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57 ABSTRACT

An ultrasonic diagnostic imaging system has a low voltage
ultrasound signal path including front-end circuitry which
drives probe signal conductors with low voltage transmitters
and has low voltage receivers or preamplifiers with inputs
coupled to the signal conductors. The transmit high voltage is
produced in the system main frame and coupled by the probe
cable to high voltage transmitters in the probe, which have
low voltage inputs coupled to the signal conductors and out-
puts coupled to the elements of the transducer array. The
transmit/receive switches are located in the probe and
coupled in parallel with the high voltage transmitters.
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LOW VOLTAGE ULTRASOUND SYSTEM
WITH HIGH VOLTAGE TRANSDUCERS

[0001] This invention relates to medical diagnostic ultra-
sound systems and, in particular, to ultrasound systems with
a low voltage signal path that operate with transducer with
integrated high voltage electronics.

[0002] Medical diagnostic ultrasound system use probes
which transmit and receive ultrasound waves with piezoelec-
tric transducer elements. Piezoelectric transducer elements
require high-voltage transmitter circuits to achieve transmit
signal levels that will penetrate through tissue with sufficient
energy to result in returning echo signals that can be sensed by
the transducer elements. Lower transmit voltages result in
less penetration of ultrasound waves through tissue, poor
signal-to-noise levels resulting in an indistinct image, or no
detectable echo signals at ail from greater depths. Hence, high
performance ultrasound systems today drive their transducer
elements with relatively high voltage drive signals, generally
on the order of 80 volts or more. The receiver electronics, on
the other hand, consist of very sensitive low voltage circuitry.
The receiver electronics, moreover, must foe connected to the
same transducer elements as the transmitter circuitry. A con-
sequence of these differing requirements is that a transmit/
receive switch is necessary. The transmit/receive switch,
often formed with diodes, usually is closed when echo signals
are being received and is open to isolate the receiver from the
high voltage circuitry when the transmitter is operating.
[0003] Inthe pastthe transmitter and receiver circuits of an
ultrasound system were formed of discrete semiconductor
components on printed circuit boards. But as semiconductor
processes have advanced, so has the ability to integrate ultra-
sound system transmitter and receiver electronics. Today an
ultrasound system can be built with the high voltage trans-
mitter circuitry, the low voltage receiver circuitry, and the
transmit/receive switch all integrated on the same integrated
circuit. However, this integration is not without its limita-
tions. The combination of high and low voltage electronics on
the same IC limits the IC process options which can be used.
Furthermore, because the transmitter must drive the trans-
ducer elements of the probe through a probe cable, sufficient
power must be dissipated just, to drive the cable. In many
ultrasound systems, approximately two-thirds of the transmit
power is used just to provide power which is lost in the cable.
This significant high power drive capability requires inte-
grated circuits of substantial size and cost. Accordingly it
would be desirable to reduce the size and cost of the high
voltage circuitry in an ultrasound system.

[0004] In accordance with the principles or the present
invention, a diagnostic ultrasound system is provided which
uses only low voltage circuitry in the ultrasound signal path of
the system mainframe. The high voltage transmitter circuitry
is located in the probe. Accordingly, the only high voltage
circuitry in the system mainframe for the signal path is a high
voltage power supply which supplies high voltage to the
transmit circuitry in the probe. This reduces the overall sys-
tem power dissipation, as high voltage transmitters in the
system mainframe are no longer driving signal conductors in
the probe cable. System packaging can be smaller with less
power used and less cooling required.

[0005] In the drawings:

[0006] FIG. 1 illustrates in block diagram form the signal
path of a typical ultrasonic diagnostic imaging system.
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[0007] FIG. 2 illustrates in block diagram form the beam-
former front end circuitry, the cable, and 1D array probe
transducer of a typical ultrasound system.

[0008] FIG. 3 illustrates in block diagram form the beam-
former front end circuitry, the cable, and 2D array probe
transducer of a typical ultrasound system.

[0009] FIG. 4 illustrates in block diagram form the beam-
former front end circuitry, the cable and a 1D array probe
transducer of an ultrasound system constructed in accordance
with the principles of the present invention.

[0010] FIG. 5 illustrates in block diagram form the beam-
former front end circuitry, the cable and a 1D array probe
transducer of another ultrasound system constructed in accor-
dance with the principles of the present invention.

[0011] FIG. 6 illustrates in block diagram form the beam-
former front end circuitry, the cable and a 2D array probe
transducer of an ultrasound system constructed in accordance
with the principles of the present invention.

[0012] FIG. 7 illustrates a high voltage FET transmitter
circuit suitable for use in a probe for an ultrasound system of
the present invention.

[0013] FIG. 8 illustrates a high voltage operational ampli-
fier transmitter circuit suitable for use in a probe for an ultra-
sound system of the present invention.

[0014] Referring first to FIG. 1, a typical, ultrasound sys-
tem signal path is shown in block diagram form. A probe 10
includes a transducer array 12 which transmits and receives
ultrasound energy. The transducer array 12 may be a one-
dimensional (1D) array of transducer elements which trans-
mits and receives energy from an image plane, or a two-
dimensional (2D) array which transmits and receives
ultrasound from a volumetric region for 2D or 3D imaging. A
1D array probe may include passive matching components
and multiplexers to connect specific array elements to con-
ductors of a probe cable 14 at specific times. The probe may
also have preamplifiers to boost the level of received echo
signals. A 2D array probe will generally contain microbeam-
forming circuitry to perform some of the beamforming in the
probe and reduce the number of cable conductors otherwise
needed to couple 3D image signals to the beamformer 20 in
the system mainframe.

[0015] The system mainframe may take several configura-
tions, from a handheld or portable unit, to a laptop-like con-
figuration, or a cart-based system. The system mainframe
includes a beamformer 20' to which the probe cable 14 is
connected. The beamformer 20 performs two functions,
transmission and reception. A transmit beamformer will drive
the elements of the transducer array with high energy signals
needed to provide the desired tissue penetration with ultra-
sound. For this purpose the transmit beamformer is supplied
with a high voltage from a high voltage supply 22. The trans-
ducer elements in the probe are driven through conductors of
the cable 14, the transmit beamformer must, supply the
energy to drive the cable as well as the element, with corre-
sponding power dissipation in the transmitter. The beam-
former 20 also includes a receive beamformer which beam-
forms the echo signals received by the elements of the array
and coupled to the beamformer 20 over the conductors of the
cable 14. The coherent beamformed echo signals are coupled
to a signal processor 30 which performs signal processing
function such as filtering, detection, signal compounding, and
Doppler processing. The processed echo signals are coupled
to an image processor 40 which processes the signals into a
desired image format for display. The resultant image signals
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are displayed on an image display 50. The ultrasound signal
path, in the system mainframe thus starts at the connection of
the probe cable 14 to the mainframe where signals are sent to
and received from the probe 10 and its cable 14, and ends with
the display of the ultrasound image on the display 50.

[0016] FIG. 2 illustrates the front end 24 of the system
mainframe where connection is made to the probe cable 14
and transducer array 12 in greater detail. FIG. 2 illustrates the
probe 10 as having a 1D array transducer of which only one
element 12' is shown connected to its channel of the beam-
former 20 by the front end electronics 24. The front end
electronics include three components as shown in the draw-
ing, a transmitter 26, a transmit/receive ['T/R) switch, and a
preamplifier 28. For transmission the transmitter 26 is pow-
ered by a high voltage supply 22 to drive a conductor of the
cable 14 with the appropriate transmit signal for transducer
element 12'. During transmission the T/R switch is open to
protect the preamplifier from the high voltage transmit sig-
nals. Following transmission, when the array element 12' is
receiving echo signals, the transmitter is inactive and the T/R
switch is closed to apply the low level echo signals from the
array element 12' to the preamplifier 28. The amplified echo
signals are processed by a channel of the receive beamformer
of the beamformer 20. In this embodiment it is seen that the
signal connection to the conductor of the cable 14 is a high
voltage connection to accommodate the high voltage drive
requirements of the element 12', supplied by the transmitter
26. The transmitter 26, T/R switch, and preamplifier 28 may
be formed of discrete components or on a single monolithic
high voltage IC, or a combination of discrete components and
ICs.

[0017] FIG. 3 illustrates the system mainframe of FIG. 2
when coupled to a 2D array probe for3D imaging. In this case
the probe 10 includes a microbeamformer 11 to provide at
least some beamforming within the probe for the 2D array
transducer. Two elements 12' of the array transducer are
shown connected to the microbeamformer 11. For transmis-
sion the high voltage drive signal produced by the mainframe
transmitter 26 is coupled through the cable 14 to an attenuator
17, which attenuates the drive voltage level to a level suitable
for the microbeamformer. The transmit signal is delayed by
delays T as appropriate for the individual transducer elements
12'. Transmit switches T1 . . . Tn in the microbeamformer are
closed during transmission and receiver switches R1 ... Rn
and T/R switches in the microbeamformer are open at this
time, as is the T/R switch in the system mainframe. The
transducer elements 12" are then driven by the necessary high
voltage transmit signals by transmitters 16 of the microbeam-
former, which are energized by the high voltage supply 22.
During echo reception the transmit switches T1 . . . Tn are
opened and the receive switches R1 ... Rn and T/R switches
are closed. The received echoes are amplified by preamplifi-
ers 18 in the microbeamformer, delayed by the microbeam-
former delays 7, and combined at the outputs of the delays to
form at least a partially beamformed echo signal. The attenu-
ator switch is closed during reception to bypass the attenuat-
ing components and the beamformed signals coupled to the
system mainframe by a conductor of the cable 14, where they
are coupled by the closed T/R switch to the preamplifier 28
and onto the receive beamformer for the completion of beam-
forming. In this configuration high voltage components are
needed for the system mainframe transmitter 26, and also for
the transmit signal paths in the microbeamformer 11. In the
illustrated example, only the delay stage and preamplifiers 18
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of the microbeamformer and the mainframe preamplifier 28
would not have to be high voltage components. Since all of
the remaining microbeamformer components in this example
are high voltage components, a high voltage process would
generally be used for all of the components of the microbeam-
former IC.

[0018] An embodiment of the present invention for an
ultrasound system with a 1D array transducer is shown in
FIG. 4. This invention provides for a new partitioning of the
ultrasound front-end circuits by relocating all of the high-
voltage circuit functions to the transducer probe. This will
reduce the space, cost, and power requirements of the system
mainframe, without, just transferring them to the transducer.
The high-voltage circuits in the mainframe are limited to
power supplies. Limiting the mainframe signal path to low-
voltage circuits will allow use of more advanced (low-volt-
age) IC technologies for the mainframe functions, providing
opportunities for additional integration and cost/power sav-
ings. Use of relatively large and expensive high-voltage 1C
technology is limited to only those circuits that require
it—transmitters and T/R switches for 1D transducers and
microbeamformers for 2D transducers. Locating the trans-
mitters in the transducer also eliminates the power dissipation
associated with driving the cable, reducing overall power
dissipation at a given level of performance. In the example of
FIG. 4 the system mainframe front-end circuitry 24 for each
channel of the beamformer 20 comprises a low voltage trans-
mitter 26' and a low voltage preamplifier 28. The T/R switch
in the mainframe is eliminated as there is no need to protect
the preamplifier 28 from high voltages from a transmitter. The
low voltage used for the front-end components is dependent
upon the semiconductor technology used by the system
designer, but usually will be in the range of 3.5 to 5 volts. The
high voltage power supply is still present in the system main-
frame, but instead of being used to power high voltage signal
components in the system mainframe, itis used to supply high
voltage to the probe 10 by means of a voltage supply conduc-
tor 60 of the probe cable 14. It is thus seen that there are no
longer any high voltage components in the signal path of the
system mainframe.

[0019] In the probe 10 of FIG. 4 the high voltage supply
conductor 60 is used to deliver supply voltage to a transmitter
16. The components outlined in the solid line box inside
probe 10 are those of one probe channel, it being understood
that there are as many probe channels as there are signal
conductors from the system mainframe. A transmit switch T1
is closed, during probe transmission to apply a low voltage-
drive signal to the input of the transmitter 16, which responds
by driving the transducer element 12' with a high voltage
transmit signal. The T/R switch in the probe is open during
transmission to prevent the high voltage transmit signal from
being applied to the low voltage signal path. Following ultra-
sound transmission, when the transducer element 12' is
receiving echo signals, the transmit switch T1 is open and the
T/R switch is closed, the latter bypassing the transmitter and
delivering echo signals to the signal conductor of the cable 14.
A preamplifier may be provided, between the T/R switch and
the cable conductor if desired. The received echo signals are
conducted by the cable 14 to the receiver preamplifier 28 for
amplification and subsequent receive beamforming. A low
voltage IC may be used for the front-end circuitry 24 of the
system mainframe, which is simplified by the lack of any
need for a system mainframe T/R switch. And of course, there
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is no longer any high voltage power dissipation associated
with driving the signal conductors of the cable 14.

[0020] FIG. 5 is an example of a system mainframe of the
present invention with enhanced aperture control. Control of
the switches in the probe provide the ability to translate the
aperture of the probe, in azimuth, elevation, or both. It also
affords the ability to dynamically expand the aperture with
increasing depth. As is known, elements on either side of the
aperture (or beam) center can be equally delayed; the delays
on either side of the center are mirrors of each other. Thus, in
FIG. 5 the low voltage transmit signal produced by the trans-
mitter 26" is coupled through a signal conductor of the cable
14, through transmit switches T1 and Tn to the inputs of high
voltage transmitters 16. The transmitters 16 are powered by
supply voltage from the high voltage power supply 22 over
supply voltage conductor 60. The transmit signals are pro-
vided at the same time to drive the transducer elements 12'
and 12". On receive, the transmit switches T1 and Tn are
opened to prevent the received signals from driving the trans-
mitters 16 and the T/R switches are closed to bypass the
transmitters 16 and deliver the received echo signals to the
signal conductor of the cable 14. The two received signals,
being equally delayed in beamforming, can be combined on
the same cable conductor. The received echo signals are
coupled, by the cable 14 to the receiver preamplifier 28,
where they are amplified for subsequent beamforming by the
beamformer 20.

[0021] Alternatively, the circuit in FIG. 5 can be used to
control active aperture translation for transducers where the
number of array elements 12 is larger than the number of
beamformer channels 24. When element 12' is to be con-
nected to the beamformer channel, switch T1 will be closed
on transmit, and the corresponding T/R switch will be closed
for receive; both switches associated with element 12" will be
left open. Conversely, when element 12" is to be connected to
the same beamformer channel, switch Tn will be closed on
transmit and the corresponding T/R switch, will be closed for
receive, with both switches associated with element 12' being
left open. Thus by appropriate control of the four independent
switches, each microbeamformer channel and associated
array element can be activated and the active aperture can be
stepped across the transducer array.

[0022] FIG. 6 is an example of a system mainframe of the
present invention which operates with a 2D array transducer
for 3D imaging. In this illustration each probe channel
includes a plurality of microbeamformer channels which
operate with a plurality of transducer elements. In this
example the transmitter 26' of the low voltage system main-
frame front-end 24 drives the cable 14 and the delays © of the
microbeamformer channels directly without the need for a
nigh voltage attenuator as shown in FIG. 3. This is because
there are no high voltage drive signals to attenuate:; the attenu-
ator and its control switch are eliminated. During transmis-
sion the transmit switches T1 . . . Tn are closed to apply the
delayed drive signals to the inputs of the high voltage trans-
mitters 16 and the receive switches R1 . . . Rn and T/R
switches are opened to isolate the preamplifiers 18 from the
transmit signals. The transmitters 16 then drive the transducer
elements 12' with the high voltage transmit signals. On
receive, the transmit switches T1 . . . Tn are opened and the
receive switches R1 ... Rn and T/R switches are closed. The
echo signals received by the transducer elements 12' are
amplified by the preamplifiers 18, appropriately delayed by
the delays T, and combined to form at least partially beam-
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formed echo signals. These signals are coupled by the signal
conductor of the cable 14 to the receiver preamplifier 28 for
amplification and the completion of the beamforming pro-
cess. It is seen that only the transmitters 16 and the T/R
switches of the microbeamformer 11 of FIG. 6 need foe
fabricated as high voltage components.

[0023] Suitable high voltage output circuitry for the trans-
mitters 16 of FIGS. 4, 5 and 6 are shown in FIGS. 7 and 8.
FIG. 7 illustrates a complementary drive FET circuit com-
prising FET semiconductors 72 and 74. Complementary high
voltages HV+ and HV - are coupled across the source-drain
electrodes of the FETs. Complementary up and down drive
signals are applied to the gate electrodes of the FETs to drive
the semiconductors with the desired pulse waveform. The
central connection of the FETs is coupled to drive the trans-
ducer element 12' which is biased to ground. FIG. 8 shows an
operational amplifier 80 which is powered by complementary
HV+and HV- supply voltages to operate as a linear amplifier
for the production of a desired waveform shape. The input
drive signal is applied to the “+” input of the operational
amplifier 80 and a

[0024] feedback path from the output is coupled back with
a resistor 82 to the “~” input of the operational amplifier. A
bias resistor 84 is coupled from the feedback path to ground.
The output of the operational amplifier 80 drives the trans-
ducer element 12% which is biased to ground. It will be
appreciated that when complementary high voltages are used,
the cable 14 will have a voltage supply conductor for each of
the high voltages supplied.

1. An ultrasonic diagnostic imaging system with a low
voltage system mainframe signal path comprising:

an ultrasound system mainframe with a plurality of low

voltage transmitter outputs, producing low voltage
transmit signals of a desired waveform shape and low
voltage receiver inputs each coupled to a probe signal
conductor;

a high voltage power supply coupled to a probe high volt-

age supply conductor; and

an ultrasound probe having an array of transducer ele-

ments, high voltage transmitters each coupled to the
high voltage supply conductor and having an input
coupled to a probe signal conductor to receive a low
voltage transmit signal produced by the ultrasound sys-
tem mainframe, an output coupled to a transducer ele-
ment, and a plurality of transmit/receive switches each
coupled between a transducer element and a probe sig-
nal conductor.

2. The ultrasonic diagnostic imaging system of claim 1,
wherein the ultrasound probe further comprises a plurality of
preamplifiers, each coupled between a transducer element
and a probe signal conductor.

3. The ultrasonic diagnostic imaging system of claim 1,
wherein the ultrasound probe further comprises a plurality of
delays which delay the low voltage transmit signals applied to
the inputs of the high voltage transmitters, each coupled
between a transducer element and a probe signal conductor.

4. The ultrasonic diagnostic imaging system of claim 1,
wherein the ultrasound system mainframe is configured with
a plurality of beamformer channels, each beamformer chan-
nel being adapted to couple to a probe signal conductor,

wherein each beamformer channel includes a low voltage

transmitter having an output coupled to the probe signal
conductor for the channel and producing received echo
signals.
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5. The ultrasonic diagnostic imaging system of claim 4,
wherein the probe signal conductors and the high voltage
supply conductor are contained within a cable of the ultra-
sound probe.

6. The ultrasonic diagnostic imaging system of claim 5,
wherein the ultrasound probe is configured with a plurality of
probe channels, each probe channel having a transducer ele-
ment and coupled to a respective probe signal conductor,

wherein a probe channel further comprises a transmit

switch and a high voltage transmitter coupled in series
between a probe signal conductor and a transducer ele-
ment, and a transmit/receive switch coupled in parallel
with the high voltage transmitter.

7. The ultrasonic diagnostic imaging system of claim 6,
wherein the high voltage supply conductor is coupled to each
of the high voltage transmitters.

8. The ultrasonic diagnostic imaging system of claim 7,
wherein each probe channel further comprises a second trans-
ducer element,

wherein each probe channel further comprises a second

transmit and a second high voltage transmitter coupled
in series between the probe signal conductor for that
channel and the second transducer element for that chan-
nel and a second transmit/receive switch coupled in par-
allel with the second high voltage transmitter.

9. The ultrasonic diagnostic imaging system of claim 7,
wherein each probe channel includes a plurality of transducer
elements,

wherein a probe channel further comprises a plurality of

microbeamformer channels, and each microbeam-
former channel includes a delay element coupled to the
probe signal conductor for that probe channel, a transmit
switch and a high voltage transmitter coupled in series
between the delay element and a transducer element, and
a preamplifier and a transmit/receive switch coupled in
series with each other and in parallel with the high volt-
age transmitter.

10. An ultrasonic diagnostic imaging system comprising:

an ultrasound system mainframe including

a high voltage supply;
a plurality of front-end input/outputs, each input/output
being coupled to the output of a low voltage transmit-
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ter producing a low voltage transmit signals of a
desired waveform shape and the input of a preampli-
fier or a receivetr,

a beamformer coupled to the front-end input/outputs;

a signal processor; and

a display; and

an ultrasound probe including

a probe cable having a supply conductor coupled to the
high voltage supply and a plurality of signal conduc-
tors coupled to the front-end input/outputs;

a plurality of transducer elements;

a plurality of high voltage transmitters each coupled to
the supply conductor and each having an input
coupled to a signal conductor to receive a low voltage
transmit signal produced by the ultrasound system
mainframe and an output coupled to a transducer ele-
ment; and

a plurality of transmit/receive switches each coupled in
parallel with a high voltage transmitter.

11. The ultrasonic diagnostic imaging system of claim 10,
wherein the low voltage transmitters and preamplifiers or
receivers of the ultrasound system mainframe front-end are
fabricated as low voltage integrated circuits.

12. The ultrasonic diagnostic imaging system of claim 10,
wherein the high voltage transmitters and the transmit/receive
switches of the ultrasound probe are fabricated as high volt-
age integrated circuits.

13. The ultrasonic diagnostic imaging system of claim 10,
wherein the supply supplies two complementary high volt-
ages,

wherein probe cable further includes first and second sup-

ply conductors for the two complementary voltages.

14. The ultrasonic diagnostic imaging system of claim 10,
wherein the high voltage transmitters each includes a pulsed
output stage.

15. The ultrasonic diagnostic imaging system of claim 10,
wherein the high voltage transmitters each includes an output
stage comprising a linear amplifier having an input and an
output and powered by complementary high voltages.
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