characteristic similar to or
at the impedance of the element 24 and the cable 22, such
as 1 kOhm impedance. The impedance matches a generali-
zation based on expected variations in cable impedances for
different types of probes 20. The preamplifier 36 may
alternatively be programmable for specifically matching
specific types of probes 20 with different cables 22, cable
lengths or elements 22. Preamplifier input impedance, gain
and frequency response may be controlled either by select-
able switched components or by altering preamplifier bias
current. In practice, both methods may be employed simul-
taneously within an integrated circuit realization. For opera-
tion with multiplexed signals, the preamplifier 36 is pro-
grammed for an impedance match to the line driver 30 or
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other output circuitry of the probe 18. For example, the
preamplifier 36 is programmed to provide an approximate
50 ohms impedance match. In alternative embodiments,
different preamplifiers 36 are selected by the mode control
Processor.

In another embodiment, the gain characteristic of the
preamplifier 36 is selected as a function of the format of
signals or type of probe 18, 20. Multiplexed transducers 18
may require lower preamplifier gain than conventional trans-
ducers 20 because signals are already preamplified within
the transducer prior to multiplexing. Also, noise perfor-
mance of the system preamplifier 36 is not as stringent for
multiplexed transducers 18 with integral preamplifiers 36, so
a degraded noise preamplifier might be desirable to save
power or otherwise optimize input impedance, gain, and
frequency response.

Another programmable characteristic is the bandwidth of
the preamplifier 36. For multiplexed information, the pream-
plifier 36 is not band limited or operates over a wide band,
such as passing frequencies having a symbol rate of more
than twice the center frequency of the transducer array (e.g.,
more than 5 MHz, 30 MHz or 100 MHz or more) for time
division multiplexing. For information free of multiplexing,
the bandwidth may be 2-15 MHz, such as associated with
ultrasound frequencies or the frequency band of the trans-
ducer. Other characteristics of the preamplifier 36 may be
adapted or altered as a function of the data format provided
from the transducer probe 18, 20.

Signal conditioning blocks may be included in the mul-
tiplexer 26 or with the preamplifier 36 to provide pre- and
post-equalization for frequency dependent losses in the
cable 22. In alternative embodiments, the digital equalizer
46 provides post-equalization. The equalization may mini-
mize inter-symbol interference. For example, pre-emphasis
or high-frequency boost could be applied prior to driving the
cable to compensate for frequency-dependent cable losses.
An all-pass phase correction filter could also be imple-
mented in the system receiver 14 to further reduce inter-
symbol interference prior to the ADC.

The time gain control 38 (i.e. depth gain control) com-
prises an adjustable gain amplifier for variably amplifying
analog signals. For signals representing a single element 24,
the variable gain comprises a 40 to 80 dB range, but other
gains may be used to account for the approximately one dB
per MHz per centimeter of depth attenuation of ultrasound
signals. The time gain control 38 operates the same or
differently for multiplexed signals. Where a time gain con-
trol 38 is provided in the probe 18, the time gain control 38
of the receive circuit 14 provides less or no variable gain for
multiplexed signals. Where the time gain control 38 applies
a variable gain, the application of the gain accounts for the
time division multiplexing by applying a same gain within
each frame of signals from multiple elements 24.

The low-pass filter 40 comprises an anti-aliasing filter
implemented as a finite impulse response or infinite impulse
response filter. The low-pass filter 40 band limits signals so
signals greater than ¥ the digital sampling rate do not alias
into the signal spectrum. By lowering the bandwidth of the
low-pass filter, a greater signal-to-noise ratio is provided as
long as signals of interest are not removed or reduced.
Signals of interest provided by the probe 20 or representing
a single element 24 are provided in a 2-15 MHz frequency
range. The low-pass filter 40 is programmed with a 6 dB
down or other cutoff frequency of 30 MHz, 15 MHz less or
other frequency. The bandwidth may be programmed as a
function of the type of imaging or type of probe 20 used. For
multiplexed signals, such as time division multiplex
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information, the bandwidth is greater to pass multiplexed
signals while minimizing inter-symbol interference. For
example, the bandwidth is 30 MHz or greater, such as 50 or
100 MHz, to provide a Nyquist channel shape or a linear-
phase low-pass filter with the following magnitude response
symmetry: |H()|=1-|H(Fsample-f)|, for O<f<Fsample,
where Fsample is the multiplexed sample rate (¢.g. 96
MHz). In practice, H(f) is an approximation to a Nyquist
channel and errors are corrected via the digital equalizer 46.

The buffer 42 comprises an amplifier or other analog
components for buffering signals input to the analog-to-
digital converter 44. The buffer 42 provides the same
characteristics regardless of the type of data or data format
used, but may provide programmable characteristics that
differ as a function of data format. For example, faster slew
rate may be required from 42 for multiplexed data. A
programmable slew rate limit could be used to conserve
power in non-multiplexed modes.

The analog-to-digital converter 44 samples the analog
signals and outputs digital representations in any one of
various now known or later developed codes. For data
representing a single element 24, the analog-to-digital con-
verter 44 samples the data in response to a clock input but
without reference to other timing information. For time
division multiplex data, the analog-to-digital converter clock
input is synchronized with the multiplexer 26. The synchro-
nization allows proper separation of signals from each of the
different elements 24 with minimized cross signal interface.

The digitized samples are provided to an adaptive digital
equalizer 46. The digital equalizer 46 comprises a program-
mable finite impulse response filter, such as implemented
using a shift register 54, multipliers 56 and a summer 58. In
alternative embodiments, a processor or other device is used
to implement the equalizer 46. The digital equalizer 46
filters time division multiplex information to remove inter-
symbol interference. The filter coefficients applied to the
multipliers 56 are based on a transfer function or generation
of inter-symbol interference from the element 24 through
various stages or components of the receive circuit 14 that
operate on the analog signal. In one embodiment, the filter
coeflicients are programmable to allow for adaptations or
variations in the transfer function. The coefficients are
selected in response to a test signal or other data processing
accounting for detected differences in the transfer function,
such as caused by different probes 18, different processing
characteristics of analog components of the receive circuit
14 or changes due to time and temperature. For signals
representing a single element 24 or signals free of
multiplexing, the digital equalizer 46 passes the signals,
such as providing no delay in a single tap with a multiplier
cocefficient of one.

The demultiplexer 48 comprises a digital demultiplexer,
such as a network of switches for separating signals from
various time slots in a frame of time division multiplex
information. The demultiplexer 48 operates as a conditional
demultiplexer. The receive signals are digitally demulti-
plexed. For example, the demultiplexer outputs signals from
different elements 24 on different outputs for beam forma-
tion and other image processing by the image processor 16.
For conventional signals or signals free of multiplexing, the
demultiplexer 48 passes the information to the image pro-
cessor 16 for beam formation.

The optional analysis processor 50 comprises a digital
signal processor, a general processor, an application specific
integrated circuit, analog components, digital components
and combinations thereof for synchronizing the analog-to-
digital converter 44 with the multiplexer 26 or selecting
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coefficients for the digital equalizer 46. The analysis pro-
cessor 50 operates on a test signal. The probe control 28
causes the multiplexer 26 to transmit a known or predeter-
mined digital or analog test signal through the cable 22 and
receive circuit 14 to the analysis processor 50.

The test signal is transmitted as part of a calibration
function, such as in response to user input or connection of
the probe 18 to the connector 32. The base unit 12 com-
mands or the probe control 28 automatically generate the
test signals. In alternative embodiments, test signals are
transmitted periodically. For example, a test signal is trans-
mitted in a preamble or header for each frame of time
division multiplexed information. One or both of synchro-
nization and adaptive equalization are provided in response
to periodic transmission of the test signals. For stability,
some phase sensitive acquisition sequences, such as acqui-
sition for Doppler processing, minimize or do not provide
any adaptation or changes in phasing through synchroniza-
tion or the equalization.

One or both of multiplexing or processing of the receive
signals is adapted in response to the analysis of the test
signal. For example, the operation of the multiplexer 26 is
adapted to the operation of the analog-to-digital converter 44
by synchronizing clock signals. The analysis processor 50
selects a selectable delay 52 for phasing the clock signal
provided to the multiplexer 26 in reference to the analog
digital converter 44. Fixed delays in clocking circuitry,
variable delays due to clock signal path lengths, multiplexer
circuit delays, multiplex signal path length, group delays and
amplifiers and digitization of delays cause misalignment,
resulting in mixing signals from different elements 24 by the
analog-to-digital converter 44. These misalignments may
vary as a function of the probe 18, the receive circuit
configuration, time, temperature and processes. The analysis
processor 50 determines the beginning of each frame by
detecting a known pattern or the test signal. Using the
selectable delay 52, the phase of the clocking signals applied
to the analog-to-digital converter 44 and the multiplexer 26
are synchronized. In alternative embodiments, the analog-
to-digital converter clock signal is phased relative to the
clock signal provided to the multiplexer 26, or a group or
subgroup of receive circuits 14 are used to determine the
phase of a clock signal common to more than one multi-
plexer 26 relative to another clock signal common to more
than one analog-to-digital converter 44. The adaptive clock
adjustments simplify the multiplexing control circuitry and
interface between the receive circuit 14 and the probe 18.
One clock line or cable 22 is provided without additional and
separate phasing information. In alternative embodiments,
separate clock and phasing signals are provided to the probe
controls 28.

In one embodiment, the processing by the receive circuit
14 is altered or adaptive as a function of the test signal by
the analysis processor 52. For example, the analysis proces-
sor 50 selects coefficients from a lookup table or calculates
cocefficients for use by the digital equalizer 46. The digital
equalizer provides symbol alignment or removal of inter-
symbol interference. The analysis processor 50 compares a
known or stored test signal to the received test signal.
Differences between the received test signal and the stored
test signal are used to select coefficients. The coefficients are
selected so that the receive signals are undistorted or inter-
symbol interference removed or diminished. In alternative
embodiments, results from more than one analysis processor
50 are used to select coefficients for use by the digital
equalizer 46.

In one embodiment, the receive circuit 14 includes a
transmit receive switch. In alternative embodiments dis-
cussed below, no transmit and receive switch is provided.
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FIG. 2 represents a flow chart of one embodiment of
operation of the system 10 of FIG. 1. In act 70, one of
various possible probes 18, 20 are connected with a base unit
12. One of the probes 18, 20 is selected and attached to the
connector 32. For example, a user desires three-dimensional
cardiac imaging, so a two-dimensional array of elements in
the probe 18 associated with time division multiplexing is
connected.

For probes associated with multiplexing, a test signal is
transmitted in act 72. Multiplexing or processing are adapted
in response to the test signal. For data free of multiplexing,
act 72 is optional or not provided. The test signal is trans-
mitted in response to connection of the probe 18, response
to control signals from the receive circuitry 14, in response
to user input, automatically, or periodically. For example, a
test signal is transmitted as part of an initial calibration
process or is transmitted periodically in the header of first
time slot or other slot of each frame of time division
multiplex information. The received test signal is compared
to an expected test signal. In response to comparison,
equalization coefficients or other processing of the receive
circuit is adapted or altered. Additionally or alternatively, the
timing of the test signal is identified and selectable delays
determined for synchronizing the analog-to-digital converter
44 with the multiplexer 26.

In act 74, the receive circuitry 14 is configured to have
different characteristics as a function of the type of probe or
format of the data received from the probe 18, 20 connected
with the receive circuitry 14. Where the data format corre-
sponds to multiple elements, such as time division multi-
plexed data, the information is processed in response to
different impedance, gain, filtering, equalization, analog to
digital conversion or other processes than for data associated
with a single element or free of intervening circuitry in the
probe 20. Any one or combination of two or more of the
various characteristics may be altered as a function of the
data format. Additional or different characteristics may also
or alternatively be altered. Act 74 may be performed before
or after act 72.

The analog information is then digitized. For time divi-
sion multiplex information, the analog-to-digital converter
44 is synchronized with the multiplexed information. The
multiplexed information is then demultiplexed for beamfor-
mation and other imaging processes.

Transmit and Receive Isolation:

A transducer element 24 may be used to isolate the
transmit channel from the receive channel in either of the
probes 18, 20 discussed above or another probe for use with
different receive circuits. While useful for single element
transducers, linear arrays, or arrays with limited or no
transmit or receive circuitry within the probe, using a
transducer element 24 to isolate the transmit and receive
channels is particularly useful for multi-dimensional trans-
ducer arrays with at least part of transmit, and/or receive
circuitry incorporated within the probe, such as discussed
above for the time division multiplexing probe 18. A fully
populated multi-dimensional transducer array requires a
large number of transmit and receive channels. By placing
transmit or receive circuitry within the probe and providing
multiplexing, the number of cables 22 or channels from the
probe 18 to the base unit 12 are minimized. However, the
transmit and receive circuitry then coexists in a small space,
making isolation of the receive circuits from the high
voltages of the transmit circuits difficult. High voltage
switches, such as switches able to withstand 200 volts of
reverse voltage, are difficult to integrate with other receive
circuits, such as a multiplexer. High voltage transmit and
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receive switching is replaced with the transducer element for
isolating the transmit channel from the receive channel.

FIG. 3 shows a transducer clement 24 isolating or sepa-
rating a transmit path 62 and a receive path 64. Direct
connection between the transmit path 62 and the receive
path 64 is avoided. The element 24 isolates the paths 62, 64
to allow high voltage transmission without subjecting the
receive path 64 to the high voltage. High voltage devices are
provided as part of the transmit path 62 but not as part of the
receive path 64 in one embodiment. In alternative
embodiments, high voltage devices are provided on the
receive path 64.

The element 24 comprises one of a plurality of elements
in a multi-dimensional or linear array. 1.5 dimensional and
2-dimensional arrays may be represented as multi-
dimensional arrays of a NxM grid of elements where both N
and M are greater than 1. For multi-dimensional arrays, the
elements may be small and have a high impedance as
compared to elements 24 of a linear array. Parasitic loading
associated with a cable 22 is also absent or reduced for use
with a multiplexer and the probe 18. A smaller transmit
pulser and very low power receive preamplifier may be used
given the high element impedance than for a lower imped-
ance.

The element 24 includes two electrodes 80 and 82. The
electrodes 80 and 82 are on opposite of the element 24, such
as being on a top and bottom of the element on a range
dimension. The electrode 80 is free of an electrical connec-
tion with the electrode 82. Separate signal traces comprise or
connect with each of the electrodes 80 and 82. Each element
24 is associated with two or more separate signal traces for
associated separate electrodes 80, 82. In alternative
embodiments, two or more electrodes share a same signal
trace. One electrode 80 connects to the transmit path 62, and
the other electrode 82 connects to the receive path 64. The
element 24 is free of an electrical connection directly to
ground, such as provided by an electrode connected directly
to ground.

The transmit path 62 connects with the electrode 80 for
applying a transmit waveform to the element 24. The
transmit path 62 comprises at least one signal trace to
element 24 within the probe 18. In other embodiments,
additional transmit circuitry, such as a waveform generator
84, a switch driver 87, and a controller 88 are incorporated
within the transmit path 62 and within the probe 18. In
alternative embodiments, the controller 88, the driver 87, the
waveform generator 84 or combinations thereof are posi-
tioned external to the probe 18, such as within the base unit
12.

The waveform generator 84 comprises one or more high
voltage transistors, such as FET transistors, for generating
unipolar, bipolar or sinusoidal waveforms. One embodiment
of a transmit waveform generator 84 for generating a uni-
polar waveform is shown in FIG. 4. Two high voltage
transistors 86, such as CMOS FET ftransistors with at least
a withstand of 200 volts connect in series between a voltage
source and ground. In one embodiment, one transistor
comprises a PFET, and the other transistor comprises an
NFET. The transistors 86 provide high voltage and ground
driving of a unipolar waveform at the electrode 80. Since the
transmit waveform generator 84 comprises a switch mode
device, power dissipation is minimal. This circuitry for each
element 24 uses about 0.2 millimeters® of die area. For a
2-dimensional array of 1,536 elements, about 307 millime-
ter” of die area is used. Other integration formats may be
provided, such as providing groups of high voltage FET
transistors in smaller application specific integrated circuits.
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In alternative embodiments, other devices, such as digital-
to-analog converters, are used for waveform generation.

FIG. 5 shows a network of transistors 86 for generating a
bipolar waveform. Four transistors 86 allow generation of a
bipolar waveform ending with a positive voltage, negative
voltage, or zero voltage. Three transistors 86 may be used if
the bipolar waveform is capable of ending at only one
polarity, such as a positive voltage. Of the transistors, Q1
and Q2 of FIGS. 4 and 5 may have an integral reverse diode
from the drain to the source, but transistors Q3 and Q4 avoid
the reverse diode configuration to avoid conducting through
the diodes. Other configurations and networks of transistors
86 may be used.

Each of the transistors 86 connects to a reference voltage,
such as a positive voltage, a negative voltage or ground. As
shown in FIG. 4, one transistor 86 connects to ground and
the other transistor 86 connects to a positive or negative
voltage. As shown in FIG. 5, two transistors 86 connect to
ground, one transistor connects to a positive voltage, and
another transistor connects to a negative voltage.

The driver 87 comprises a transistor or FET driver for
controlling operation of the waveform generator 84. In
alternative embodiments, other drivers may be used. The
driver 87 is integrated as part of an application specific
integrated circuit, but may have separate devices or com-
prise a general processor. The driver 87 is operable to
provide voltage changes for operating the transistors 86. For
example, the transistor Q2 of FIG. 4 is controlled by
application of a 10 volt or 0 volt signal from the driver 87.
The transistor Q1 is controlled by application of a 200 volt
or 190 volt signal from the driver 87.

The controller 88 comprises a general processor, analog
components, digital components, application specific inte-
grated circuit, or combinations thereof for controlling one or
more drivers 87 associated with one or more elements 24. In
one embodiment, the controller 88 is integrated on the same
application specific integrated circuit as the driver 87, but
may be a separate device. The controller 88 outputs binary
signals to control the operation of the driver 87 and wave-
form generator 84. The controller 88 in one embodiment
extrapolates or selects transmit configurations or waveform
parameters for an entire array or sub-array based on simple
control signals provided from external to the probe 18. In
alternative embodiments, the controller 88 is located exter-
nal to the probe.

The receive path 64 comprises at least a single signal trace
connected with the electrode 82 on an opposite side of the
element 24 from the transmit path 62. In other embodiments,
the receive path 64 includes one or more of diodes 90, 92,
preamplifier 94 and a multiplexer 96. Additional, different or
fewer circuits may be provided as part of the receive path 64,
such as a filter. The electronics may not contain an explicit
filter in the probe where the transducer element itself may be
sufficient and/or the natural low-pass response of the ampli-
fier is sufficient to filter the receive signal. The receive path
is included within the probe 18 with the element 24. In
alternative embodiments, a multiplexer is not provided and
the preamplifier 94 is provided in a base unit 12 separate
from the probe 18 or in the probe 18. A cable 22 connects
the receive path 64 to the base unit 12.

The diodes 90 and 92 comprises Schottky diodes or other
high current, low voltage diode devices. In one embodiment,
the diodes 90 and 92 are free of quiescent power dissipation.
Each of the diodes 90 and 92 connects to ground with an
opposite or different polarity. The diodes 90 and 92 comprise
a diode clamp to limit voltage swings on the receive path 64
at the electrode 82. For example, the diodes 90 and 92 limit
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voltage transitions to between plus or minus 0.2 to 0.7 volts.
In alternative embodiments, transistors or other devices are
used for limiting the voltage at the electrode 82.

In one embodiment, the diodes 90 and 92 are integrated
in an application specific integrated circuit with the pream-
plifier and multiplexer circuits 94 and 96. Other integration
formats may be provided, such as providing discrete diode
arrays and separate preamplifier/multiplexer circuits in
smaller application specific integrated circuits.

The preamplifier 94 comprises one or more transistors for
amplifying a signal from the electrode 82. For example, a
differential BJT pair with current outputs are provided using
a 7 volt BiCMOS process or other transistor process. Using
20 low uA per channel with a 5 volt supply allows a
consumption of 0.1 milliwatts per channel. Other preampli-
fiers with different power consumptions and associated
components and characteristics may be used. The preampli-
fier 94 may alternatively or additionally include a time or
depth gain control amplifier or a filter. For a time gain
control amplifier integrated within the probe 18, a low power
device for providing some but not all of the time gain
compensation may be used. In alternative embodiments, a
larger, more power consuming variable amplifier is pro-
vided.

The multiplexer 96 comprises a network of switches, such
as transistors and analog sample and hold circuits for
multiplexing the signals of a plurality of transmit paths 64
onto one cable 22. For example, the multiplexer 96 com-
prises an 8 to 1 multiplexer for multiplexing signals from 8
different elements 24 into one frame of analog information.
In one embodiment, the multiplexer 96 is operable to
provide 12 MSPS for each receive path 64 for a total of 96
MSPS for 8 receive paths 64. The circuitry of the receive
path 64 is free of high voltage devices and may be integrated
into one application specific integrated circuit or other
general circuit in a small space within the probe 18.

Connecting the transmit and receive path 62 and 64 to
opposite electrodes 80 and 82, respectively isolates the high
voltages and high voltage devices of the transmit path 62
from the low voltage devices of the receive path 64. FIG. 6
shows a flow chart of one embodiment for tr