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(57) Abstract

An improvement to the method for harmonic imaging including the steps of transmitting ultrasonic energy at a fundamental frequency,
and receiving reflected ultrasonic energy at a harmonic of the fundamental frequency is provided. For the improvement the transmitting
step includes the step of transmitting a unipolar waveform (82), or a waveform (82, 92) characterized by an amplitude change rate of 8 or
fewer times per carrier cycle. Said waveform comprises an envelope shape rising gradually to a respective maximum value, and falling
gradually from the respective maximum value.
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ULTRASOUND HARMONIC IMAGING TRANSMISSION METHOD AND APPARATUS

FIELD OF THE INVENTION

This invention generally relates to ultrasonic imaging systems. In
particular, the invention relates to improved systems and methods for imaging

using harmonic frequency signals.

BACKGROUND OF THE INVENTION

Ultrasound imaging systems generate and transmit ultrasound signals. The
systems typically have several imaging modes, such as B-mode, color flow, and
spectral Doppler.

The transmitted ultrasound signals have optimal characteristics set in
response to the selected mode. The characteristics include frequency and
bandwidth. As an example, B-mode imaging uses transmitted signals with a wide
bandwidth and high frequency. As another example, color flow imaging uses
transmitted signals with narrow bandwidth and lower frequency as compared to B-
mode imaging.

Another type of imaging is harmonic imaging. Harmonic imaging is
generally associated with imaging tissue or contrast agents at harmonic
frequencies.

Typically, the transmitted ultrasound signal is a burst of sinusoidal waves
associated with rectangular or sinusoidal transmit waveforms applied to the
transducer. The transmitted signal has a center frequency within the 1 to 15 MHz
range. The ultrasound signal propagates through a body. The ultrasound signal
reflects off structures within the body, such as tissue boundaries. Some of the
reflected signals, or echo signals, propagate back towards the transducer.

As the transmit signal propagates through and scatters within the body,
additional frequency components are generated, such as at harmonics of the
transmit frequency. These additional frequency components continue to propagate

through and reflect off structures in the body. Echo signals having the same
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frequencies as the transmit signal ar12d echo signals associated with the additional
frequency components impinge on the transducer. The additional frequency
components are caused by non-linear effects, such as non-linear propagation.

The harmonic signals may also be generated by ultrasound contrast agents.
The contrast agents are typically gas or fluid filled micro-spheres which resonate
at ultrasound frequencies. The contrast agents are injected in the blood stream and
carried to various locations in the body. When insonified, harmonic echo signals
are generated due to resonance within the contrast agents.

The echo signals are received, processed and detected by the ultrasound
system. For harmonic imaging, energies associated with fundamental or transmit
frequencies are removed by receive filtering. Thus, echo signals resulting from
non-linear propagation and reflection are detected by the ultrasound system.
However, the transmitted burst may include significant energy at the harmonic
frequencies. The transmitted energy masks the non-linear response of the body
and interferes with the harmonic signals from any contrast agents.

To improve harmonic imaging, it is known to reduce the energy at the
harmonic in the transmit burst. The energy at the harmonic is reduced by
generating a Gaussian envelope, complex sinusoidal waveform for each channel of
a transducer. However, transmit beamformers capable of generating such a
complex waveform require expensive components.

The present invention is directed to further improvements that enhance the

imaging of the non-linear response of a body.

SUMMARY OF THE INVENTION

The invention relates to improvements to a method for harmonic imaging,
method comprises the steps of (a) transmitting ultrasonic energy at a fundamental
frequency and (b) receiving reflected ultrasonic energy at a harmonic of the
fundamental frequency.

According to a first aspect of this invention, the transmitting step includes
the step of transmitting a uni-polar waveform comprising an envelope shape rising
gradually to a respective maximum value and falling gradually from the respective

maximum value.
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According to a second aspec% of this invention, the transmitting step
includes the step of transmitting a waveform characterized by an amplitude change
rate of 8 times or fewer during a carrier signal cycle, said waveform comprising an
envelope shape rising gradually to a respective maximum value and falling
gradually from the respective maximum value.

According to a third aspect of this invention, the transmitting step includes
the step of transmitting a waveform comprising an envelope shape rising gradually
to a respective maximum value and falling gradually from the respective
maximum value, wherein the waveform is responsive to a uni-polar signal and a
shaped signal.

According to a fourth aspect of this invention, the transmitting step
includes the step of generating a stepped pulse waveform comprising an envelope
shape rising gradually to a respective maximum value and falling gradually from
the respective maximum value.

According to a fifth aspect of this invention, the transmitting step includes
the step of generating a waveform comprising a plurality of amplitudes selected
from the group of: a plurality of positive amplitudes and a plurality of negative
amplitudes, wherein the amplitudes each comprise a duration representing a step
and wherein the envelope of said amplitudes rises gradually to a respective
maximum value and falls gradually from the respective maximum value.

According to a sixth aspect of this invention, a method of generating a
waveform transmitted from at least one of a plurality of transducer elements for
harmonic imaging is provided. The method includes the steps of: generating a
rectangular waveform carrier signal; modulating the rectangular wave carrier
signal with an envelope signal comprising a gradually increasing and gradually
decreasing amplitude; and transmitting a waveform responsive to data created by
modulating.

According to a seventh aspect of this invention, a method of generating a
uni-polar waveform transmitted from at least one of a plurality of transducer
elements for harmonic imaging is provided. The method includes the steps of:
generating a bi-polar waveform; off-setting the bi-polar waveform with an off-set

signal comprising a gradually increasing and gradually decreasing envelope; and
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transmitting the uni-polar waveform responsive to data created by off-setting the

bi-polar waveform.

BRIEF DESCRIPTION OF THE DRAWINGS
5 FIG. 1 is a block diagram of an ultrasound system for harmonic imaging.
FIG. 2A is a block diagram of a transmit beamformer.
FIG. 2B is a block diagram of a signal generator.
FIG. 3A is a graphical representation of a transmit waveform.
FIG. 3B is a graphical representation of a spectrum associated with the
10 transmit waveform of FIG. 3A.
FIG. 3C is a graphical representation of a carrier waveform.
FIG. 3D is a graphical representation of an envelope waveform.
FIG. 4A is a block diagram showing modulation.
FIG. 4B is a block diagram showing off-set addition.
15 FIG. 5A is a graphical representation of a transmit waveform.
FIG. 5B is a graphical representation of a spectrum associated with the
transmit waveform of FIG. 3A.
FIG. 5C is a graphical representation of a carrier waveform.
FIG. 5D is a graphical representation of an envelope waveform.
20 FIG. 6A is a graphical representation of a transmit waveform.
FIG. 6B 1s a graphical representation of a spectrum associated with the
transmit waveform of FIG. 3A.
FIG. 6C is a graphical representation of a carrier or transmit waveform.
FIG. 6D is a graphical representation of an envelope waveform.
25 FIG. 7A is a graphical representation of a transmit waveform.
FIG. 7B is a graphical representation of a bi-polar waveform.
FIG. 7C is a graphical representation of an off-set waveform.
FIG. 7D is a graphical representation of a transmit waveform.
FIG. 7E is a graphical representation of an off-set waveform.

30 FIG. 8 is a block diagram of a signal generator.
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DETAILED DESCRIPTI(;N OF PREFERRED EMBODIMENTS

The preferred embodiments described below are designed to reduce
harmonic energy associated with harmonic imaging bands in the transmitted beam,
and to provide an improved spectral distribution of fundamental energy in the
transmitted beam. Referring now to the figures, and in particular, FIG. 1, an
ultrasound system is generally shown at 10. The ultrasound system 10 is
configurable to transmit signals with reduced energy at harmonic imaging
frequencies and improved spectral distribution of energy at fundamental frequencies.
Harmonic frequencies are frequencies associated with non-linear propagation or
scattering of the transmit signals, usually at integral harmonics such as second, third,
and fourth harmonics. As used herein, harmonic includes second, third, fourth,
and other harmonics of the fundamental. Non-linear propagation or scattering
results in shifting energy associated with a frequency or frequencies to another
frequency or frequencies. As used herein, harmonic shifting may also include
energy shifted to subharmonics and fractional harmonics (e.g. %2 or 3/2 of the
fundamental).

The system 10 includes a transmit beamformer 12 that supplies high voltage
transmit waveforms in a plurality of channels via a TX/RX switch 14 to a transducer
array 16. Preferably, the transmit beamformer 12 and the transducer array 16 have a
broadband response and are capable of transmitting the maximum allowable
acoustic power densities for better signal to noise sensitivity. The transducer array
16, which can be any suitable type, generates an ultrasonic transmit beam in
response to the transmit waveforms, and this transmit beam propagates outwardly
through the subject 18 being imaged. The transducer 16 frequency response acts as
a bandpass filter. Thus, the energies associated with harmonics higher than the
harmonic of interest may be removed as the transmit waveform is radiated by the
transducer 16.

Ultrasonic energy eéhoed by the subject 18, such as from a point 19, at the
harmonic frequency is received by the transducer array 16 and focused by the
receive beamformer 22. Preferably, the transducer 16 and receive beamformer 22
have a broadband response. The focused signal is preferably filtered with a high

pass filter 24. The high pass filter attenuates energy associated with fundamental
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frequencies, which are typically grgater than energies associated with harmonic
frequencies. Preferably, a bandpass filter 26 further reduces energies associated with
frequencies other than the desired harmonic frequencies.  Other receive
beamformers, both digital and analog, with different or the same filtering structures
may be used. The filtered information is detected and displayed as an image by a
display processor (not shown). |

The harmonic image represents structure within the subject 18. The
harmonic signal may be generated by tissue harmonic response or by non-linear
contrast agents which may be provided within the subject 18. Tissue harmonic
imaging is associated with harmonic energy generation through propagation and
scattering of the transmit beam. Contrast agent harmonic imaging is associated with
harmonic energy generation through interaction of the fundamental energy with the
contrast agent.

FIG. 2A shows a block diagram of a first preferred embodiment 40 of the
transmit beamformer 12 of FIG. 1. As shown in FIG. 2A, the transmit beamformer
40 includes N channels, one for each of the transducers of the transducer array 16
(see FIG. 1). Each channel includes a delay memory 42, an apodization memory
44, a delay counter 62, and a signal generator 46. Any of the various structures
may be used for a plurality of channels instead of in a single channel as in the
preferred embodiment.

The delay memory 42 includes m delay words 50, one for each possible
steering angle or ultrasound transmit scan line. Each delay word 50 of the delay
memory 42 corresponds to the time delay for the transmit scan line selected and for
the transducer array element connected to the appropriate transmit channel. For
example, in the preferred embodiment, the delay word 50 specifies the number of
transmit carrier cycles to delay after a start of line signal on line 54 before generation
and transmission of the transmit waveform.

The delay memory 42 of FIG. 2A is not required, but reduces memory or
control requirements for the signal generator 46. The delay memory 42 eliminates
the need to calculate the delay or derive the delay from other parameters as the

ultrasound scan line changes angles.
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The apodization memory 447includes m apodization words 56, one for each
possible steering angle or ultrasound transmit scan line. Each apodization word 56
of the apodization memory 44 corresponds to an amplitude level or scaling for the
particular channel and transmit scan line. Each word 56 is based on apodization
formats known in the art.

A computer 66 provides set-up data associated with a selected imaging mode
to the signal generator 46 to specify the characteristics of the transmit waveform for
the imaging mode. Other embodiments of imaging mode selection are possible.
Furthermore, some systems may not provide imaging mode selection.

The signal generator 46 is of a construction known in the art for generating
transmit waveforms. For example, the signal generator 46 includes control, timing,
waveform generation, scaling, digital to analog conversion, and output driver
circuits. Other embodiments are possible, such as the transmit beamformer
disclosed in Method and Apparatus for Transmit Beamformer System, U.S. Patent
Application Serial No. 08/673,410, filed July 15, 1996. Alternative means for
waveform generation also include RAM or ROM memory and logic based
devices. The complexity and details of the preferred embodiment of the signal
generator 46 depend on the number of timing states, apodization levels, and pulse
amplitude quantization levels needed to adequately generate the desired transmit
waveform.

Referring to FIG. 2B, a first preferred embodiment 70 of the signal
generator 46 of FIG. 2A is shown. The signal generator 70 includes a timing
sequencer 76, waveform generator 72, digital to analog converter (DAC) 74 and a
high voltage output driver 78. The waveform generator 72 preferably includes one
or more RAM look-up tables for generating amplitude level signals, such as 5 bit
signals, based on timing and apodization inputs. The output of the look-up tables
is enabled based on the apodization word 56 (see FIG. 2A) and the timing states.
The high voltage output driver 78 produces a bi-polar signal, but may produce a
uni-polar waveform. The signal generator 70 shown is preferably used for
generating transmit waveforms designed using amplitude modulation as discussed

below, but may be used for other transmit waveforms.
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In an alternative constructiog, a plurality of resistors and switches are used
instead of the DAC 74 to weight or further provide generation of the transmit
waveform at different amplitude levels. Furthermore, the waveform generator 72,
such as multi-level switched or another analog device, may be capable of
producing signals with varying amplitudes based on a stored waveform or other
inputs without the DAC 74. In other alternative constructions for _bi-polar
transmitters, more than one DAC 74 is used for push-pull operation. In yet other
alternative constructions, any of the timing sequencer 76, waveform generator 72,
and other logic and control structures are shared by more than one channel.

Referring to FIGS. 2A and 2B, the apodization memory 44 is not required,
but allows more precise focusing and amplitude control. Without the apodization
capability and associated memory 44, the functions of the waveform generator 72
and DAC 74 are simplified. In this case, the signal generator 70 outputs
amplitude levels corresponding to a constant apodization weighting.

Referring to FIG. 2A, in use, control data specifying the channel timing
delay words 50, apodization words 56 and any other required set-up data is provided
to the transmit beamformer 40. Other set-up data is preferably provided by the
computer 66, preferably including parameters, such as a carrier frequency, a
bandwidth, and other information as a function of possible timing states and
apodization levels. In alternative constructions, any of the control data may be
provided by alternative structures.

Based on the control data, each channel responds to a scan line selection
signal on line 60 by loading the words 50 and 56 for the selected scan line. The
word 50 from the delay memory 42 is loaded into the delay counter 62. Since the
delay word 50 is preferably specified in fractions of a carrier cycle, the delay word
50 is used to select a finely quantized timing state corresponding to the clock phase.
The delay counter 62 responds to a. start of scan line signal on the line 54 by
incrementing or decfementing the stored value with each cycle of the clock on the
line 52. When the counter 62 counts to zero, the next cycle initiates a start signal for
waveform generation. Referring to FIG. 2B, the start signal is received by the
sequencer 76. The sequencer 76 generates the appropriate timing states for

amplitude modulated pulse generation by the waveform generator 72.
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Referring to FIGS. 2A and 2B, the signal generator 46 also receives the

apodization word 56 from the apodization memory 44. The apodization word 56 is
preferably used by the waveform generator 72 as a scale factor for the generated
waveform. Thus, the apodization word is used to scale the waveform amplitude
levels provided to the DAC 74 in addition to the amplitude modulation discussed
below.

Based on the set-up data, apodization, and sequencer state information, the
waveform generator 72 produces an amplitude modulated waveform for
transmission. The preferred signal generator 70 outputs a clocked sequence of
multiple amplitude levels during the active portion of the transmit pulse or pulses
generation. The clocked sequence is preferably coarsely sampled, such as 4 or 8
samples per cycle. The sequencer 76 provides timing states for generating
successive amplitude levels in the pulse train, or amplitude modulated transmit
waveform. Preferably, the amplitude modulated transmit waveform includes at
least two carrier cycles. Other sampling rates may be used as discussed below.
The amplitude levels of each pulse output from the waveform generator 72 are
represented by multiple bit words using binary code, thermometer code, gray-
code, specially weighted code or a combination of the codes, as known in the art.
The preferred amplitude levels are a function of amplitude shaping and
apodization, as discussed below.

The encoded output levels are converted to analog by the DAC 74 and
amplified by the output driver 78. Preferably, the output power of the output driver
78 is regulated by changing the voltage or current amplification of the output driver
78 for every channel the same factor. Apodization and waveform shaping control
for each channel preferably involves changing the waveform amplitude prior to the
DAC 74. The output of the output driver 78 is the transmit waveform discussed
above and is applied to the respective transducer 16 via the TX/RX switch 14 (see
FIG. 1). Thus, a uni-polar or bi-polar high voltage transmit waveform is
generated. When the pulse train for the desired transmit waveform is complete, the
sequencer 76 returns to an idle state until the next start signal is received.

In an alternative method, the transmit waveform is generated without

applying apodization scaling within the waveform generator 72. The required
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10
apodization scaling is multiplied with the output from the waveform generator 72.

The multiplication is performed using a multiplying DAC 74 or other structures.

The amplitude shape of the transmit waveform enhanceé insonification for
harmonic imaging. The computer 66, either in real-time or as part of the set-up,
provides information for generating any of various waveforms for use with signal
generators 46 of various complexity. The waveforms are shaped to suppress
ultrasonic energy in a wide pass band centered at the harmonic frequency of the
fundamental center frequency of the transmit waveform.

The suppressed harmonic transmission allows the system to distinguish
harmonic echoes (tissue or contrast agent based) from linear echoes. A calculation
demonstrating the transmit waveform corruption of energies in the harmonic
frequencies is a Linear Response Rejection Ratio (LRRR). The LRRR is the ratio of
residual power of the transmit waveform spectrum in the desired harmonic band,
such as a band centered around the second order harmonic, to the power of the
transmit waveform spectrum in the corresponding fundamental band. A matched
weighting filter, shifted as appropriate for harmonic and fundamental power
calculation, is applied to calculate the powers. Conventional rectangular wave
transmitters typically generate transmit waveforms with less than 35 dB LRRR.
Optimum shaped transmit waveforms for harmonic imaging have greater than 35 dB
LRRR. For example, the transmit waveform 82 shown in FIG. 3A has an LRRR of
approximately 49.7 dB, as shown in FIG. 3B. The LRRR calculation is based on the
weighting filter response 83 (dotted line) shown in FIG. 3B. Transmit waveforms
with less than 35 dB LRRR may be used for harmonic imaging, but may result in
more corruption of the desired harmonic signal.

The waveforms are preferably shaped to provide optimum fundamental band
efficiency. The efficiency of a waveform is a relative measure of the spectral energy
in a weighted band around the fundamental center frequency when the peak is
normalized to a given value. Referring to FIG. 2A, for the optimum sensitivity in
tissue harmonic imaging, the transmit beamformer 40 transmits at or near the
maximum allowed acoustic power density. For harmonic imaging of contrast

agents, the power levels may be reduced to avoid destruction of the contrast agent.
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Thus, efficiency is one factor to be considered in designing and generating the

waveform.

The complexity of the waveform is another such factor. Waveforms
requiring only coarse sampling, fewer amplitude levels and less amplitude
quantization accuracy in the DAC processing require less complex and costly
hardware to generate. Since a plurality of signal generators 46 are typically used,
the cost difference between signal generators 46 is an important consideration.

The transmit waveforms are either uni-polar or bi-polar. Referring to FIGS.
3A and 5A, a uni-polar transmit waveform 82 is shown (FIG. 3A), and a bi-polar
transmit waveform 92 is shown (FIG. 5A). The transmit waveforms 82 and 92
include one or more pulses 86 and 96. The pulses 86 and 96 correspond to intervals
along the time axis where the amplitude starts at zero or another value and then
returns to zero or another value. Typically, each pulse corresponds to a sample. For
example, the transmit waveforms 82 and 92 in FIGS. 3A and 5A are sampled 4
times per carrier cycle. Other sample rates may be used, such as 8. Two or more
pulses 86 and 96 may be adjacent another pulse 86 or 96 along the time axis. Each
pulse 86 and 96 is preferably stepped or rectangular. Stepped and rectangular pulses
may include curved or other shapes. Sinusoidal waveforms or pulses of other shapes
may also be used, but stepped or rectangular waveforms typically require less
complex transmit beamformers 12 (see FIG. 1).

Preferably, the stepped waveforms have at least two positive or negative
amplitude levels or a combination of a plurality of positive and negative amplitude
levels to allow shaping as discussed below. However, rectangular waveforms with
only two amplitude levels (on/off) for uni-polar or three amplitude levels for bi-
polar (positive/off/negative) may be used as discussed below.

The transmit waveforms 82 and 92 preferably have gradually increasing
amplitudes followed by gradually decreasing amplitudes for each pulse 86 and 96 or
from pulse to pulse, but other shapes are possible. For example, the transmit
waveform corresponds to a Gaussian or Hamming envelope shape. The gradually
increasing and decreasing amplitude, or envelope, corresponds to at least one step
between two amplitude values, such as zero and full power. For greater numbers of

amplitude levels, the transition from the zero amplitude to the maximum amplitude
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may be more gradual. The gradually increasing and decreasing amplitude shape

reduces the energy in the spectral sidelobes at the second harmonic frequencies.
Other shapes associated with other harmonics may be used. |

The transmit waveforms are conceptualized or represented by two methods.
First, the transmit waveforms are represented as sampled, modulated signals, as
symbolically shown in FIG. 4A. The modulatéd signal or transmit waveform is the
product of carrier and envelope components. Second, the transmit waveforms are
represented as base waveforms, such as a modulated bi-polar waveform, summed
with an off-set waveform, as symbolically shown in FIG. 4B.

Referring to FIGS. 3 and 5, for modulation, the sampled carrier waveform 80
and 90 and the sampled sampled envelope waveform 84 and 94 are optimized
separately. For example, the sampled carrier waveform 90 is represented from a bi-
polar carrier (cos(2 t/T)(see FIG. 5C), where t is the time and T is the period of the
fundamental carrier frequency), but a uni-polar carrier as represented from ([1-+cos(2

t/T)])(see the sampled carrier waveform 90 shown in FIG. 3C) is possible. Other
representations of the sampled carrier waveform 90 may be used. The sampled
carrier waveform 90 determines the center fundamental frequency and the relative
magnitude of the spectral energy at the fundamental and odd harmonic frequencies.
The center fundamental frequency is preferably within 1-15 MHz, but other
frequencies may be used. The sampled carrier waveform 90 is also associated with
the average to peak ratio or the efficiency of the transmit waveform.

The sampled envelope waveform 94 determines the fundamental main lobe
shape, the bandwidth, and sidelobe shape around the odd harmonics of the carrier.
The amplitude shape of the sampled envelope waveform 94 limits the amplitude of
the spectrum of the transmit waveform 92 in the even harmonic bands, such as the
second order harmonic band. Referring to FIG. 5B, the spectrum associated with the
transmit waveform 92 demonstrates the reduced energy for the second order
harmonic band. To limit the even harmonic frequency bands, the sampled envelope
waveform 94 preferably gradually increases to a maximum value and then gradually
decreases. For example, the sampled envelope waveform 94 shown provides a rise
from a zero amplitude to a maximum amplitude and a fall from the maximum

amplitude to the zero amplitude. Other shapes, such as Gaussian or varying slope
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ramps, may be used. The sampled envelope waveform 94 is also associated with the

efficiency of the transmit waveform.

The sampled envelope waveform 94 is preferably obtained by even sampling
of a Hamming envelope or similar function. The envelope function is sampled at a
rate represented by T/4, where T is the period of the sampled carrier waveform 90.
The sampled even Hamming envelope function is represented by the equation:

e(t) = [0.54 +0.46cos(2 (k+1/2)(T/4T,))]rect[4(t+(k+1/2)T/4)/T],

where t represents time, T}, is the envelope width, k =0, +/1, +/-2 . . .,

for k such that |k + %4} <=2T,/T.

Other envelope functions, such as a Gaussian function, may be used.

The parameter, T,, determines the bandwidth of the fundamental frequency
lobe as discussed above, as well as aspects of the sidelobe structure associated with
each harmonic of the carrier frequency. By varying T,, the number of pulses 96 in
the transmit waveform 92 is varied. A larger T, (wider envelope) narrows the
bandwidth of the fundamental frequency lobe. However, narrowing the bandwidth
also reduces spatial resolution.

The carrier waveform 92 is modulated with the sampled envelope waveform
94. For example, the preferred bi-polar transmit waveform 92 is shown in FIG. 5A.
In this example, the sampled carrier waveform 90 has a center frequency normalized
to 1Hz. Other center frequencies, such as within the 1-15 MHz range, are possible.
The transmit waveform 92 is the product of the sampled carrier waveform 90 (FIG.
5C) and the sampled envelope waveform 94 (FIG. 5D). The transmit waveform 92
includes a plurality of amplitude modulated pulses 96 corresponding to the sampled
carrier waveform 90, but other pulses 96, such as square, stepped, or other
rectangular pulses, may be used. The amplitude from pulse 96 to pulse 96
corresponds to the sampled envelope waveform 94. Thus, the amplitude levels of
the outer pulses 96 are reduced. The spectrum associated with the transmit
waveform 92 is shown in FIG. 5B. The LRRR calculation shown is based on the
weighting filter response 93 (dotted line) shown in FIG. 5B.

Referring to FIG. 3, a preferred uni-polar transmit waveform 82 is shown.
The spectrum associated with the transmit waveform 82 is demonstrated in FIG. 3B.

The carrier and envelope waveforms 80 and 84 are shown in FIGS. 3C and 3D,
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respectively. The envelope waveform 84 is similar to the sampled envelope

waveform 94 shown in FIG. 5D. The carrier waveform 80 is uni-polar. The product
of the carrier waveform 80 and the envelope waveform 84 is élso uni-polar. As
compared to the bi-polar transmit waveform 92 shown in FIG. 5, the uni-polar
transmit waveform 82 shown in FIG. 3 is associated with fewer pulses 86 and fewer
amplitude levels since one or more samples of the carrier waveform 80 is zero. Due
to the fewer amplitude levels, the quantization requirements of the DAC 74 (see
FIG. 2B) are reduced. Other numbers of amplitude levels, greater or less than 16,
may be used for either bi-polar or uni-polar transmit waveforms.

The transmit waveforms are preferably sampled at a rate corresponding to
multiples of the carrier frequency. For lower sample rates, less complex hardware is
required. For example, the bi-polar transmit waveform 92 shown in FIG. 5A is
sampled four times during the period, T, of the sampled carrier waveform 90. The
sample rate is optimized separately for the carrier and envelope waveforms 90 and
94. Preferably, the sampling rate associated with the sampled envelope waveform
94 is a multiple of the sample rate associated with the sampled carrier waveform 90.
For example, the sampled carrier waveform 90 is sampled two times during the
period, and the sampled envelope waveform 94 is sampled four times during the
period. Refer to FIG. 6 for another example (carrier and envelope waveforms 100
and 104 sampled 4 times and 1 time in the carrier period, respectively). These
sampling rates represent coarse sampling, requiring less complex hardware, as
discussed above. If only the second harmonic band of frequencies is used for
imaging, the coarsely sampled, such as T/8 or T/4, rectangular or stepped transmit
waveforms have similar efficiency and harmonic rejection as more complex or
frequently sampled waveforms. Other sample rates and the associated possible
amplitude changes may be used, such as high sample rates used for generating
complex waveforms.

Referring to FIG. 5, preferably, the sampled carrier waveform 90 is sampled
for even-phasing with respect to the center of the transmit waveform 92. By
sampling the sampled envelope waveform 94 with an even sampling phase, the
phases of the sampled envelope waveform 94 and the sampled carrier waveform 90

are aligned (even sampling phase). The symmetry achieved by using even sampling
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phase reduces the number of amplitude levels and the sampling rate associated with

the transmit waveform 92. Thus, a less complex transmit beamformer 12 (see FIG.
1) is required. Even sampling also increases the average to peak ratio of spectral
energy for greater efficiency using a peak limited transmit beamformer (see FIG. 1).
The sampling phases of the carrier and envelope waveforms 90 and 94 may be
different. Alternative transmit waveforms 92 with different sampling rates for the
carrier and envelope waveforms are also possible.

As a further alternative and as referenced above, one or more pulses
associated with a transmit waveform are amplitude shaped or modulated. Preferably
and as shown in FIG. 6C, the amplitude associated with each pulse 106 gradually
increases to a maximum level and gradually decreases from the maximum level.
For example, the uni-polar transmit waveform 100, based on sampled and phased
rectangular carrier waveform and an envelope waveform similar to the envelope
waveform 104 shown in FIG. 6D, is generated and transmitted after applying a
rectangular window function. Compared to a uniform amplitude rectangular pulse
transmit waveform, the windowed transmit waveform 100 is associated with
reduced energy in the second order harmonic band. Thus, the transmit waveform
100 corresponds to improved LRRR. Bi-polar transmit waveforms with amplitude
modulated pulses of this type are also possible.

Furthermore, the amplitude associated with the windowed transmit
waveform 100 from pulse 106 to pulse 106 is preferably shaped. The windowed
transmit waveform 100 is used as a carrier waveform and modulated with the
envelope waveform 104 shown in FIG. 6D, resulting in the transmit waveform 102
shown in FIG. 6A. Thus, control of the energies transmitted at second order
harmonic frequencies is optimized by shaping each pulse 106 and the transmit
waveform 102 from pulse 106 to pulse 106 (shaping the burst).

As an alternative to generating the carrier or transmit waveform 100 shown
in FIG. 6C, two waveform generators capable of producing DC switched (ON/OFF)
rectangular waves are used. First and second uniform amplitude rectangular waves,
two or three cycles in duration, are generated. The first waveform is shifted 90

degrees out of phase at the fundamental frequency (quarter cycle delay) from the
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second waveform. The first and second waveforms are summed prior to

transmission or in the acoustic domain as discussed below.

The conceptualization of the transmit waveforms through modulation, as
demonstrated by FIG. 4A, is used to design the transmit waveforms. As discussed
above, the signal generator 46 (see FIG. 2A) generates the transmit waveform.
Alternatively, a signal generator 30 provides a carrier waveform to a multiplier 34.
The multiplier 34 also receives an envelope waveform from a second signal
generator 32. The signal generators 30 and 32 are any structure capable of
generating the desired waveforms, such as an oscillator, a DC switch or memory
devices. The carrier and envelope waveforms are multiplied (modulated) to produce
the transmit waveform.

Other than modulation with an envelope waveform, uni-polar transmit
waveforms are also conceptualized and represented as a combination of a bi-polar
waveform with an off-set waveform (DC component). For example, the transmit
waveform 82 is represented as a combination of a bi-polar waveform and an off-set
waveform and is characterized by a gradually increasing and decreasing amplitude,
or envelope. Referring to FIG. 4B, the bi-polar waveform is further conceptualized
as a modulated waveform, but unmodulated waveforms may be used. The bi-polar
waveform is coarsely sampled with a uniform amplitude, but other sample rates and
amplitude shaping or envelopes may be used. Referring to FIG. 7, the amplitudes
associated with the off-set waveform 114 are of sufficient positive or negative values
to off-set any negative or positive amplitude, respectively, associated with the bi-
polar waveform 110. By selecting off-set waveforms 114 with mostly low
frequency energy (long duration and gradually varying amplitude), the amount of
transmitted energy in the harmonic frequencies is reduced. By summing the off-set
waveform 114 with the bi-polar waveform 110, the transmit waveform 112 is
created.

The off-set waveform changes in amplitude linearly or in steps (off-set
waveforms 114 and 120, respectively) and is generated by analog or digital devices.
Preferably, the off-set waveform is a stepped waveform including gradually
increasing and decreasing amplitudes 116 and 118 for providing improved second

order harmonic spectrums. Preferably, the stepped off-set waveform 120 is sampled
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associated with the same or different harmonics are possible.

The uni-polar transmit waveforms discussed above, such as the off-set
conceptualized transmit waveforms, are generated by the waveform generator 72
shown in FIG. 2B. However, other waveform generation structures are possible and
may not require a stepped transmit waveform. For example, an alternative and
second preferred embodiment of the signal generator 46 (see FIG. 2A) is shown
generally at 140 in FIG. 8. The signal generator 140 includes a waveform generator
142 for generating the bi-polar waveform, an off-set waveform generator 144, a
sequencer 146, a summer 148, and a scaler 150.

The summer 148 and the scaler 150 are either digital or analog devices. The
sequencer 146 provides timing state information as discussed above to the waveform
and off-set waveform generators 142 and 144. The bi-polar waveform generator 142
is preferably a logic, DC switch or any other device capable of generating a bi-polar
waveform with at least three amplitude levels. Waveform generators capable of
generating bi-polar waveforms with more amplitude levels may be used. The off-set
waveform generator 144 is a digital or an analog device. If the off-set waveform
generator 144 is a digital device, a stepped signal is generated based on coding, such
as discussed above. The summer 148 adds the off-set waveform to the bi-polar
waveform. The output of the summer 148 is scaled by scaler 150 using either digital
or analog scaling in accordance with apodization. If the output of the scaler 150 is
digital, then the output is converted to an analog signal. An analog signal is
provided to an uni-polar output driver 152 for amplification. -

Referring to FIG. 2A, any of the transmit waveforms discussed above or
other transmit waveforms for harmonic imaging are generated by the transmit
beamformer 40. The transmit waveforms are generated as calculations based on the
concepts discussed above. Alternatively, the transmit waveforms are developed
through experimentation. In either case, the signal generator 46 generates the
transmit waveform as a function of the capabilities of the transmit beamformer 40.
The transmit waveforms are generated based on real time calculations or based on
carlier off-line development of the transmit waveform stored in the computer 66 or

signal generator 46.
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As an alternative embodiment, one or more filters may be added to the

transmit beamformer 40 of FIG. 2. A filter, such as a digital, low pass filter, filters
the output of the waveform generator. The filter may also comprise an analog filter.
The output of the waveform generator can be any of the various waveforms
discussed above, such as the bi-polar waveforms, or other waveforms. The filter
reduces the transmitted energy associated w1th various harmonic frequencies, such
as at least by 30 dB with respect to the fundamental frequencies. Thus, the
generated waveform as discussed above and the filter, in combination, reduce the
transmitted energy associated with harmonic frequencies. As a further alternative,
the filter, such as a low pass analog filter, filters the output of the DAC or the
amplifier. The filtering of the waveform to reduce energies associated with
harmonic frequencies is discussed in U.S. Application No. (unassigned - Attorney
Docket No. 5050/221) for Ultrasonic Contrast Agent Imaging System and Method
(a continuation-in-part of U.S. Application Serial No. 08/642,528), assigned to the
assignee of the present invention and filed concurrently herewith, the disclosure of
which is hereby incorporated by reference.

As yet another alternative embodiment, the transmit waveforms discussed
above may be pulse width modulated. As disclosed in U.S. Application No.
(unassigned - Attorney Docket No. 5050/218) for Ultrasound Imaging Method and
Apparatus For Generating Pulse Width Modulated Waveforms With Reduced
Harmonic Response, assigned to the assignee of the present invention and filed
concurrently herewith, the disclosure of which is hereby incorporated by
reference, the duration of each pulse within a burst is selected to reduce the energy
transmitted at harmonic frequencies. In particular, the duration of one or more
pulses is different than other pulses within the burst. Preferably, the width of the
pulses within the burst gradually increase and then decrease, but other duration
patterns may be used. To generate pulses with different widths, the sequence of
values in the delay words 50 (see FIG. 2) enable each pulse at a set duration.
Alternatively, the waveform generator, based on control signals or storing the
waveform in memory, generates the waveform after the entire burst is enabled by

the appropriate delay word 50.
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As yet another alternative embodiment, the transmit waveforms discussed

above may be shaped as a function of summation of the waveforms in the acoustic
domain. As disclosed in U.S. Application No. (unassigned - Aﬁomey Docket No.
5050/219) for Ultrasound Imaging Method And System For Harmonic Imaging
Pulse Shaping In The Acoustic Domain assigned to the assignee of the present
invention and filed concurrently herewith, the disclosure of which is hereby
incorporated by reference, the transmit waveform associated with a first transducer
element or elements is shaped relative to a second waveform associated with a
second transducer element or elements. For example, the first waveform (1) is
delayed by a fraction of a cycle or one or more cycles, (2) is adjusted in amplitude,
(3) is transmitted for a different number of cycles or (4) any combination of two or
all three of (1), (2), and (3) relative to the second waveform. The first and second
waveforms are focused at a point and transmitted. The transmitted waveforms
sum in the acoustic domain at the point to form the desired waveform for
reduction of energies transmitted in the harmonic frequencies. Preferably, the
desired summed waveform corresponds to an amplitude or envelope that rises
gradually to a maximum value and decreases gradually from the maximum value.

As an example of generating transmitted waveforms as a function of the
resulting summed signal in the acoustic domain, the first and second waveforms
are rectangular waves. The first waveform is delayed, in addition to any focusing
delay, by a ¥ of a cycle relative to the second waveform. At the point in the body,
the first and second waveform sum together to form a third waveform. The third
waveform has three amplitude levels (0,1,2). The greatest amplitude is associated
with an overlap of the first and second transmit waveforms and is preferably at the
center of the third waveform. The number of cycles and amplitude shape of the
first and second waveforms may also be controlled to create the desired third
waveform in the acoustic domain.

Any of the various alternatives discussed above, such as pulse width
modulation, filtering, generation of waveforms with multiple amplitudes and
summation of waveforms in the acoustic domain may be used in combination.

The combination may include more than two of the alternatives discussed above.
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It should be understood that many changes and modifications can be made

to the embodiments described above. For example, different ultrasound systems
with different levels of programmability may be used. Different transducers and
system configurations may also be used. Many of the various processes discussed
5 above may be analog or digital processes. It is therefore intended that the
foregoing detailed description be understood as an illustration of the presently
preferred embodiments of the invention, and not as a definition of the invention.
It is only the following claims, including all equivalents, that are intended to

define the scope of the invention.
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We claim:

1. In a method comprising the steps of (a) transmitting ultrasonic energy 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 uni-polar waveform comprising an envelope shape
rising gradually to a respective maximum value and falling gradually from said

respective maximum value.

2. In a method comprising the steps of (a) transmitting ultrasonic energy 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 characterized by an amplitude change rate
of 8 or fewer times a carrier cycle, said waveform comprising an envelope shape
rising gradually to a respective maximum value and falling gradually from said

respective maximum value.

3. The method of Claim 1 or 2 wherein the step (al) comprises transmitting a
waveform characterized by said amplitude change rate of 4 times per said carrier

cycle.

4. The method of Claim 1 or 2 wherein the step (al) comprises (a2)

generating said waveform characterized by a carrier signal and an envelope signal.

5. The method of Claim 4 wherein the step (al) further comprises (a3)
generating said waveform characterized by setting a phase of the envelope signal

relative to a phase of the carrier signal.



WO 99/03401 PCT/US98/14429

10

15

20

25

30

22
6. The method of Claim 4 wherein the step (a2) comprises generating said

waveform characterized by amplitude modulating said carrier signal with said

envelope signal.

7. The method of Claim 4 wherein the step (al) further comprises generating
said waveform characterized by said envelope vsignal comprising a time sequence
of amplitudes with a symmetrical distribution of amplitude levels about the peak

as a function of time.

8. The method of Claim 1 or 2 wherein the step (al) comprises (a2)
generating said waveform comprising a uni-polar waveform and characterized by

an offset waveform summed with a bi-polar waveform.

9. The method of Claim 8 wherein the step (a2) comprises generating said
waveform characterized by said offset waveform comprising a property selected
from the group of: gradually increasing and decreasing shape, duration, and a

combination thereof.

10.  The method of Claim 1 further comprising the step or steps of any
combination of two or three of steps a3 and a4:

(a3)  wherein said waveform comprises a first waveform, further
comprising the steps of:

1 setting a characteristic selected from the group of: a cycle
delay in addition to a focus delay, an amplitude level in addition to
apodization scaling, a number of cycles and a combination thereof of at
least a first waveform applied to at least a first of a plurality of transducer
elements relative to at least a second waveform applied to at least a second
of said plurality of transducer elements as a function of a shape comprising
a sum of said first and second waveforms; and

(i)  transmitting ultrasonic energy responsive to at least said
first and second waveforms from at least said first and second transducer

elements, respectively, said ultrasonic energy summed at said point
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comprising said shape, wherein said shape rises gradually to a respective
maximum value and falls gradually from said respective maximum value;

and

(a4)  modulating the pulse width of pulses within at least said first

waveform.

11.  Anultrasound apparatus for transmitting ultrasonic energy at a
fundamental frequency for receipt of reflected ultrasonic energy at a harmonic of
the fundamental frequency comprising:

a transducer; and

a signal generator for transmitting a uni-polar waveform comprising an
envelope shape rising gradually to a respective maximum value and falling

gradually from said respective maximum value.

12. An ultrasound apparatus for transmitting ultrasonic energy at a
fundamental frequency for receipt of reflected ultrasonic energy at a harmonic of
the fundamental frequency comprising:

a transducer; and

a signal generator for transmitting a waveform comprising 8 or fewer
samples per carrier cycle and an envelope shape rising gradually to a respective

maximum value and falling gradually from said respective maximum value.
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