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METHODS AND SYSTEMS FOR
BROADBAND INTRAVASCULAR
ULTRASOUND IMAGING

BACKGROUND

[0001] Embodiments of the present specification relate
generally to interventional procedures, and more particularly
to methods and system for improved broadband intravascular
ultrasound imaging.

[0002] Interventional techniques are widely used for man-
aging a plurality of life-threatening medical conditions. Par-
ticularly, certain interventional techniques entail minimally
invasive image-guided procedures that provide a cost-effec-
tivealternative to invasive surgery. Forexample, intravascular
ultrasound (IVUS) imaging may be used for diagnosing and/
or treating diseased blood vessels using image-detived infor-
mation. Specifically, [IVUS imaging may be used to ascertain
existence and progression of atherosclerosis plaques, narrow-
ing of the lumen, and/or intracoronary thrombosis that may
lead to a heart attack, stroke, and/or cardiac death.

[0003] Generally, TVUS imaging systems used in such
diagnoses employ a miniaturized ultrasound probe including
a catheter having a diameter of less than about 1.2 millimeter
(mm). The IVUS catheter may be inserted into, or proximal,
a region of interest (ROT) such as a coronary vessel for visu-
alizing structural aspects of the vessel in offline or real-time
mode. Particularly, the TVUS catheter may include an imag-
ing sensor such as a side-looking ultrasound transducer that
may be used to generate cross-sectional images from within
the vessel.

[0004] Conventional ultrasound transducers used for gen-
erating the cross-sectional images operate between center
frequencies of about 20 MegaHertz (MHz) and about 45 MHz
with an imaging bandwidth approximately between 30-50
percent. However, conventional ultrasound transducers may
provide insufficient resolution for imaging specific features
of a subject. For example, use of the center frequencies
between 20-40 MHz and the imaging bandwidth between
30-50 percent may provide insufficient resolution for evalu-
ating the vulnerability of atherosclerotic plaques with rela-
tively thin fibrous caps, for example, having a thickness of
less than approximately 64 micrometers (Lm).

[0005] Accordingly, an ultrasound transducer having
higher resolution may be preferred to diagnose diseased
regions of a patient. However, IVUS imaging resolution is
inversely proportional to a frequency bandwidth of the trans-
ducer. Typically, a transducer with broad bandwidth and
higher working frequency is able to generate short ultrasonic
pulses that are useful in distinguishing close targets in an axial
direction. However, use of higher frequencies results in
higher ultrasound attenuation, which in turn, results in lower
penetration depth. Alternatively, a transducer operating at
lower frequencies may provide greater penetration depth, but
may not provide sufficient image resolution.

[0006] Conventional interventional procedures, thus, may
entail use of different ultrasound transducers, one or more of
which may operate at high frequencies to provide images
having higher resolution, while others operate at lower fre-
quencies to provide greater penetration depth. Alternatively,
additional imaging modalities such as optical coherence
tomography system or a fluorescence system may be
employed to determine either high resolution or depth-based
information. Use of different imaging modalities and/or dif-
ferent ultrasound transducers, however, prolongs imaging
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time, while adding to the equipment and operational costs.
Furthermore, integrating two different transducers to the tip
of a catheter having less than 1 mm diameter causes compli-
cated packaging problems.

BRIEF DESCRIPTION

[0007] In accordance with aspects of the present specifica-
tion, an ultrasound imaging is disclosed. The system includes
a broadband ultrasound transducer configured to transmit
ultrasound pulses towards a target and a processing sub-
system operatively coupled to the broadband ultrasound
transducer. The processing subsystem is configured to con-
volve one or more base ultrasound pulses corresponding to a
particular frequency with a desired code to generate an
extended excitation wave. Further, the processing subsystem
is configured to transmit the extended excitation wave to the
broadband ultrasound transducer to be transmitted towards
the target. Additionally, the processing subsystem is config-
ured to receive echo signals reflected back from the target in
response to the extended excitation wave and de-convolve the
received echo signals. The processing subsystem is also con-
figured to generate one or more ultrasound images of the
target corresponding to multiple frequencies based on the
de-convolved echo signals.

[0008] In accordance with further aspects of the present
specification, a method for ultrasound imaging and a non-
transitory computer readable medium that stores instructions
executable by one or more processors to perform the method
for ultrasound imaging are presented. The method includes
convolving one or more base ultrasound pulses correspond-
ing to a particular frequency with a desired code to generate
an extended excitation wave. Further, the extended excitation
wave is transmitted to a broadband ultrasound transducer to
be transmitted towards the target. Subsequently, echo signals
reflected back from the target in response to the extended
excitation wave are received and de-convolved. One or more
ultrasound images of the target corresponding to multiple
frequencies are then generated based on the de-convolved
echo signals.

[0009] A technical effect of the present specification
includes use of a broadband ultrasound transducer including
a micromachined piezoelectric composite body to allow for
increased bandwidth, increased sensitivity, and/or reduced
acoustic impedance during intravascular ultrasound (IVUS)
imaging. Particularly, use of the micromachined piezoelectric
composite body allows the transducer to provide relatively
high definition tissue imaging with a relatively large dynamic
range, and a relatively deep penetration depth when com-
pared to conventional ultrasound systems. Additionally,
embodiments of the present specification present methods for
coded excitation of the ultrasound transducer that leverages
the broadband imaging capabilities of the ultrasound trans-
ducer to generate high quality images that may aid in accurate
diagnosis.

DRAWINGS

[0010] These and other features, aspects, and advantages of
the present specification will become better understood when
the following detailed description is read withreference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:
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[0011] FIG.1isaschematic representation of an exemplary
imaging system for broadband intravascular ultrasound
(TVUS) imaging, in accordance with aspects of the present
specification;

[0012] FIG. 2 is a graphical representation of conventional
excitation pulses used in conventional IVUS imaging;
[0013] FIG. 3 is a graphical representation of exemplary
coded excitation pulses used for broadband IVUS imaging, in
accordance with aspects of the present specification;

[0014] FIG. 4 is a perspective view of an exemplary ultra-
sound transducer for use in broadband IVUS imaging, in
accordance with aspects of the present specification; and
[0015] FIG. 5 is a flow diagram illustrating an exemplary
method for broadband IVUS imaging using coded excitation,
in accordance with aspects of the present specification.

DETAILED DESCRIPTION

[0016] The following description presents methods and
systems for broadband intravascular ultrasound (IVUS)
imaging using coded excitation. Particularly, certain embodi-
ments illustrated herein describe methods and systems that
use a broadband ultrasound transducer including a microma-
chined piezoelectric composite material and a dematching
layer. The micromachined piezoelectric composite material
allows the transducer to operate at a greater bandwidth,
greater sensitivity, and lower acoustic impedance. Further,
the dematching layer aids in increasing a power of the ultra-
sound waves transmitted to a face layer of a lens to enhance
multi-frequency imaging capabilities of the broadband ultra-
sound transducer. Additionally, the embodiments described
herein disclose use of a coded excitation sequence that lever-
ages the broadband capabilities of the transducer to provide
clinically suitable images having both high resolution and a
deep penetration depth.

[0017] Although the following description is discussed
with reference to IVUS imaging, certain embodiments of the
present methods and systems may also be implemented in
connection with other types of ultrasound systems, such as
transesophageal echocardiography (TEE) systems and/or
Intra-Cardiac Echocardiography (ICE) systems. Further-
more, the methods and systems described herein may find
use, for example, in improving detection of coronary artery
lesion and other anomalies in heart, thyroid, liver, or other
organs of a subject.

[0018] In certain embodiments, the present systems and
methods may be used for non-medical purposes, such as for
nondestructive testing of fluid delivery systems, assessing
leaks and blockages, and/or estimating differential pressure
in pipes and/or other non-biological objects. Additionally,
embodiments of the present specification may also be imple-
mented in electromagnetic, electrochemical, electromechani-
cal, electro-optical, radio-acoustic, and/or any other applica-
tion area where a broadband transducer may be used. An
exemplary environment that is suitable for practicing various
implementations of the present system will be described in
the following sections with reference to FIG. 1.

[0019] FIG. 1 illustrates an exemplary IVUS imaging sys-
tem 100. In one embodiment, the system 100 may be config-
ured for imaging, providing a functional evaluation, and/or
for providing therapy to one or more target regions in biologi-
cal tissues and/or non-biological objects of interest. For dis-
cussion purposes, the system 100 is described with reference
to an IVUS system for use in diagnosing and/or providing
treatment to a patient. However, as previously noted, in cer-
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tain embodiments, the system 100 may also be implemented
in other medical and/or non-medical systems such as ultra-
sound biomicroscopy system, photoacoustic imaging system,
nondestructive evaluation system, etc.

[0020] In one embodiment, the system 100 includes an
interventional device such as a catheter 104 adapted for use in
a confined medical or surgical environment such as a body
cavity, orifice, or the blood vessel 102. The catheter 104 may
further include at least one image sensor such as a side-
looking and/or forward-looking broadband transducer 106.
In certain embodiments, the transducer 106 corresponds to a
single element broadband transducer. Further, the transducer
106 is disposed at a distal end of the catheter 104 and is
configured to generate two or more images corresponding to
different frequencies at the same time and for the same cross
section of the blood vessel 102. The transducer 106, thus,
allows for multi-frequency IVUS imaging without use of a
second transducer and/or an additional imaging modality.
[0021] To that end, in one embodiment, the transducer 106
includes an acoustic layer of a micromachined piezoelectric
composite material having a broad frequency response. Par-
ticularly, in one example, the frequency response of the trans-
ducer 106 may cover approximately 35-85 MHz (at an inten-
sity of about -6 decibels (dB)) orapproximately 15-120 MHz
(at an intensity of about —40 dB) of frequency range. Addi-
tionally, the micromachined piezoelectric composite material
may have a relatively high electromechanical coupling coef-
ficient and relatively low acoustic impedance to facilitate
multi-frequency IVUS imaging. The high coupling coeffi-
cient and low acoustic impedance of the piezoelectric com-
posite material result in lower acoustic reverberation, thereby
allowing for greater sensitivity and/or bandwidth of the trans-
ducer 106. Certain exemplary structural and functional
aspects of the broadband transducer 106 will be described in
greater detail with reference to FIG. 4.

[0022] In one embodiment, the catheter 104 including the
transducer 106 is inserted into the target blood vessel 102
through one or more small incisions for reducing patient
recovery time. In certain embodiments, the transducer 106 is
configured to rotate inside the blood vessel 102 for generating
corresponding cross-sectional images under control of a
motor controller 108 and/or a processing subsystem 110 viaa
motor drive and signal interface 112. Additionally, the motor
controller 108 and/or the processing subsystem 110 may also
control operation of the transducer 106 to generate excitation
pulses of a desired frequency and/or repetition rate for use in
estimating tissue characteristics.

[0023] Conventional IVUS systems employ only single or
two cycles of excitation pulses for imaging a target feature at
asingle frequency. FIG. 2, for example, illustrates a graphical
representation 200 depicting examples of conventional exci-
tation pulses 202 and 204. As depicted in FIG. 2, the excita-
tion pulses 202 and 204 include only one and two cycles of
sinusoidal waves, respectively. As previously noted, use of
the conventional excitation pulses having a single frequency
may fail to provide sufficient image resolution and penetra-
tion depth simultaneously in the same or different images.
[0024] Accordingly, with returning reference to FIG. 1,
embodiments of the system 100 employ a coded excitation
sequence to leverage the multi-frequency IVUS imaging
capability of the transducer 106. Although coded excitation
has been used in RADAR and SONAR applications, coded
excitation of a conventional IVUS transducer results in unac-
ceptably high-range side lobes due to limited bandwidth of a
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conventional ultrasound transducer. Thus, coded excitation is
typically unfeasible for use in conventional low-bandwidth
IVUS imaging.

[0025] Incontrast, use of coded excitation with an embodi-
ment of the broadband transducer 106 of FIG. 1 significantly
improves a signal-to-noise (SNR) ratio without either
increasing the peak transmitted power or sacrificing resolu-
tion of resulting IVUS images. Accordingly, in one embodi-
ment, the processing subsystem 110 is configured to deter-
mine one or more desired codes for convolving the excitation
pulses. The desired codes, for example, may include Barker
codes, Golay codes, Chirp Codes, and/or other suitable codes
designed for specific imaging applications. In one embodi-
ment, the desired codes may be pre-programmed into the
system 100, selected from a plurality of suitable codes based
on a stored correlation, and/or may be input by a user prior to
or during ultrasound imaging.

[0026] In certain embodiments, the desired codes suitable
for a particular imaging application may be selected based on
a desired working frequency and energy requirement. Alter-
natively, or additionally, the desired codes may be selected to
achieve a desired tradeoff of coded-excitation induced arti-
facts such as range side lobes and ultrasound main-band
convolution. To that end, in one embodiment, a correlation
between desired imaging parameters such as the working
frequency and energy specifications, and desired tradeoff
parameters may be defined and stored in the storage device
120 for different applications. Subsequently, the processing
subsystem 110 may be configured to use the stored correla-
tion to select the desired code during ultrasound imaging
automatically or via user selection.

[0027] Further, the processing subsystem 110 may be con-
figured to use the desired code for convolving base excitation
pulses to allow for multi-frequency IVUS imaging. Particu-
larly, in one embodiment, the processing subsystem 110 may
be configured to direct a transmit circuitry 114 in the system
100 to convolve base excitation pulses, such as one or two
cycles of sinusoidal waves at a particular frequency, using the
desired code.

[0028] As used herein, the term “convolve” and any varia-
tions thereof may be used in the present specification to refer
to a method for processing ultrasound signals to generate an
extended or coded excitation signal, where the processing
includes modulation, encoding, concatenation, and/or convo-
lution. Specifically, in one embodiment, convolving the ultra-
sound pulses may entail determining an integral that
expresses an amount of overlap of one function (for example,
a first ultrasound signal) as it is shifted over another function
(forexample, a second ultrasound signal), thereby “blending”
one function with another. For example, in an implementa-
tion, one or more of the base excitation pulses may be com-
bined and/or undergo a change in phase to generate an
extended excitation pulse that embeds the desired code.
[0029] FIG. 3 illustrates a graphical representation 300 of
exemplary extended excitation pulse used for broadband
IVUS imaging. FIG. 3 shows an example of a determined
sequence of a desired code 302 that may be pre-programmed
into the system 100, selected from a predetermined list, and/
or input by the user. In one embodiment, the code sequence
302 may be used to combine and convolve base excitation
pulses at a single frequency, such as the pulses 202 and 204
depicted in FIG. 2, into an extended excitation pulse 304.
[0030] In certain embodiments, the extended excitation
pulse may be generated in single and/or tone bursts and may
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be unipolar, bipolar, and/or arbitrary pulses having applica-
tion-defined or user-defined duration and/or frequency. Inone
embodiment, the extended excitation pulse increases a total
energy transmitted into a target region before reaching a
specified intensity limit, thereby increasing a penetration
depth and/or signal-to-noise-ratio (SNR). Specifically, the
extended excitation pulse allows for an increase in the energy
transmitted to the target region without causing any signifi-
cant loss in image resolution. Although, use of the extended
excitation pulse benefits ultrasound imaging at all frequen-
cies, the extended excitation pulses significantly improve
penetration depth and SNR at higher frequencies. Accord-
ingly, in one embodiment, the extended excitation pulse may
be used to drive the broadband transducer 106 of FIG. 1 at
multiple frequency bands, for example at about 40 MHz,
about 60 MHz, and/or about 80 MHz, for imaging a target
region such as a suspected atherosclerotic lesion.

[0031] With returning reference to FIG. 1, in one embodi-
ment, at least a portion of the extended excitation signal is
reflected from the target region to the transducer 106. The
transducer 106 may convert the reflected ultrasound signals
into electrical signals that may pass through the motor drive
and signal interface 112 and/or a transmit-receive switch 118
to receive circuitry 116 for further processing. In certain
embodiments, the receive circuitry 116 communicates the
received electrical signals to the processing subsystem 110
that processes the received signals according to a plurality of
selectable ultrasound modalities in real-time and/or off-line
mode. For example, the processing subsystem 110 may pre-
amplify, digitize, and/or evaluate the received signals for
determining clinically useful indicators.

[0032] Specifically, the processing subsystem 110 may be
configured to de-convolve or decode the received signals to
recover an original resolution of the transducer 106. As used
herein, the term “de-convolve” and variations thereof may be
used to refer to a method of reversing effects of convolution
on the received ultrasound pulses, where de-convolving may
include demodulation, decoding, decoupling, and/or de-con-
volution. By way of example, the received ultrasound pulses
may be de-convolved using statistical estimation, wavelet-
based de-convolution, filter-based de-convolution, envelope-
based de-convolution, and/or by using any other suitable
technique.

[0033] In certain embodiments, the processing subsystem
110 may process and/or de-convolve the received signals at
different frequencies so as to reconstruct multiple two-di-
mensional (2D) and/or a three-dimensional (3D) cross-sec-
tional image of the same cross-section of the target region at
the different resolutions and desired penetration depths. To
that end, in certain embodiments, the processing subsystem
110 includes devices such as one or more application-specific
processors, digital signal processors, microcomputers,
microcontrollers, Application Specific Integrated Circuits
(ASICs) and/or Field Programmable Gate Arrays (FPGAs).
The processing subsystem 110 may also include suitable
devices capable of communicating with other components of
the system 100 such as a picture archiving and communica-
tions system (PACS), a radiology department information
system, hospital information system and/or to an internal or
external communications network (not shown).

[0034] In certain embodiments, the processing subsystem
110 stores the received signals, the processed information,
and/or the reconstructed images along with the desired code,
delivery sequence, repetition frequency, time delay, intensity,
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imaging system parameters, and/or other operational dataina
storage device 120. The storage device 120, for example, may
include devices such as a random access memory, a read-only
memoty, a disc drive, a solid-state memory device, and/or a
flash memory. In certain embodiments, the storage device 120
may also store the desired code, commands, and inputs
received from an operator during the interventional proce-
dure.

[0035] Further, in one embodiment, the processing sub-
system 110 may be coupled to one or more user input-output
devices 122, such as a keyboard, touchscreen, microphone,
mouse, buttons, switches, audio devices, and/or video
devices. The input-output devices 122 may be configured to
receive operator input, desired codes, and commands, and/or
output the reconstructed images and processed information
from the user and/or the processing subsystem 110. Particu-
larly, in one embodiment, the processing subsystem 110
allows the operator to input and/or select the desired codes,
one or more ROIs and/or imaging parameters using a graphi-
cal user interface on a local or remote display device 124.

[0036] In certain embodiments, the processing subsystem
110 is configured to display the 2D and/or 3D images along
with clinically useful information such as patient data on the
display device 124. The displayed information aids in in
review, diagnosis, analysis, and/or treatment of the patient.
Particularly, in one embodiment, the processing subsystem
110simultaneously displays the 2D and/or 3D images that are
reconstructed from the same set of received signals and are
indicative of high resolution and desired depth-based infor-
mation corresponding to the target region. In a further
embodiment, the processing subsystem 110 stores the 2D
and/or 3D images and the clinically useful information for
later review and analysis, and/or communicates the images
and clinically useful information to a remotely located medi-
cal practitioner for further evaluation.

[0037] In certain embodiments, the 2D and/or 3D images
including the high resolution and desired depth-based infor-
mation may be used for determining structural characteristics
corresponding to the target region with greater accuracy. For
example, the images may be used to identify locations and
tissue morphology of an atherosclerotic plaque with very thin
fibrous caps, vessel tree, and/or percentage narrowing at dif-
ferent points within the lumen of the blood vessel 102. The
structural characteristics, thus determined using high resolu-
tion and desired depth-based information, may be used for
accurately evaluating a composition of the plaque or other
blockages and assessing a pathological condition of the target
region. The processing subsystem 100 may then communi-
cate the assessed information to the medical practitioner audi-
bly or visually on the display device 124 for use in providing
an accurate diagnosis, prescribing treatment, and/or deploy-
ing a vascular stent at the target region of the subject.

[0038] Although FIG. 1 illustrates a specific number of
exemplary components, in certain embodiments, the system
100 may include fewer or additional components for use in
interventional imaging, data processing, and/or for allowing
automation of the interventional procedure. In one example,
the system 100 may include additional devices such as one or
more analog-to-digital-converters (ADC), filters, amplifiers
and/or switching subsystems for use in processing acquired
or received imaging data. Alternatively, one or more of the
components such as the motor controller 108, the processing
subsystem 110, the transmit circuitry 114, and/or the receive
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circuitry 116 may be combined into a single or fewer devices,
thus optimizing floor space in the interventional procedure
room.

[0039] Embodiments of the present system 100, thus, allow
for multi-frequency IVUS imaging using a coded and/or
extended excitation sequence to drive the broadband trans-
ducer 106. The extended excitation sequence allows for
increase in total transmitted energy, while maintaining the
same peak power without loss in spatial resolution. Specifi-
cally, use of the extended excitation sequence improves
image penetration at higher frequencies, in turn aiding in
accurate evaluation of lumen dimensions, plaque or lesion
composition, and information for stent implantation. Addi-
tionally, as ultrasound signals are capable of penetrating
blood, use of the system 100 minimizes any saline flushing
requirements during imaging.

[0040] Moreover, use of a single element broadband trans-
ducer 106 allows the user to select more than one frequency
for driving the transducer 106 for simultaneously acquiring
images with desired resolution and penetration. Accordingly,
use of the transducer 106 for multi-frequency imaging obvi-
ates the need for additional imaging systems or transducers,
thereby enhancing the cost-effectiveness of the ultrasound
system 100. Moreover, use of the single element broadband
transducer 106 allows intrinsic co-registration of the images
acquired at different frequencies, thereby preventing any
ambiguity while reading the images.

[0041] Embodiments of the system 100, thus, provide
simultaneous acquisition of high resolution and depth-based
information from a target region via use of the coded excita-
tion and the single element broadband transducer 106. Simul-
taneous availability of both high resolution and depth-based
information allows faster and more comprehensive evalua-
tion of the ROI to determine one or more clinically useful
indicators representative of a true medical condition of the
subject. Certain examples of the structure and functioning of
the broadband transducer 106 that allows for efficient multi-
frequency ultrasound imaging will be described in greater
detail with reference to FIG. 4.

[0042] FIG. 4illustrates a perspective view ofanexemplary
ultrasound transducer 400 for use in broadband ultrasound
imaging. For discussion purposes, the transducer 400 is
described in the context of an IVUS system. However, certain
embodiments of the transducer 400 may be used with any
other type of medical and/or non-medical acoustic systems.
Particularly, in one embodiment, the transducer 400 includes
at least one acoustic element 402, a lens 404, and a backing
layer 406 for use in IVUS imaging. In the embodiment illus-
trated in FIG. 4, the acoustic element 402 is disposed between
the lens 404 and the backing layer 406 in a stacked arrange-
ment. However, in alternative embodiments, the transducer
400 may include certain other arrangements of the acoustic
element 402, the lens 404, and the backing layer 406 suited
for specific imaging and/or packaging scenarios.

[0043] Although not shown in FIG. 4, in certain embodi-
ments, the transducer 400 may further include certain addi-
tional layers to provide further functionality. In one embodi-
ment, for example, the transducer 400 may include an
integrated circuit and/or flex circuit (not shown) configured to
provide an electrical connection between the acoustic ele-
ment 402 and other components of an ultrasound system such
as the system 100 of FIG. 1. In another embodiment, the
transducer 400 may include a heat sink that is directly or
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indirectly connected to the backing layer 406 for dissipating
heat from the ultrasound transducer 400 that is generated
during ultrasound imaging.

[0044] According to certain aspects of the present specifi-
cation, in certain embodiments, the acoustic element 402 is
configured to generate, transmit and/or receive ultrasound
signals. To that end, in one embodiment, the acoustic element
402 includes an acoustic layer 408 including a microma-
chined piezoelectric composite body 410. In certain embodi-
ments, the acoustic element 402 may further include one or
more other layers such as matching layers 412 and 414,
dematching layers 416, and/or conducting layers (not shown)
in addition to the acoustic layer 408 including the microma-
chined piezoelectric composite body 410.

[0045] Asused herein, the term “micromachined” is used to
refer to a composite body formed using a suitable etching
process. The etching process, for example, may include reac-
tive ion etching (RIE), deep reactive ion etching (DRIE), laser
etching, plasma etching, dry etching, wet etching, and/or
photolithography. In certain embodiments, the microma-
chined piezoelectric composite body 410 includes a front side
418 and a backside 420 that is opposite the front side 418. For
discussion purposes, the term “front side” is used herein to
refer to a side of the acoustic layer 408 from which ultrasound
waves are emitted towards the lens 404. Further, the term
“back side” is used herein 1o refer to a side of the acoustic
layer 408 that is positioned opposite the front side 418 and
facing away from the lens 404.

[0046] In certain embodiments, the micromachined piezo-
electric composite body 410 is configured to convert electri-
cal signals into ultrasound waves to be transmitted from the
front side 418 of the acoustic layer 408 towards a target to be
imaged. The target, for example, may include desired biologi-
cal tissues in a patient and/or a non-biological object of inter-
est. Furthermore, the micromachined piezoelectric compos-
ite body 410 may be configured to receive and convert
backscattered acoustic signals from the target into electrical
signals for generating corresponding images.

[0047] To that end, in certain embodiments, the microma-
chined piezoelectric composite body 410 includes a plurality
of piezoelectric posts 422 that are separated from each other
by voids. In one embodiment, the piezoelectric posts 422 may
be formed from any piezoelectric substance, such as, but not
limited to, a crystalline, amorphous, and/or ceramic piezo-
electric material. Furthermore, piezoelectric substances hav-
ing different structures, dielectric constants, and/or dielectric
losses may be used to form the piezoelectric posts 422. By
way of example, the piezoelectric posts 422 may be formed
from lead magnesium niobate-lead titanate (PMN-PT), lead
zine niobate-lead titanate (PZN-PT), lead zirconate titanate
(PZT), PIN-PMN-PT, and/or the like.

[0048] Further, the voids may include one or more filler
members 424 such as a polymer, an epoxy, and/or other
suitable material. In one example, the filler members 424 may
include substances such as Epo-Tek-301 (commercially
available from Epoxy Technology, Inc. of Billerica, Mass.),
Epo-Tek-301-2 (commercially available from Epoxy Tech-
nology, Inc. of Billerica, Mass.), and/or the like. As a com-
position of the filler members 424 is typically different from
that of the piezoelectric posts 422, the micromachined piezo-
electric body 410 is referred to herein as a “composite” body.
[0049] Moreover, according to certain exemplary aspects
of the present specification, the piezoelectric posts 422, the
voids, and/or filler members 424 may have any size and any
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shape. Particularly, in the embodiment illustrated in FIG. 4,
all the piezoelectric posts 422 are depicted as parallelepipeds.
However, in an alternative embodiment, one or more of the
piezoelectric posts 422, voids, and filler members 424 may
additionally or alternatively include one or more sizes
(height, width, and/or thickness) and/or one or more shapes,
suich as, but not limited to, a triangular, circular, oval, curved,
octagonal, and/or star shape.

[0050] Additionally, an arrangement of the piezoelectric
posts 422 and the filler members 424 may not be limited to a
grid-like pattern shown in the embodiment depicted in FI1G. 4.
Rather, in alternative embodiments, the piezoelectric posts
422 and the filler members 424 may be arranged in any other
pattern relative to each other. For example, the voids and/or
the filler members 424 may have any size such that the piezo-
electric posts 422 may be spaced apart by different desired
amounts, which may or may not be consistent throughout the
pattern of the piezoelectric posts 422 and the filler members
424. Furthermore, a perimeter of the micromachined piezo-
electric body 410 may be square, rectangle, triangular, oval,
circular, curved, and/or star-shaped to suit different ultra-
sound application requirements. For example, a circular and/
or other curved shaped array of the piezoelectric posts 422
and the filler members 424 in the micromachined piezoelec-
tric body 410 may be disposed in forward facing position in
an imaging catheter and/or on a guide wire to allow for
efficient IVUS imaging.

[0051] Typically, the piezoelectric body 410 has a much
higher acoustic impedance (Z) than the target being imaged.
If the piezoelectric body 410 were to be used by itself during
imaging, the large impedance mismatch between the piezo-
electric body 410 and the target would result in significant
loss of acoustic energy. Accordingly, in certain embodiments,
the acoustic element 402 includes one or more matching
layers 412 and 414 positioned between the piezoelectric body
410 and the lens 404 or a face layer of the transducer 400.
[0052] In one embodiment, the matching layers 412 and
414 have acoustic impedances that are less than the acoustic
impedance of the acoustic layer 408 to reduce the loss of
acoustic energy. In certain embodiments, the plurality of the
matching layers 412 and 414 may be selected to provide a
progressive reduction in acoustic impedance relative to the
acoustic layer 408. Optionally, each of the matching layers
412 and 414 may have a relatively high thermal conductivity,
for example, greater than about 30 watts per meter per kelvin
(W/mK). Accordingly, use of the matching layers 412 and
414 may result in less reflection and/or refraction of ultra-
sound waves between the acoustic layer 408 and the lens 404.
More specifically, use the matching layers 412 and 414 may
allow for an impedance transition from the piezoelectric body
410 to the lens 404

[0053] Thus, in certain embodiments, each of the matching
layers 412 and 414 may have the same or different thick-
nesses. In one embodiment, for example, the matching layers
412 and 414 may have a combined thickness of approxi-
mately Y47 or less of a wavelength at the resonant frequency
of the ultrasound transducer 400. Such a thickness of the
matching layers 412 and 414 may minimize destructive inter-
ference caused by waves reflected from the boundaries
between each of the matching layers 412 and 414. Addition-
ally, each of the matching layers 412 and 414 may include
materials such as a filled epoxy including one or more fillers,
metal-impregnated graphite, glass ceramic, composite
ceramic, and/or metal (such as, but not limited to, copper,
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copper alloy, copper with graphite pattern embedded therein,
magnesium, magnesium alloy, aluminum, and/or aluminum
alloy). By way of example, in the embodiment illustrated in
FIG. 4, the transducer 400 may include an inner matching
layer 412 formed of silver particle loaded epoxy and an outer
matching layer 414 formed of parylene.

[0054] Furthermore, in certain embodiments, each of the
matching layers 412 and 414 may be electrically conductive.
In other embodiments, the matching layers 412 and 414 may
be electrically non-conductive. When the matching layers
412 and 414 are electrically non-conductive, one or more of
the matching layers 412 and 414 optionally include a conduc-
tive film layer (not shown) thereon to provide an electrical
ground connection for the acoustic element 402. Particularly,
in one embodiment, the matching layers 412 and 414 may be
configured to directly connect (for example, via direct physi-
cal contact) the lens 404 to the front side 418 of the acoustic
layer 408. In an alternative embodiment, however, the match-
ing layers 412 and 414 may be configured to indirectly con-
nect the lens 404 to the front side 418 of the micromachined
piezoelectric composite body 410. Further, in certain embodi-
ments, the matching layers 412 and 414, the acoustic layer
408, and/or the lens 404 may be bonded together using epoxy
and/or other adhesive material. For example, the bonding
may be achieved by using a material cured under pressure and
supplied by tooling including a press machine and/or the like
to allow for optimal impedance matching during imaging.
[0055] Additionally, in certain embodiments, the trans-
ducer 400 includes at least one dematching layer 416 having
an acoustic impedance that is higher than the acoustic imped-
ance of the acoustic layer 408 to increase the power of the
ultrasound waves transmitted to the lens 404. In other words,
the dematching layer 416 may be selected to have a higher
acoustic impedance than the micromachined piezoelectric
composite body 410 of the acoustic layer 408. Particularly,
the relatively high acoustic impedance (for example at least
approximately 39 MegaRayls (MRayls)) of the dematching
layer 416 may allow a majority of the acoustic energy to be
transmitted out through the front side 418 of the acoustic layer
408, thereby aiding the transducer 400 in providing broad-
band imaging functionality.

[0056] To that end, in one embodiment, the dematching
layer 416 is disposed between the backing layer 406 and the
backside 420 of the acoustic layer 408. In the embodiment
illustrated in FIG. 4, the dematching layer 416 is directly
connected to (thatis in direct physical contact with) the back-
side 420 of the acoustic layer 408. However, in an alternative
embodiment, the dematching layer 416 may be indirectly
connected to the backside 420 of the acoustic layer 408
through one or more additional structures and/or compo-
nents. For example, the dematching layer 416 may be bonded
with the acoustic layer 408 using epoxy and/or other adhesive
material, such as, but not limited to, a material cured under
pressure and supplied by tooling including a press machine
and/or the like.

[0057] Furthermore, the dematching layer 416 may include
a metal, carbide alloy, and/or a compound material. Specifi-
cally, in one embodiment, the dematching layer 416, for
example, may include zirconium, tungsten carbide, silicon,
titanium, tantalum carbide, and/or the like. Each dematching
layer 416 may have any desired thickness and, in embodi-
ments where a plurality of dematching layers 416 are pro-
vided, the dematching layers 416 may have any combined
thickness. Particularly, the thickness of one or more dematch-
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ing layers 416 may be selected based on a frequency of the
ultrasound transducer 400. Examples of the thickness of a
dematching layer 416 include, but are not limited to, between
approximately 49 micrometer and approximately 351
micrometer. Moreover, in certain embodiments, the dematch-
ing layer 416 may be laminated to the acoustic layer 408 using
any suitable method, structure, process, means, and/or the
like. On example of a lamination process may include using
epoxy having an exemplary thickness of less than approxi-
mately 5 micrometer.

[0058] Additionally, in one embodiment, the dematching
layer 416 1s coated with an electrically conductive coating
(not shown), for example a metal coating, to facilitate elec-
trical connection between the dematching layer 34 and one or
more other components of the ultrasound transducer 400. In
certain embodiments, the acoustic element 402 may addition-
ally or alternatively be provided with electrical contacts (not
shown) such as solder pads, solder bumps, stud bumps, plated
bumps to allow for electrical connection with other compo-
nents.

[0059] Although, the embodiment illustrated in FIG. 4
depicts only a single dematching layer 416, in alternative
embodiments, the acoustic element 402 may include any
number of dematching layers 416. Fach dematching layer
416 may have any value of acoustic impedance, such as, but
not limited to, at least approximately 40 MRayls, or between
approximately 39 MRayls and approximately 121 MRayls.
Moreover, the dematching layer 416 may have relatively
good thermal conductivity to transfer the heat generated by
the acoustic layer 408 to the backing layer 406.

[0060] However, a small amount of backside acoustic
energy may still be reflected back to the front side 418,
thereby causing artifacts in images generated from ultrasound
signals acquired by the transducer 400. Accordingly, in one
embodiment, the transducer 400 may include the backing
layer 406 fabricated from a relatively high acoustic attenua-
tion material to dampen the backside acoustic energy, thereby
reducing acoustic reverberation inside the ultrasound trans-
ducer 400. For example, the backing layer 18 may be fabri-
cated from an epoxy with a filler material such as, but not
limited to, titanium dioxide and/or the like. Moreover, the
backing layer 406 may have any thickness, such as approxi-
mately from 1 millimeter (mm) to approximately 20 mm. In
certain embodiments, the backing layer 406, in conjunction
with the dematching layer 416, allows the ultrasound trans-
ducer 400 to transmit more energy in the forward direction,
thereby allowing for broadband imaging operation.

[0061] Typically, the imaging resolution of an ultrasound
transducer 1is inversely proportional to its frequency band-
width. Accordingly, a transducer with a relatively broad band-
width is able to generate relatively short ultrasonic pulses,
which may facilitate distinguishing close targets in an axial
direction. However, the bandwidth of the transducer may be
affected by various parameters such as acoustic matching
schemes of the transducer, an electromechanical coupling
coefficient (kt), piezoelectric coefficient (dt), and/or acoustic
impedance of an acoustic layer in the transducer.

[0062] Accordingly, embodiments of the transducer 400
include the micromachined piezoelectric composite body 410
having a relatively high electromechanical coupling coeffi-
cient kt (for example, at least approximately 0.7) and a rela-
tively low acoustic impedance (for example, less than
approximately 36 MRayls). The relatively high electromag-
netic coupling coefficient kt of the micromachined piezoelec-
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tric composite body 410 allows for efficient conversion of
mechanical energy to electrical energy, and vice versa,
thereby facilitating both transmitting and receiving ultrasonic
waves. Further, the relatively low acoustic impedance of the
micromachined piezoelectric composite body 410 as com-
pared to the dematching layer 416 allows for efficiently
propagating acoustic energy between a loading medium such
as water and the transducer 400. The efficient propagation of
the acoustic energy, in turn, enhances the sensitivity and/or
bandwidth of the transducer 400 by reducing the acoustic
reverberation inside the transducer 400.

[0063] Furthermore, according to certain aspects of the
present specification, the relatively high frequency and/or the
increased bandwidth of the ultrasound transducer 400 allows
for greater imaging resolution and/or image depth. For
example, the transducer 400 may provide broad frequency
response covering about 35-85 MHz (-6 dB) or 15-120 MHz
(-40 dB). The transducer 400, thus, may facilitate multi-
frequency IVUS imaging, for example, at about 40 MHz,
about 60 MHz, and/or about 80 MHz, thus allowing for gen-
eration and display of two or more IVUS images of the same
vessel cross section simultaneously at different frequencies.
[0064] Consequently, the broadband ultrasound transducer
400 may provide improved axial resolution during IVUS
imaging. The improved imaging resolution may be beneficial
for identifying microstructures of atherosclerotic plaques.
Moreover, the relatively low acoustic impedance of the
acoustic layer 408 (specifically the body 410) and the rela-
tively high acoustic impedance of the dematching layer 416
may provide the ultrasound transducer 10 with improved
sensitivity. Such an improved sensitivity may be beneficial
for enabling ultrasound waves to penetrate through blood and
into a vessel wall, which may increase the dynamic range
and/or penetration depth of the ultrasound transducer 400.
[0065] However, merely substituting the transducer 400 for
aconventional transducer in a conventional ultrasound imag-
ing system may not allow for optimal use of the broadband
capabilities of the transducer 400. Particularly, conventional
ultrasound signal processing procedures may not be able to
leverage the multiple frequency imaging capabilities of the
broadband transducer 400. As the conventional ultrasound
signal processing procedures may continue to process the
acquired ultrasound signals at a single frequency, the conven-
tional signal processing procedures may not be able to gen-
erate and display two or more IVUS images of the same
vessel cross section simultaneously at different frequencies.
[0066] In contrast, embodiments of the present specifica-
tion disclose an efficient signal processing method that
employs coded excitation to leverage the multi-frequency
imaging capabilities of the ultrasound transducer 400 for
simultaneously providing images with higher resolution and
greater depth. An embodiment of the method employing
coded excitation is discussed in greater detail with reference
to FIG. 5.

[0067] FIG. 5 illustrates a flow chart 500 depicting an
exemplary method for multi-frequency ultrasound imaging.
The exemplary method may be described in a general context
of computer executable instructions stored and/or executed
on a computing system or a processor. Generally, computer
executable instructions may include routines, programs,
objects, components, data structures, procedures, modules,
functions, and the like that perform particular functions or
implement particular abstract data types. The exemplary
method may also be practiced in a distributed computing
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environment where optimization functions are performed by
remote processing devices that are linked through a wired
and/or wireless communication network. In the distributed
computing environment, the computer executable instruc-
tions may be located in both local and remote computer
storage media, including memory storage devices.

[0068] Further, in FIG. 5, the exemplary method is illus-
trated as a collection of blocks in a logical flow chart, which
represents operations that may be implemented in hardware,
software, or combinations thereof. The various operations are
depicted in the blocks to illustrate the functions that are per-
formed, for example, during the steps of convolving base
ultrasound pulses using a desired code, de-convolving
received echo signals, and generating ultrasound images cor-
responding to multiple frequencies in the exemplary method.
In the context of software, the blocks represent computer
instructions that, when executed by one or more processing
subsystems, perform the recited operations.

[0069] The order in which the exemplary method is
described is not intended to be construed as a limitation, and
any number of the described blocks may be combined in any
order to implement the exemplary method disclosed herein,
or an equivalent alternative method. Additionally, certain
blocks may be deleted from the exemplary method or aug-
mented by additional blocks with added functionality without
departing from the spirit and scope of the subject matter
described herein. For discussion purposes, the exemplary
method will be described with reference to the elements of
FIGS. 1-4.

[0070] As previously noted, conventional IVUS systems
employ only single or two cycles of excitation pulses for
imaging a target feature at a single frequency. However, use of
the conventional excitation pulses having a single frequency
may fail to provide sufficient image resolution and penetra-
tion depth simultaneously in the same or different images.
Accordingly, embodiments of the present method employ a
coded excitation sequence to leverage the multi-frequency
IVUS imaging capability of a broadband transducer, such as
the transducer 106 of FIG. 1 and/or the transducer 400 of FIG.
4.

[0071] It may be noted that although coded excitation has
been used in RADAR and SONAR applications, coded exci-
tation of a conventional IVUS transducer results in unaccept-
ably high-range side lobes due to limited bandwidth. Thus,
coded excitation is typically unfeasible for use in conven-
tional low-bandwidth IVUS imaging. In contrast, use of
coded excitation with an embodiment of the broadband trans-
ducer 106 or 400 of FIG. 1 or 4 significantly improves the
SNR ratio without either increasing a peak transmitted power
or sacrificing resolution of resulting ultrasound images.
[0072] Accordingly, at step 502, one or more desired codes
may be received. In certain embodiments, the desired code
may be received from a user, or may be selected from a
plurality of codes stored in a storage repository such as the
storage device 120 of FIG. 1. Particularly, in one embodi-
ment, the desired code may be retrieved from the storage
repository based on a stored correlation. The stored correla-
tion may correspond to a determined association between the
desired code, imaging requirements at the time, structural
characteristics of the target, and/or operating specifications of
the broadband transducer. For example, a specific code may
be designed and stored as a correlation in the storage reposi-
tory to optimally image a liver of an obese adult male patient
when using a particular broadband transducer and specific
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ultrasound system settings. In certain embodiments, in addi-
tion to the desired code, a center frequency of the base ultra-
sound pulses, a number of cycles of the base ultrasound
pulses, and/or anumber of bits of the desired code may also be
determined based on the stored correlation.

[0073] Further, at step 504, one or more base ultrasound
pulses corresponding to a particular frequency may be con-
volved with the desired code to generate an extended excita-
tion wave. In one embodiment, for example, one, two, or
more cycles of sinusoidal, square, sawtooth, and/or triangular
waves at one or more frequencies, may be encoded using the
desired code and/or a desired sequence of codes. Specifically,
one or more cycles of the base excitation pulses may be
combined and/or may undergo a change in phase to generate
an extended excitation pulse that embeds the desired code.
[0074] In certain embodiments, the extended excitation
pulse may be generated in single and/or tone bursts and may
be unipolar, bipolar, and/or arbitrary pulses having applica-
tion-defined or user-defined duration and/or frequency. Fur-
ther, at step 506, the extended excitation wave is transmitted
to the broadband ultrasound transducer to be transmitted
towards the target. Particularly, the extended excitation pulse
may be used to drive the broadband transducer at multiple
frequency bands, for example at about 40 MHz, 60 MHz,
and/or 80 MHz, for imaging a target region such as a sus-
pected atherosclerotic lesion.

[0075] In one embodiment, at least a portion of the
extended excitation signal is reflected back from the target
region to the broadband ultrasound transducer. Accordingly,
at step 508, the echo signals reflected back from the target in
response to the extended excitation wave are received. Fur-
ther, at step 510, the received echo signals may be digitized.
Specifically, the broadband ultrasound transducer may be
configured to convert the reflected ultrasound signals into
electrical signals for further processing. For example, the
received echo signals may be pre-amplified and digitized for
use in determining clinically useful indicators.

[0076] Further, at step 512, the received echo signals may
be de-convolved. In particular, the received echo signals may
be de-convolved or decoded to recover an original resolution
of the transducer 106 at different frequencies. Subsequently,
at step 514, one or more ultrasound images corresponding to
multiple frequencies may be generated based on the de-con-
volved echo signals. Specifically, the de-convolved echo sig-
nals may be processed at the multiple frequencies to recon-
struct multiple 2D and/or a 3D cross-sectional image of the
target region at the different resolutions and desired penetra-
tion depths.

[0077] In certain other embodiments, these multi-fre-
quency 2D and/or 3D images may be displayed along with
clinically useful information such as patient data on a display
device, such as the display device 124 of FIG. 1. Particularly,
in one embodiment, the multi-frequency 2D and/or 3D
images that are reconstructed from the same set of received
signals and are indicative of high resolution and desired
depth-based information may be simultaneously displayed
on the display device. In a further embodiment, the multi-
frequency 2D and/or 3D images and the clinically useful
information may be stored for later review and analysis, and/
or may be communicated to a remotely located medical prac-
titioner for further evaluation.

[0078] In certain embodiments, the multi-frequency 2D
and/or 3D images including the high resolution and desired
depth-based information may be used for determining struc-
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tural characteristics corresponding to the target region with
greater accuracy. For example, the multi-frequency images
may be used to identify locations and tissue morphology of an
atherosclerotic plaque with very thin fibrous caps, vessel tree,
and/or percentage narrowing at different points within the
lumen of the blood vessel. The structural charactetistics, thus
determined using high resolution and desired depth-based
information, may be used for accurately evaluating a compo-
sition of the plaque or other blockages and assessing a patho-
logical condition of the target region. The assessed informa-
tion may then be communicated to the medical practitioner
audibly or visually on the display device for use in providing
an accurate diagnosis, prescribing treatment, and/or deploy-
ing a vascular stent at the target region of the subject.

[0079] Embodiments of the present method, thus, allow for
multi-frequency IVUS imaging using a coded and/or
extended excitation sequence to drive the broadband trans-
ducer. The extended excitation sequence allows for increase
in total transmitted energy, while maintaining the same peak
power without loss in spatial resolution. Specifically, use of
the extended excitation sequence improves image penetration
at higher frequencies, in turn aiding in accurate evaluation of
lumen dimensions, plaque or lesion composition, and infor-
mation for stent implantation.

[0080] Furthermore, use one single element broadband
transducer allows the user to select more than one frequency
for driving the broadband transducer for simultaneously
acquiring images with desired resolution and penetration.
Accordingly, use of the broadband transducer for multi-fre-
quency imaging obviates the need for additional imaging
systems or transducers, thereby enhancing the cost-effective-
ness of the present ultrasound system. Moreover, use of the
single element broadband transducer allows intrinsic co-reg-
istration of the images acquired at different frequencies,
thereby preventing any ambiguity while reading the images.
[0081] Embodiments of the present system and method,
thus, provide simultaneous acquisition of high resolution and
depth-based information from a target region via use of the
coded excitation and the single element broadband trans-
ducer. Simultaneous availability of both high resolution and
depth-based information allows faster and more comprehen-
sive evaluation of the target region to determine one or more
clinically useful indicators representative of a true medical
condition of the subject.

[0082] It may be noted that although specific features of
various embodiments of the present systems and methods
may be shown in and/or described with respect to only certain
drawings and not in others, this is for convenience only. It is
to be understood that the described features, structures, and/
or characteristics may be combined and/or used interchange-
ably in any suitable manner in the various embodiments, for
example, to construct additional assemblies and techniques.
Furthermore, the foregoing examples, demonstrations, and
process steps, for example, those that may be performed by
the motor controller 108 and the processing subsystem 110
may be implemented by a single device or a plurality of
devices using suitable code on a processor-based system.
[0083] It should also be noted that different implementa-
tions of the present specification may perform some or all of
the steps described herein in different orders or substantially
concurrently, that is, in parallel. In addition, the functions
may be implemented in a variety of programming languages,
including but not limited to Python, C++, or Java. Such code
may be stored or adapted for storage on one or more tangible,
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machine-readable media, such as on data repository chips,
local or remote hard disks, optical disks (that is, CDs or
DVDs), solid-state drives, or other media, which may be
accessed by a processor-based system to execute the stored
code.
[0084] While only certain features of the present specifica-
tion have been illustrated and described herein, many modi-
fications and changes will occur to those skilled in the art. It
is, therefore, to be understood that the appended claims are
intended to cover all such modifications and changes as fall
within the true spirit of the present specification.
1. An ultrasound imaging system, comprising:
a broadband ultrasound transducer configured to transmit
ultrasound pulses towards a target; and
a processing subsystem operatively coupled to the broad-
band ultrasound transducer and configured to:
convolve one or more base ultrasound pulses corre-
sponding to a particular frequency with a desired code
to generate an extended excitation wave;

transmit the extended excitation wave to the broadband
ultrasound transducer to be transmitted towards the
target;

receive echo signals reflected back from the target in
response to the extended excitation wave;

de-convolve the received echo signals; and

generate one or more ultrasound images of the target
corresponding to multiple frequencies based on the
de-convolved echo signals.

2. The system of claim 1, wherein the broadband ultra-
sound transducer, comprises:

a micromachined piezoelectric composite body having a
front side and a back side opposite to the front side,
wherein the micromachined piezoelectric composite
body is configured to convert electrical signals into
ultrasound waves to be transmitted from the front side
toward the target, and wherein the micromachined
pieroelectric composite body is configured to convert
the received echo signals into electrical signals; and

adematching layer connected to the back side of the micro-
machined piezoelectric composite body and having
higher acoustic impedance than an acoustic impedance
of the micromachined piezoelectric composite body.

3. The system of claim 1, wherein the processing sub-
system is configured to receive the desired code from a user,
a storage repository, or a combination thereof.

4. The system of claim 1, wherein the processing sub-
system is configured to select a center frequency of the base
ultrasound pulses, a number of cycles of the base ultrasound
pulses, a number of bits of the desired code, or combinations
thereof, based on user input, a stored correlation, or a com-
bination thereof.

5. The system of claim 1, further comprising a display
device configured to simultaneously display the ultrasound
images corresponding to multiple frequencies.

6. The system of claim 1, wherein the broadband ultra-
sound transducer is a single element transducer disposed at
one end of an intravascular ultrasound device.

7. The system of claim 1, wherein the ultrasound imaging
system is a non-destructive evaluation system.

8. A method for ultrasound imaging, comprising:

convolving one or more base ultrasound pulses corre-
sponding to a particular frequency with a desired code to
generate an extended excitation wave;
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transmitting the extended excitation wave to a broadband
ultrasound transducer to be transmitted towards the tar-
get;

receiving echo signals reflected back from the target in

response to the extended excitation wave;
de-convolving the received echo signals; and

generating one or more ultrasound images of the target

corresponding to multiple frequencies based on the de-
convolved echo signals.

9. The method of claim 8, further comprising receiving the
desired code from a user, a storage repository, or a combina-
tion thereof.

10. The method of claim 9, further comprising designing
the desired code based on imaging requirements, structural
characteristics of the target, operating specifications of the
broadband transducer, or combinations thereof.

11. The method of claim 9, wherein receiving the desired
code comprises retrieving the desired code from a storage
repository based on a stored correlation between one or more
imaging parameters and one or more desired image quality
tradeoffs corresponding to a particular imaging application.

12. The method of claim 10, wherein retrieving the desired
code comprises selecting the desired code from a plurality of
codes based on the stored correlation.

13. The method of claim 8, further comprising selecting a
center frequency of the base ultrasound pulses, a number of
cycles of the base ultrasound pulses, a number of bits of the
desired code, or combinations thereof, based on user input,
imaging requirements, structural characteristics of the target,
operating specifications of the broadband transducer, or a
combination thereof.

14. The method of claim 8, further comprising simulta-
neously displaying the ultrasound images corresponding to
multiple frequencies on a display device.

15. The method of claim 8, wherein convolving the one or
more base ultrasound pulses comprises encoding one or more
cycles of sinusoidal waves to generate the extended excitation
wave.

16. The method of claim 8, wherein convolving the one or
more base ultrasound pulses comprises encoding one or more
cycles of sinusoidal waves, square waves, sawtooth-shaped
waves, triangular waves, or combinations thereof, using more
than one desired code to generate the extended excitation
wave.

17. The method of claim 8, wherein convolving the one or
more base ultrasound pulses comprises encoding one or more
cycles of the base ultrasound pulses using a desired sequence
of codes.

18. The method of claim 8, further comprising providing an
assessment of the target based on the ultrasound images of the
target corresponding to multiple frequencies.

19. The method of claim 8, wherein providing an assess-
ment of the target comprises identifying microstructures of
atherosclerotic plaques in the target, wherein the target is a
person.

20. A non-transitory computer readable medium that stores
instructions executable by one or more processors to perform
a method for ultrasound imaging, comprising:

convolving one or more base ultrasound pulses corre-

sponding to a particular frequency with a desired code to
generate an extended excitation wave;

transmitting the extended excitation wave to a broadband

ultrasound transducer to be transmitted towards the tar-
get,
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receiving echo signals reflected back from the target in
response to the extended excitation wave;

de-convolving the received echo signals; and

generating one or more ultrasound images of the target
corresponding to multiple frequencies based on the de-
convolved echo signals.
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