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(57) ABSTRACT 

Systems and methods for improving transducer response 
Sensitivity in an ultrasound-imaging System are disclosed. 
One method includes Selecting a desired transmit Spectrum, 
quantifying the transmit channel impulse response, calcu 
lating a drive signal that when applied to the transmit 
channel will produce the desired transmit spectrum and 
applying the drive signal to the transducer. The method may 
be applied in principle to the receive channels. An improved 
ultrasound-imaging System in accordance with the invention 
includes a transducer and a Switch controlled to apply an 
excitation Signal to the transducer in a transmit mode of the 
ultrasound-imaging System. A signal shaper is configured to 
generate an excitation signal in response to the impulse 
response of the transmit channel Such that a desired ultra 
Sound energy waveform is generated by the transducer. An 
adaptable filter responsive to a desired echo spectrum and 
the impulse response of the receive channel of the System 
may be included. 
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SYSTEMAND METHOD FOR IMPROVED 
HARMONIC IMAGING 

TECHNICAL FIELD 

0001. The present disclosure relates to ultrasonic imag 
ing. More particularly, Systems and methods for improved 
axial resolution and increased Sensitivity associated with a 
harmonic ultrasound imaging modality are disclosed. 

DESCRIPTION OF THE RELATED ART 

0002 Ultrasonic imaging is used in many clinical appli 
cations because of its high image quality, Safety, and low 
cost. UltraSonic images are typically formed through the use 
of phased or linear-array transducers which are capable of 
transmitting and receiving pressure waves directed into a 
medium Such as the human body. These ultrasonic trans 
ducers may be further assembled into a housing, which may 
contain control electronics, the combination of which forms 
an ultraSonic probe. 
0.003 Ultrasonic probes are used along with transceivers 
to transmit and receive pressure waves through the various 
tissueS of the body. The various ultraSonic responses are then 
processed by an ultrasonic-imaging System to display the 
various Structures and tissueS of the body. 
0004 Ultrasound imaging systems can create two-dimen 
Sional brightness or B-mode images of tissue in which the 
brightness of a pixel is based on the intensity of the received 
ultraSonic echoes. In another common imaging modality, 
typically known as color-flow imaging, the flow of blood or 
movement of tissue is observed. Color-flow imaging takes 
advantage of the Doppler effect to color-encode image 
displayS. In color-flow imaging, the frequency shift of 
backScattered-ultrasound waves is used to measure the 
velocity of the backscatterers from tissues or blood. The 
frequency of Sound waves reflecting from the inside of blood 
vessels, heart cavities, etc. is shifted in proportion to the 
velocity of the blood cells. The frequency of ultrasonic 
waves reflected from cells moving towards the transducer is 
positively shifted. Conversely, the frequency of ultrasonic 
reflections from cells moving away from the transducer is 
negatively shifted. The Doppler shift may be displayed using 
different colors to represent speed and direction of flow. To 
assist diagnosticians and operators, the color-flow image 
may be Superimposed on the B-mode image. 
0005 Ultrasonic imaging can be particularly effective 
when used in conjunction with contrast agents. In contrast 
agent imaging, gas or fluid filled micro-sphere contrast 
agents known as microbubbles are typically injected into a 
medium, normally the bloodstream. Due to their physical 
characteristics, contrast agents Stand out in ultrasound 
examinations and therefore can be used as markers that 
identify the amount of blood flowing to or through the 
observed tissue. In particular, the contrast agents-resonate in 
the presence of ultraSonic fields producing radial oscillations 
that can be easily detected and imaged. Normally, this 
response is imaged at the Second harmonic, 2f of the 
fundamental or transmit frequency, f. By observing ana 
tomical Structures after introducing contrast agents, medical 
perSonnel can significantly enhance imaging capability for 
diagnosing the health of blood-filled tissues and blood-flow 
dynamics within a patient's circulatory System. For 
example, contrast-agent imaging is especially effective in 
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detecting myocardial boundaries, assessing micro-vascular 
blood flow, and detecting myocardial perfusion. 

0006 U.S. Pat. No. 5,410,516 to Uhlendorf et al. dis 
closes that a radio-frequency (RF) filter can be used to 
Selectively observe any integer harmonic (2nd, 3rd, etc.), 
Subharmonic (e.g., 1/2 harmonic) or ultraharmonic (e.g., 3/2 
harmonic) off to improve the microbubble to tissue signal 
ratio. The Second harmonic has proven most useful due to 
the large bubble response at this frequency as compared to 
higher-order integer harmonics, Subharmonics or ultrahar 
monics. The Second harmonic also is most practical due to 
bandwidth limitations on the transducer (i.e.,<70% band 
width, where percent bandwidth is defined as the difference 
of the high-corner frequency-6 dB point from the low 
corner frequency-6 dB point, divided by the center fre 
quency.) However, Single-pulse excitation techniques 
together with harmonic imaging Suffer from poor 
microbubble-to-tissue signal-intensity ratios as large funda 
mental signals (f) scattered from tissue mask the signals 
generated by the contrast agent. 
0007 As a result, of the discrimination problem associ 
ated with Single-pulse excitation techniques, various mul 
tiple-pulse methodologies have been developed to Suppress 
ultraSonic responses from anatomical tissues. These mul 
tiple-pulse excitation techniques result in diagnostic dis 
plays having an intensity that is responsive to the concen 
tration of the contrast agent within the local insonified 
region. 
0008. Several techniques have been developed which 
take advantage of the primarily linear-response behavior of 
tissue to cancel or attenuate the linear-tissue signals. In 
Several of these techniques, multiple transmit lines are fired 
along the same line of Sight into the body. The transmit 
waveform is modified (e.g., in terms of power, phase, or 
polarity) from line to line to produce a variation in the 
response received by the transducer. These data points are 
then processed to remove the influence of their linear 
components to yield data that primarily contains the non 
linear response of the contrast agents. 
0009. Although the above-described techniques work 
well in removing the influence of tissue generated Signals, 
further improvements in resolution and System Sensitivity 
are desired. Lateral resolution of a pulsed-echo ultrasound 
imaging System depends on the ultrasonic-beam width. 
Axial resolution depends on the ultrasonic-pulse duration. 
0010. The lateral resolution may be improved by means 
of Static or dynamic focusing using acoustic lenses or 
electronically focused transducer arrays. The width of the 
focused-ultraSonic beam is proportional to its wavelength or 
the frequency content of the transmit pulse. 
0011. The axial resolution may be improved by using 
high-frequency ultrasound or making the ultraSonic pulses 
Shorter. However, high-frequency ultrasound pulses are lim 
ited in the depth of penetration due to tissue attenuation. 
TiSSue attenuation increases with the frequency of the trans 
mit pulses. 
0012 Generally, an ultrasound transducer is excited by 
an electronic waveform having a sharp Voltage Spike. In this 
case, the length of the transducer impulse response limits the 
duration of the ultraSonic pulse. Mechanical damping of the 
transducer further reduces the length of the impulse-re 
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Sponse function. However, mechanical dampening Sacrifices 
transducer bandwidth and Sensitivity. Since it is common to 
use the same transducer for both transmitting ultrasonic 
pulses and receiving tissue-generated echoes, mechanical 
dampening is often an unacceptable Solution as mechanical 
dampening generally limits transducer bandwidth. 
0013 To overcome the problems associated with high 
frequency transmissions and the desire to shorten the length 
of the impulse response of the transducer, Some have modi 
fied the excitation or transmit waveform that is applied to the 
transducer. The shape of the excitation waveform ultimately 
determines the Shape and duration of the associated trans 
mitted ultraSonic pulse. 
0.014) Attempts to control the transmitted ultrasonic pulse 
waveform can be traced in the following patents. In U.S. Pat. 
No. 4,222,274 to Steven A. Johnson (1978), an apparatus is 
proposed that is capable of transmitting ultraSonic beams of 
two predetermined shapes. In U.S. Pat. No. 4,520,670 to 
Goran Salomonsson et al. (1982), a method and an apparatus 
is proposed for generating short-ultrasonic pulses by means 
of an excitation signal shaped as a weighted least-Squares 
filter. Another System including a complex beam former is 
described in U.S. Pat. No. 5,675,554 to Christopher R. Cole 
et al. (1996). The complex beam former of Cole et al. is 
capable of producing focused-ultraSonic beams having a 
Specified-carrier frequency and envelope. 

0015 Nevertheless, it is still desirable to be able to 
produce ultrasonic pulses having a variety of precisely 
Specified waveforms including those which can not be 
Specified in terms of carrier frequency and envelope. 
Because of the limited available transducer bandwidth, the 
following problems arise for harmonic imaging. Because of 
the spectral falloff, both the transmitted and received signals 
have reduced Sensitivity over the maximum-available trans 
ducer bandwidth. The limited transducer bandwidth also 
constrains both the transmitted and received-pulse fre 
quency bandwidths to narrow ranges that fall within the 
available-transducer bandwidth when conventional-uncom 
pensated transmission methods are used. 
0016 Furthermore, the transmitted pulses, when gener 
ated by a conventional means Such as a tone-burst excitation, 
result in Spectral Sidelobes, which Spill into the overlap 
region of the transmitted and received spectra. The Sidelobes 
undesirably distort the response and the resultant image. 
0017 Moreover, the spectral-transducer amplitude and 
phase response distorts both the excitation transmissions and 
the received echoes. So that the frequency Spectrum asSoci 
ated With both the transmissions and the echoes are asym 
metric. 

SUMMARY OF THE INVENTION 

0.018. A transmit-signal modifier reduces the aforemen 
tioned problems associated with limited-transducer band 
width by compensating for the transducer response on 
transmit and/or receive and provides a method for realizing 
preferred-signal shapes for enhanced-harmonic imaging. A 
transmit-signal modifier may include a transmit controller 
having a digital-signal processor configured to calculate a 
drive Spectrum that takes into account the impulse response 
of the ultrasound-transmit System. The digital-signal pro 
ceSSor is further configured to determine a temporal-drive 
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Signal that results in the preferred transmit-spectrum shape 
when the drive signal is applied to the ultrasound transducer. 
0019. The digital-signal processor may employ inverse 
Fourier transform methods including an inverse Fast-Fourier 
transform. The digital-Signal processor may also employ 
alternative deconvolution methods to derive the transducer 
compensated drive spectrum. 
0020. An echo-signal shaper may be realized with a 
receive filter having a center frequency at a designated 
harmonic of the transmit pulse center frequency. The receive 
filter may be adapted to a preferred receive-signal Spectra 
and the impulse response of the ultrasound System including 
the transducer over the desired receive bandwidth. The 
required receive filter may be implemented by various 
deconvolution methods. 

0021. A method for enhancing the axial resolution and 
Sensitivity of an ultrasound-imaging System is also dis 
closed. In its broadest terms, the method can be imple 
mented by performing the following Steps: Selecting a 
preferred spectral shape of the acoustic ultrasound-transmit 
Spectrum; identifying the impulse response of the transducer 
over the transmit spectrum, deriving a transmit-drive Spec 
trum shape; determining the temporal-drive Signal from the 
derived transmit-drive spectrum; and applying the temporal 
drive Signal. 
0022. The designated waveform will determine the fre 
quency spectrum and the time duration of the transmitted 
ultraSonic pulse thus enabling the use of the same transducer 
for different applications Such as near field and far-field 
examinations. The precise shape of the transmitted ultra 
Sonic-excitation signal can be Selected to facilitate image 
reconstruction techniqueS Such as deconvolution or wavelet 
transform resulting in improved-axial resolution and Supe 
rior-image quality. Similarly, by compensating for the 
adverse affects of the transducer-impulse response on the 
received echoes, a more accurate rendition of the tissues 
under observation can be attained. 

0023. Other features and advantages of the system and 
method for improved harmonic imaging will become appar 
ent to one skilled in the art upon examination of the 
following drawings and detailed description. It is intended 
that all Such additional features and advantages be included 
herein as protected by the accompanying claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0024. The invention can be better understood with refer 
ence to the following drawings. 
0025 The components in the drawings are not necessar 
ily to Scale, emphasis instead being placed upon clearly 
illustrating the principles of the present invention. More 
over, in the drawings, like reference numerals designate 
corresponding parts throughout the Several ViewS. 
0026 FIG. 1 is a schematic diagram of an exemplary 
diagnostic-imaging environment. 

0027 FIG. 2 is a functional block diagram of the 
improved ultrasound-imaging System of FIG. 1. 

0028 FIG. 3 is a schematic block diagram illustrating a 
transmit-signal modifier that may be implemented by the 
ultrasound-imaging System of FIG. 2. 
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0029 FIG. 4A is a schematic diagram illustrating an 
exemplary harmonic-imaging modality that may be imple 
mented by the ultrasound-imaging system of FIG. 2. 
0030 FIG. 4B is a schematic diagram illustrating an 
alternative harmonic-imaging modality that may be imple 
mented by the ultrasound-imaging system of FIG. 2. 
0.031 FIG. 5 is a schematic diagram illustrating an 
impulse response of an exemplary ultrasound transducer that 
may be associated with the ultrasound-imaging System of 
FIG. 2. 

0032 FIGS. 6A-6C present a series of frequency and 
time plots illustrating the application and manipulation of a 
transmit-pulse spectrum that may be implemented by the 
ultrasound-imaging System of FIG. 2. 
0.033 FIG. 7 presents a frequency-domain plot of a 
receive or echo spectrum that may be produced by the 
ultrasound-imaging System of FIG. 2 when the transducer 
receives the associated echo plot in the time domain. 
0034 FIG. 8 is a flow chart illustrating a method for 
improved-harmonic imaging that may be implemented by 
the ultrasound-imaging System of FIG. 2. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

0035. The present disclosure generally relates to har 
monic imaging. A transmit-signal modifier accounts for the 
impulse response of the transducer and its associated elec 
tronics. The transmit-signal modifier may be applied Such 
that impulse response effects introduced by the transmit 
channel and the transducer are reduced. The transmit-signal 
modifier modifies and transmits an electrical waveform that 
when applied at the transducer generates a desired ultra 
Sound transmit-frequency spectrum. The transmit-signal 
modifier also improves axial resolution by Shortening the 
duration of the temporal or time-domain transmit pulse. An 
ultrasound-imaging System having a signal shaper reduces 
fundamental or transmit-signal noise in the receive Spec 
trum. Moreover, the transmit-signal modifier results in a 
more accurate rendition of the tissue observed. 

0.036 The transmit-signal modifier may be applied such 
that impulse response effects introduced by the receive 
channel and the transducer are reduced from a desired 
receive-frequency spectrum that is centered about a har 
monic of the transmit-frequency Spectrum. A transmit-chan 
nel Signal modifier may be implemented Separately, or in 
combination with, a receive channel or echo-signal shaper. 
0037 Referring to the drawings, attention is directed to 
FIG. 1, which illustrates a general diagnostic environment 
where an improved ultrasound-imaging System may imple 
ment the various methods enclosed herein to improve har 
monic ultrasound-imaging modalities. In this regard, the 
general diagnostic environment is illustrated by way of a 
Schematic diagram in FIG. 1 and is generally denoted by 
reference numeral 100. As illustrated in FIG. 1, an ultra 
Sound-imaging System 10 may be disposed in a diagnostic 
environment 100 that includes a patient under test 113, a 
transducer 18, and an interface cable 12. 
0038. As shown in FIG. 1, the transducer 18 is placed 
into position over a portion of the anatomy of a patient under 
test 113 by a user/operator (not shown) of the ultrasound 
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imaging system 10. As is further shown in FIG. 1, a plurality 
of transmit Signals are generated within the ultrasound 
electronicS System 1 and conveyed to the transducer 18 via 
the interface cable 12. The plurality of transmit Signals is 
converted within the transducer 18 to a plurality of transmit 
pulses 115 (i.e., ultrasound-energy pulses) that emanate 
from the face of the transducer 18 in response to the applied 
transmit Signals. The ultrasound-electronics System 1, inter 
face cable 12, and transducer 18 together define a plurality 
of transmit channels. 

0.039 When the transmit pulses 115 (in the form of 
ultrasound energy) encounter a tissue layer of the patient 
under test 113 that is receptive to ultrasound insonification, 
the multiple transmit pulses 115 penetrate the tissue layer 
113. AS long as the magnitude of the multiple ultrasound 
pulses exceeds the attenuation affects of the tissue layer 113, 
the multiple ultrasound pulses 115 will reach an internal 
target 121. 

0040 Those skilled in the art will appreciate that tissue 
boundaries or intersections between tissues with different 
ultraSonic impedances will develop ultraSonic responses at 
the fundamental or transmit frequency, f, of the plurality of 
ultrasound pulses 115. Tissue insonified with ultrasonic 
pulses will develop fundamental-ultraSonic responses that 
may be distinguished in time from the transmit pulses to 
convey information from the various tissue boundaries 
within a patient. 

0041 Those ultrasonic reflections 117a, 117b of a mag 
nitude that exceed that of the attenuation affects from 
traversing tissue layer 113 may be monitored and converted 
into an electrical representation of the received ultrasonic 
echoes by the ultrasound-electronics System 1. The ultra 
Sound-electronics System 1 and a display-electronics System 
5 may work together to produce an ultrasound-imaging 
display derived from the plurality of ultrasonic echoes 117. 

0042. Those skilled in the art will appreciate that those 
tissue boundaries or interSections between tissues with dif 
ferent ultrasonic impedances will develop ultrasonic 
responses at both the fundamental frequency, f, as well as, 
at harmonics (e.g., 2f, 3f, 4f, etc.) of the fundamental 
frequency of the plurality of ultrasound pulses 115. Tissue 
insonified with ultrasonic pulses 115 will develop both 
fundamental 117a and harmonic-ultrasonic responses 117b 
that may be distinguished in time from the transmit pulses 
115 to convey information from the various tissue bound 
aries within a patient. It will be further appreciated that 
tissue insonified with ultrasonic pulses 115 develops har 
monic responses 117b because the compressional portion of 
the insonified waveforms travels faster than the rarefactional 
portions. The different rates of travel of the compressional 
and the rarefactional portions of the waveform causes the 
wave to distort producing a harmonic Signal, which is 
reflected or Scattered back through the various tissue bound 

CS. 

0043 Preferably, the ultrasound-imaging system 10 
transmits a plurality of ultrasound pulses 115 at a funda 
mental frequency and receives a plurality of ultrasound-echo 
pulses or receive pulses 117 at an integer harmonic of the 
fundamental frequency. Those skilled in the art will appre 
ciate that harmonic responses 117b may be received by a 
transducer 18 having an appropriately wide bandwidth to 
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Simultaneously transmit at a fundamental frequency and 
receive associated responses at a harmonic frequency 
thereof. 

0044 As further illustrated in FIG. 1, ultrasonic echoes 
117a and 117b reflect fundamental responses and harmonic 
responses, respectively. It is significant to note that while 
FIG. 1 illustrates a second-harmonic response to the inci 
dent multiple ultrasound-transmit pulses 115 impinging the 
internal target 121 other harmonic responses may also be 
observed. AS by way of example, it is known that Subhar 
monic, harmonic, and ultraharmonic responses may be cre 
ated at the tissue boundary between a tissue layer 113 and 
the internal target 121, when the internal target has been 
perfused with one or more contrast agents. The internal 
target 121 alone will produce harmonic responses at integer 
multiples of the fundamental frequency. Various contrast 
agents on the other hand, have been shown to produce 
Subharmonic, harmonic, and ultraharmonic responses to 
incident ultrasonic pulses. Those ultrasonic reflections of a 
magnitude that exceed that of the attenuation affects from 
traversing the tissue layer 113 (e.g., fundamental, Subhar 
monic, harmonic, and ultraharmonic responses) may be 
monitored and converted into an electrical Signal by the 
combination of the transducer 18, the interface cable 12, and 
the ultrasound-electronics System 1 as will be explained in 
further detail below. 

0.045 Ultrasound-Imaging System Architecture and 
Operation 
0046) The architecture of an ultrasound-imaging system 
10 capable of practicing the various harmonic-imaging 
methods disclosed below is illustrated by way of a func 
tional block diagram in FIG. 2 and is generally denoted by 
reference numeral 10. 

0047. Note that many of the functional blocks illustrated 
in FIG. 2 define a logical function that can be implemented 
in hardware, Software, or a combination thereof. For pur 
poses of achieving high Speed, it is preferred, at present, that 
most of the blockS be implemented in hardware, unless 
Specifically noted hereafter. It will be appreciated that this 
figure does not necessarily illustrate every component of the 
System, emphasis instead being placed upon the components 
relevant to the methods disclosed herein. 

0.048 Referring to FIG. 2, the ultrasound-imaging sys 
tem 10 may include an ultrasound-electronics System 1 in 
communication with a transducer 18 and display-electronics 
system 5. As illustrated in FIG. 2, the ultrasound-electronics 
System 1 may include a System controller 21 designed to 
control the operation and timing of the various elements and 
Signal flow within the ultrasound-imaging System 10 pursu 
ant to Suitable Software and/or firmware. The ultrasound 
electronics System 1 may further comprise a transmit-signal 
modifier 14, a radio-frequency (RF) switch 16, a plurality of 
preamps 20, time-gain compensators (TGCs) 22, and ana 
log-to-digital converters (ADCs) 24. In addition, the ultra 
Sound-electronics System I may comprise a plurality of 
parallel beam formerS 26, a power-modulation processor 27, 
an echo-signal shaper 28, a RF filter 29, a mixer 30, an 
amplitude detector 32, a log mechanism 34, a post-log filter 
36, and one or more image processors 38. AS further 
illustrated in FIG. 2, the display-electronics system 5 may 
comprise a Video processor 40, a Video-memory device 42, 
and a display 44. 
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0049. The transducer 18 may take the form of a phased 
array transducer having a plurality of elements both in the 
lateral and elevation directions. The plurality of transducer 
elements may be constructed of a piezoelectric material, for 
example, but not limited to, lead-zirconate-titanate (PZT). 
Each element may be Selectively Supplied with an electrical 
pulse or other Suitable electrical waveform, causing the 
elements to collectively propagate an ultrasound-pressure 
wave into the object under test. Moreover, in response 
thereto, one or more echoes are reflected by the object under 
test and are received by the transducer 18, which transforms 
the echoes into an electrical Signal for detection and pro 
cessing within the ultrasound-electronics System 1. 

0050. The array of elements associated with the trans 
ducer 18 enable a beam, emanating from the transducer 
array, to be steered (during transmit and receive modes) 
through the object by delaying the electrical pulses Supplied 
to the Separate elements. When a transmit mode is active, an 
analog waveform is communicated to each transducer ele 
ment, thereby causing a pulse to be Selectively propagated in 
a particular direction, like a beam, through the object. 

0051 When a receive mode is active, a waveform is 
Sensed or received at each transducer element at each beam 
position. Each analog waveform essentially represents a 
Succession of echoes received by the transducer element 
over a period of time as echoes are received along the Single 
beam through the object. Time delays are applied to the 
Signals from each element to form a narrow receive beam in 
the desired direction. The entire Set of analog waveforms 
formed by both transmit and receive mode manipulations 
represents an acoustic line, and the entire Set of acoustic 
lines represents a Single view, or image, of an object 
commonly referred to as a frame. 

0052 AS is known, a phased-array transducer may com 
prise a host of internal electronics responsive to one or more 
control signals that may originate within the System con 
troller 21 or alternatively in the transmit-signal modifier 14. 
For example, the transducer electronics may be configured 
to Select a first Subset of transducer elements to apply an 
excitation Signal to generate a plurality of ultraSonic pulses. 
In a related manner, the transducer electronics may be 
configured to Select a Second Subset of transducer elements 
to receive ultraSonic echoes related to the transmitted 
ultraSonic pulses. Each of the aforementioned transducer 
element selections may be made by the transducer 18 in 
response to the one or more control Signals originating in the 
transmit-signal modifier 14 or the System controller 21. 

0053 As illustrated in FIG. 2, the transmit-signal modi 
fier 14 may be electrically connected to the transducer 18 via 
a RF Switch 16. The transmit-signal modifier 14 may be in 
further communication with the system controller 21. The 
System controller 21 may be configured to Send one or more 
control Signals to direct operation of the transmit-signal 
modifier 14. In response, the transmit-signal modifier 14 
may generate a Series of electrical pulses that may be 
periodically communicated to a portion of the array of 
elements of the transducer 18 via the RF Switch 16, causing 
the transducer elements to emit ultrasound Signals into the 
object-under-test of the nature described previously. The 
transmit-signal modifier 14 typically provides Separation 
between the pulsed transmissions to enable the transducer 18 
to receive echoes from the object during the period between 
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transmit pulses and forwards them onto a set of parallel 
analog preamplifiers 20, herein labeled, “PREAMPs.” The 
RF switch 16 may be configured to direct the various 
transmit and receive-electrical Signals to and from the trans 
ducer 18. 

0.054 The plurality of preamplifiers 20 may receive a 
Series of analog electrical-echo waveforms from the trans 
ducer 18 that are generated by echoes reflected from the 
object-under-test. More specifically, each preamplifier 20 
receives an analog electrical-echo waveform from a corre 
sponding Set of transducer elements for each acoustic line. 
Moreover, the set of preamplifiers 20 receives a series of 
waveform Sets, one Set for each Separate acoustic line, in 
Succession over time and may process the waveforms in a 
pipeline-processing manner. The Set of preamplifiers 20 may 
be configured to amplify the echo waveforms to provide 
amplified-echo waveforms to enable further signal proceSS 
ing, as described hereafter. Because the ultrasound Signals 
received by the transducer 18 are of low power, the set of 
preamplifiers 20 should be of Sufficient quality that exces 
Sive noise is not generated in the process. 

0.055 Because the echo waveforms typically decay in 
amplitude as they are received from progressively deeper 
depths in the object under test, the plurality of analog 
preamplifiers 20 in the ultrasound-electronics System 1 may 
be connected respectively to a parallel plurality of TGCs 22, 
which are known in the art and are designed to progressively 
increase the gain of each acoustic line received over time, 
thereby reducing the dynamic range requirements on Sub 
Sequent processing Stages. Moreover, the Set of TGCS 22 
may receive a Series of waveform Sets, one Set for each 
Separate acoustic line, in Succession over time and may 
process the waveforms in a pipeline processing manner. 

0056. A plurality of parallel analog-to-digital converters 
(ADCs) 24 may be in communication respectively with the 
plurality of TGCs 22, as shown in FIG. 2. Each of the ADCs 
24 may be configured to convert its respective analog-echo 
waveform into a digital-echo waveform comprising a num 
ber of discrete-location points (hundreds to thousands; cor 
responding with depth and may be a function of ultrasound 
transmit frequency or time) with respective quantized 
instantaneous-signal levels, as is well known in the art. In 
prior art ultrasound-imaging Systems, this conversion often 
occurred later in the Signal-processing Steps, but now, many 
of the logical functions that are performed on the ultrasonic 
Signals can be digital, and hence, the conversion is preferred 
at an early Stage in the Signal-processing process. Similar to 
the TGCs 22, the plurality of ADCs 24 may receive a series 
of waveforms for Separate-acoustic lines in Succession over 
time and process the data in a pipeline-processing manner. 
AS an example, the System may proceSS Signals at a clock 
rate of 40 MHz with a B-mode frame rate of 60 Hz. 

0057. A set of parallel beam formers 26 may be in com 
munication with the plurality of ADCs 24 and may be 
designed to receive the multiple digital-echo waveforms 
(corresponding with each set of transducer elements) from 
the ADCs 24 and combine them to form a single acoustic 
line. To accomplish this task, each parallel beam former 26 
may delay the Separate echo waveforms by different 
amounts of time and then may add the delayed waveforms 
together, to create a composite digital RF acoustic line. The 
foregoing delay and Sum beam forming proceSS is well 
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known in the art. Furthermore, the parallel beam former 26 
may receive a Series of data collections for Separate acoustic 
lines in Succession over time and process the data in a 
pipeline-processing manner. 
0058. A power-modulation processor 27 may be coupled 
to the output of the parallel beam formers 26 and may be 
configured to receive and process a plurality of digital 
acoustic lines in Succession. The power-modulation proces 
Sor 27 may be configured to work in concert with the system 
controller 21 or the transmit-signal modifier 14 to selectively 
process a plurality of digital-acoustic lines with multiple 
levels of ultrasound insonification. An example of an ultra 
Sound-imaging System 100 for producing a Series of ultra 
Sonic pulses with multiple-excitation levels is disclosed in 
U.S. Pat. No. 5,577,505 which shares a common assignee 
with the present application and the contents of which are 
incorporated herein in their entirety. AS further illustrated in 
the functional block diagram of FIG. 2, the echo-signal 
shaper 28, the operation of which will be explained below, 
may be applied between the power modulation processor 27 
and the RF filter 29. The RF filter 29 may take the form of 
a bandpass filter configured to receive each digital-acoustic 
line and to remove undesired out-of-band noise. AS further 
illustrated in FIG. 2, a mixer 30 may be coupled at the 
output of the RF filter 29. The mixer 30 may be designed to 
process a plurality of digital-acoustic lines in a pipeline 
manner. The mixer 30 may be configured to combine the 
filtered digital-acoustic lines from the RF filter 29 with a 
local oscillator signal (not shown for simplicity) to ulti 
mately produce a plurality of baseband digital-acoustic 
lines. 

0059 Preferably, the local oscillator signal is a complex 
Signal, having an in-phase signal (real) and a quadrature 
phase signal (imaginary) that are ninety degrees out-of 
phase. The mixing operation may produce Sum and differ 
ence-frequency signals. The Sum-frequency Signal may be 
filtered (removed), leaving the difference-frequency signal, 
which is a complex Signal at near Zero frequency. A complex 
Signal is desired to follow direction of movement of ana 
tomical Structures imaged in the object-under-test, and to 
allow accurate, wide-bandwidth amplitude detection. 
0060. Up to this point in the ultrasound echo-receive 
process, all operations can be considered Substantially lin 
ear, So that the order of operations may be rearranged while 
maintaining Substantially equivalent function. For example, 
in Some Systems it may be desirable to mix to a lower 
intermediate frequency (IF) or to baseband before beam 
forming or filtering. Such rearrangements of Substantially 
linear-processing functions are considered to be within the 
Scope of this invention. 
0061 An amplitude detector 32 may receive and process, 
in pipeline manner, the complex-baseband digital-acoustic 
lines from the mixer 30. For each complex-baseband digital 
acoustic line, the amplitude detector 32 may analyze the 
envelope of the line to determine the Signal intensity at each 
point along the acoustic line to produce an amplitude 
detected digital-acoustic line. Mathematically, this means 
that the amplitude detector 32 determines the magnitude of 
each phasor (distance to origin) corresponding with each 
point along the acoustic line. 
0062) A log mechanism 34 may receive the amplitude 
detected digital-acoustic lines in a pipeline-processing man 
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ner, from the amplitude detector 32. The log mechanism 34 
may be configured to compress the dynamic range of the 
data by computing the mathematical logarithm (log) of each 
acoustic line to produce a compressed digital-acoustic line 
for further processing. Implementation of a log function 
enables a more realistic view, ultimately on a display, of the 
change in brightness corresponding to the ratio of echo 
intensities. 

0.063 A post-log filter 36, usually in the form of a 
low-pass filter, may be coupled to the output of the log 
mechanism 34 and may be configured to receive the com 
pressed digital-acoustic lines in a pipeline fashion. The 
post-log filter 36 may remove or SuppreSS high frequencies 
asSociated with the compressed digital-acoustic lines to 
enhance the quality of the display image. Generally, the 
post-log filter 36 Softens the Speckle in the displayed image. 
The low-pass post-log filter 36 can also be configured to 
perform anti-aliasing. The low-pass post-log filter 36 can be 
designed to essentially trade Spatial resolution for gray-Scale 
resolution. 

0.064 One or more image processors 38 may be coupled 
to the output of the low-pass post-log filter 36. Each of the 
image processors 38 may further comprise a Suitable Species 
of random-access memory (RAM) and may be configured to 
receive the filtered digital-acoustic lines from the low-pass 
post-log filter 36. The acoustic lines can be defined within a 
two-dimensional coordinate Space. The image processors 38 
may be configured to mathematically manipulate image 
information within the received and filtered digital-acoustic 
lines. In addition, each of the image processors 38 may be 
configured to accumulate acoustic lines of data over time for 
Signal manipulation. In this regard, the image processors 38 
may further comprise a Scan converter to convert the data as 
stored in the RAM to produce pixels for display. Each scan 
converter may process the data in the RAM once an entire 
data frame (i.e., a set of all acoustic lines in a single view, 
or image/picture to be displayed) has been accumulated by 
the RAM. For example, if the received data is stored in 
RAM using polar coordinates to define the relative location 
of the echo information, the Scan converter may convert the 
polar-coordinate data into rectangular-data (i.e., orthogonal 
data) capable of raster Scan via a raster-Scan capable pro 
ceSSor. The ultrasound-electronics System 1, having com 
pleted the receiving, echo recovery, and image-processing 
functions, to form a plurality of image frames associated 
with the plurality of ultrasound-image planes, may forward 
the echo-image data information associated with each image 
frame to a display-electronics system 5 as illustrated in FIG. 
2. 

0065. The display-electronics system 5 may receive the 
echo-image data from the ultrasound-electronics System 1, 
where the echo-image data may be forwarded to a Video 
processor 40. The video processor 40 may be designed to 
receive the echo-image data information and may be con 
figured to raster Scan the image information. The Video 
processor 40 outputs picture elements (e.g., pixels) for 
Storage in a Video memory device 42 and/or for display via 
a display 44. The video-memory device 42 may take the 
form of a digital-videodisc (DVD) player/recorder, a com 
pact-disc (CD) player/recorder, a video-cassette recorder 
(VCR), or other video-information storage device. As is 
known in the art, the Video-memory device 42 permits 
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Viewing and or post-data collection image processing by a 
user/operator in other than real-time. 
0066. A conventional display device in the form of a 
display 44 may be in communication with both the video 
processor 40 and the video memory 42 as illustrated in FIG. 
2. The display 44 may be configured to periodically receive 
the pixel data from either the video memory 42 and or the 
video processor 40 and drive a suitable screen or other 
imaging device (e.g., a printer/plotter), for viewing of the 
ultrasound image by a user/operator. 

0067. It is known in the art that an ultrasonic transducer 
can be treated as a linear System with the impulse-response 
function, g(t). This relationship is shown in the block 
diagram of FIG. 3. As shown in FIG. 3, a transmit-signal 
modifier 14 may be introduced before the transducer 18 is 
the transmit channel of the ultrasound-electronics System 1. 
The transmit-signal modifier 14 may be modeled by a 
transfer function f(t). As shown in FIG. 3, the transmit 
Signal modifier 14 receives a desired transmit waveform, 
w(t), via input 50 and produces a modified-transmit wave 
form, w (t), at output 60. Output 60 is electrically coupled 
to the input of the transducer 18. As further illustrated in the 
block diagram of FIG. 3, when the transmit-signal modifier 
14 generates and forwards the modified-transmit waveform 
60, w(t), to the transducer 18, the transducer produces an 
acoustic-output signal, h(t), represented Schematically by 
arrow 70 that may be represented mathematically by the 
following relationship: 

0068 where, “*,” indicates convolution. Therefore, for 
the ultrasound-imaging System 10 to produce the desired 
acoustic-output waveform, h(t), the ultrasound-electronics 
system 1 should forward the following a modified-input 
signal to the transducer 18: 

0069. According to equations 1 and 2, a system having 
the impulse response, g(t), excited by an input signal modi 
fied by a filter, f(t), will produce the desired acoustic 
waveform: 

0070 A shaping-filter function, f(t), can be obtained by 
Solving the general deconvolution problem. A first method 
for resolving the filter function, employs an inverse-Fourier 
transform, F, such that f(t)=F'{F{f(t)}}, where F{f(t)} is 
the forward-Fourier transform. Thus, 

0071. As a result of the above relationships, if a one-way 
complex-transducer spectrum (as determined by measure 
ment or calculation as a result of excitation by an impulse 
drive), X(f-), and the preferred acoustic transmit-drive 
spectrum is represented as T(f-f), then the actual transducer 
electrical-drive spectrum required to achieve the preferred 
acoustic transmit-drive spectrum, D(f-f), may be deter 
mined as D=T/X. As described above, a temporal-drive 
Signal can be determined from the drive spectrum D by 
inverse-Fourier transform methods Such as an inverse Fast 
Fourier Transform. It should be appreciated that alternative 
deconvolution methods can also be used to determine the 
transducer-compensated actual-drive Spectrum Such as 
Weiner filter or polynomial time-division deconvolution. 
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The aforementioned methods, among others, may be imple 
mented by an appropriately configured digital-signal pro 
ceSSor in cooperation with one or more memory devices 
within the transmit-signal modifier 14 of the ultrasound 
electronics system 1. Each of the methods will yield Sub 
Stantially Similar results and can be applied to discrete, 
digitally Sampled Signals. 

0.072 In the discrete domain, the impulse-response func 
tion of the transducer 18, g(t), is Sampled on m evenly 
Spaced points over the time interval of the transducer 
impulse-response duration. The desired waveform w(t) can 
be specified as a set of n evenly spaced points over the time 
interval of its duration. For simplicity, both functions may be 
Sampled with the Same frequency and contain the same 
number of Sample points, m. Note that a function of short 
duration may be concatenated with trailing Samples of Zero. 
0073. The effectiveness of the transmit-signal modifier 
14 in generating the necessary actual output, w(t) can be 
improved by Sampling w(t) and g(t) more accurately (i.e., 
using more sampling points) and increasing the order of the 
filter. It should be appreciated that the overall effectiveness 
of the transmit-signal modifier 14 depends on the impulse 
response g(t) of the ultrasound-electronics System 1, the 
interface cable 12, and the transducer 18 under consider 
ation, the desired output w(t) and the order of the approxi 
mated drive signal (i.e., on the transmit channel) and/or the 
order of the receive filters. In general, higher-order filters are 
directly related to the effectiveness of the impulse-response 
compensation. 

0.074. By compensating for the effect of the transducer 
Spectrum on the acoustic-transmit Signal and adjusting the 
applied-drive Signal, the fall off in transducer-response Sen 
Sitivity as a function of frequency can be overcome So that 
the overall combined response of the transducer and drive 
Signal has the effect of extending the available transducer 
bandwidth. Furthermore, an acoustic-transmitted Spectrum 
of a desired Symmetric shape can be achieved by compen 
Sating for the frequency response of the transducer 18. 
0075 To a first approximation, an observed frequency 
spectrum of a generated harmonic waveform (i.e., an echo 
response) is similar in shape and bandwidth to the transmit 
ted Spectrum. However, the center frequency of the received 
harmonic waveform is translated to the corresponding har 
monic multiple, Nf, where N is an integer representing the 
harmonic number and f is the center frequency of the 
transmit-spectrum (i.e., the fundamental center frequency). 
The received harmonic spectrum will also be adversely 
affected by the impulse response of the transducer 18 and the 
receive-channel electronics over the receive-channel fre 
quency range. 

0.076 To reduce the undesired effects of the impulse 
response of the transducer 18 and System electronics, the 
echo-signal shaper 28 may also contain a receive filter. To 
construct the receive filter, a desired receive-filter function, 
R, Such as a Gaussian function, is Selected with a center 
frequency at the harmonic multiple center frequency, Nf. 
Then, the actual filter FIN? may be derived by a similar 
deconvolution method, as that described above for the 
transmit pulse, where F=R/X. 
0077. The effect of the transducer response-compensated 
receive filter is to extend the effective bandwidth and sen 
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Sitivity of the received signal-transducer response combina 
tion. It is significant to note that a composite-signal shaper 
(i.e., a signal shaper that includes both transmit and receive 
channel compensators) can be modified to selectively 
modify drive or receive functions by this method. In addi 
tion, both a transmit-signal compensation and a receive or 
echo-response compensation can be applied Simultaneously. 

0078 Those skilled in the art should further appreciate 
that multiple harmonic receive functions may be observed 
within the available bandwidth of a single transducer 
response by implementing multiple receive-filter functions 
each centered about a corresponding harmonic of the fun 
damental or transmit center frequency, f. (For example, the 
ultrasound-imaging System 10 may be configured to trans 
mit at a fundamental frequency, f, and receive at a 2" 
harmonic spectrum centered about 2?, and a 3" harmonic 
Spectrum centered about 3f. 
0079. It is significant to note that the aforementioned 
compensations to the transmit and receive spectra can be 
implemented by real-time digital or other filters. The com 
pensation calculations can be made apriori and the results 
programmed into the appropriate filters. Moreover, the 
impulse response of the transducer 18, as well as a host of 
other transducers, may be measured and/or modeled and the 
results stored within each of the devices. An improved 
ultrasound-imaging System 10 can be programmed to acceSS 
the appropriate impulse-response data to perform the com 
pensation calculations. 
0080 FIG. 4A illustrates harmonic imaging via a har 
monic-imaging model 200. As illustrated in FIG. 4A an 
ideal wideband-transducer frequency response 213 traverses 
a broad range of frequencies for the transducer 18 in 
combination with the ultrasound electronicS 1 to produce a 
transmit-frequency spectrum 211 and receive an echo-fre 
quency spectrum 212 with the Single transducer 18. AS 
further illustrated in FIG. 4A, the transmit-frequency spec 
trum 211 is centered about a fundamental transmit frequen 
cy.ft. Similarly, the receive-frequency spectrum 212 is cen 
tered about the Second harmonic, 2f. 
0081 FIG. 4B illustrates how higher-order echo harmon 
ics may be received by a wideband-ultrasound transducer 
with a relatively wide frequency response. In this regard, the 
harmonic-imaging model 200 illustrated in FIG. 4B 
includes a transducer-frequency response 210 that is wide 
enough given the frequency range of the transmit-frequency 
Spectrum 211 to encompass not only a Second-harmonic 
receive Spectrum 212, but a third-harmonic receive spectrum 
213 as well. It should be appreciated from the discussion 
above, that appropriate configured receive filters may be 
centered about the center frequency as defined by the N" 
harmonic of the transmit-center frequency, f(t), to generate 
ultrasound images. 
0082 The actual frequency response 300 of an exemplary 
wideband transducer 18 with a center frequency of about 2.7 
MHz is illustrated in FIG. 5. It is significant to note that the 
frequency response is not flat acroSS the entire range of 
frequencies. 

0083. Furthermore, the frequency response exhibits spec 
tral fall off over a relatively small range of frequencies both 
at the lower and the higher limits (i.e., the edges) of the 
frequency response 300. 
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0084 FIGS. 6A-6C illustrate the application of a time 
domain transmit waveform to the actual frequency response 
300 (i.e., the impulse response of the transmit channel). A 
time-domain transmit signal 320 is shown to the right of the 
actual frequency response plot illustrated in FIG. 6A. If the 
actual frequency response of the transmit channel had no fall 
off regions and was flat across the transmit-pulse frequencies 
a relatively Smooth acoustic transmit-frequency spectrum 
211 would result. As illustrated in FIG. 6B, if the frequency 
response of the transmit channel remains uncompensated, 
the time-domain acoustic transmit waveform 320' will 
include an undesirable pulse tail that eXtends beyond the 
desired pulse. In the frequency domain, the actual acoustic 
transmit-frequency spectrum 211" is also adversely affected. 
As shown in FIG. 6B, the actual acoustic transmit-fre 
quency Spectrum 211" may include a harmonic-noise tail that 
introduces undesired transmit-channel noise in the fre 
quency range designated for receiving tissue-induced ultra 
Sound echoes. 

0085 FIG. 6C illustrates that a modified-excitation sig 
nal 350 in the time domain may be applied to the transducer 
18 to generate a desired transmit-frequency spectrum 355. 
The time-domain transmit signal 350 is shown to the right of 
the actual frequency response plot 300 illustrated in FIG. 
6C. Within the actual frequency-response plot 300 of the 
transducer 18 is a rendition of a realizable transmit-fre 
quency spectrum 355. The realizable transmit-frequency 
spectrum 355 reduces the harmonic-noise tail and other 
undesirable characteristics of the actual transmit-frequency 
spectrum 211" (FIG. 6B) that occurs in the absence of 
compensation for the impulse response of the transmit 
channel. 

0.086 FIG. 7 illustrates that an echo-response signal filter 
may be applied to the actual echo-response Signal to gen 
erate a modified-echo response signal 360 in the time 
domain that is reflective of a desired receive-frequency 
spectrum 365. The modified echo-response signal 360 is 
shown to the right of the actual frequency-response plot 300 
illustrated in FIG. 6. Within the actual frequency-response 
plot 300 of the transducer 18 is a rendition of a realizable 
receive-frequency spectrum 365. 
0087. The realizable receive-frequency spectrum 365 
reduces undesirable characteristics of the impulse response 
of the transducer over the receive-spectrum frequencies. 
0088 A preferred method of achieving the necessary 
transmit Signal is by varying the transmit Voltage over time. 
Varying the transmit Voltage has the direct result of varying 
the pressure amplitude of the resultant transmitted-ultra 
sound lines 115 (see FIG. 1). Alternatively, different power 
levels may be accomplished by controlling the Size of the 
aperture of the transducer 18. The aperture size may be 
varied in the lateral or elevation dimensions by using a 
Synthetic-aperture methodology. The aperture may be 
divided into two or more groups with transmit-ultrasound 
lines 115 being separately fired from each group. The 
Subsequent reflected energy is then Stored. The entire aper 
ture is then used to transmit a Second incident-pressure wave 
with an increased energy level. The Subsequent reflected 
energy is again Stored. In this embodiment, the Scaling Step 
includes beam forming the response from the two or more 
Smaller apertures and Subtracting those results from the 
response due to excitation from the entire aperture to deter 
mine the non-linear response. 
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0089 Another way of controlling transmitted-power lev 
els is to fire a Subset of elements in the array and compare 
the Scaled-Subset response to a response from the entire 
transducer array. This method should be performed in a 
manner to reduce and or minimize grating lobes that Stem 
from under Sampling the aperture and Steering errors that 
result from asymmetries about the center of the aperture. 
0090. A non-limiting example of a multi-pulse technique 
that fires three pulses is described below. Firing the “even” 
numbered elements within transducer 18 may generate the 
first pulse. The Second pulse may be generated by control 
lably firing all elements of the transducer 18. Firing the 
“odd numbered elements may generate the third pulse. The 
response signal-processing portion of the ultrasound-elec 
tronics System 1 may be configured to mathematically 
combine a response from the first and third pulses for further 
mathematical manipulation with the Second-response signal. 
It is important to note that the Selection of elements to form 
the various element Subsets for the first and third pulses is 
not limited to “even” and "odd numbered elements of the 
transducer element array. It will be appreciated by those 
skilled in the art that more than three pulses may be 
generated and fired to further extend a multi-pulse insoni 
fication and imaging technique. 

0091. The multi-pulse technique described above serves 
a couple of purposes. First, adjusting the transmitted power 
by firing a Subset of elements reduces the transmit power 
while providing the same voltage level to each transmission. 
If the transmit waveforms are not properly Scaled and 
inverted, or if the waveforms differ in their frequency 
content, undesired residual artifacts from imperfect tissue 
response Signal cancellations may be introduced by the 
ultrasound-electronics System 1. By matching the Voltage 
level used to generate the various pulses, the ultrasound 
electronicS System 1 reduces any undesired tissue signals 
introduced by mathematically combining Signal responses 
generated from ultraSonic transmissions of varying power 
levels. Transmit waveform power-magnitude matching over 
a number of various levels of comparison acroSS a received 
bandwidth of interest will serve to reduce residual-tissue 
response signal artifacts that may result from transmit-power 
mismatches. 

0092. A second important result from using the multi 
pulse technique is that by mathematically combining the 
first-pulse response with the third-pulse response, motion of 
an organ-of-interest (i.e., the heart) is averaged, So that when 
the Second-pulse response is mathematically processed (i.e., 
subtracted) from the combination of the first and third-pulse 
responses, motion is Suppressed between the various pulses. 

0093. Yet another way of controlling the transmitted 
power levels is to use a phase-inversion technique. Phase 
inversion techniques are well understood by those skilled in 
the art of ultraSonic imaging. The description of an ultra 
Sonic-imaging System capable of producing, detecting, and 
image-processing ultraSonic responses that use phase-inver 
Sion techniques need not be described to understand the 
transmit-signal modifier and need not be described herein. It 
is significant to note, however, that mathematical post 
processing of detected response Signals may vary based on 
the desired effect of the processing and the phase of the 
transmitted waveforms responsible for the response Signals. 
By coordinating one or more of the phase, intensity, and 
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frequency content of multiple transmitted pulses with the 
applicable response processing, motion artifacts between 
pulses may be Substantially reduced. 

0094. Another technique that may be used to vary the 
transmitted levels would be to take advantage of the beam 
shape of a pressure wave. Transmitted preSSure waves have 
a reduced magnitude that varies with angular distance. AS by 
way of a non-limiting example, if a pressure wave is 
transmitted at 0 degrees (from the face of the transducer 
element array) and the ultrasound-electronics System 1 is 
configured to receive responses at 0.0 and at 0.25 degrees, 
the power received at 0.25 degrees will be lower since it is 
off the peak of the transmitted beam. 

0.095 Reference is now directed to FIG. 8, which illus 
trates a flowchart describing a method for improved har 
monic imaging that may be implemented by the ultrasound 
imaging system 10 of FIG. 2. As illustrated in FIG. 7, the 
method for improved harmonic imaging 500 may start with 
step 502, labeled “BEGIN.” A desired transmit spectrum is 
selected as illustrated in step 504. In step 506, the impulse 
response of the transmit channel (including the transducer) 
together with the ultrasound-electronicS System 1 is recorded 
or modeled. With the desired transmit spectrum and the 
impulse response of the transmit channel identified, the 
ultrasound-imaging System 10 calculates the actual-drive 
Spectrum required to generate the desired transmit spectrum 
as shown in step 508. Once the drive spectrum is defined, the 
temporal-transmit signal may be determined as indicated in 
step 510. As shown in step 512, the ultrasound-imaging 
System 10 may modify the transmit Signal as required to 
obtain the desired frequency response over the transmit 
Spectrum frequencies. 

0096. A desired receive spectrum is selected as illustrated 
in step 514. In step 516, the impulse response of the receive 
channel formed by the transducer together with the ultra 
Sound-electronics System 1 over the desired receive-fre 
quency range is recorded or modeled. With the desired 
receive spectrum and the impulse response of the receive 
channel identified, the ultrasound-imaging System 10 calcu 
lates an actual echo-response spectrum that when applied to 
the receive channel results in the desired receive Spectrum as 
shown in step 518. Once the receive spectrum is defined, a 
temporal-receive signal may be determined as indicated in 
step 520. As shown in step 522, the ultrasound-imaging 
System 10 may filter the received ultrasound-echo Signal as 
required to obtain the desired frequency response over the 
receive-spectrum frequencies. AS illustrated in Step 524, 
herein labeled “END, the method for improved harmonic 
imaging 500 may terminate. 

0097. It will be appreciated by those having ordinary skill 
in the art, the Signal shaper, whether it is implemented in the 
form of a transmit-Signal modifier 14, a receive or echo 
Signal shaper 28, or both, can be implemented in hardware, 
Software, firmware, or a combination thereof within the 
ultrasound-electronics system 1 shown in FIGS. 1 and 2. 
When implemented in Software, various processing routines 
can be Stored and transported on any computer-readable 
medium for use by or in connection with an instruction 
execution System, apparatus, or device, Such as a computer 
based System, processor-containing System, or other System 
that can fetch the instructions from the instruction-execution 
System, apparatus, or device and execute the instructions. 
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0098. In the context of this disclosure, a “computer 
readable medium' can be any means that can contain, Store, 
communicate, propagate, or transport the program for use by 
or in connection with the instruction-execution System, 
apparatus, or device. The computer-readable medium can 
be, for example, an electronic, magnetic, optical, electro 
magnetic, infrared, or a Semiconductor System, apparatus, 
device, or propagation medium. More Specific examples of 
computer-readable media include the following: an electri 
cal connection having one or more wires, a computer 
diskette, a random-access memory (RAM), a read-only 
memory (ROM), an erasable-programmable read-only 
memory (EPROM), an electrically-erasable-programmable 
read-only memory (EEPROM) or a Flash memory, an opti 
cal fiber, and a compact-disk read-only memory (CD-ROM). 
It is to be noted that the computer-readable medium can even 
be paper or other Suitable media upon which the program is 
printed as the program can be electronically captured, via for 
instance optical Scanning of the paper or other media, then 
compiled, interpreted, or otherwise processed and Stored in 
a computer memory. 

0099 When implemented in hardware, the signal shaper 
can be implemented with any or a combination of the 
following technologies, which are all well known in the art: 
a discrete-logic circuit(s) having logic gates for implement 
ing logic functions upon data Signals, an application-specific 
integrated circuit (ASIC) having appropriate combinational 
logic gates, a programmable-gate array(s) (PGA), a field 
programmable gate array (FPGA), etc. 
0100. It should be emphasized that the above-described 
embodiments of the Signal shaper are merely possible 
examples of implementations, merely Set forth for a clear 
understanding of the principles of the invention. Many 
variations and modifications may be made to the above 
described embodiment(s) of the invention without departing 
substantially from the principles of the invention. All such 
modifications and variations are intended to be included 
herein within the Scope of this disclosure and are protected 
by the following claims. 

1. (Cancelled) 
2. (Cancelled) 
3. (Cancelled) 
4. (Cancelled) 
5. (Cancelled) 
6. (Cancelled) 
7. (Cancelled) 
8. (Cancelled) 
9. (Cancelled) 
10. (Cancelled) 
11. An ultrasound-imaging System, comprising: 
means for identifying the impulse response of a receive 

channel of the ultrasound-imaging System; 
means for Selecting a desired receive channel filter func 

tion, wherein the receive channel processes a harmonic 
echo of ultrasound energy transmitted by the ultra 
Sound-imaging System; and 

means for formulating a receive channel filter responsive 
to the desired filter function and the receive channel 
impulse response. 

12. The system of claim 11, wherein the means for 
Selecting identifies a desired receive channel filter that when 
applied to ultrasound echoes results in a receive signal that 
can be modeled with a Symmetric function. 
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13. The system of claim 12, wherein the symmetric 
function comprises a Gaussian function. 

14. The system of claim 11, wherein the means for 
Selecting identifies a desired receive channel filter function 
with a center frequency at a harmonic multiple of a funda 
mental frequency of an excitation Signal. 

15. The system of claim 11, wherein the means for 
identifying determines the impulse response by measure 
ment. 

16. The system of claim 11, wherein the means for 
identifying determines the impulse response by calculation. 

17. The system of claim 11, wherein the means for 
determining formulates a receive filter as a function of the 
impulse response of the receive channel and the desired 
receive channel filter function. 
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18. The system of claim 17, wherein the formulation 
comprises calculating an inverse Fourier transform. 

19. The system of claim 17, wherein the formulation 
comprises performing a deconvolution operation. 

20. The system of claim 19, wherein the deconvolution 
operation uses a Weiner filter. 

21. The system of claim 19, wherein the deconvolution 
operation uses polynomial time division. 

22. (Cancelled) 
23. (Cancelled) 
24. (Cancelled) 
25. (Cancelled) 
26. (Cancelled) 


