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ULTRASONIC HARMONIC IMAGING SYSTEM
AND METHOD USING WAVEFORM
PRE-DISTORTION

CROSS REFERENCE TO A RELATED
APPLICATION

[0001] This application is a continuation-in-part of U.S.
application Ser. No. 08/911,973, filed Aug. 15, 1997 for an
Ultrasonic Harmonic Imaging System And Method.

FIELD OF THE INVENTION

[0002] This invention generally relates to ultrasound
imaging systems. In particular, the invention relates to an
ultrasound system and method for generating waveforms for
harmonic imaging.

BACKGROUND OF THE INVENTION

[0003] Ultrasound imaging systems generate images of a
body. One type of imaging is harmonic imaging. Ultrasound
signals or pulses are transmitted at fundamental frequencies,
and echo signals are received by a transducer. The echo
signals are filtered to obtain signals associated with har-
monic frequencies.

[0004] The signals associated with harmonic frequencies
are generated through non-linear propagation and scattering
within the body. For example, the signals are generated by
non-linear scattering from contrast agents. Non-linear con-
trast agents are described for example by V. Uhlendorf, et
al, in “Nonlinear Acoustical Response of Coated
Microbubbles in Diagnostic Ultrasound” (1995 Ultrasonic
Symposium, pp. 1559-1562). Such agents possess a funda-
mental resonant frequency. When they are insonified with
high intensity ultrasonic energy at this fundamental fre-
quency, they radiate ultrasonic energy at a harmonic of the
fundamental frequency as well as at the fundamental fre-
quency. Such contrast agents are often used to highlight
regions containing blood loaded with the contrast agent. For
example, in the case of a blood-filled chamber of the heart,
the borders of the chamber can be distinguished more easily
when contrast agents are used. Since the contrast agent
generates harmonic ultrasound energy, echoes at the funda-
mental frequency from tissue or fluid containing no contrast
agent may be eliminated by filtering at a receive beam-
former.

[0005] Other than contrast agents, another source of har-
monic energy is nonlinear propagation. As the ultrasonic
burst propagates through the body, the burst distorts. The
distortion corresponds to the shifting of energy to harmonic
frequencies. As the burst propagates, more harmonic signals
are generated. The harmonic signals are scattered from
tissue and other structures in the body. Some of the harmonic
signals impinge upon the transducer.

[0006] Another source of harmonic energy is system hard-
ware nonlinearity. For example, high-voltage transmit cir-
cuitry may introduce harmonic energy in the transmit pulse
before application to the transducer for transmission. Non-
linearity of the transducer may also add to harmonic content
in the transmitted signal.

[0007] For contrast agent imaging, the signals output by
the receive beamformer preferably include substantially
only information from contrast agents (nonlinear scattering)
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and structure within the body (nonlinear propagation). The
present invention is directed to improvements to reduce the
harmonic information associated with structures in the body
and system nonlinearity for harmonic imaging, whether
imaging tissue or contrast agents.

SUMMARY OF THE INVENTION

[0008] This invention relates to improvements to a method
for harmonic imaging of a target, which method comprises
the steps of (a) transmitting ultrasonic energy at a funda-
mental frequency, (b) receiving reflected ultrasonic energy at
a harmonic of the fundamental frequency and (c) generating
an image responsive to the reflected energy at the harmonic.

[0009] According to a first aspect of this invention, the
transmitting step includes the step of pre-distorting at least
one of a plurality of waveforms as a function of a non-
linearity. In various embodiments, the non-linearity may
comprise a device non-linearity, a waveform propagation
non-linearity, and combinations thereof.

[0010] According to a second aspect of this invention, the
transmitting step includes the step of transmitting a wave-
form comprising a fundamental spectral component and a
harmonic spectral component from a transducer. An attenu-
ation normalized peak of the harmonic spectral component
is reduced at a region spaced from the transducer as com-
pared to the peak at a region adjacent to the transducer.

[0011] According to a third aspect of this invention, the
transmitting step includes the step of transmitting a pre-
distorted waveform from a transducer. The pre-distorted
waveform includes a harmonic spectral peak suppressed by
about 4 dB or more at a region of interest spaced from the
transducer as compared to a harmonic spectral peak at the
region associated with transmission of a waveform compris-
ing a fundamental spectral component adjacent said trans-
ducer.

[0012] According to a fourth aspect of this invention, the
transmitting step includes the step of transmitting a wave-
form comprising a positive pulse spatially defined by first
and second zero values. A positive peak amplitude of the
positive pulse is a first distance from the first zero value that
is less than half a second distance between said first and
second zero values.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is a block diagram of an ultrasonic imaging
system suitable for use with the method of this invention.

[0014] FIG. 2 is a block diagram of a transmit beam-
former suitable for use in the system of FIG. 1.

[0015]

[0016] FIGS. 4 A-F are graphical representations of an
acoustical waveform at three different depths (A, C, E) and
corresponding spectra (B, D, F), respectively.

[0017] FIGS. 5A and B are graphical representations of
an acoustic waveform and the corresponding spectrum.

[0018] FIGS. 5C and D are graphical representations of a
fundamental component of the acoustical waveform of FIG.
5A and the corresponding spectrum.

FIG. 3 is a block diagram of waveform generators.
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[0019] FIGS. 5E and F are graphical representations of a
harmonic component of the acoustical waveform of FIG. 5A
and the corresponding spectrum.

[0020] FIGS. 6A and B are graphical representations of
fundamental and harmonic beam aperture widths and
apodization.

[0021] FIGS. 6C and D are graphical representations of
fundamental and harmonic beam aperture widths and delay
profiles.

[0022] FIGS. 7A and 7B are graphical representations of
spectra associated with transmit channel non-linear charac-
teristics.

[0023] FIGS. 8A-D and 9A-D are graphical representa-
tions of pre-distorted waveforms, including fundamental and
harmonic components and spectra.

[0024] FIG. 10 is a block diagram of an ultrasonic imag-
ing system suitable for use with this invention.

[0025] FIGS. 11a and 115 are frequency-amplitude dia-
grams illustrating operation of the system of FIG. 10.

[0026] FIGS. 12a and 12b are waveform diagrams illus-
trating operation of the system of FIG. 10.

[0027] FIG. 13 is a block diagram of an alternative
transmit beamformer for implementing the present inven-
tion.

[0028] FIGS. 14 and 15 are waveform diagrams of fun-
damental components of two transmit pulses.

[0029] FIGS. 16 and 17 are waveform diagrams of har-
monic components of two transmit pulses.

[0030] FIG. 18 is a waveform diagram of a baseband
component of a transmit pulse.

[0031] FIGS. 19 and 20 are waveform diagrams of two
unipolar transmit pulses.

[0032] FIG. 21 is a waveform diagram of a combined
receive signal.
[0033] FIG. 22 is a waveform diagram of another com-

bined receive signal.

[0034] FIGS. 23 and 24 are frequency-amplitude dia-
grams of a Gaussian envelopes and a unipolar pulse, respec-
tively.

[0035] FIGS. 25 and 26 are a waveform diagram and a
frequency spectrum, respectively, of a transmit pulse p1(t) of
a first polarity.

[0036] FIGS. 27 and 28 are a waveform diagram and a
frequency spectrum, respectively, of a second transmit pulse
p2(t) of a second polarity.

[0037] FIGS. 29 and 30 are a waveform diagram and a
frequency spectrum, respectively, of a combined signal
equal to the sum of pl(t) and p2(t).

[0038] FIG. 31 is a flow chart of a method implemented
with the imaging system of FIG. 10.
DETAILED DESCRIPTION OF THE
PRESENTLY PREFERRED EMBODIMENTS

[0039] The preferred embodiments described below are
designed to suppress harmonic energy at depths along a

Dec. 13, 2001

transmitted ultrasound beam in comparison to the harmonic
energies generated along the beam by transmitting a wave-
form with little or no harmonic content at the source. By
suppressing the harmonic energy, echo signals along the
transmitted ultrasound beam, such as at a region of interest,
are associated with a better ratio of harmonic energies due
to a contrast agent to harmonic energies due to tissue. When
contrast agent is not present, a better ratio of harmonic
energy due to propagation through tissue to harmonic energy
generated by system hardware may be obtained. Suppress-
ing the harmonic energy along the ultrasound beam also
allows reduction of harmonic energies scattered at one
region relative to another region along the ultrasound beam
for tissue harmonic imaging. FIG. 1 shows generally an
ultrasound system 10 which can be used to practice the
method of this invention, such as pre-distorting acoustic
waveforms.

[0040] The system 10 includes a controller 29 for coordi-
nating the generation of an image. The system 10 also
includes a transmit beamformer 12 that supplies voltage
transmit waveforms via a transmit and receive switch or a
multiplexer 14 to a transducer array 16. As known in the art,
the waveforms are apodized and focused along ultrasonic
beams or lines in one of various formats, such as steered
linear, sector, or Vector®.

[0041] The transducer array 16 is of any suitable type,
such as a piezoelectric linear array. Another transducer, such
as a two-dimensional or one-and-half dimensional array,
may also be used. The transducer 16 is preferably of
sufficient bandwidth to transmit both fundamental and har-
monic components of an acoustical waveform as discussed
below and may include a mechanical focus, such as by use
of an acoustic lens.

[0042] The transducer array 16 generates an ultrasonic
transmit beam 19 in response to the transmit waveforms, and
this transmit beam 19 propagates outwardly through a
subject 18 being imaged. The ultrasonic transmit beam 19
comprises a plurality of acoustic pressure waveforms, each
of the plurality of waveforms is transmitted from an element
of the transducer array 16 in response to one of the transmit
waveforms. The ultrasonic transmit beam 19 corresponds to
one or more electrical focal points. Based on delays, the
plurality of waveforms are focused at a region along the
ultrasound transmit line 19. The region comprises a point,
area or volume. For more than one focal region, a set of
waveforms with corresponding delays is transmitted for
each focal region sequentially.

[0043] The subject 18 being imaged preferably includes a
non-linear contrast agent 20, such as that described above.
Any suitable contrast agent may be used, as long as it
absorbs ultrasonic energy at a first frequency and radiates
ultrasonic energy at a second frequency, different from the
first frequency. In this example, the first frequency is
referred to as the fundamental frequency, and the second
frequency is a harmonic of the first frequency. As used
herein, “harmonic” includes sub-harmonics and fractional
harmonic energy (e.g. one-half or three-halves of the fun-
damental), as well as higher harmonics (e.g. two or three
times the fundamental). Generally, harmonic frequencies are
frequencies corresponding to non-linear propagation or scat-
tering. Non-linear response may also be understood as
shifting energy associated with a frequency or frequencies to
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another frequency or frequencies. Instead of contrast agent
harmonic imaging as discussed above, the techniques of the
present invention may also be used for tissue harmonic
imaging. In tissue harmonic imaging, no non-linear contrast
agent is added to the subject 18, and only the native
non-linear characteristics of the tissue are relied on to create
the ultrasonic image.

[0044] Ultrasonic energy propagated, scattered or radiated
at harmonic frequencies, such as a band of frequencies
corresponding to the second order harmonic of the trans-
mitted frequency band, is received by the transducer array
16. Ultrasonic energy corresponding to linear propagation
and scattering is also received by the transducer array 16. In
response to the ultrasonic energy, the elements of the trans-
ducer array 16 generate voltage signals. The voltage signals
are provided to a receive beamformer 22. The receive
beamformer 22 is of a construction known in the art, such as
an analog or digital receive beamformer capable of process-
ing signals associated with harmonic frequencies. The
receive beamformer 22 and the transmit beamformer 12 may
comprise a single device. As known in the art, each voltage
signal is delayed, apodized, and summed with other voltage
signals. Each summed signal represents a region 21 in the
subject 18. An ongoing stream of signals represents the
ultrasound beam or line 19 received from the subject 18. For
ultrasound transmit lines 19 associated with a plurality of
focal points, the stream of signals corresponds to a plurality
of transmit waveform firings.

[0045] The receive beamformer 22 also demodulates the
summed signals to baseband. The demodulation frequency
is selected in response to a harmonic frequency, such as a
second order harmonic frequency. The summed signals are
demodulated to baseband by shifting the selected harmonic
frequency (the demodulation frequency). Signals associated
with frequencies other than near baseband are removed by
low pass filtering. As an alternative or in addition to
demodulation, the receive beamformer 16 provides band-
pass filtering. Thus, signals at frequencies other than a range
of frequencies centered at or near the desired receive minus
any demodulation frequency are filtered from the summed
signals. The demodulated or filtered signal is passed to a
signal processor 24 as a complex in phase and quadrature (I
and Q) signal, but other types of signals such as real value
signals may be passed.

[0046] The signal processor 24 comprises one or more
processors for generating image information, such as spec-
tral Doppler, color Doppler, B-mode or M-mode informa-
tion. Preferably, the signal processor 24 comprises at least a
B/M-mode processor. The signal processor 24 is preferably
a digital signal processor and operates as known in the art.
Thus, information representing the intensity of the ultrasonic
energy associated with the I and Q signals is generated.

[0047] The signal processor 24 outputs information to a
scan converter and image processor 26. The scan converter
and image processor 26 is of a construction known in the art
and generates image information, such as B-mode image
information. After scan conversion, information associated
with an image is converted to a display value or values. The
information is converted to the display value with a lookup
table, as known in the art. Other display value generation
devices may be used. Display values, or image information,
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is provided to a display 28 as known in the art. Thus, a two-
or three-dimensional image, such as a B-mode image, is
displayed.

[0048] A plurality of ultrasound lines 19 form each dis-
played image. A plurality of I and Q signals or samples
representing different ranges or depths along the ultrasound
line, such as the region 21, form each ultrasound line 19.

[0049] Turning now to FIG. 2, a block diagram of a first
preferred embodiment 30 of the transmit beamformer of
FIG. 1 for generating the acoustic waveforms comprising
the ultrasound line 19 is shown. The transmit beamformer 30
preferably includes N channels, one for each of the trans-
ducers of the transducer array 16 (FIG. 1). Alternatively, one
channel may be connected to more than one transducer
element, or some transducer elements are not connected to
a channel. Each channel includes a delay memory 32, a
waveform generator 34 and a delay counter 36. The delay
memory 32 includes M words 38, such as 256 words, one for
each possible steering angle or ultrasound transmit line. For
ultrasound transmit lines associated with a plurality of focus
regions, each delay word 38 corresponds to a focal region
and an ultrasound transmit line. Each delay word 38 of the
delay memory 32 is set equal to a negative number equal to
the number of clock cycles of the clock signal line 40 that
elapse between a start of line signal on line 52 and the first
non zero value of the associated waveform. For simplicity,
it is assumed that zero is defined as a delay word 38 having
the most significant bit equal to 1 and all other bits equal to
0. Hence, the most significant bit becomes an enable signal
for the waveform generator 34.

[0050] The delay memory 32 is not required. The focusing
delay may be calculated in real time. Alternate embodiments
of the transmit beamformer are possible, such as varying the
waveform on a channel to channel basis with the waveform
for each channel incorporating the delay.

[0051] The waveform generator 34 is of any construction
known in the art such as the generator disclosed in Method
and Apparatus For A Transmit Beamformer System, U.S.
Pat. No. 5,675,554 (Ser. No. 08/673,410, filed Jul. 15, 1996),
the disclosure of which is herein incorporated by reference.
Preferably, the waveform generator 34 includes a waveform
memory. Alternative means for waveform generation,
including RAM or ROM memory, logic based or analog
devices, are also possible. The waveform generator 34 in this
embodiment stores a single envelope corresponding to the
waveform in digital form, which is used for all transmit scan
lines. For example, 64 or 128 successive 8-bit words rep-
resenting the envelope are stored. The magnitude of each
8-bit word corresponds to the voltage amplitude at respec-
tive positions in the desired output waveform. When the
waveform memory of the waveform generator 34 is read
with a 40 megahertz clock on the line 40, the resulting
sequence of digital values defines an envelope approxi-
mately 0.1 to 10 microseconds in duration. The envelope
corresponds to a sampling rate of 8 or more samples for
every cycle of a carrier signal. Preferably, the sampling rate
is 16 or more samples per carrier cycle. The envelope is
modulated with the carrier signal to create the waveform, as
discussed below. The waveform has an associated center
frequency. As used herein, the center frequency represents
the frequency in a band of frequencies approximately cor-
responding to the center of the amplitude distribution. Alter-
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natively, the envelope is stored as amplitude and phase (or
equivalently as a complex number) representing both the
amplitude and phase of the waveform.

[0052] The waveform output from the waveform genera-
tor 34 is preferably a summation of two or more waveforms.
Referring to FIG. 3, for each channel, the waveform gen-
erator 34 (FIG. 2) preferably comprises two waveform
generators 50 and 52 and a summer 54. As discussed below,
one of the waveform generators 50 or 52 generates a
waveform associated with the desired fundamental spectral
response and the other waveform generator 50 or 52 gen-
erates a waveform associated with the desired harmonic
frequency spectral response. The waveforms are summed by
the summer 54.

[0053] In an alternative construction, the waveform gen-
erator 34 comprises one waveform generator capable of
outputting a waveform corresponding to the acoustic wave-
form discussed below. For example, if the waveform gen-
erator 34 stores complex values (amplitude and phase), a
single envelope is used to define a burst comprising both
fundamental and harmonic frequency components. One pos-
sible embodiment for this alternative construction is
described in U.S. application Ser. No. 08/893,150, filed Jul.
15, 1997, the disclosure of which is herein incorporated by
reference.

[0054] In use, each channel responds to an ultrasound
transmit line and/or portion of a ultrasound transmit line
selection signal on line 44 by loading the delay word 38 for
the selected ultrasound transmit line or portion of the
ultrasound transmit line into the delay counter 36. The delay
counter 36 responds to a start of line or a portion of line
signal on line 42 by incrementing the stored value with each
cycle of the 40 megahertz or other frequency clock on line
40. When the delay counter 36 increments to 0, it enables the
waveform generator 34. Subsequently generated values of
the delay counter 36 (incrementing now from zero words)
became address values for the waveform generator 34. As
each word in the waveform memory of the waveform
generator 34 is addressed, the corresponding 8-bit word for
each of the waveform generators 50 and 52 (see FIG. 3) is
read and modulated with a carrier to create the waveforms.
A different carrier frequency and phase may be used for each
envelope.

[0055] The phase of the carrier signal is set relative to the
envelope. For example, the modulation is based on the
equation
e(t-At)cos 2mf, (t-At)

[0056] where e(t) represents the envelope, At represents
the amount of delay (delay word 38), and f_ represents the
carrier frequency. Other modulating functions may be used.
The phase of the carrier is preferably varied relative to the
envelope to further focus the ultrasound transmit line, as
known in the art. The phase is pre-calculated or is calculated
in real time based on the delay word 38, the carrier fre-
quency, and a desired delay value (less coarsely quantized
than the delay word 38).

[0057] The two waveforms are summed together. Alter-
natively, the waveform generator 34 produces the waveform
without summation. As another alternative, one waveform
generator 34 is used for a plurality or all the channels. The
transmit beamformer 12 (FIG. 1) generates a copy of the
waveform for each channel.
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[0058] The output of the waveform generator 34 or each
waveform generator 50 and 52 (see FIGS. 2 and 3) is scaled
based on an apodization scheme and applied to a digital to
analog converter 46. The analog output signal of the con-
verter 46 is passed through a low pass filter 48, such as a
Bessel filter, to reduce sampling effects and then to an
amplifier 49. The output of the amplifier 49 is the transmit
waveform discussed above that is applied to the respective
transducer of the transducer array 16 via the multiplexer 14
(see FIG. 1).

[0059] The transmit beamformer 30 utilizes values for the
waveform stored in the waveform generator 34 and the
delays stored in the delay memory 32 that enhance insoni-
fication for harmonic imaging, such as contrast agent har-
monic imaging. The transmit waveforms generated by the
waveform generator 34 and the acoustic pressure waveforms
transmitted from the transducer 16 (FIG. 1) are shaped to
suppress ultrasonic energy in a wide passband centered at
the harmonic center frequency at a region of interest along
the ultrasound line.

[0060] The harmonics are suppressed by pre-distorting the
acoustic waveform at the transducer (see FIG. 1). Pre-
distortion accounts for harmonic information at the region of
interest generated due to propagation non-linearity, gener-
ated due to device non-linearity or to combinations thereof.
As used herein, “pre-distortion” of a waveform includes
altering one or more characteristics of the waveform to
increase, decrease or account for distortions to the wave-
form, such as device or propagation non-linearity.

[0061] DEVICE NON-LINEAR CHARACTERISTICS:

[0062] The quality of both tissue harmonic imaging and
contrast imaging rely on forming the image from non-
linearly generated higher harmonics in the body. There are
numerous system factors or devices which degrade har-
monic images by adding undesired non-linearity to transmit
waveforms, such as second harmonic content. If the trans-
mitted acoustic waveform has significant second harmonic
content, then a portion of the resulting image may be formed
from purely linear propagation and scattering of the second
harmonic content.

[0063] In U.S. Pat. No. 5,608,690 and U.S. application
Ser. Nos. 08/983,150 and 08/893,287 describe reducing the
second harmonic content of transmitted electrical waveform
through various means including digital and analog filtering
of the transmitted waveform. However, devices within the
transmission channel may add significant harmonic content
to the transmitted acoustic waveform. For example, the
transducer 16, the lens of the transducer 16, transmit mul-
tiplexers, other devices and combinations thereof add sec-
ond harmonic or other undesired components.

[0064] As shown in FIGS. 7A and 7B, the electrical
waveform may not be linearly transformed into the trans-
mitted acoustical waveform. FIG. 7A demonstrates a mea-
surement of the voltage spectrum provided to a single
transducer element. The electrical waveform depicted has
been digitally filtered (pulse-shaping) to keep the second
harmonic content low (approximately =50 dBC) as com-
pared to the 0.0 dBC fundamental centered at approximately
1.75 MHz. FIG. 7B demonstrates the spectrum 200 of the
received echo. The second harmonic content is roughly -25
dBC. Some of the additional second harmonic content may
be from devices in the transmit channel.
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[0065] A spectrum 202 demonstrates that the second har-
monic content is not likely associated with the receive
channel. The spectrum 202 is the result of the sum of the
received echo plus a tone injected into the receivers at 4.5
MHz. There is very little energy at the second harmonic (9.0
MHz) of the reference tone. In order to correct for non-
linearity introduced in the transmit channel, the electrical
waveforms are pre-distorted.

[0066] To pre-distort the electrical waveform, a transmit
waveform centered at the desired fundamental frequency is
combined with a pre-distortion component, such as a com-
ponent centered at the second harmonic of the fundamental.
The pre-distortion component is preferably the same mag-
nitude and 180 degrees out of phase with the distortion
component introduced by one or more devices in the trans-
mit channel.

[0067] PROPAGATION NON-LINEAR CHARACTER-
ISTICS:
[0068] Other than pre-distortion to account for device

non-linear characteristics, propagation non-linear character-
istics may be accounted for by pre-distortion. By suppress-
ing energies in the harmonic bands, less scattering at har-
monic frequencies from tissue occurs. For example, at the
region of interest, little or no energies are in the harmonic
bands for scattering from tissue, so any harmonic energies
are due to contrast agents. In comparison, an acoustic
waveform with little or no harmonic energies at the source
or transducer 16 (FIG. 1) results in greater harmonic ener-
gies as the waveform propagates. Adjacent to the transducer
16 (FIG. 1), to the region of interest and beyond, the
energies associated with the harmonic bands increase. Sig-
nals scattered from tissue along the ultrasound line at many
regions are associated with a greater energy level in the
harmonic bands than if the harmonics due to propagation are
suppressed by pre-distortion. For many regions along the
ultrasound line, the ratio of energy in the harmonic band (1)
due to non-linear scattering from contrast agents to (2)
harmonic band energy due to tissue is increased when the
harmonics due to non-linear propagation are suppressed. In
tissue harmonic imaging, suppression of harmonics due to
propagation is used to reduce aberration caused by a wall of
a body. For example, the region of interest, as discussed
below, is placed just beyond the wall.

[0069] Referring to FIG. 4A, an example of a pre-dis-
torted acoustic pressure waveform 60 at one instant in time
is shown. The pre-distorted waveform 60 comprises a plu-
rality of frequency components, the first three of which are
shown. Fundamental component corresponds to a center
frequency of 3 megahertz, a bandwidth of 30 percent,
measured at -6.8 dB from the peak, and a Gaussian enve-
lope. The second harmonic component corresponds to a
Gaussian envelope, a center frequency of 6 MHz, and a 21%
relative bandwidth. Other waveforms with other center
frequencies, envelopes and bandwidths may be used. Fur-
thermore, frequency modulated signals may be used.

[0070] For reference, a dotted waveform 62 corresponding
to an undistorted waveform is also shown. The undistorted
waveform 62 corresponds to the desired waveform at a
region along the ultrasound line. A cycle, such as one
positive and one subsequent negative pulse, of the undis-
torted waveform 62 begins at a 0 amplitude value and a
phase of 0 with respect to a phase of a fundamental com-
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ponent. The undistorted waveform 62 has a positive peak at
90 degrees phase, crosses 0 at 180 degrees of phase and has
a negative peak at 270 degrees of phase. The undistorted
waveform 62 returns to a 0 value at 360 degrees or 0 degrees
of phase. The undistorted waveform 62 has positive and
negative peaks that are half the distance between zero
crossings. As described below, the undistorted waveform 62
corresponds to any of various waveforms used for harmonic
imaging, such as sinusoidal, Gaussian or other waveforms.

[0071] For the pre-distorted waveform 60, positive peaks
are delayed and negative peaks are advanced in time. As
shown, a center of the amplitude distribution is also delayed
and advanced in time for the positive and negative portions
or pulses, respectively, of the pre-distorted waveform 60.
Each pulse shown is defined or bounded by the zero values,
where each zero value is adjacent a non-zero value. For
example, two zero amplitudes 61 and 63 are part of the pulse
associated with positive peak 64. The first zero amplitude 61
corresponds to a positive slope of the pulse and the second
zero amplitude 63 corresponds to a negative slope of the
pulse.

[0072] The pre-distorted waveform 60 shown in FIG. 4A
is shown spatially, so the positive peak 64 is less and the
negative peak 66 is more than half the distance between zero
crossings. For example, the pre-distorted waveform 60 starts
at a 0 value at 0 degrees of phase. The positive peak 64 is
before the 90 degrees phase point, where phase is measured
with respect to the center frequency associated with the
fundamental component. The pre-distorted waveform 60
then returns to a O value or O crossing at 180 degrees of
phase. Thus, the positive pulse of the pre-distorted wave-
form 60 is pre-distorted backwards in distance or forward in
time (i.e. delayed in time) relative to the undistorted wave-
form 62. The negative peak 66 of the pre-distorted wave-
form 60 occurs after the 270 degrees of phase point. The
amplitude then returns to a O value at 360 degrees or 0
degrees of phase. Thus, the negative peak 66 is pre-distorted
forward in distance or backwards in time (i.e. advanced in
time) relative to the undistorted waveform 62. Other wave-
forms distortions may be used, including more or less delay
or advancing in time or distance and changing the positive
or negative amplitudes from an advance or delay to delay or
advance in time or distance, respectively. Furthermore, only
one, all, or fewer than all of the pulses within a burst or
waveform may be pre-distorted. The pre-distorted waveform
60 may also include a DC off-set.

[0073] As the pre-distorted waveform 60 propagates from
the transducer 16 (see FIG. 1), the positive valued portions
of the waveform 60, including the positive peak amplitude
64, propagate faster than the negative amplitude portions,
including the negative peak amplitude 66. The pre-distorted
waveform 60 or portions of the pre-distorted waveform 60
undistort. The relative change of the amplitudes is due to
non-linear propagation. Referring to FIG. 4C, at a certain
region along the ultrasound transmit line, such as a transmit
focus or another region of interest, the pre-distorted wave-
form 60 preferably corresponds to the undistorted waveform
62. For example, the positive peak 64 is associated with 90
degrees of phase and the negative peak 66 is associated with
270 degrees of phase. Other desired or undistorted wave-
forms 62 may be used, such as waveforms with different
carrier frequencies, envelopes and non-sinusoidal shapes.
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[0074] As the waveform 62 continues to propagate past
the region of interest, the position of the positive amplitudes
and negative amplitudes relative to the 0 values and each
other continues to change. For example, as shown by the
distorted waveform 68 in FIG. 4E, the positive peak 64 is
associated with a point past 90 degrees of phase or is
advanced in distance or delayed in time relative to the zero
values and the negative peak 66 is associated with a point
prior to 270 degrees of phase or is delayed in distance or
advanced in time relative to the zero values.

[0075] Referring to FIGS. 4B, D and F, the spectra
associated with the pre-distorted waveform at the source, at
the region of interest, and beyond the region of interest are
shown generally at 70, 72 and 74, respectively. Referring to
FIG. 4B, the spectrum includes a fundamental band 76
around the 3 megahertz center frequency, a second order
harmonic band 78 around the second order harmonic fre-
quency of 6 megahertz, and a third order harmonic band 80
around the 9 megahertz third order harmonic. Other fre-
quency bands and amplitudes may be used. Moving the
positive amplitudes backward or moving the negative ampli-
tudes forward in distance relative to the zero values corre-
sponds to adding the second and third order harmonic bands
78 and 80. The peak amplitude of the second order harmonic
band 78 is a value down from a peak amplitude of the
fundamental band 76, such as approximately 22 dB down.
As the waveform propagates, the amplitude of the harmonic
bands 78 and 80 decreases in amplitude. At the region of
interest, corresponding to a waveform where the peak posi-
tive amplitude is 90 degrees of phase and the peak negative
amplitude is at 270 degrees of phase in this example, the
harmonic bands 78 and 80 are reduced as shown in FIG. 4D.
Thus, the harmonic energies due to propagation are sup-
pressed along the ultrasound transmit line at regions before,
at and after the region of interest as compared to harmonic
energies associated with transmitting the desired waveform
from the transducer. For example, the amplitude of the
second order harmonic is suppressed by 4 dB or more at the
point of interest. As shown, the peak amplitude of the second
order harmonic band 78 is more than 40 dB down from the
peak amplitude of the fundamental band 76. Other levels of
suppression are possible.

[0076] Referring to FIG. 4F, as the waveform continues to
propagate, the non-linear distortion process of the waveform
60 (FIG. 4E) generates energies in the harmonic bands 78
and 80. Since the harmonic bands 78 and 80 associated with
regions past the region of interest correspond to a positive
peak moved forward and a negative peak moved backwards
in distance, the harmonic bands 78 and 80 are 180 degrees
out of phase with the corresponding harmonic bands 78 and
80 of FIG. 4B. As the waveform at the transducer 16 (FIG.
1) propagates to adjacent the transducer and to the region of
interest, the peak of the harmonic bands 78 and 80 decreases
relative to the peak of the fundamental band 76. Past the
region of interest, the peak of the harmonic bands 78 and 80
increases relative to the peak of the fundamental band 76.
The harmonic energies due to propagation are suppressed
along the ultrasound transmit line beyond the region of
interest in comparison to transmitting the desired waveform
from the transducer.

[0077] FIG. 4, as discussed above, corresponds to attenu-
ation normalized waveforms. The changes in the peaks
discussed above are in addition to any changes attributable
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to attenuation. As any waveform propagates from a source
in the acoustic domain, the amplitude of the waveform and
the corresponding amplitude in the frequency domain
decrease due to mechanisms of dissipation (e.g. viscosity,
thermal conduction, molecular thermal relaxation, etc. . . . ).
The rate of decrease attributable to attenuation may be
greater than the rate of increase of the peak of the second
order harmonic or other harmonic bands 78 and 80 after the
region of interest. Attenuation normalized waveforms are
more indicative of geometric effects such as focal gain and
nonlinear effects.

[0078] Attenuation normalization is a scheme in which the
waveform at any particular depth is compensated in ampli-
tude for losses attributable to attenuation incurred during
propagation for the source (the transducer). This compen-
sation is done in the frequency domain. Each frequency
component, such as the fundamental or the second harmonic
frequency component, is increased in amplitude by a num-
ber of dB that is an estimate of the attenuation to which the
particular frequency component was subject. For example, a
burst is transmitted wherein the fundamental center fre-
quency is at 4 MHz and the second harmonic center fre-
quency is at 8 MHz. The distance from the center of the
transmit aperture to the point of interest is 4 cm. The
estimated loss incurred by the fundamental due to the
various dissipative loss mechanisms is approximated as 0.5
dB/ecm/MHz, where 0.5 dB/cm/MHz is a typical value for
the rate of attenuation by tissue. Thus, the loss in the
example is (0.05 dB/cm/MHz)(4 cm)(4 MHz)=8 dB. The
estimated loss for the second harmonic component is (0.5
dB/cm/MHz) (4 cm)(8 MHz)=16 dB. The fundamental and
second harmonic levels are normalized or adjusted for
attenuation by increasing their levels by 8 and 16 dB,
respectively.

[0079] While this model for the estimation of the incurred
attenuation is typically used to estimate fundamental losses,
it may be used to approximate attenuation for the second
harmonic as well. Any second harmonic that is generated at
the source will undergo the same variety of linear energy
losses as the fundamental in propagation to the point of
interest. The second harmonic generated in the volume of
tissue between the source and the point of interest due to
nonlinear propagation is also generally represented by the
model. The portion of the second harmonic generated 1 cm
along the 4 cm path to the point of interest is generated at a
rate that is proportional to the square of the fundamental
level. The fundamental undergoes 0.5 dB/cm/MHz*1cm*4
MHz=2 dB of attenuation in the first ¢m, so the second
harmonic generated at 1 c¢cm is impacted by 4 dB. The
attenuation incurred by the resultant second harmonic over
the remaining 3 cm path is given by 0.5 dB/cm/MHz*3cm*8
MHz=12 dB, for a total of 16 dB of attenuation (the same as
if the second harmonic were generated at the source). Other
attenuation normalization schemes or meodels to isolate
nonlinear effects from attenuation effects may be used.

[0080] The attenuation may also be measured, instead of
using the 0.5 dB/cm/MHz, using other values or other
models. Measurements are used for tissues where the attenu-
ation rate is not known. A transducer is placed on a tissue
mimicking phantom with a known, calibrated attenuation
rate of X dB/cm/MHz. The mean speckle level (LP1 and
LP2) is estimated at two successive ranges, R1 and R2, such
as by acquiring gray scale or B-mode intensity data for a
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region of several speckle cells (6 or 7) and averaging the
data. The same measurement at the ranges is made while
scanning homogeneous tissue, such as thyroid tissue (LT1
and LT2). The attenuation rate, Y, is X+((LT2-LT1)-(LP2-
LP1))/(2(R2-R1)f), where f is the center frequency of the
imaging burst. The accuracy of the measurement improves
as the difference between R1 and R2 increases. The mea-
surement is preferably made using low transmit power
settings to avoid including nonlinear propagation effects.
The measurement is made at the frequencies of interest, such
as a first measured value at the center fundamental fre-
quency and a second measured value at the center second
order harmonic frequency. The measured attenuation rates
are then applied to the relevant frequencies as discussed
above, such as normalizing the fundamental spectral com-
ponent with the first measured value and the second order
harmonic component with the second measured value. Other
measurements are possible.

[0081] In order to determine the amount of advance or
delay in distance for pre-distorted waveforms 60, any of a
number of non-linear propagation models may be used. For
example, the model disclosed by M. A. Averkiou, Y. S. Lee
and M. F. Hamilton in “Self-demodulation of amplitude and
frequency modulated pulses in a thermoviscas fluid”, J.
Acoust Soc. Am. 94, 2876-2883 (1993) is used. Given the
acoustic waveform as a function of position in the transmit
aperture or along the transducer 16, such models are capable
of predicting the propagation of the resultant waveform as it
leaves the transducer 16 (FIG. 1) and continues to propagate
along the ultrasound transmit line. By selecting a waveform
with the desired frequency content at a region of interest,
such as the mechanical or electrical delay focal region, along
the ultrasound transmit line, the models are reverse propa-
gated or reversed in time to determine the waveform at the
transducer 16. Thus, what an initial waveform was to result
in the desired waveform is determined for each channel. For
example, the desired waveform 62 shown in FIG. 4C and its
corresponding spectrum 72 shown in FIG. 4D are to be used
for imaging contrast agents as discussed below. The desired
waveform 62 is reversed propagated to determine the pre-
distorted waveform 60 as shown in FIG. 4A necessary to
generate the desired waveform 62 of FIG. 4C.

[0082] Another modeling technique for generating the
desired waveform 62 is to use one acoustic waveform with
a particular desired frequency content modeled at the source
or transducer 16 (FIG. 1). Using a very low transmit
amplitude for each channel, the propagation of the wave-
forms is modeled to the region of interest, such as near the
focal region. Due to the low amplitude, preferably no
significant non-linear distortion occurs. The waveform at
each point in the focal plane is derived from the model. This
set of waveforms is amplified to an amplitude typical of
ultrasound acoustic waveforms. The amplitude level prefer-
ably corresponds to FDA limited amplitudes and may cor-
respond to the ability of any contrast agents to absorb the
energy without destruction. The model is then reversed in
time, and the large amplitude waveforms are back propa-
gated towards the transmit aperture. Since the waveforms
typically vary only a little from transducer element-to-
element and for simplicity, the waveform at the surface of
the source and at the center of the transmit aperture is used
for each channel or element.
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[0083] As an example of the waveform distortion pre-
dicted by the model, the positive pulse peaks travel at
¢ +Pu, and the zero-crossing amplitude values travel at ¢, in
meters/second, where f3 is the coefficient of non-linearity, c,
is the speed of sound in tissue, and u, is the peak particle
velocity. The peak particle velocity corresponds to the
motion generated as an acoustic wave passes a point. The
speed of sound for soft tissue is approximately 1,540 meters
per second, and the coefficient of nonlinearity is typically
between 5 and 7. The positive amplitudes travel at fu,
relative to the zero amplitudes. After propagating a distance
of one wave length, X, the positive amplitudes of the
waveform are advanced in time by fe, where € is the
acoustic Mach number and equal to u, divided by c,.
Typically, € is 0.001 to 0.002 for peak amplitudes corre-
sponding to FDA limited ultrasound at the focal region. The
negative peaks travel at c,—pu,

[0084] The amount of delay or advance is determined
based on the number of wavelengths to the region of interest.
Preferably, the region of interest is based on user selection.
For contrast agent harmonic imaging, the region of interest
and the focal region are preferably the same region along the
ultrasound transmit line. Referring to FIG. 4A, the positive
and negative peaks 64 and 66 are displaced by more than 2%
of a distance corresponding to a cycle or the period of a
fundamental component of the waveform. Preferably, the
peaks 64 and 66 are displaced by 5-20%. Displacing the
peaks by 2% corresponds to adding a harmonic spectral
component that is approximately 40 dB down from the peak
of the fundamental spectral component.

[0085] The amplitude, as a function of distance, of the
second harmonic peak in the frequency domain near the
region of interest, P,(z), is approximately %fe*w Pycoz,
where w, equals 2zf,, where f; is the center frequency, and
P, is the density for tissue, such as 10°Kg/m,. To determine
the amplitude of the second harmonic relative to the funda-
mental at one wave length from the point of interest, P,(z)
is normalized by the level of the fundamental band at the
point of interest, P,(0). P,(z)/P,(0) is Pemz/\.

[0086] WAVEFORM GENERATION:

[0087] Once the pre-distorted waveform for each channel
is determined, the waveform is separated into two compo-
nents in the preferred embodiment. To apply the pre-distor-
tion in the embodiment of FIG. 3, one beam is programmed
with a desired apodization, delay and pulse-shaping profiles
in the conventional manner, such as the waveforms gener-
ated by waveform generator 50. A second beam provides the
pre-distortion component, such as the waveforms generated
by the waveform generator 52.

[0088] Referring to FIGS. 5A and B, the fundamental
band 82 is isolated. In particular and referring to FIGS. 5C
and D, a waveform 84 corresponding to the fundamental
band 82 is determined. Referring to FIGS. 5E and F, a
waveform 88 corresponding to the desired harmonic com-
ponent (pre-distortion component), such as the second order
harmonic band 86, is also determined. By summing these
waveforms 84 and 88, the transmit waveform for generating
the acoustic pre-distorted waveform 80 is generated. The
transmit waveform is pre-distorted to account for any trans-
ducer and system frequency responses, propagation and
combinations thereof. While the discussion below generally
deals with the fundamental and harmonic components as
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separate waveforms, much of the discussion applies equally
to a conceptual understanding of a single waveform, the
pre-distorted waveform, as having fundamental and har-
monic components.

[0089] Referring to FIGS. 5C and E, the waveform 84
corresponding to the fundamental band has an amplitude or
envelope, a center frequency, a bandwidth and a phase. The
waveform 88 corresponding to the harmonic band also has
an amplitude, a bandwidth, a center frequency and a phase.
The bandwidth, amplitude and center frequency of the
fundamental band waveform 84 are chosen as is well known
in the art for harmonic imaging. The amplitude, phase,
bandwidth, and center frequency of the harmonic band
waveform 88 are chosen in order to provide maximum
suppression of the harmonic band 86 at the region of
interest, such as through the use of the model and transmit
channel considerations.

[0090] Generally, for a Gaussian fundamental pulse of a
given center frequency and bandwidth, the second harmonic
center frequency is twice the fundamental center frequency,
and the second harmonic relative bandwidth, measured at
points -6.8 dB from the peak, is less than the fundamental
bandwidth by a factor of the square root of 2. For example,
the 3 MHz, 30% bandwidth fundamental waveform 84
corresponds to a 6 MHz, 21% bandwidth second harmonic
waveform 88. The phase of the second harmonic is deter-
mined by use of the model or empirically, but is typically
aligned as discussed below. The second harmonic phase is
such that the positive-going zero-crossings associated with
the fundamental and second harmonic components of the
waveform are aligned (for temporal waveforms). For
unaligned waveforms, at least one negative slope zero-
crossing associated with a second order harmonic compo-
nent occurs within a quarter period of a negative slope
zero-crossing associated with the fundamental component,
where the period is the period of the fundamental compo-
nent. The zero-crossing associated with the harmonic com-
ponent is before or after the zero-crossing associated with
the fundamental component. Other phase alignments are
possible. The second harmonic amplitude is generally pro-
portional to the square of the fundamental amplitude. If the
amplitude of the fundamental component is increased by 3
dB, the second harmonic amplitude generally increases by 6
dB. The absolute value of the second harmonic amplitude,
given a fundamental amplitude, is determined by use of the
model and/or empirically. The waveforms may be charac-
terized in other ways. Furthermore, the discussion above is
based on only one particular harmonic and not the full
spectrum for simplicity. The system 10 may generate wave-
forms including the full spectrum and taking into account
the bandwidth of the system and transducer 16 (FIG. 1) or
only selected portions of the spectrum. Other waveforms
may also be used.

[0091] The discussion above is based on one transmit
waveform applied with different delays and amplitude to
each of the plurality of channels. The pre-distortion com-
ponent preferably has an identical delay profile as the
fundamental component. The delay profile determines the
depth of focus and the amplitude profile determines the
apodization. Identical apodization may also be applied to
each of the two components. This approach is in general
sufficient to reduce the harmonic level in a particular region
of interest along the ultrasound beam. Either the transmit
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waveform is delayed and amplitude adjusted across an
aperture width, or the harmonic waveform 88 and funda-
mental waveform 84 are amplitude adjusted or delayed
separately prior to summation. Furthermore, one transmit
waveform may be generated and copied for each channel as
part of the design process or as part of the transmission
process.

[0092] In order to better reduce the harmonic level
throughout the main lobe of the transmit beam, the apodiza-
tion of the harmonic beam is adjusted separately from that
of the fundamental beam. The level of the harmonic as
compared to the fundamental varies from channel to channel
such that the transducer is conceptually transmitting two
coincidental beams, one fundamental and the other har-
monic. For example, the apodization of the harmonic beam
is narrower than the apodization of the fundamental beam by
a factor of approximately the square root of two. The actual
function is determined experimentally or as described herein
using modeling.

[0093] The aperture width may also be different for the
harmonic beam than for the fundamental beam. For
example, the harmonic beam has an appropriate aperture
width and apodization to match the structure of the non-
linearly generated second harmonic in the focal plane. In
order to achieve this match, the effective width of the second
harmonic beam aperture is less than the width of the
fundamental beam by a factor of approximately the square
root of two. Other functions may be used.

[0094] In order to optimize the region (range of depths)
over which effective suppression takes place, the delay
profile is different for the harmonic beam than for the
fundamental beam. For example, the focal depth of the
harmonic beam is deeper than the focal depth of the funda-
mental beam.

[0095] In general, the aperture width, apodization, and
focal depth of the harmonic relative to the fundamental
beam effects both the distribution of harmonic energy in the
focal plane (transverse harmonic structure) and along the
ultrasound line (axial harmonic structure). Fine tuning, such
as through empirical testing, may improve one or both or
transverse and axial suppression.

[0096] As shown in the example of FIG. 6D, a different
focal depth or region associated with the harmonic wave-
form 88 for each channel relative to the fundamental wave-
form 84 for each channel is set using different delay profiles
90 (harmonic) and 92 (fundamental). The harmonic beam
associated with the delay profile 90 has a narrower aperture
width than the fundamental beam associated with the delay
profile 92. FIG. 6A shows the same apodization profiles 94
(harmonic) and 96 (fundamental) but different aperture
widths. FIG. 6B demonstrates different apodization profiles
98 (harmonic) and 100 (fundamental) with different aperture
widths. FIG. 6C demonstrates the same delay profiles 102
(harmonic) and 104 (fundamental) with different aperture
widths. Other apodization, delay, aperture widths and com-
binations thereof may be used. By application of different
apodization, aperture widths and/or delay profiles to the
fundamental and harmonic components across the channels,
the span in range over which the second harmonic suppres-
sion occurs is optimized.

[0097] To create different apodization, aperture widths or
delay profiles, different transmit waveforms with different
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characteristics, such as amplitude, delay, phase and center
frequency, associated with the harmonic beam relative to the
fundamental beam are used for each channel. For example,
the amount of delay or amplitude associated with the fun-
damental waveforms 84 varies by channel independently of
the amount of delay or amplitude associated with the har-
monic waveforms 88. The amplitude and delay of the
harmonic is set relative to the fundamental differently for
different channels. In the example shown in FIG. 6B, the
amplitude of the harmonic waveform 88 relative (the dif-
ference) to the fundamental waveform 84 at channel 20 is
approximately 1.0. The approximate relative difference at
channel 60 is 0.6. This per channel difference, in part, leads
to improved suppression of the harmonic sidelobes. In the
example shown in FIG. 6D, the delay of the harmonic
waveform relative (the difference) to the fundamental wave-
form 84 at channel 20 is approximately 0.4, but the relative
difference at channel 60 is approximately 0.0. Further
improvements are possible by varying the phases, center
frequencies, and bandwidths of the harmonic component
relative to the fundamental component of the transmitted
waveform across the transmit aperture.

[0098] As discussed above, the pre-distorted waveform
may be generated as one waveform for each channel. To
apply pre-distortion in the alternative embodiment demon-
strated in U.S. application Ser. No. 08/893,150 discussed
above, the pre-distortion component of the transmit wave-
form is incorporated into and stored as part of the digital
transmit waveform. Since this architecture may not provide
for independent apodization profiles for the fundamental and
pre-distortion components of the transmit waveform, rect-
angular apodizations are preferably used. Based on the
relationship discussed below, the rectangular apodizations
for both components are the same, allowing a common
waveform for all channels in the aperture. Alternatively,
separate waveforms are provided for each channel or for
groups of channels. The waveform transmitted at any given
channel is selected as a function of amplitude. Preferably,
the waveforms generated account for any subsequently
applied apodization, such as by the amplifier 49 (see FIG.

1.

[0099] Additional implementations for adding the pre-
distortion component to the fundamental component of a
transmit waveform may be used. For example, a second,
lower-power transmitter circuit may be placed in parallel
with the primary transmitter for the purpose of transmitting
the pre-distortion component as the primary transmitter
transmits the fundamental component.

[0100] As another method to optimize the suppression of
a harmonic band, such as the second order harmonic band,
at the region of interest and along the path of propagation,
the characteristics of the harmonic waveform 88 are
adjusted. While all four characteristics listed above and
other characteristics may be varied, the center frequency and
the bandwidth values are preferably developed by modeling.
Preferably, the amplitude and phase are varied. Additionally,
the characteristics could be varied for each transmit wave-
form or each channel separately. Through experimentation,
the optimized characteristics of the harmonic band wave-
form 88 are determined, such as minimizing the harmonic
component along the beam axis, throughout the beam main
lobe or in the sidelobes. By adjusting the phase of the
harmonic band waveform 88 relative to the phase of the
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fundamental band waveform 84, the phasing relationship
discussed above regarding the zero-crossings changes. Gen-
erally, the positive peak is less and the negative peak is more
than half the distance between the zero crossings corre-
sponding to each peak in a spatial representation of the
waveform.

[0101] As an alternative or in addition to the optimization
discussed above, an adaptive scheme is provided. By adap-
tation, the degree of non-linearity among the various tissues
of interest as well as among a population of subjects is
accounted for. For example, for contrast agent imaging, the
system 10 (FIG. 1) is placed in a “learn mode”. The
controller 29 provides data controlling characteristics of the
pre-distorted waveform. For example, the amplitude and
phase of the harmonic band waveform 88 relative the
fundamental band waveform 84 (FIG. 5E) is controlled. A
plurality of pre-distorted or non-distorted test waveforms are
generated with different characteristics. Based on informa-
tion from the signal processor 24, the controller 29 deter-
mines the pre-distorted waveforms corresponding to the
least B-mode image brightness for the desired harmonic
imaging band at the region of interest. The system 10 is
returned to a normal harmonic imaging mode for introduc-
tion of contrast agents or tissue harmonic imaging using the
selected pre-distorted waveforms. Other characteristics may
be used for adaptation. The characteristics of the waveforms
may be controlled as a function of various system param-
eters, such as transmit voltage, transmit frequency, focus
depth, transmit apodization, and transmit bandwidth. For
example, the system controller 29 determines the character-
istics based on the system parameters.

[0102] The non-linear characteristics of the transmit chan-
nel may be accounted for separately from the propagation
non-linear characteristics. For example, the system 10 trans-
mits the test waveform or waveforms. The system 10
adaptively adjusts the phase and amplitude of the pre-
distortion component to eliminate any second harmonic
content from echoes received from the first few mm of an
insonified body. By using echoes from the first few mm,
little or no second harmonic information is generated
through non-linear propagation. In a variation of this
approach, second harmonic levels are measured from the
reflection off a dry, unloaded lens face of the transducer 16
relative to the fundamental component. Other measure-
ments, including different ranges, may be used.

[0103] In another method for accounting for transmit
channel non-linear characteristics, pre-distortion parameters
associated with the transducer or other components in the
transmit channel are stored. In one embodiment, the non-
linear characteristics of each transducer 16 or each trans-
ducer 16 and the likely transmit channel are measured at the
factory and stored in non-volatile memory in the transducer
16. The system 10 reads the characteristics and applies the
appropriate pre-distortion waveform. If variations from
transducer to transducer are small, the non-linear character-
istics of the transducer type or transducer type and likely
transmit channel are measured at the factory and the param-
eters of the pre-distortion component waveform are stored in
the operating software of the system 10.

[0104] Alternatively to the methods discussed above,
some or all of the characteristics of the pre-distorted wave-
form are placed under user control. For example, an input,
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such as a knob, is provided for each of the amplitude of the
harmonic band waveform 88 and phase of the harmonic
waveform 88 relative to the fundamental band waveform 84.
Other characteristics and more or fewer characteristics may
be placed under user control. The user adjusts the controls to
achieve the darkest image or the least image brightness at the
depth of interest corresponding to a region or regions of
interest along each ultrasound transmit line. The selected
pre-distorted waveform is then used for normal harmonic
imaging. The user may additionally switch between one or
a plurality of focal regions of interest along any ultrasound
line. Using a plurality of focal regions and corresponding
regions of interest, the suppression of harmonics due to
tissue propagation is more efficient at many regions along
the ultrasound transmit line. The amplitude of the harmonic
energies along the relevant portions of the ultrasound trans-
mit line for plurality of firing is less than the amplitude
associated with one firing.

[0105] The methods discussed above may be used with
various other transmission schemes, including multiple
pulse cancellation techniques. Multiple pulse cancellation
techniques are discussed in U.S. application Ser. No.

, filed herewith on (Attorney Docket No.
5050/254) for an Ultrasonic Imaging Method With Multiple
Pulse Cancellation, the disclosure of which is herein incor-
porated by reference. Examples of multiple pulse cancella-
tion techniques are also disclosed in Hwang U.S. Pat. No.
5,706,819 and Chapman U.S. Pat. No. 5,632,277. Additive
inverse techniques for selectively removing fundamental
components of an ultrasonic image are disclosed. In the
disclosed methods, two or more ultrasonic pulses are trans-
mitted into a subject along the same beam direction, includ-
ing first and second pulses of opposite polarity. The echo
signals associated with the first and second pulses are
summed, thereby causing linear components to cancel to a
greater extent than non-linear components. For example,
fundamental frequency components of the echo signal asso-
ciated with linear propagation and scattering are selectively
canceled, and second harmonic components of the echo
signal due to non-linearities are enhanced.

[0106] Pre-distorting each of the two pulses used for
additive inverse techniques is graphically demonstrated in
FIGS. 8 and 9. FIGS. 8A and 9A represent the first and
second pulses before pre-distortion at 300 (dotted line) and
after pre-distortion at 302, respectively. The first and second
pulses 300 are the same waveform out of phase by 180
degrees. FIGS. 8B and 9B represent the spectra associated
with the pre-distorted pulses 302. The spectra associated
with each pulse 302 show magnitude and not phase, so are
similar. FIGS. 8C and 9C represent the fundamental com-
ponent 300 and second harmonic component 304 (dashed
line) of each pre-distorted pulse 302 (see FIGS. 8A and 9A).
The fundamental components 300 are 180 degrees out of
phase and the second harmonic components 304 are in phase
for one pulse compared to another. FIGS. 8D and 9D
represent the spectra associated with the fundamental and
harmonic components 300 and 304. FIGS. 8 and 9 represent
pre-distortion for propagation non-linear characteristics.
Similar or different distortion and resulting pre-distortion
may exist for transmit channel non-linear characteristics.

[0107] FIG. 10 shows an ultrasonic imaging system 10
suitable for use with multiple pulse cancellation. The system
10 includes a conventional ultrasound transmit beamformer
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12. The transmit beamformer 12 supplies transmit pulses
that are applied via a transmit/receive switch 14 to a multi-
element transducer array 16. The transducer array 16 trans-
mits ultrasound pulses into a region R of an imaging subject.

[0108] The reflected ultrasound pulses from the region R
are received by the transducer array 16 and applied to a
conventional ultrasound receive beamformer 18 via the
transmit/receive switch 14. The receive beamformer 18
supplies as an output an analytic (pre-detection) signal,
preferably via a filter 20, to a line buffer 22 that is coupled
to a summer 24. The filter 20 is not required in all embodi-
ments, but in this embodiment is provided to remove most
of the fundamental component of the receive signal. By
means of the line buffer 22 and the summer 24, two
successive ultrasound lines are added together or subtracted.
The output of the summer 24 is sent to an image processor
26 for further processing, such as signal detection and
display to the user.

[0109] The various components of the system 10 can take
any suitable form. For example, the beamformers 12, 18 can
be either analog or digital beamformers. In general, the
widest variety of alternatives can be used, including those
described in U.S. Patent application Ser. No.

(attorney docket 5050/301).

[0110] The system 10 in this embodiment is operated in a
two pass pattern. First, an ultrasound transmit pulse is
directed into the region R along a first beam direction at a
known reference phase. FIG. 11a illustrates the spectrum of
the reflected ultrasonic pulse as output by the receive
beamformer 18. This spectrum includes two components: a
fundamental component 30 at or about the fundamental
transmitted frequency fl (arising from linear scattering and
propagation), and a harmonic component 32 at or about
frequency f2 (approximately twice f1), arising from second
harmonic non-linear scattering or propagation. The response
of the filter 20 is shown at 34 in FIG. 11a. This response is
preferably centered about the harmonic frequency, and is
used to reduce fundamental signal components. The fre-
quency spectrum of the output of the filter 20 is shown in
FIG. 11b. Here, the level of the fundamental component 36
has been reduced as compared to the level of the harmonic
component 38.

[0111] The filter 20 may be omitted entirely with accept-
able results. The multiple pulse approach described in this
specification allows broader band transmit pulses and
receive filters to be used than could be used in a conven-
tional harmonic imaging system, resulting in greater overall
imaging bandwidth and hence improved axial resolution.

[0112] The output of the filter 20 is stored in the line buffer
22 on the first pass. On the second pass, the same ultrasound
line is fired, but with a phase shift of pi radians or 180
degrees with respect to the first pulse. The second pass
ultrasound data is then added to the first pass ultrasound data
stored in the line buffer 22.

[0113] Components of the received ultrasound data arising
due to linear propagation and scattering are inverted in
polarity as a result of the polarity inversion of the transmit
pulses. Thus, any linear components in the received ultra-
sound data cancel after summing. This is illustrated in FIG.
124, where the fundamental components 40, 42 of the first
and second transmit pulses have a sum 44 that is low in
amplitude.
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[0114] Adifferent result is obtained for components of the
received ultrasound data arising as even harmonics from
non-linear scattering or propagation. These components will
have the same phase in both the first pass received ultra-
sound data and the second pass received ultrasound data and
will thus survive the summing operation by constructive
interference. This 1s illustrated mm FIG. 12b, where the
harmonic components 46, 48 of the first and second transmit
pulses create a sum 50 with a relatively large amplitude.

[0115] In general, shifting the phase of the transmit pulses
by phi shifts the phase of any first harmonic (fundamental)
components of the received ultrasound data by the same
phase shift phi, but shifts the phase of any second harmonic
components of the received ultrasonic data by 2*phi. Any
third harmonic components experience a 3*phi phase shift,
and so on. Thus, if a phase shift of pi radians is applied
between the two transmit pulses as described above, all even
harmonic components of the received ultrasound data will
experience a phase shift of 2¥pi*n radians and will be
reinforced by summing, while all odd harmonic components
will experience a phase shift of 2*pi*n+pi radians, and will
be canceled by the summing operation.

[0116] Alternately, the second pass ultrasonic data can be
subtracted instead of added from the first pass ultrasonic
data. With this approach even harmonic components are
canceled and odd harmonic components including the fun-
damental component are reinforced by the summing opera-
tion.

[0117] The two pulse summing approach described above
provides greater rejection of either the fundamental or the
even harmonic components than can be obtained by con-
ventional beamformer using conventional filters. In particu-
lar, the two pulse approach can separate the echo signal from
non-linear scatterers (even harmonic generators) at one
frequency from the echo signal from linear scatterers at the
same frequency. This is particularly useful when the transmit
pulse contains significant energy in the harmonic band.

[0118] Instead of transmitting a pure modulated sinusoid,
alternate transmit waveforms may be used. Instead of trans-
mitting two waveforms differing by a pi radian phase shift
as described above, one can transmit waveforms Y(t) and
=Y(t). This is similar to a pi radian phase shift for all of the
frequency components comprising the pulse. In an alternate
method of construction, a gated or modulated square wave
may be used in place of the gated or modulated sinusoid.

[0119] In general, the transmitted ultrasound pulses may
comprise components X(t) and Y(t), summed together. For
example, a transmit beamformer as shown in FIG. 13 can be
used. This transmit beamformer is capable of forming a
transmit pulse containing two spectral components. The first
is generated by the transmit beamformer 52 and the second
spectrum component is generated by the transmit beam-
former 54. These two spectral components are summed by
the summer 56 before they are applied to the transducer
array.

[0120] In general, if the two transmitted pulses take the
form X(t)+Y(t) and X(1)-Y(t), then the summed receive
signal from the summer 24 of FIG. 10 includes three
components:
[0121] 1. ultrasound signals resulting from the linear
scattering of X(t),
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[0122] 2. ultrasound signals resulting from even har-
monic non-linear scattering of X(t), and

[0123] 3. ultrasound signals resulting from even har-
monic non-linear scattering of Y(t).

[0124] Ultrasound signals resulting from linear scattering
of Y(t) are canceled in the summing operation.

[0125] In one embodiment, transmit pulses are viewed as
the sum of an unmodulated baseband component and a
modulated bandpass component which has the desired spec-
tral properties and phase for imaging and fundamental
cancellation.

[0126] For example, unipolar transmit pulses may be
formed by combining an unmodulated signal x(t) with a
modulated signal y(t) as follows:

PL{O=x(t)+(2),
P2O=x(t)-» (1),

[0127] where x(t)>=|y()], so that x()}+y()>0 and x(t)-
y(t)>=0. For example, if y(t) is represented as

y(f)=e(t)*cos(2pi*f¥t)

[0128] and x(t) is selected to be e(t), the above conditions
for unipolar pulses are satisfied.

[0129] Both pulses contain a strong fundamental spectral
component but with opposite (180 degree) fundamental
carrier phase. The transmitted pulses will stimulate second
harmonic generation with second harmonics of the same
phase, since the second harmonic carrier phase rotates at
twice the rate of the fundamental, or 360 degrees.

[0130] Thus, when the return echo signals from sequential
pulse firings are added, the components due to x(t) add to
form a 2x(t) echo, and the components due to the funda-
mental carrier cancel since they are out-of-phase. The sec-
ond harmonic echo components are in-phase, so they are
enhanced by a factor of two after addition. The later is the
desired echo signal in harmonic imaging.

[0131] The echo from the baseband component 2x(t) is
generally an unwanted component, but it can be made very
small by choosing the shape of x(t) such that its spectral
energy in the second harmonic region is insignificant.

[0132] In a second embodiment, transmit pulses can be
formed with “pre-distortion” terms in the following manner:

pl{H)=al(t)*cos(4pi*Pe+phil(f))+e(t) *cos(2pi*f*f);

p2(0)=a2(t)*cos(4pi* e+phi2 (£))-e(?) *cos(2pi*f*e).
[0133] The second harmonic components at 2xf can be
designed to cancel non-linear distortion produced in the
generation of the acoustic pulse (c.g. due to transmitter
circuit or non-linear transducer effects) or can be set to
cancel tissue harmonic distortion generated at a given range
for the purpose of enhancing contrast with non-linear scat-
tering agents.

[0134] The two pre-distortion envelopes al(t) and a2(t)
and the two phases phil(t) and phi2(t) will in general be
similar, but may differ slightly due to the need to cancel
particular non-linear distortion generating mechanisms. The
envelopes al(t) and a2(t) will typically be much smaller (e.g.
factor of ten or smaller) than the fundamental envelope e(t).
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[0135] Techniques and uses mvolving pre-distortion are
the subject of associated U.S. patent applications Ser. No.
08/911,973 and Ser. No. (Attorney Docket 5050/
293), which are hereby incorporated by reference.

[0136] Features of the above two embodiments described
above can be combined in a third embodiment where
unipolar transmit pulses are constructed in the following
manner:

p1(O)=x(t)+al(t)*cos(dpi*fHe+phil())+

e(f)cos(2pi*f*0);

DP2(0)=x(t)+a2(t) *cos(4pi*fHe+phi2(£))-

e(t)*cos(2pi*f*).
[0137]

PLO=x(Ay1(2),

P2O)=x(0)-y2(2),
[0138] where the functions yl(t) and y2(t) are the pre-
distorted modulated pules defined in the second embodiment
above. Note that except for the small pre-distortion terms,

this form is very similar to that of the introductory discus-
sion:

These transmit pulses have the form

PLO=X10+Y0),
PO=X2A)-Y(0),

[0139] where
X1()=x(t)+a1(2)*cos(4pi*f*t+phil(r))
X2(0)=x(£)+a2(£) *cos(4pi* f+phi2(r))
Y(O)=e()* cos(2pi*f¥e).

[0140] Since al(t) and a2(t) are much smaller than e(t), we
have

X1(t~=X2(p).
[0141] Tllustrations of the modulated bandpass compo-

nents y1 and y2 are given in FIGS. 14 and 15. The second
harmonic terms are shown separately in FIGS. 16 and 17.

[0142] In order to produce a unipolar modulated wave-
form, an unmodulated unipolar function x(t) is added such
that x(t)+y1(t)>=0 and x(t)+y2(t)>=0.

[0143] The transmit pulses p1(t) and p2(t) will be unipolar
if x(0Z]y(t)| and x(t)>=[y2(1)|.

[0144] In one preferred embodiment, x(t) is chosen to be
of the form x(t)=x(t)+e(t), where x(t) is a suitable baseband
offset signal. The offset signal x(t) may be chosen to vanish
to zero outside an interval containing the active region of the
pulse, thus providing a suitable amount of offset bias in
order to keep a unipolar transmitter circuit biased in its linear
low-distortion region during the active transmit pulse. The
envelope and offset function will usually be chosen so that
the spectrum of the baseband function x(1) will be very low
(insignificant) in the desired second harmonic receive band.
The offset function and transmit pulse are preferably zero
outside of an interval containing the active pulse in order to
shut off the transmitter for maximum power efficiency.

[0145] Since al(t) and a2(t) are relatively small, this
condition can be ensured if for example we choose x(t)>=
2*max(|al(t)|, [a2(t)]). Usually, x(t) will be a Gaussian-like
window function similar to e(t). However, the shape and
spectral contribution of x(t) is not quite as critical, since it
will typically be much smaller than e(t). An illustration of
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x(t) is given in FIG. 18. Ilustrations of typical resulting
unipolar pulses pl(t)=x(t)+yl(t) and p2(t)=x(t)-y2(t) are
given in FIGS. 19 and 20.

[0146] The sum of pl and p2 is illustrated in FIG. 21 and
is approximately equal to 2*x(t) except for the small residual
signals containing the second harmonic pre-distortion terms
which do not sum to zero.

[0147] FIG. 22 shows the sum of pl and p2 for the special
case al(t)=a2(t)=0, where there are no pre-distortion terms.

[0148] In this case, if low sidelobe envelope shapes are
chosen for e(t) and x(t), the energy in the spectra of p1(t) and
p2(t) around the second harmonic can be made very small.
FIG. 23 illustrates the baseband spectrum of a Gaussian
envelope, e(t). If x(t) is similarly a Gaussian shape, the
spectra of p1(t) and p2(t) will be similar to that illustrated by
FIG. 24.

[0149] Thus, for the continuous waveforms of this
example, phase complementary unipolar pulses pl(t) and
p2(t) are constructed which independently have controlled
second harmonic distortion and when summed have very
small spectral energy in the fundamental and second har-
monic imaging bands. The waveforms also have the other
desired properties of incorporating useful pre-distortion can-
cellation functions and a linearizing baseline offset function.

[0150] Next, the technique will be illustrated with respect
to a discrete time and magnitude form which is appropriate
in practical digitally controlled transmitter implementations.

[0151] To better understand the preferred quantized con-
struction technique, it is useful to rewrite the expressions for
p1(t) and p2(t) in the following form:

p1{t)=x(t)+e(t)(1+cos(2pi*f#e))+al(f) *cos(dpi*fH+

phil(s)>=0,

P2(0)=x(t)+e(t)(1-cos(2pi*f*e))+a2(f) *cos(dpi*fi+

phi2(7)>=0,
[0152] where al(t) and a2(t) are the pre-distortion enve-
lopes for pl and p2, respectively. If no pre-distortion is
required in an application, al(t) and a2(t) can be set zero.
The sum of pl and p2 will be 2x(t)+2e(t)=2x(t), as before.

[0153] The terms (1+/-cos(2pi*f*t)) are offset carriers
which are unipolar.

[0154] The baseband offset signal x(t), modulation enve-
lope e(t), offset carriers, and predistortion terms will be
typically quantized into samples at an interval which is a
fractional power of two of the fundamental period, T=1/.
(c.g. T/4 or T/8). The three components can be quantized at
different powers of two and then summed to form a com-
posite pulse train which is in turn represented with samples
at the largest power of two, e.g. T/4 or T/8.

[0155] In order that the phase rotation information of the
pre-distortion harmonic terms, phil and phi2, be represented
arbitrarily and unambiguously, the sample period is prefer-
ably T/8 or smaller. If phil and phi2 are zero, good spectral
properties can be obtained as in the example below with pl
and p2 sampled with a period of T/4 or larger.

[0156] Waveforms that are discrete in time and amplitude
can be determined apriori for a given transmitter channel
and then generated by the transmit pulse from waveform
data read out of a small memory into a digital to analog
converter. Transmitter and waveform generation techniques
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are similar to those described in U.S. patent application Ser.
No. 08/893,150, which is hereby incorporated by reference.

[0157] Exemplary discrete pulse waveforms for pl and p2
are shown in FIGS. 25 and 27 along with their spectra in the
frequency domain (FIGS. 26 and 28). These unipolar wave-
forms have complementary carrier phase and are quantized
in amplitude to 96 levels (from 0 to 95 peak). The illustrated
waveforms have a baseline offset function and are designed
to have relatively wide fundamental mainlobe bandwidths
and relatively low spectral energy in the second harmonic
region. The pre-distortion terms are zero in these examples.

[0158] The waveforms of FIGS. 25 and 27 use a square
wave offset carrier which is equivalent to T/2 sampling of
the carrier component. An offset square wave carrier has
slightly higher spectral energy at the fundamental than a
more finely sampled offset carrier. The envelope function
and baseline offset functions are discrete Guassian approxi-
mations which are sampled at T/4.

[0159] The sum of pl and p2 and the corresponding
spectrum are shown in FIGS. 29 and 30. Note that the sum
is essentially a sampled Gaussian envelope with very low
sidelobes in the region of the fundamental and the second
harmonic. This is the desired characteristic for two-pulse
harmonic imaging, since the linear echo terms cancel.

[0160] It should be noted from these examples that a
proportionally larger baseband offset function results in a
proportionally smaller peak-to-peak excursion of the modu-
lated component of the signal, and thus less efficiency for
given peak level. In a unipolar transmitter design which
maximizes efficiency, it is desirable to choose the baseband
offset component as small as possible while still providing
adequate linearity in the transmitter to achieve distortion
goals.

[0161] When pre-distortion waveforms are incorporated in
the sampled pulse train, it is desirable to use a finer sampling
interval of at least T/8 so that the phase components of the
pre-distortion terms are adequately represented. Samples at
T/8 provide 4 samples per period of the second harmonic
carrier.

[0162] Unipolar transmitter waveform generation and out-
put scaling techniques are basically the same as those
described in above-identified U.S. patent application Ser.
No. 08/893,150, filed Jul. 15, 1997, which is incorporated by
reference herein. For two-pulse imaging, the transmitter
should be capable of alternating between the two waveform
types, p1(t) and p2(t), on sequential line firings.

[0163] The ultrasonic imaging methods with multiple
pulse cancellation described above can be summarized with
the flow chart of FIG. 31. These methods include a first step
100 of transmitting a set of ultrasonic transmit pulses into a
region. Consecutive ones of these transmit pulses are mul-
tiple component, one component of which is out of phase
between the two transmit pulses to a greater extent than the
other component. As explained above, these multi-compo-
nent transmit pulses can be designed to be unipolar or to
provide pre-distortion to reduce system and/or tissue non-
linearities.

[0164] In step 102 ultrasonic receive pulses are received
from the region. In step 104 at least two of the receive pulses
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are summed with either like or opposite polarity to form a
combined signal. Summing with like polarity causes the
combined signal to emphasize harmonic components and to
suppress fundamental components of the receive pulses.
Conversely summing with opposite polarity results in a
combined signal with enhanced fundamental components
and suppressed harmonic components.

[0165] The two pulse imaging waveform techniques
described above provide several advantages:

[0166] 1. They allow sequential unipolar pulses of
complementary phase to be fired such that the corresponding
echoes when added will suppress the undesired fundamental
echo component and the undesired echo component due to
the transmitted second harmonic, and will enhance the
desired second harmonic echo component generated by
non-linear propagation or non-linear scattering.

[0167] 2. They allow transmit pulses to be pre-distorted in
order to cancel other non-linearities in the acoustic transmit
signal generation path or non-linear components generated
by pulse propagation to a target.

[0168] 3. They allow a transmitter pulse bias signal (offset
signal) to be applied for linearizing the transmitter driver in
high efficiency on/off transmitters.

[0169] Many alternatives to the preferred embodiments
described above are possible. For example, the two transmit
pulses that contribute to the summed receive pulses may be
either spatially aligned as taught by the above identified
Hwang and Chapman patents or spatially distinct as
described in co-pending U.S. Patent applications Ser. Nos.
08/993,533 and 08/993,395, which are hereby incorporated
by reference.

[0170] The summing operations described above can
include summing more than two ultrasound signals, and the
summing may be either of like polarity to selectively sup-
press fundamental components or opposite polarity to selec-
tively suppress second harmonic components. If desired, a
weighted sum can be used.

[0171] As used herein, the term “set” is intended broadly
to encompass two or more pulses.

[0172] As used herein, two components are said to be
substantially in phase whenever their sum is greater than the
larger of the two. Thus, two components can be substantially
in phase even if they are not matched in phase.

[0173] The embodiments described above can be used
with or without added contrast agent in both contrast and
tissue harmonic imaging.

[0174] Tt should be understood that many changes and
modifications can be made to the embodiments described
above. For example, pre-distorted waveforms may be used
for tissue or non-linear contrast agent harmonic imaging.
Harmonic imaging based on any of various harmonic bands
may be used. Pre-distorted rectangular or uni-polar wave-
forms may also be used. Many of the various processes
discussed above may be analog or digital processes.

[0175] Tt is therefore intended that the foregoing detailed
description be understood as an illustration of the presently
preferred embodiments of the inventions, and not as a
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definition of the invention. It is only the following the claims
including all equivalence that are intended to define the
scope of the invention.

We claim:

1. In a method comprising the steps of (a) transmitting a
plurality of waveforms from a transducer at a fundamental
frequency, (b) receiving reflected ultrasonic energy at a
harmonic of the fundamental frequency and (c) generating
an image responsive to the reflected energy at the harmonic
in an ultrasound system, an improvement wherein step (2)
comprises the step of:

(al) pre-distorting at least one of said plurality of wave-

forms as a function of a non-linear characteristic.

2. The method of claim 1 wherein step (al) comprises
pre-distorting said at least one waveform as a function of a
waveform propagation non-linear characteristic.

3. The method of claim 2 wherein upon propagation in
range along an ultrasound line, a spectral peak of a harmonic
component at a second region is less than said spectral peak
of said harmonic component at a first region by an amount
that exceeds that attributable to only attenuation, wherein
said second region is greater in range along said ultrasound
line than said first region.

4. The method of claim 2 wherein said at least one
waveform comprises a harmonic spectral peak suppressed
by about 4 dB or more at a region of interest spaced from
said transducer along said ultrasound line as compared to a
harmonic spectral peak at said region associated with trans-
mission of a waveform comprising substantially only a
fundamental spectral component adjacent said transducer

5. The method of claim 1 wherein step (al) comprises
pre-distorting said at least one waveform as a function of a
non-linear characteristic of a device.

6. The method of claim 5 wherein step (al) comprises
pre-distorting said at least one waveform as a function of a
non-linear characteristic of the transducer.

7. The method of claim 5 wherein step (al) comprises
pre-distorting said at least one waveform as a function of a
non-linear characteristic of a lens.

8. The method of claim 5 further comprising steps:

(c) transmitting at least one test waveform;

(d) receiving echoes associated with the test waveform;
and

() determining pre-distortion parameters in response o

the echoes.

9. The method of claim 5 further comprising step (c) of
storing pre-distortion parameters associated with the trans-
ducer.

10. The method of claim 1 wherein step (al) comprises:

(1) pre-distorting a plurality of said waveforms; and

(2) transmitting each of said plurality of said waveforms
from a different one of a plurality of transducer ele-
ments in a single transmit event.

11. The method of claim 1 wherein:

step (al) comprises transmitting first and second ultra-
sonic pulses, the second ultrasonic pulse associated
with a substantially opposite polarity than the first
ultrasonic pulse, the first and second ultrasonic pulses
pre-distorted as a function of the non-linear character-
istic; and
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step (b) comprises:

(b1) receiving first and second ultrasonic receive
pulses, each receive pulse associated with a respec-
tive one of the transmit pulses, and each receive
pulse comprising a respective fundamental receive
compornent and a respective harmonic receive com-
ponent; and

(b2) combining at least two of the receive pulses to
form a composite harmonic signal.
12. The method of claim 1 wherein:

step (al) comprises transmitting a set of ultrasonic trans-
mit pulses into a region, each transmit pulse comprising
respective first and second transmit components, the
first transmit components associated with selected ones
of the transmit pulses modulated at a fundamental
ultrasonic frequency and being out of phase by a phase
difference, the second transmit components associated
with said selected ones of the transmit pulses being
substantially in phase, at least one of said components
pre-distorted as a function of the non-linear character-
istic; and

step (b) comprises:

(b1) receiving a plurality of ultrasonic receive pulses
from the region, each receive pulse associated with
a respective one of the transmit pulses, and each
receive pulse comprising a respective fundamental
receive component and a respective harmonic
receive component; and

(b2) combining at least two of the receive pulses to
form a composite signal, said phase difference effec-
tive to cause the fundamental receive components to
destructively interfere to a different extent than the
harmonic receive components in the summing step.

13. The method of claim 12 wherein step (al) comprises
transmitting a set of unipolar ultrasonic transmit pulses
14. The method of claim 1 wherein step (al) comprises:

(1) generating a set of fundamental waveforms associated
with a first apodization, first delays and first pulse
shapes;

(2) generating a set of second harmonic waveforms asso-
ciated with the first delays, a second pulse shape
proportional to the first pulse shape, and a second
apodization proportional to the first apodization; and

(3) combining the set of fundamental waveforms and the

second of second harmonic waveforms.

15. The method of claim 1 wherein step (al) comprises
generating a set of pre-distorted waveforms, each of said
pre-distorted waveforms comprising a fundamental and a
harmonic component, said set of pre-distorted waveforms
associated with a different apodization for said fundamental
component than for said harmonic component.

16. The method of claim 1 wherein step (al) comprises
adding a second harmonic component.

17. The method of claim 1 wherein step (al) comprises
transmitting a waveform comprising a pulse spatially
defined by a first zero value adjacent to a first non-zero value
of said pulse and a successive second zero value adjacent to
a second non-zero value of said pulse, wherein a peak
amplitude of said pulse is a first distance from said first zero
value, said first distance displaced from half a distance
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between said first and second zero values by at least 1% of
said distance between said first and second zero values.

18. In a method comprising the steps of (a) transmitting
a plurality of waveforms from a transducer at a fundamental
frequency and (b) receiving reflected ultrasonic energy at a
harmonic of the fundamental frequency in an ultrasound
system, an improvement wherein step (a) comprises the step
of:

(al) transmitting a waveform comprising a fundamental
spectral component and a harmonic spectral component
from a transducer, such that upon propagation in range
along an ultrasound line, a spectral peak of said har-
monic component at a second region is less than said
spectral peak of said harmonic component at a first
region by an amount that exceeds that attributable to
only attenuation, wherein said second region is greater
in range along said ultrasound line than said first
region.

19. The method of claim 18 wherein the step (al) com-
prises attributing an amount of decrease in said peak to
attenuation as a function of about 0.5 dB/cm/MHz.

20. The method of claim 18 wherein the step (al) com-
prises transmitting said waveform, wherein in said peak is a
first value down from a peak of said fundamental spectral
component at said first region and a second value down at
said second region, an absolute value of said second value
greater than an absolute value of said first value by an
amount that exceeds that attributable to attenuation.

21. The method of claim 18 wherein the step (al) com-
prises transmitting said waveform responsive to a sampling
rate, wherein said sampling rate is 8 or greater samples per
cycle of a carrier signal.

22. The method of claim 20 wherein the step (al) com-
prises transmitting a predistorted waveform comprising said
peak of said harmonic spectral component suppressed by
about 4 dB or more at said second region as compared to a
harmonic spectral peak at said second region associated with
transmission of a waveform comprising substantially only a
fundamental spectral component at said first region, said
first region adjacent to said transducer.

23. The method of claim 18 wherein the step (al) com-
prises transmitting said waveform comprising a positive
pulse temporally defined by first and second successive zero
crossings and a negative pulse temporally defined by third
and fourth successive zero crossings, wherein a peak ampli-
tude of said positive pulse is a first time from said first zero
crossing that is greater than half a second time between said
first and second zero crossings and a peak amplitude of said
negative pulse is a third time from said third zero crossing
that is less than half a fourth time between said third and
fourth zero crossings.

24. The method of claim 23 wherein the step (al) com-
prises transmitting said waveform wherein said second and
fourth times are equal.

25. The method of claim 20 wherein the step (al) com-
prises transmitting said waveform wherein said second
region corresponds to a focal region.

26. The method of claim 25 wherein the step (al) com-
prises transmitting said waveform wherein said focal region
corresponds to a mechanical focal region.

27. The method of claim 25 wherein the step (al) com-
prises transmitting said waveform wherein said focal region
corresponds to a focal region responsive to a delay.
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28. The method of claim 18 wherein the step (al) com-
prises transmitting said waveform wherein said peak is an
equal value at a third region and said first region, wherein
said third region is more distant in range from said trans-
ducer than said first and second regions.

29. The method of claim 18 wherein the step (al) com-
prises the step (a2) of transmitting a plurality of said
waveforms.

30. The method of claim 29 wherein the step (a2) com-
prises setting a characteristic selected from the group of:

delay profile, apodization, aperture width and combina-
tions thereof of a harmonic beam different from a
fundamental beam.

31. The method of claim 25 wherein the step (al) com-
prises transmitting said waveform wherein said absolute
value of said second value is at least 4 dB greater than
absolute value of said first value in addition to said amount
attributable to attenuation.

32. The method of claim 18 wherein the step (al) com-
prises transmitting said waveform comprising said peak
corresponding to a second harmonic band.

33. The method of claim 28 wherein the step (al) com-
prises transmitting said waveform wherein said peak is at a
lowest level along said ultrasound line at said second region.

34. The method of claim 33 wherein the lowest level is
approximately zero.

35. The method of claim 34 wherein a level of said peak
corresponding to a position, z, of said waveform adjacent
said second region, z=0, is given as P(z)=4Re 0P oCoZ,
wherein  is a coefficient of non-linearity, € is the acoustic
Mach number, w, is 2n(center frequency), p, is the density
and ¢, is the speed of sound.

36. In a method comprising the steps of (a) transmitting
a plurality of waveforms from a transducer at a fundamental
frequency and (b) receiving reflected ultrasonic energy at a
harmonic of the fundamental frequency in a ultrasound

system, an improvement wherein step (a) comprises the step
of:

(al) transmitting a pre-distorted waveform along an ultra-
sound line, said pre-distorted waveform comprising a
harmonic spectral peak suppressed by about 4 dB or
more at a region of interest spaced from said transducer
along said ultrasound line as compared to a harmonic
spectral peak at said region associated with transmis-
sion of a waveform comprising substantially only a
fundamental spectral component adjacent said trans-
ducer.

37. The method of claim 36 wherein the step (al) com-
prises transmitting a waveform wherein said peak is 40 dB
or more down from a fundamental spectral peak at said
region of interest.

38. The method of claim 36 wherein the step (al) com-
prises transmitting said waveform comprising a positive
pulse temporally defined by first and second successive zero
crossings and a negative pulse temporally defined by said
second zero crossing and a successive third zero crossing,
wherein a peak amplitude of said positive pulse is a first time
from said first zero crossing that is more than half a second
time between said first and second zero crossings and a peak
amplitude of said negative pulse is a third time from said
second zero crossing that is less than half a fourth time
between said second and third zero crossings.
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39. The method of claim 38 wherein the step (al) com-
prises transmitting said waveform wherein said second and
fourth times are equal.

40. In a method comprising the steps of (a) transmitting
a plurality of waveforms from a transducer at a fundamental
frequency and (b) receiving reflected ultrasonic energy at a
harmonic of the fundamental frequency in an ultrasound
system, an improvement wherein step (a) comprises the step
of:

(al) transmitting a waveform comprising a pulse spatially
defined by a first zero value adjacent to a first non-zero
value of said pulse and a successive second zero value
adjacent to a second non-zero value of said pulse,
wherein a peak amplitude of said pulse is a first
distance from said first zero value, said first distance
displaced from half a distance between said first and
second zero values by at least 1% of said distance
between said first and second zero values.

41. The method of claim 40 wherein the step (al) com-
prises transmitting said waveform wherein said first distance
is a function of the polarity of said pulse.

42. The method of claim 40 wherein the step (al) com-
prises transmitting said waveform comprising a positive
pulse defined by said first zero value associated with an first
position prior to said second zero value, said first and second
zero values being successive zero crossings.

43. The method of claim 40 wherein the step (al) com-
prises transmitting said pulse comprising a negative pulse,
where in said first distance is more than half said distance
between said first and second zero values, said first and
second zero values being successive zero crossings.

44. The method of claim 40 wherein the step (al) com-
prises transmitting said pulse comprising a positive pulse,
wherein said first distance is less than half said distance
between said first and second zero values.

45. The method of claim 44 wherein the step (al) further
comprises transmitting said waveform comprising a nega-
tive pulse defined by said second zero value and a third zero
value, wherein a negative peak amplitude of said negative
pulse is a third distance from said second zero value that is
more than half a fourth distance between said second and
third zero values.

46. The method of claim 45 wherein the step (al) com-
prises transmitting said waveform wherein said second and
fourth distances are equal.

47. The method of claim 40 wherein the step (al) com-
prises transmitting said waveform wherein said first distance
is a function of a distance of a region of interest from said
transducer.

48. The method of claim 47 wherein the step (al) com-
prises transmitting said waveform wherein said first distance
corresponds to a delay in time.

49. The method of claim 47 wherein the step (al) com-
prises transmitting said waveform wherein said first distance
corresponds to Pe? for every wavelength, A, from said
transducer to said region of interest, wherein f§ is a coeffi-
cient of non-linearity, and e is the acoustic Mach number.

50. The method of claim 45 wherein the step (al) com-
prises transmitting said waveform wherein said third dis-
tance is a function of distance of a region of interest from
said transducer.

51. The method of claim 47 wherein the step (al) com-
prises transmitting said waveform wherein said third dis-
tance corresponds to an advance in time.
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52. The method of claim 50 wherein the step (al) com-
prises transmitting said waveform wherein said third dis-
tance corresponds to fek for every wavelength, X, from said
transducer to said region of interest, wherein f§ is a coeffi-
cient of non-linearity, and € is the acoustic Mach number.

53. The method of claim 45 wherein the step (al) further
comprises transmitting a plurality of wavelengths of said
waveform wherein said positive pulse and said negative
pulse comprise one wavelength.

54. The method of claim 53 wherein the step (al) com-
prises applying a Gaussian envelope to said waveform.

55. The method of claim 53 wherein the step (al) further
comprises focusing, apodizing, and transmitting a plurality
of said waveforms from a plurality of transducer elements.

56. The method of claim 55 wherein the step (al) further
comprises focusing said plurality of said waveforms at a first
region along a line and transmitting said waveforms a first
time.

57. The method of claim 56 a further comprising the steps
of focusing said plurality of said waveforms at a second
region along said line and transmitting said waveforms at
least a second time.

58. The method of claim 55 further comprising generating
at least one copy of a first waveform, at least said copy and
said first waveform comprising said plurality of said wave-
forms.

59. The method of claim 40 wherein the step (al) com-
prises (a2) summing a first and a second waveform.

60. The method of claim 59 wherein the step (a2) com-
prises summing said first waveform corresponding to a
fundamental spectrum with said second waveform corre-
sponding to a harmonic spectrum.

61. The method of claim 59 wherein the step (a2) com-
prises summing said first waveform corresponding to a first
center frequency with said second waveform corresponding
to a second center frequency.

62. The method of claim 61 wherein the step (a2) com-
prises summing said first waveform with said second wave-
form, wherein said second frequency is about twice said first
frequency.

63. The method of claim 59 wherein the step (a2) com-
prises summing said first waveform corresponding to a first
envelope with said second waveform corresponding to a
second envelope that is about the square of the first envelope
in amplitude.

64. The method of claim 59 further comprising the step
(a3) of adjusting the second envelope in amplitude relative
to said first envelope.

65. The method of claim 59 wherein the step (a2) further
comprises setting a phase associated with said first wave-
form substantially the same as a phase associated with said
second waveform.

66. The method of claim 65 further comprising the step
(a3) of adjusting the phase associated with said first wave-
form relative to the phase associated with said second
waveform.

67. The method of claim 40 further comprising the step of
(a2) varying a characteristic of said waveform.

68. The method of claim 67 wherein the step (a2) com-
prises varying said characteristic selected from the group of:
phase, amplitude, bandwidth, center frequency and combi-
nations thereof.
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69. The method of claim 67 further comprising the steps
of:

(a3) detecting a first and second value of a parameter
responsive to the steps (al) and (a2), respectively; and

(a4) comparing said first and second values.
70. The method of claim 69 further comprising the steps
of:

providing at least one contrast agent; and

transmitting the waveform corresponding with a lesser

value of said parameter at least a second time.

71. The method of claim 67 wherein the step (a2) com-
prises varying said characteristic in response to user input
information.

72. The method of claim 40 wherein the step (al) com-
prises (a2) displacing said first distance by more than 2
percent of a distance corresponding to a cycle of the fun-
damental component.

73. The method of claim 72 wherein the step (a2) com-
prises displacing said first distance by about 5-20 percent.

74. In a method comprising the steps of (a) transmitting
a plurality of waveforms from a transducer at a fundamental
frequency and (b) receiving reflected ultrasonic energy at a
harmonic of the fundamental frequency in an ultrasound
system, an improvement wherein step (a) comprises the step
of:

(al) transmitting a waveform comprising fundamental
and harmonic spectral components corresponding to
fundamental and harmonic temporal signal compo-
nents, respectively, from a transducer, wherein a first
negative sloped zero crossing associated with said
harmonic signal component is less than a quarter period
from a second negative sloped zero crossing associated
with the fundamental signal component, said period
and quarter period associated with said fundamental
signal component.

75. The method of claim 74 wherein the step (al) com-
prises transmitting said waveform wherein said first zero
crossing is less than said quarter period after said second
ZEr0 crossing.

76. The method of claim 74 wherein the step (al) com-
prises transmitting said waveform wherein said first zero
crossing is less than said quarter period before said second
ZEro crossing.

77. The method of claim 74 wherein the step (al) com-
prises transmitting said waveform wherein a peak of said
harmonic component is at most 40 dB down from a peak of
said fundamental component.

78. In a method comprising the steps of (a ) transmitting
a plurality of waveforms from a transducer at a fundamental
frequency and (b) receiving reflected ultrasonic energy at a
harmonic of the fundamental frequency in an ultrasound

system, an improvement wherein step (a) comprises the step
of:

(al) transmitting a waveform comprising at least one
positive pulse temporally beginning and ending at first
and second successive zero values and at least one
negative pulse temporally beginning and ending at third
and fourth successive zero values, wherein a center of
an amplitude distribution of said positive pulse is at a
first time that is at least one percent greater than half a
time between said first and zero values and a center of
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an amplitude distribution of said negative pulse is at a
second time that is at least one percent less than half a
time between said third and fourth zero values.

79. In a method comprising the steps of (a) transmitting
a plurality of waveforms from a transducer at a fundamental
frequency and (b) receiving reflected ultrasonic energy at a
harmonic of the fundamental frequency in an ultrasound
system, an improvement wherein step (a) comprises the step
of:

(al) transmitting a waveform sampled at least 8 times a
cycle from a transducer, said waveform comprising a
fundamental spectral component and a harmonic spec-
tral component, such that upon propagation, a peak of
said harmonic spectral component is reduced at a
second region as compared to said peak at a first region,
said second region greater in range along an ultrasound
line than said first region, said reduction due at least to
nonlinear propagation.

80. The method of claim 79 wherein the step (al) com-
prises transmitting said waveform wherein said reduction is
due to at least nonlinear propagation and dissipation.

81. In a method comprising the steps of (a) transmitting
a plurality of waveforms from a transducer at a fundamental
frequency and (b) receiving reflected ultrasonic energy at a
harmonic of the fundamental frequency in a ultrasound
system, an improvement wherein step (a) comprises the step
of:

(al) transmitting a pre-distorted waveform sampled at
least 8 times a cycle, said waveform comprising a
fundamental spectral component and a harmonic spec-
tral component, wherein a peak of said harmonic spec-
tral component is at most about 40 dB down from a
peak of said fundamental spectral component at the
transducer.

82. The method of claim 81 wherein the step (al) com-
prises the step (a2) of transmitting said waveform compris-
ing a pulse spatially defined by a first zero value adjacent a
first non-zero value of said pulse and a second zero value
adjacent a second non-zero value of said pulse, wherein a
peak amplitude of said pulse is a first distance from said first
zero value, said first distance displaced from half a distance
between said first and second zero values.

83. The method of claim 82 wherein the step (a2) com-
prises (a3) displacing said first distance by more than 2
percent of a distance corresponding to a cycle of the fun-
damental component.

84. The method of claim 83 wherein the step (a3) com-
prises displacing said first distance by about 5-20 percent.

85. In a method comprising the steps of (a) transmitting
a plurality of waveforms from a transducer at a fundamental
frequency and (b) receiving reflected ultrasonic energy at a
harmonic of the fundamental frequency in a ultrasound
system, an improvement wherein step (a) comprises the step
of:

(al) transmitting at least first and second waveforms
corresponding to first and second channels, each of said
first and second waveforms comprising a fundamental



US 2001/0051771 Al

spectral component and a harmonic spectral compo-
nent, wherein a characteristic of said harmonic spectral
component as compared to said fundamental compo-
nent is different for said first channel than said second
channel.

86. The method of claim 85 wherein the step (al) com-
prises the step of setting said characteristic selected from the
group of: delays, phases, center frequencies, bandwidths,
amplitudes and combinations thereof.

87. The method of claim 85 wherein the characteristic
referred to in step (al) is the relative amplitude of the
harmonic component as compared to the fundamental com-
ponent.

88. The method of claim 85 wherein the characteristic
referred to in step (al) is the relative phase of the harmonic
component as compared to the fundamental component.

89. The method of claim 85 wherein the characteristic
referred to in step (al) is the relative delay of the harmonic
component as compared to the fundamental component.

90. The method of claim 85 wherein the characteristic
referred to in step (al) is the relative center frequency of the
harmonic component as compared to the fundamental com-
ponent.

18

Dec. 13, 2001

91. The method of claim 85 wherein the characteristic
referred to in step (al) is the relative bandwidth of the
harmonic component as compared to the fundamental com-
ponent.

92. The method of claim 85 wherein the step (al) com-
prises transmitting a plurality of waveforms corresponding
to a plurality of channels, wherein an apodization associated
with a harmonic beam is different than an apodization
associated with a fundamental beam.

93. The method of claim 85 wherein the step (al) com-
prises transmitting a plurality of waveforms corresponding
to a plurality of channels, wherein a delay profile associated
with a harmonic beam is different than a delay profile
associated with a fundamental beam.

94. The method of claim 85 wherein the step (al) com-
prises transmitting a plurality of waveforms corresponding
to a plurality of channels, wherein an aperture width asso-
ciated with a harmonic beam is different than an aperture
width associated with a fundamental beam.



TRBR(F) BEEERGRENEAREMAENSE
K (BE)S US20010051771A1

RiES US09/884407

FRIFE(FRR)AGE) MERLH

BRiE (TR A(F) ACUSON CORPORATION

HHTEHE (TR A(FE) ACUSON CORPORATION

[#R1 &% BB A BRADLEY CHARLES E
HOLLEY GREGORY L
NEWELL LAURENCE J
HEDBERG DAVID J
NAPOLITANO DAVE

KBAA BRADLEY, CHARLES E.
HOLLEY, GREGORY L.
NEWELL, LAURENCE J.
HEDBERG, DAVID J.
NAPOLITANO, DAVE

IPCHEF G01S7/52 G01S15/89 A61B8/00

CPCH¥ESH G01S7/52038 G01S7/52039 G01S7/52046 G01S15/895

H {th 23 FF 2Rk US6905467

SNERaE Espacenet USPTO

BEGE)

NEFRRGTENSE | ZHESEUTIR  (a) REHFRFBEFRE
B, (b) BREMBRLHRGBFER , UK (c) mEBNTRH

HEGRHEREE, REATRIERXLEFHE-NE_FEHZRAE

M ERFRIKRE. ERTHEERERERES -—FSENF—BEE  H

PNFFRRE-—ME_FEENFEVER, it , R SERERLH

ERSmE ) BEMERINE S B, SHRITMREERNXFLEEML | &

BARE D BRI — LIS EE SHREERR B FRTT B XA m . TUg(E

BERERBIAMAER, RENEHTREJAMEEE , S RRLE

Lkt

Beaufrmer |

|

patsnap

2001-12-13
2001-06-18
f
Ry
" Susteh 2
/’-
L Tronid
Bectdve
Beomtarmer a6 23
I ’ 25"5 le
Sl Eone] [ PR
Pracesssr fgud %
Prgcesiol’



https://share-analytics.zhihuiya.com/view/16a7028e-a70c-462f-b7aa-246719cc28de
https://worldwide.espacenet.com/patent/search/family/026740643/publication/US2001051771A1?q=US2001051771A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220010051771%22.PGNR.&OS=DN/20010051771&RS=DN/20010051771

