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SYSTEM AND METHOD FOR FOCUSING
ULTRASOUND IMAGE DATA

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
patent application Ser. No. 15/133,072, filed Apr. 19, 2016,
now U.S. Pat. No. , which is a continuation of U.S.
patent application Ser. No. 13/974,757, filed Aug. 23, 2013,
now U.S. Pat. No. 9,314,226, which claims priority to and
the benefit of U.S. Provisional Patent Application No.
61/693,118, filed Aug. 24, 2012, each of which is hereby
incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] The present disclosure relates generally to intra-
vascular ultrasound (IVUS) imaging and, in particular, to
receiving and focusing ultrasound information to produce an
image. In various embodiments, the focusing system
receives information from an array of ultrasound transduc-
ers, such as piezoelectric micromachine ultrasound trans-
ducers (PMUTs), capacitive micromachined ultrasonic
transducers (CMUTs), and piezoelectric zirconate transduc-
ers (PZTs). The focusing system processes the data to
produce an ultrasound image. For example, some embodi-
ments of the present disclosure provide an IVUS imaging
system particularly suited to imaging a human blood vessel.

BACKGROUND

[0003] Intravascular ultrasound (IVUS) imaging is widely
used in interventional cardiology as a diagnostic tool for
assessing a diseased vessel, such as an artery, within the
human body to determine the need for treatment, to guide
the intervention, and/or to assess its effectiveness. An IVUS
device including one or more ultrasound transducers is
passed into the vessel and guided to the area to be imaged.
The transducers emit ultrasonic energy in order to create an
image of the vessel of interest. Ultrasonic waves are partially
reflected by discontinuities arising from tissue structures
(such as the various layers of the vessel wall), red blood
cells, and other features of interest. Echoes from the
reflected waves are received by the transducer and passed
along to an IVUS imaging system. The imaging system
processes the received ultrasound echoes to produce a
cross-sectional image of the vessel where the device is
placed.

[0004] There are two general types of IVUS devices in use
today: rotational and solid-state (also known as synthetic
aperture phased array). For a typical rotational IVUS device,
a single ultrasound transducer element is located at the tip of
a flexible driveshaft that spins inside a plastic sheath inserted
into the vessel of interest. The transducer element is oriented
such that the ultrasound beam propagates generally perpen-
dicular to the axis of the device. The fluid-filled sheath
protects the vessel tissue from the spinning transducer and
driveshaft while permitting ultrasound signals to propagate
from the transducer into the tissue and back. As the drive-
shaft rotates, the transducer is periodically excited with a
high voltage pulse to emit a short burst of ultrasound. The
same transducer then listens for the returning echoes
reflected from various tissue structures. The IVUS imaging
system assembles a two dimensional display of the vessel
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cross-section from a sequence of pulse/acquisition cycles
occurring during a single revolution of the transducer.
[0005] 1In contrast, solid-state TVUS devices carry a trans-
ducer complex that includes an array of ultrasound trans-
ducers distributed around the circumference of the device
connected to a set of transducer controllers. The transducer
controllers select individual transducers for transmitting an
ultrasound pulse and for receiving the echo signal. By
stepping through a sequence of transmit-receive pairs, the
solid-state IVUS system can synthesize the effect of a
mechanically scanned transducer element but without mov-
ing parts. Since there is no rotating mechanical element, the
transducer array can be placed in direct contact with the
blood and vessel tissue with minimal risk of vessel trauma.
Furthermore, because there is no rotating element, the
interface is simplified. The solid-state scanner can be wired
directly to the imaging system with a simple electrical cable
and a standard detachable electrical connector.

[0006] Despite their wide acceptance, traditional solid-
state IVUS imaging systems have been held back by the
processing required to form a focused image from the
received echoes. Processing and focusing the ultrasound
data typically involves high-speed, high-performance com-
putational cores connected to large memory banks. Such
hardware is expensive to manufacture and has limited the
quality of the image produced. Thus, while existing IVUS
imaging systems have proven useful, there remains a need
for improved resolution and performance, particularly when
it can be delivered in a more economical system. Accord-
ingly, the need exists for improvements to solid-state IVUS
signal processing systems.

SUMMARY

[0007] Embodiments of the present disclosure provide a
high-performance, high-efficiency temporal focusing
engine, which may be used in applications such as a solid-
state intravascular ultrasound imaging system.

[0008] In some embodiments, an ultrasound processing
system is provided. The system includes first and second
aperture engines; an A-line data interface providing at least
a portion of A-line data to the first and second aperture
engines; and an engine controller communicatively coupled
to the first and second aperture engines. The engine con-
troller provides at least first and second aperture assignments
designating portions of the A-line data to the first and second
aperture engines, respectively. The first and second aperture
engines receive the first and second aperture assignments,
respectively, receive the at least a portion of the A-line data,
perform one or more focusing processes on the received
A-line data, and produce focused data in accordance with the
first and second aperture assignments, respectively. In one
such embodiment, the engine controller further monitors to
determine when one of the first and second aperture engines
produces focused data, and provides a third aperture assign-
ment to the one of the first and second aperture engines when
it is determined that the one of the first and second aperture
engines has produced focused data.

[0009] Insome embodiments, a method of focusing ultra-
sound echo data is provided. The method comprises assign-
ing a set of apertures to a set of aperture engines, providing
an ultrasonic dataset for one or more transducer within the
set of apertures to each of the aperture engines within the set
of aperture engines, producing a focused A-line dataset
when it is determined that a first aperture engine of the set



US 2018/0070922 A1

of aperture engines has sufficient data to produce the focused
A-line dataset, and thereafter assigning another aperture to
the first aperture engine.

[0010] In some embodiments, a system for processing
echo data is provided. The system comprises a means for
performing focusing processes on an echo dataset; a means
for unimpededly providing at least a portion of the echo
dataset communicatively coupled to the means for perform-
ing focusing processes; and a means for performing a
round-robin assignment of apertures by providing configu-
ration information designating portions of the echo dataset
to the means for performing focusing processes. The means
for performing the round-robin assignment is communica-
tively coupled to the means for performing focusing pro-
cesses.

[0011] In some embodiments, an ultrasound system is
provided, the system comprising a set of first-level aperture
engines; a set of second-level aperture engines communica-
tively coupled to one or more of the set of first-level aperture
engines; an A-line data interface providing at least a portion
of A-line data to each engine of the set of first-level aperture
engines; and an engine controller communicatively coupled
to each engine of the set of first-level aperture engines. The
engine controller provides a sub-aperture assignment desig-
nating portions of the A-line data to each engine of the set
of first-level aperture engines. The engines of the set of
first-level aperture engines each: receive a provided sub-
aperture assignment; receive the at least a portion of the
A-line data; perform one or more first-level focusing process
on the received A-line data; and produce partially-focused
data in accordance with the provided sub-aperture assign-
ment. The engines of the set of second-level aperture
engines each: receive partially-focused data from the
coupled engines of the set of first-level aperture engines,
perform one or more second-level focusing processes on the
received partially-focused data, and produce focused aper-
ture data. In one such embodiment, the engine controller
further monitors to determine when one engine of the set of
first-level aperture engines produces partially focused data,
and provides another sub-aperture assignment to the one
engine of the set of first-level aperture engines when it is
determined that the one engine has produced partially-
focused data.

[0012] In some embodiments, a method of focusing ultra-
sound echo data is provided, the method comprising: assign-
ing a set of sub-apertures to a set of first-level aperture
engines; providing at least a portion of an ultrasonic dataset
to each engine of the set of first-level aperture engines;
producing a partially-focused A-line dataset when it is
determined that a first first-level aperture engine of the set of
first-level aperture engines has sufficient data to produce the
partially-focused A-line dataset; thereafter assigning another
sub-aperture to the first first-level aperture engine; receiving
the partially-focused A-line dataset at a first second-level
aperture engine of the set of second-level aperture engines;
and producing a focused A-line dataset when it is deter-
mined that the first second-level aperture engine has suffi-
cient data to produce the focused A-line dataset.

[0013] In some embodiments, a system is provided com-
prising: a bump map generator receiving a transducer con-
figuration specifying a emitter/receiver transducer pair and
producing a bump map based on the transducer configura-
tion; a clock signal generator producing a fixed-frequency
clock having a clock frequency; and an analog-to-digital
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converter that performs: receiving analog data correspond-
ing to the emitter/receiver transducer pair; and producing
digital data based on the analog data having a sample rate
determined by the fixed-frequency clock and the bump map.
[0014] In some embodiments, a method is provided com-
prising: receiving analog echo data corresponding to an
emitter/receiver transducer pair; receiving a fixed-frequency
reference clock having a clock frequency; receiving a trans-
ducer configuration based on the emitter/receiver transducer
pair; determining a bump map from the transducer configu-
ration; and digitizing the analog echo data to produce digital
echo data. The digital echo data has a sampling interval
determined by the fixed-frequency reference clock and the
bump map.

[0015] In some embodiments, an ultrasound processing
system is provided. The system comprises a digital data
interface receiving digital ultrasound echo data; and a fre-
quency converter communicatively coupled to the digital
data interface. The frequency converter receives the digital
ultrasound echo data and a measure of resolution for a
display image and resamples the digital ultrasound echo data
to produce resampled digital ultrasound echo data having a
sampling interval based on the measure of resolution.
[0016] In some embodiments, a method is provided com-
prising: receiving digital ultrasound echo data; receiving a
measure of resolution for a display image; and resampling
the digital ultrasound echo data based on the measure of
resolution.

[0017] In some embodiments, a system for resampling
ultrasound data is provided. The system comprises a signal
interface receiving an ultrasound data stream; a coefficient
interface receiving a set of weighting coefficients; and a
weighted interpolation network communicatively coupled to
the signal interface and the coefficient interface. The
weighted interpolation network includes a plurality of delay
devices delaying the ultrasound data stream, wherein the
delaying produces a plurality of delayed ultrasound data
streams; a plurality of weighting units applying the set of
weighting coeflicients to the plurality of delayed ultrasound
data streams, wherein the applying produces a plurality of
weighted ultrasound data streams; and a summing unit
adding the plurality of weighted ultrasound data streams to
produce a resampled ultrasound data stream.

[0018] In some embodiments, a method of processing
ultrasound data is provided. The method comprises: receiv-
ing digital ultrasound data; delaying the digital ultrasound
data by a first delay amount to produce first delayed digital
ultrasound data; applying a first weighting to the first
delayed digital ultrasound data to produce first weighted
ultrasound data; delaying the digital ultrasound data by a
second delay amount to produce second delayed digital
ultrasound data; applying a second weighting to the second
delayed digital ultrasound data to produce second weighted
ultrasound data; and adding the first and second weighted
ultrasound data to produce resampled digital ultrasound
data.

[0019] In some embodiments, an ultrasound processing
system is provided. The system comprises: first and second
baseband aperture engines; an A-line data interface provid-
ing at least a portion of A-line data to the first and second
aperture engines; and an engine controller communicatively
coupled to the first and second aperture engines. The engine
controller provides first and second aperture assignments
designating portions of the A-line data to the first and second
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aperture engines, respectively. The first and second base-
band aperture engines receive the first and second aperture
assignments, respectively; receive the at least a portion of
the A-line data, perform one or more baseband focusing
processes on the received A-line data; and produce focused
data in accordance with the first and second aperture assign-
ments, respectively. In one such embodiment, the engine
controller further monitors to determine when one of the first
and second baseband aperture engines produces focused
data, and provides a third aperture assignment to the one of
the first and second baseband aperture engines when it is
determined that the one of the first and second baseband
aperture engines has produced focused data.

[0020] In some embodiments, a method of focusing ultra-
sound echo data is provided. The method comprises: assign-
ing a set of apertures to a set of baseband aperture engines;
providing an ultrasonic dataset for one or more transducer
within the set of apertures to each of the baseband aperture
engines within the set of baseband aperture engines; pro-
ducing a focused A-line dataset when it is determined that a
first engine of the set of baseband aperture engines has
sufficient data to produce the focused A-line dataset; and
thereafter assigning another aperture to the first engine.
[0021] Some embodiments of the present disclosure incor-
porate a parallel arrangement of aperture engines performing
focusing calculations according to round-robin aperture
assignments in order to achieve high resource utilization and
optimal throughput. The parallel arrangement of focusing
engines takes advantage of the highly parallel nature of
focusing processes. In some embodiments, the aperture
engines selectively obtain echo data from a common bus
based on the aperture assignment, which avoids the need for
data steering circuitry. The simplified data bus allows for
more implementation options. For example, in some
embodiments, each aperture engine is implemented on a
separate low-cost device such as an ASIC, FPGA, DSP,
microcontroller, or CPU, whereas, in some embodiments,
multiple aperture engines are implemented on a single
device, such as an ASIC, FPGA, DSP, microcontroller, or
CPU.

[0022] Further embodiments utilize a hierarchical arrange-
ment of parallel aperture engines to divide focusing com-
putations. This configuration allows further flexibility in
implementation. For example, in some embodiments, lower
level focusing is performed near to the transducers, such as
in the transducer complex or on the wire. Digitization of
echo data close to the transducers may reduce line loss and
transmission noise, and such embodiments may also sim-
plify the interface between the IVUS device and the remain-
der of the IVUS system. In some embodiments, lower-level
engines are part of a sterile package and operate within a
sterile field, while upper level engines are located outside the
sterile field, such as in an adjacent observation area. The
simplified interface of a hierarchical arrangement reduces
the number of wires that cross the sterile boundary. In
embodiments utilizing a wireless interface, potential
avenues for contamination are further reduced.

[0023] Various embodiments utilize intelligent resampling
to reduce the dataset required to represent digitized echo
data. In some embodiments, this reduces data handling
thereby allowing reductions in bus width, bus speed, bus
buffering, and/or data storage. In some embodiments,
reduced data size allows reduction in processing resources
allocated to focusing tasks such as time-of-flight adjustment,
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apodization, and summation. In turn, this may deliver
smaller, more economical, and more energy-efficient imple-
mentations.

[0024] Some embodiments of the present disclosure
reduce the size of the echo dataset without adversely affect-
ing the quality of the focused echo data by utilizing variable-
rate digitization of analog echo data. In some embodiments,
variable-rate digitization is performed utilizing fixed-rate
components through the use of a bump map. This imple-
mentation may convey additional advantages as fixed-rate
components may draw less power, may avoid complex
control circuitry, and may exhibit improved durability and
longevity when compared to variable-rate equivalents.
[0025] Some embodiments of the present disclosure
reduce the size of the echo dataset by accounting for the
resolution of the final image. The final image is composed of
pixels, which are regions of uniform color and intensity.
Accordingly, in some embodiments, data beyond an amount
needed to determine a pixel can be discarded without
affecting the final image. This can result in improved effi-
ciency, reduced system size, and reduced cost. In an embodi-
ment, per-pixel resampling allows a mid-range imaging
system to produce a high-resolution image such one con-
figured for a high-definition display.

[0026] Some embodiments of the present disclosure man-
age the size of the echo dataset by performing an interpo-
lated phase shift as an alternative to upsampling. The
interpolated phase shift provides increased data granularity
without the higher data rate associated with upsampling. In
some embodiments, this retains the benefits of the lower
bit-rates including lower clock frequencies, reduced data
steering, decreased circuit complexity, and reduced memory
requirements. As another advantage, certain focusing steps
may benefit from increased data granularity while others
may benefit from lower bit rates. Instead of resampling prior
to each focusing step, in some embodiments, the interpo-
lated phase shift replaces an upsampling process followed
by a downsampling process.

[0027] Further embodiments extend the round-robin archi-
tecture and scheduling to baseband focusing of echo data.
Because baseband representations of echo data have lower
characteristic frequencies, digital sampling rates can be
reduced. The reduced sampling rate may accordingly reduce
bus speed, data storage requirements, clock frequency,
power consumption, and/or processing hardware required
for other focusing steps.

[0028] Additional aspects, features, and advantages of the
present disclosure will become apparent from the following
detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] Illustrative embodiments of the present disclosure
will be described with reference to the accompanying draw-
ings, of which:

[0030] FIG. 1 is a diagrammatic schematic view of an
imaging system according to aspects of the present disclo-
sure.

[0031] FIG. 2 is a flow diagram of a method of generating
ultrasound data according to aspects of the present disclo-
sure.

[0032] FIG. 3 is a radial cross-sectional view of a portion
of a transducer complex according to aspects of the present
disclosure.
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[0033] FIG. 4 is a radial cross-sectional view of a portion
of a transducer complex according to aspects of the present
disclosure.

[0034] FIG. 5 is an aperture diagram of a transducer
complex according to aspects of the present disclosure.
[0035] FIG. 6 is a radial cross-sectional view of a portion
of a transducer complex according to aspects of the present
disclosure.

[0036] FIG. 7 is a flow diagram of a method of collecting
ultrasound data for multiple apertures concurrently accord-
ing to aspects of the present disclosure.

[0037] FIG. 8 is a plot of received transducer echo data
over time according to aspects of the present disclosure.
[0038] FIGS. 9a and 96 are schematic diagrams of vari-
able-clock-rate digitizers according to aspects of the present
disclosure.

[0039] FIG. 10 is a flow diagram of a method of gener-
ating variable-rate digitized ultrasound data according to
aspects of the present disclosure.

[0040] FIG. 11 is a cross-sectional view of a focused
aperture of a transducer complex according to aspects of the
present disclosure.

[0041] FIG. 12 is a schematic of a focusing system accord-
ing to aspects of the present disclosure.

[0042] FIG. 13 is a schematic of an aperture engine
according to aspects of the present disclosure.

[0043] FIG. 14 is a schematic of a TOF and apodization
unit according to aspects of the present disclosure.

[0044] FIG. 15 is an illustration of an ultrasound image
produced by an intravascular ultrasound imaging system
according to aspects of the present disclosure.

[0045] FIG. 16 is a plot of received transducer echo data
over time according to aspects of the present disclosure.
[0046] FIG. 17 is a schematic of a resampling device
according to aspects of the present disclosure.

[0047] FIG. 18 is a schematic of a resampling network
according to aspects of the present disclosure.

[0048] FIG. 19 is a flow diagram of a method of resam-
pling ultrasound data according to aspects of the present
disclosure.

[0049] FIG. 20 is a flow diagram ofa method of producing
focused data utilizing an aperture engine according to
aspects of the present disclosure.

[0050] FIG. 21 is a schematic of a focusing system accord-
ing to aspects of the present disclosure.

[0051] FIG. 22 is a flow diagram of a method for focusing
multiple apertures according to aspects of the present dis-
closure.

[0052] FIG. 23 is a schematic of a focusing system accord-
ing to aspects of the present disclosure.

[0053] FIG. 24 is a schematic of a hierarchically arranged
focusing system according to aspects of the present disclo-
sure.

[0054] FIG. 25 is a flow diagram of a method for per-
forming hierarchical focusing according to aspects of the
present disclosure.

[0055] FIGS. 26a and 264 are schematic diagrams of
baseband modulators according to aspects of the present
disclosure.

[0056] FIG. 27 is a schematic of a baseband aperture
engine according to aspects of the present disclosure.
[0057] FIG. 28 is a flow diagram of a method of baseband
aperture focusing according to aspects of the present dis-
closure.

Mar. 15,2018

[0058] FIG. 29 is a schematic of a baseband focusing
system according to aspects of the present disclosure.
[0059] FIG. 30 is a flow diagram of a method for focusing
multiple apertures according to aspects of the present dis-
closure.

[0060] FIG. 31 is a flow diagram of a method of utilizing
the ITVUS device according to aspects of the present disclo-
sure.

DETAILED DESCRIPTION

[0061] For the purposes of promoting an understanding of
the principles of the present disclosure, reference will now
be made to the embodiments illustrated in the drawings, and
specific language will be used to describe the same. It is
nevertheless understood that no limitation to the scope of the
disclosure is intended. Any alterations and further modifi-
cations to the described devices, systems, and methods, and
any further application of the principles of the present
disclosure are fully contemplated and included within the
present disclosure as would normally occur to one skilled in
the art to which the disclosure relates. For example, while
the focusing system is described in terms of cardiovascular
imaging, it is understood that it is not intended to be limited
to this application. The system is equally well suited to any
application requiring imaging within a confined cavity. In
particular, it is fully contemplated that the features, compo-
nents, and/or steps described with respect to one embodi-
ment may be combined with the features, components,
and/or steps described with respect to other embodiments of
the present disclosure. For the sake of brevity, however, the
numerous iterations of these combinations will not be
described separately.

[0062] FIG. 1 is a diagrammatic schematic view of an
intravascular ultrasound (IVUS) imaging system 100
according to aspects of the present disclosure. In some
embodiments of the present disclosure, the IVUS imaging
system 100 is a piezoelectric micromachine ultrasound
transducer (PMUT) solid-state IVUS imaging system. In
some embodiments, the IVUS imaging system 100 is a
CMUT or PZT solid-state IVUS imaging system. The IVUS
imaging system 100 may include an IVUS device 102 such
as a catheter, guide wire, or guide catheter, a patient interface
module (PIM) 104, an IVUS processing system or console
106, and/or a monitor 108.

[0063] At a high level, the IVUS device 102 emits ultra-
sonic energy from a transducer complex 110 near the tip of
the device. The ultrasonic energy is reflected by structures
within the environment surrounding the transducer complex
110. The transducer complex 110 also receives and measures
the reflected waves.

[0064] The PIM 104 facilitates communication of signals
between the IVUS console 106 and the IVUS device 102 to
control the operation of the transducer complex 110. This
includes transferring echo data detected by the transducer
complex 110 to the IVUS console 106. In that regard, the
PIM 104 forwards the echo data received and, in some
embodiments, performs preliminary processing of the echo
data prior to transmitting the data to the console 106. In
examples of such embodiments, the PIM 104 performs
amplification, filtering, and/or aggregating of the data. In an
embodiment, the PIM 104 also supplies high- and low-
voltage DC power to support operation of the device 102
including circuitry within the transducer complex 110.
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[0065] The IVUS console 106 receives the echo data from
the transducer complex 110 by way of the PIM 104 and
processes the data to create an image of the environment
surrounding the transducer complex 110. The console 106
may also display the image on the monitor 108.

[0066] In some embodiments, the IVUS device includes
some features similar to traditional solid-state IVUS cath-
eters, such as the EagleEye® catheter available from Vol-
cano Corporation and those disclosed in U.S. Pat. No.
7,846,101 hereby incorporated by reference in its entirety.
For example, the IVUS device 102 includes the transducer
complex 110 at a distal end of the device 102 and a
transmission line bundle 112 extending along the longitu-
dinal body of the device 102. The transmission line bundle
112 terminates in a PIM coupler 114 at a proximal end of the
device 102. The PIM coupler 114 electrically couples the
transmission line bundle 112 to the PIM 104 and physically
couples the IVUS device 102 to the PIM 104. In an
embodiment, the IVUS device 102 further includes a guide
wire exit port 116. Accordingly, in some instances the IVUS
device is a rapid-exchange catheter. The guide wire exit port
116 allows a guide wire 118 to be inserted towards the distal
end in order to direct the device 102 through a vessel 120.
Vessel 120 represents fluid filled or surrounded structures,
both natural and man-made, within a living body that may
be imaged and can include for example, but without limi-
tation, structures such as: organs including the liver, heart,
kidneys, gall bladder, pancreas, lungs; ducts; intestines;
nervous system structures including the brain, dural sac,
spinal cord and peripheral nerves; the urinary tract; as well
as valves within the blood or other systems of the body. In
addition to imaging natural structures, the images may also
include imaging man-made structures such as, but without
limitation, heart valves, stents, shunts, filters and other
devices positioned within the body, for example, a guide
wire or guide catheter. In an embodiment, the TVUS device
102 also includes an inflatable balloon portion 122 near the
distal tip. The balloon portion 122 is open to a duct that
travels along the length of the IVUS device and ends in an
inflation port (not shown). The balloon 122 may be selec-
tively inflated and deflated via the inflation port.

[0067] The IVUS processing system 106 is designed to
operate in conjunction with the IVUS device 102 to produce
high-resolution images from within narrow passageways. To
advance the performance of IVUS imaging devices com-
pared to the current state of the art, embodiments of the
present disclosure incorporate advanced transducer tech-
nologies, such as PMUT, that offer wide bandwidth (>100%)
and a spherically-focused aperture. The broad bandwidth is
important for producing a short ultrasound pulse to achieve
optimum resolution in the radial direction, and the spheri-
cally focused aperture provides optimum resolution in the
lateral and elevation dimensions. The improved resolution
provided by PMUT and other advanced ultrasound trans-
ducer technologies facilitates better diagnostic accuracy,
enhances the ability to discern different tissue types, and
enhances the ability to accurately ascertain the borders of the
vessel lumen. Embodiments of the present disclosure also
provide an improved focusing engine within the IVUS
processing system 106, which improves focusing resolution,
reduces noise and artifacts, and delivers increased resolution
and frame rate while utilizing more efficient and more
economical components.
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[0068] A method of collecting ultrasound data is described
with reference to FIGS. 2, 3, and 4. FIG. 2 is a flow diagram
of a method 200 of generating ultrasound data according to
aspects of the present disclosure. It is understood that
additional steps can be provided before, during, and after the
steps of method 200, and some of the steps described can be
replaced or eliminated for other embodiments of the method.
FIGS. 3 and 4 are radial cross-sectional views of a portion
of a transducer complex 110 according to aspects of the
present disclosure.

[0069] The transducer complex 110 houses an array of
transducers 302, thirteen of which are illustrated in FIG. 3.
The transducers 302 are grouped into apertures 304, includ-
ing apertures 304a, 3045, and 304¢. In some embodiments,
each transducer 302 may be part of one or more apertures
304. For example, transducer 302¢ is included in apertures
304a, 3045, and 304¢. By way of non-limiting example, in
the illustrated embodiment, each aperture 304 contains nine
transducers 302. Other aperture widths are contemplated.
For example, further embodiments have apertures 304 con-
taining 8, 10, 12, 14, 16, or 32 transducers 302. In an
embodiment, an aperture 304 contains 128 transducers 302.
[0070] Referring to block 202 and FIG. 3, the aperture 304
and the associated transducers 302 within the aperture are
identified. This may include determining which particular
transducer is located at each end of the aperture. Referring
to FIG. 3, for exemplary aperture 304a, transducer 3024 is
at a first end, and transducer 302 is located at a second end.
In block 204, initial emitting and receiving transducers are
designated. Groupings of emitting and receiving transducers
are referred to as A-lines. Within an A-line, more than one
emitting transducer and more than one receiving transducer
may be configured to act together. Furthermore, in some
embodiments, a transducer may be designated as both an
emitting and a receiving transducer. Accordingly, in an
exemplary firing, transducer 302a is both the initial emitting
transducer and the initial receiving transducer.

[0071] Inblock 206, the designated emitting transducer (in
the current example, transducer 302a) or transducers are
triggered to emit ultrasonic energy. A portion of the ultra-
sonic energy (e.g., the portion directed along the line indi-
cated by arrows 306) is reflected by a target structure 308
located in the environment surrounding the transducer com-
plex 110. In block 208, the designated receiving transducer
(in the current example, transducer 302a) or transducers
receive the reflected ultrasonic echo (indicated by arrows
310a). For the purposes of this disclosure, the act of receiv-
ing by a transducer may include experiencing an energy
impulse such as an ultrasonic echo, converting the received
impulse into a signal such as an electric potential, transmit-
ting the converted signal, measuring the converted signal,
and/or other suitable receiving steps. In some embodiments,
a plurality of emitting transmitters is fired as a group. Firing
transducers as a group may create a stronger ultrasonic
transmission. Particularly in, but not limited to, embodi-
ments using relatively small emitting transducers and/or
embodiments imaging relatively long distances, a stronger
emission improves the signal-to-noise ratio. Similarly, in
some embodiments, a plurality of receiving transducers is
set to receive as a group. The group of transducers may
produce a stronger electrical potential with a better imaging
characteristics than individual transducers acting alone.
[0072] Inthe illustrated embodiment, a sequence of firings
are produced for each emitting transducer using a series of
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receiving transducers. The receiving transducers are stepped
through according to a walk pattern. An exemplary walk
pattern, which may be designated a forward walk, advances
transducers in an arbitrary first direction (e.g., from trans-
ducer 302a to 3025 to 302¢). A backward walk advances
transducers in a direction opposite the first direction (e.g.,
from transducer 302¢ to 3025 to 302q). Other walk patterns
utilize more than one direction, skip transducers, repeat
transducers, group transducers and/or operate according to
any other suitable pattern. When the receive cycle is com-
plete, the next emitting transducer is selected.

[0073] Accordingly, in block 210, it is determined whether
the current receiving transducer or transducers are the final
transducer in the walk pattern. In some exemplary pattern,
the final transducer in the pattern is the transducer at an end
of the aperture (e.g., transducer 302a and/or transducer 302
for aperture 304a). In some exemplary patterns, the final
receiving transducer is the emitting transducer. If the receiv-
ing transducer is not the final transducer in the pattern, in
block 212, the next receiving transducer or transducers are
designated according to the walk pattern. In the embodiment
depicted in FIG. 3, according to a forward walk pattern,
transducer 3025 is designated as the next receiving trans-
ducer.

[0074] From block 212, the transmit and receive sequence
of blocks 206 and 208 is repeated using the newly desig-
nated transmitter and receiver pair. In the illustrated embodi-
ment of FIG. 3, an emission from transducer 302 (indicated
by arrows 306) is reflected by the target structure 308. The
reflection is received and converted by transducer 3025
(indicated by arrows 3105). In the next iteration, emissions
from transducer 3024 are received by transducer 302¢
(indicated by arrows 310¢). This proceeds until the forward
walk pattern reaches transducer 302i (indicated by arrows
310¢), which is the final receiving transducer in the aperture
304a. This completes the receive cycle for emitting trans-
ducer 302q.

[0075] Upon completion of the receive cycle, the method
proceeds from block 210 to block 214 where it is determined
whether the emitting transducer or transducers are the final
emitting transducer according to an emitter walk pattern. In
some embodiments. the final emitting transducer in the
pattern is the transducer at an end of the aperture. If the
emitting transducer is not the final transducer, in block 216,
the next emitting transducer is designated. In some embodi-
ments, this includes modifying an aspect of the receiver
walk pattern as well. The walk pattern of the receiving
transducers may be switched, for example, by switching
from a forward walk pattern to a backward walk pattern. A
new receiving transducer may also be designated. For
example, the receiving transducer may be changed from
transducer 302i to 3022 when the emitting transducer
changes. Other embodiments incorporate further modifica-
tions to the receive sequence.

[0076] Referring now to FIG. 4, in the illustrated embodi-
ment, transducer 3025 is designated the next emitting trans-
ducer, and the receiver walk pattern is switched to a back-
ward walk pattern. In this embodiment, the designated
receiving transducer, 302/, remains unchanged. In block
206, emitting transducer 3025 creates an ultrasound emis-
sion (indicated by arrows 406), which is reflected by the
target structure 308 and received by transducer 302 (indi-
cated by arrows 410i). Because of the backward walk
pattern, in the next iteration, the emissions from transducer
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3024 are received by transducer 302/ (indicated by arrows
410/2) and subsequently transducer 302g (indicated by
arrows 410g). The method continues until final emitting
transducer has completed a receive cycle, and, in some
embodiments, the A-line combinations of emitting transduc-
ers and receiving transducers within the aperture are
exhausted.

[0077] It is understood that disclosing the method 200 in
terms of stepping through receiving transducer for a desig-
nated emitting transducer is purely arbitrary. In some
embodiments, a receiving transducer is designated and the
method 200 proceeds through a sequence of emitting trans-
ducers before designating a new receiving transducer. Fur-
thermore, the emitter and receiver walk patterns disclosed
with reference to FIGS. 3-4 are examples selected for clarity
of illustration. Other walk patterns are contemplated and
provided for.

[0078] As can be seen, for each of the exemplary nine-
transducer apertures 304, 81 transducer combinations (or
A-lines) exist. In some embodiments, the number of A-line
firings is reduced by assuming that A-line data exhibits a
reciprocal nature. In other words, a signal emitted by trans-
ducer 302a and received by transducer 302i may be a
suitable substitute for a signal emitted by transducer 302i
and received by transducer 302a. Thus, in some embodi-
ments, only one A-line for each reciprocal A-line pair is
generated.

[0079] FIG. 5 is an aperture diagram 500 of a transducer
complex 110 according to aspects of the present disclosure.
FIG. 5 illustrates the relationship between transducer pairs
(A-lines) and the associated apertures and the relationship
between adjacent apertures. As can be seen, the aperture
diagram 500 of FIG. 5 leverages the reciprocal nature of the
data to reduce the number of A-line firings. In the illustrated
embodiment, for an aperture having N transducers and an
initial transducer index of 1, signals generated by transducer
T, are received by each transducer between T, and T, .,
inclusive. Signals generated by a subsequent transducer T,
are received by each transducer between T,,, and T, .,
inclusive, but not necessarily by T, because suitable substi-
tute data from T, to T,,, exists. Accordingly, the signal
generated by T,, ., 1s received by T,, ., , but not necessarily
at the other transducers. Put in the context of FIG. 5, a first
exemplary nine-transducer aperture includes transducers T ,
through T, and is represented by triangle 502a. Signals
generated by transducer T, are received by transducers T,
through T,. Signals generated by transducer T are received
by transducers T through T,, and so on. As can be seen, the
firing pattern incorporates only 45 firings instead of 81. This
can measurably reduce the time required to obtain an
aperture dataset.

[0080] FIG. 6 is a radial cross-sectional view of a portion
of a transducer complex 110 according to aspects of the
present disclosure. In some embodiments, data collection is
expedited by collecting data for multiple apertures 304
simultaneously. As previously noted, each transducer may
be part of more than one aperture, and accordingly, each
A-line (transducer combination) may be part of more than
one aperture. A-lines from transducer 3025 received at
transducers 3025 through 302; are part of apertures 304a and
304b. A single additional A-line measurement 610; from
transducer 3025 to transducer 302; is sufficient to provide
complete datasets for both apertures with regard to emitting
transducer 3025. Accordingly, in an embodiment, the firing
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pattern of transducer 3025 generates the data required for
both apertures 304a and 3045.

[0081] Referring back to FIG. 5, the first exemplary nine-
transducer aperture includes transducers T, through T, as
indicated by triangle 502a. A second adjacent aperture
includes transducers Ty through T as indicated by triangle
502b. Accordingly, in an embodiment, during the receive
cycle of emitting transducer Ty, an additional firing is
performed for receiving transducer T . This produces data
for the first and second apertures 502a and 5025. Further-
more, the receive cycle for emitting transducer T . includes
receiving transducers T, through T to produce data for the
first and second apertures 502a and 5025 as well as a third
represented by triangle 502¢. In other words, for a given
aperture having N transducers and an initial transducer index
of 1, signals generated by transducer T, are received at each
transducer between T, and T,, ., inclusive. Signals gener-
ated by transducer T,,, are received at each transducer
between T,,, and T,,  inclusive, despite the fact that T, is
not included in the first aperture. The sequence continues
until the full dataset for the given aperture has been col-
lected, at which time partial data will have been collected for
N-1 other apertures. Some embodiments take advantage of
concurrent collection of data pertaining to multiple apertures
to perform aperture processing in parallel. As an example,
signal data for transducer T is used in apertures 5024, 5025,
and 502¢. Thus, in some embodiments, the signal data for
transducer T, may be processed for apertures 502a, 5024,
and 502¢ concurrently.

[0082] FIG. 7 is a flow diagram of a method 700 of
collecting ultrasound data for multiple apertures 304 con-
currently according to aspects of the present disclosure. It is
understood that additional steps can be provided before,
during, and after the steps of method 700, and some of the
steps described can be replaced or eliminated for other
embodiments of the method 700. Referring to block 702, an
aperture 304 and the associated transducers 302 within the
aperture are identified. This may include identifying trans-
ducers located at each end of the aperture. In block 704,
initial emitting and receiving transducers are designated. In
one embodiment, a transducer at an end of the aperture is
designated as both the first emitting and the first receiving
transducer. In block 706, the designated emitting transducer
or transducers are triggered to emit ultrasonic energy. In
block 708, the designated receiving transducer or transduc-
ers receive the reflected ultrasonic echo and convert the
received energy into echo data. In block 710, the echo data
is provided for processing in multiple apertures, such as the
apertures that contain the designated transducers.

[0083] Inblock 712, it is determined whether a designated
receiving transducer is the final transducer in the walk
pattern. If the receiving transducer is not the final transducer
in the walk pattern, in block 714, the next receiving trans-
ducer or transducers are designated according to the pattern.
In some such embodiments, advancing in a first direction is
designated as a forward walk, while advancing in a second
direction is designated as a backward walk. The transmit and
receive sequence of blocks 706 and 708 is repeated using the
newly designated transmitter and receiver group.

[0084] If, in block 712, the receiving transducer is the final
transducer in the pattern, the receive cycle is completed for
the emitting transducer. Upon completion of the receive
cycle, the method proceeds from block 712 to block 716
where it is determined whether a current emitting transducer

Mar. 15,2018

is the final transducer in the emitter walk pattern. If not, in
block 718, the next emitting transducer or transducers are
designated. In block 718, the next receiving transducer or
transducers may be designated as well, according to the
receiver walk pattern. In some embodiments, in block 720,
the walk pattern is modified (e.g., alternated between a
forward walk and a backward walk). The method then
proceeds to block 714.

[0085] The method 700 continues until the final emitting
transducer of an aperture has completed a receive cycle.
When this occurs, the method 700 proceeds from block 716
to block 722, where the focused A-line data for the aperture
is transmitted. The method 700 then proceeds to block 718,
where the emitting and receiving transducers are incre-
mented and data collection is performed for subsequent
apertures. Even where this data collection method does not
improve the time to collect the first aperture dataset, it may
reduce the time required to obtain the subsequent aperture
datasets because of the concurrent collection of data per-
taining to multiple apertures.

[0086] It is understood that disclosing the method 700 in
terms of stepping through receiving transducer for a desig-
nated emitting transducer is purely arbitrary. In some
embodiments, a receiving transducer is designated and the
method 700 proceeds through a sequence of emitting trans-
ducers before designating a new receiving transducer. Fur-
thermore, the walk patterns disclosed are examples selected
for clarity of illustration. Other walk patterns are contem-
plated and provided for.

[0087] FIG. 8 is a plot of received transducer echo data
802 over time according to aspects of the present disclosure.
In many embodiments, analog transducer echo data 802 is
digitized for further processing in a digital domain. Digiti-
zation often includes taking samples of the analog data at
discrete points in time as indicated by lines 804. This
digitization may be performed within an IVUS device 102,
within a PIM 104, within an IVUS processing system 106,
and/or at another suitable location within another IVUS
component. In some embodiments, digitization is performed
using a fixed-clock-rate digitizer. This produces a fixed
number of digital samples per increment of time. However,
memory, processing resources, and processing time may be
reduced by sampling echo data frequently during a period
when echo data is expected to arrive at the receiving
transducer and less frequently or not at all elsewhere. Thus,
in some embodiments, digitization is performed using a
variable-frequency digitizer. This may reduce the number of
samples in the digitized echo data and may reduce the
system requirements to process the echo data.

[0088] Referring to FIG. 8, a sampling pattern for the echo
data may contain an initial period 806 when the signal
produced by a receiving transducer is not relevant. Accord-
ingly, samples during the initial period 806 may be omitted.
For example, this initial period 806 may correspond to a
time when the reflection of the ultrasonic emission has not
yet arrived, and therefore any measurement is background
noise. The sampling pattern may also contain one or more
active periods 808 and 810 when the echo data 802 is
sampled at a varying frequencies. In an embodiment, during
a first active period 808 when the signal data is less relevant,
the data is sampled at a relatively lower frequency than
during a second active period 810. Many factors may affect
data relevance. For example, periods corresponding to a
focal range outside of a range of interest may be of less
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relevance. As a further example, periods corresponding to
data produced before the emitter reaches peak output may
exhibit a reduced signal-to-noise ratio and thus be less
relevant. The sampling pattern may account for these rel-
evance factors and others. In various embodiments, the
timing and duration of the active periods 808 and 810 as well
as the sampling rates during the active periods are selected
to balance sample size and data quality.

[0089] Variable-frequency sampling can be performed uti-
lizing a variable-frequency oscillator. In such embodiments,
the simplicity of the digitizer design must be balanced
against possible drawbacks. For example, variable-fre-
quency oscillators may require complicated control logic,
may require more power than fixed-frequency oscillators,
may generate more heat than fixed-frequency oscillators,
and may have reduced reliability.

[0090] FIGS. 9a and 96 are schematic diagrams of vari-
able-clock-rate digitizers according to aspects of the present
disclosure. The digitizer 900 of FIG. 9a incorporates a
fixed-rate oscillator 902 and a bump map generator 904. The
digitizer 900 receives analog echo data 906 alone or in
conjunction with a transducer configuration 908 of the
A-line used to produce the echo data 906. For example, the
transducer configuration 908 may indicate the A-line or
emitter/receiver pair that generated the echo data 906. From
the transducer configuration 908, the bump map generator
904 determines a sampling pattern for echo data.

[0091] The sampling pattern may be based on a geometry
of a transducer complex 110 (e.g., degree of curvature,
transducer spacing, distance between emitter and receiver,
length of signal lines, etc.), a characteristic of a transducer
(e.g., firing delay, sensitivity etc.), a characteristic of an
aperture (e.g., width, location on the transducer complex,
etc.), and/or other relevant factors that affect arrival time,
signal quality, signal relevance, etc. In an exemplary
embodiment, A-lines having a single transducer acting as
both emitter and receiver may have a shorter distance to and
from a target structure than transducer pairs spaced further
apart. The sampling pattern may be structured accordingly.
In another exemplary embodiment, the sampling pattern
accounts for manufacturing variances. In various other
embodiments, the temporal location of the sampling pattern
accounts for other effects, both measured and calculated,
that affect the time at which the echo data is received.
[0092] Insome embodiments, the total number of samples
is determined by a reference A-line. In one such embodi-
ment, the bump map for a reference A-line specifies a total
of 3000 samples. In the embodiment, bump maps for other
related A-lines specify the same number of total samples,
although the arrangement in time may vary.

[0093] The sampling pattern can be used to align echo data
906 collected from various A-lines within an aperture. In
some embodiments, this is performed by selecting the peri-
ods of the sampling pattern including the initial period 806
to perform the temporal alignment of echo data 906 between
A-lines. In some embodiments, the sample rates of the
periods of the sampling pattern are calculated to perform the
temporal alignment of echo data.

[0094] The bump map generator 904 creates a bump map
910 corresponding to the sampling pattern. In some embodi-
ments, the bump map 910 includes a binary data (0s and 1s)
where a 1 indicates that a sample of the analog data should
be taken at the corresponding clock pulse and a 0 indicates
that a new sample should not be taken at the corresponding
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clock pulse. In alternate embodiments, a 1 indicates that a
new sample should not be taken at the corresponding clock
pulse and vice versa.

[0095] The bump map 910 and the clock produced by the
fixed-rate oscillator 902 are provided to the analog-to-digital
converter 912. The analog-to-digital converter 912 samples
the analog echo data at the clock rate determined by the
combination of the clock and the bump map 910. In some
embodiments, the bump map 910 masks the clock. For
example, the bump map 910 and the clock may be supplied
as inputs to an AND-gate within the analog-to-digital con-
verter 912. The output of the AND-gate can serve as sample
clock used to by the analog-to-digital converter 912 to
sample the analog echo data. In this way, the analog-to-
digital converter 912 produces digitized echo data 914 from
the analog echo data 906 having a sample frequency deter-
mined by the combination of the clock and the bump map
910.

[0096] The digitizer 950 of FIG. 94 also incorporates a
fixed-rate oscillator 902 and a bump map 910. Digitizer 950
is substantially similar to digitizer 900, except as noted. One
distinction is that the digitizer 950 incorporates an analog-
to-digital converter 912 that samples at a fixed frequency
based on the clock generated by the fixed-rate oscillator 902.
As with a fixed-rate oscillator, a fixed-frequency analog-to-
digital converter may be less complicated, may consume
less energy, may generate less heat, and/or may be more
reliable than a variable-rate alternative. Accordingly, digi-
tizer 950 may have reduced size, complexity, and/or power
consumption, and may have improved reliability compared
to alternative designs.

[0097] The analog-to-digital converter 912 produces
fixed-rate digitized echo data 952, which is converted to
variable-rate digitized data 956 by a rate converter 954
according to the bump map 910. In doing so, the rate
converter 954 may perform downsampling, upsampling,
interpolation, and/or other modifications to the fixed-rate
data 952. Accordingly, in some embodiments, the rate con-
verter 954 discards samples from the fixed-rate digitized
echo data 952 to produce the variable-rate digitized echo
data 956. In some embodiments, the rate converter resa-
mples and thereby adds samples to the fixed-rate digitized
echo data 952. In some embodiments, the rate converter
interpolates values from samples of the fixed-rate digitized
echo data 952 to produce the variable-rate digitized echo
data 956.

[0098] FIG. 10 is a flow diagram of a method 1000 of
generating variable-rate digitized ultrasound data according
to aspects of the present disclosure. It is understood that
additional steps can be provided before, during, and after the
steps of method 1000, and some of the steps described can
be replaced or eliminated for other embodiments of the
method 1000. Referring to block 1002, analog echo data is
received from an A-line transducer group. The analog echo
data may be received directly from the transducers 302 of
the A-line or from an amplifier, a filter, a signal conditioner,
and/or other suitable interface system. In block 1004, a fixed
frequency reference clock is received. The frequency of the
reference clock may correspond to a maximum sampling
frequency to be used during the generation of the variable-
rate digitized data. In block 1006, a transducer configuration
is received that specifies some aspect of the A-line. The
transducer configuration may specify the transducers of the
A-line, a geometry of a transducer complex 110, a charac-
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teristic of a transducer, a characteristic of an aperture, and/or
other relevant factors from which temporal characteristics of
the echo data can be determined.

[0099] In block 1008, a bump map is determined from the
transducer configuration. The bump map specifies the sam-
pling intervals of the digitized echo data, and may be used
to specify an initial interval during which the analog echo
data is not sampled, active intervals during which the echo
data is sampled at a reduced frequency, active intervals
during which the echo data is sampled at an increased
frequency, and other critical time intervals.

[0100] Insome embodiments, the intervals are selected to
provide an increased sampling rate during a period where
echo data is expected. By reducing the number of samples
elsewhere, the bump map may reduce the memory, process-
ing resources, clock speeds, and power consumption used
for data handling and focusing. In some embodiments, the
bump map coordinates the total number of samples between
multiple A-lines. For example, the total samples may be set
by a reference A-line, and bump maps for other A-lines in
the aperture may conform to the reference total. In some
embodiments, the bump map is used to perform a temporal
alignment of echo data across A-lines.

[0101] In some embodiments, the bump map includes a
sequence of binary data (0s and 1s) where a 1 indicates that
a sample of the analog data should be taken at the corre-
sponding clock pulse and a O indicates that a new sample
should not be taken at the corresponding clock pulse. In
alternate embodiments, a 1 indicates that a new sample
should not be taken at the corresponding clock pulse.
[0102] In block 1010, the analog echo data is digitized
according to the reference clock and the bump map to
produce the variable-rate digital echo data. In some embodi-
ments, the bump map is used to gate the reference clock and
produce a variable-rate clock for sampling. In further
embodiments, the analog data is first digitized by sampling
at the reference clock frequency, and the fixed-frequency
data is downsampled, upsampled, interpolated, and/or oth-
erwise modified according to the bump map. Utilizing a
bump map allows the digital echo dataset to be reduced
without adversely affecting data quality and without the use
of variable-frequency devices that may require complicated
control logic, may require more power than fixed-frequency
equivalents, and may demonstrate reduced reliability.
[0103] FIG. 11 is a cross-sectional view of a focused
aperture 304 of a transducer complex 110 according to
aspects of the present disclosure. Once the aperture data is
collected, it may undergo a mathematical focusing process.
Focusing improves image quality by adjusting and combin-
ing data collected from the A-line transducer combinations.
The effect of focusing is to combine the A-line data into a
dataset that simulates a narrow-width emission from a
location within the aperture 304 and received at a location on
the transducer complex 110, regardless of whether transduc-
ers 302 actually exist at these locations or whether such a
narrow-width emission could be produced. In some embodi-
ments, more than one focused A-line is produced per aper-
ture 304. The different focused A-lines may be directed at
different angles from the surface of the transducer complex
110. For example, focusing may produce data for A-lines
11024, 11025, and 1102¢. These different focused A-lines
may be referred to as different flavors of focused A-line data.
In some embodiments, the focusing calculations are range
sensitive. For example, a given focused A-line (e.g., A-line
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1102a) may be calculated using one set of factors for range
1104q, another set for 11045, and another for 1104c. In
further non-limiting examples, a given focused A-line is
calculated for other numbers of ranges 1104 including 2, 4,
5, 6 and 9. In an embodiment, the number of ranges 1104 is
the number of samples collected for a measured (not
focused) A-line. Other suitable numbers of ranges are pro-
vided for. Thus, focusing may include sets of calculations
divided by range, flavor, and/or other aspects of the focused
A-line to be produced.

[0104] The process of focusing may include space-time
alignment of data (radial focusing, a radial direction indi-
cated by arrow 1106) as well as spatial alignment of data
(azimuthal focusing, an azimuthal direction indicated by
arrow 1108). The first type of alignment, space-time align-
ment, may include time-of-flight adjustment. Due to differ-
ent flight paths between A-lines, received echoes may arrive
at the transducers at different times. Time-of-flight adjust-
ment shifts the received responses in time to align the signals
with those of other A-lines within the aperture. The second
type of alignment, spatial alignment may include amplitude
balancing and apodization. One type of amplitude balancing
applies an amplitude adjustment to the received responses
based on characteristics of the transducers. For example, a
transducer may have reduced sensitivity to signals directed
at oblique angles. Thus, a directional amplification factor
may be determined based on the receiving transducer’s
location relative to the emitting transducer. In a further
example, an adjustment may be applied to correct for a
less-sensitive transducer such as one that may result from a
manufacturing variance. Apodization is another type of
amplitude weighting and may be used to reduce grating and
side lobe effects and other artifacts from the imaging pro-
cess. Apodization may include tapering off the amplitude of
a received response on either side of a window of time. This
emphasizes the response during the peak of the window.
Exemplary apodization weightings include boxcar, Hann,
Hamming, cosine, root-raised-cosine, and half-cosine win-
dow functions.

[0105] FIG. 12 is a schematic of a focusing system 1200
according to aspects of the present disclosure. Portions of
the focusing system 1200 may be incorporated into an IVUS
processing system 106, a patient interface monitor (PIM)
104, and/or other components of an IVUS imaging system
100. In various embodiments, the focusing system 1200
focuses A-line data from the transducers 302 within an
aperture 304 to produce a focused dataset for the aperture
304. Focusing system 1200 receives A-line data 1202 via an
A-line data steering interface 1204. In some embodiments,
the interface 1204 receives the A-line data 1202 from a
transducer complex 110. In some such embodiments, the
A-line interface 1204 receives data directly from transducers
302 of the transducer complex 110. In some embodiments,
the A-line interface 1204 receives data from a memory
subsystem such as a data buffer, an analog-to-digital con-
verter, an analog and/or digital amplifier, a filter, a signal
conditioner, and/or other suitable interface systems. The
A-line data steering interface 1204 directs the received data
to the appropriate time-of-flight (TOF) adjustment unit
1206.

[0106] The time-of-flight adjustment units 1206 align the
A-line data in time. In the illustrated embodiment, the
focusing system 1200 includes a time-of-flight adjustment
unit 1206 for each A-line in the aperture, although only four
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are illustrated for the sake of clarity. Other embodiments
incorporate as few as one time-of-flight adjustment unit
1206. The time-of-flight adjustment unit or units 1206 align
the A-line data by shifting the signal in time according to an
offset. In some embodiments, the particular offsets applied
by the units 1206 are determined based on a geometry of the
transducer complex 110 (e.g., degree of curvature, trans-
ducer spacing, distance between emitter and receiver, length
of signal lines, etc.), a characteristic of a transducer (e.g.,
firing delay, sensitivity etc.), a characteristic of an aperture
(e.g., width, location on the transducer complex, etc.),
and/or other relevant factors that affect arrival time. In some
embodiments, such as when a focused A-line is broken up
into more than one calculation based on a distance range
1104 or flavor, discrete time-of-flight offsets are supplied for
each particular focal range 1104 or flavor. In some embodi-
ments, time-of-flight offsets are determined by analysis of
the incoming A-line data through a method such as peak
detection either in addition to or as a replacement for
utilizing pre-determined values. After the offset is applied,
the aligned A-line data is supplied to the apodization units
1208.

[0107] Apodization units 1208 apply a set of amplitude
weightings to correct for grating and side lobe effects. Such
weighting typically taper off the amplitude of a received
response on either side of a window of time and may be
derived from apodization functions such as a boxcar, Hann,
Hamming, cosine, root-raised-cosine, half-cosine window
function and/or other suitable apodization function. The
apodization units 1208 may also perform an amplitude
adjustment based on transducer characteristics. For
example, the amplitude adjustment may correct for a trans-
ducer with reduced sensitivity. The resulting aligned and
apodized data is provided to a summing unit 1210, which
adds the data from the unfocused A-lines to produce focused
A-line data for the aperture.

[0108] FIG. 13 is a schematic of an aperture engine 1300
according to aspects of the present disclosure. Portions of
the aperture engine 1300 may be incorporated into an IVUS
processing system 106, a patient interface monitor (PIM)
104, and/or other components of an IVUS imaging system
100. In some embodiments, the aperture engine 1300 lever-
ages the parallel nature of the focusing calculations to
improve focusing throughput. In contrast to focusing system
1200, aperture engine 1300 incorporates a running sum unit
1306 and a streamlined interface in combination with a
parallelized architecture. In the illustrated embodiment, the
aperture engine 1300 performs N parallel calculations of
focused A-line data, of which three are shown. Further
embodiments incorporate other numbers of TOF and
apodization units 1304 and running sum units 1306 to
produce other number of flavors. For example, in one such
embodiment, the aperture engine 1300 includes a single
TOF and apodization unit 1304 and a single running sum
unit 1306.

[0109] The aperture engine 1300 receives raw A-line data
for focusing. This data may be received from a transducer
complex 110, a memory subsystem, an analog-to-digital
converter, an analog and/or digital amplifier, a filter, a signal
conditioner, and/or other suitable interface systems. The
received A-line data 1302 is then distributed to one or more
time-of-flight (TOF) and apodization units 1304. In the
illustrated embodiment, each unit 1304 corresponds to a
subset of focused A-line data. In various examples, the
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subsets are divided by range and/or flavor, although obvi-
ously other divisions are provided for. Each TOF and
apodization unit 1304 receives a set of TOF adjustments
1308 and apodization coeflicients 1310. The values of the
TOF adjustments 1308 and apodization coeflicients 1310
within the set may be determined based on the subset of
focused A-line data assigned to the TOF and apodization
unit 1304. For example, a first set of TOF adjustments 1308
and apodization coefficients 1310 may be correspond to a
first flavor and range combination. The units 1304 may then
align the A-line data samples in time according to the TOF
adjustment factors 1308 and may apply an apodization
function and/or amplitude balancing according to the
apodization coeflicients 1310.

[0110] The aligned and apodized A-line data produced by
the one or more TOF and apodization units 1304 is input into
a corresponding running sum unit 1306. The running sum
unit 1306 adds the aligned and apodized data for the A-lines
that make up the aperture. When the running sum unit 1306
has accumulated sufficient data, the unit 1306 produces the
focused A-line data 1312. This data 1312 may be a subset
(e.g., select flavors and/or ranges) of the total focused A-line
data for the aperture. By providing multiple TOF and
apodization units 1304 and running sum units 1306, the
aperture engine 1300 is thus able to produce multiple subsets
of data 1312 concurrently.

[0111] In addition to the advantages of parallelization,
another advantage to this architecture is that, in some
embodiments, the A-line data is distributed to any number of
TOF and apodization units 1304 without a data steering
interface. This streamlined interface may allow the circuitry
for generating each data subset (including the associated
TOF and apodization unit 1304 and running sum unit 1306)
to be implemented on a separate computing hardware device
(e.g., a general purpose processor, a graphic processing unit,
an ASIC, an FPGA, a DSP, a microcontroller, etc.). In the
alternative, in some embodiments, the circuitry for calcu-
lating multiple data subsets is implemented on a single
computing hardware device. Furthermore, in some embodi-
ments, the elimination of steering circuitry allows the com-
plete aperture engine 1300 to be implemented on a single
computing hardware device. In this way, the present disclo-
sure provides a scalable aperture engine 1300 capable of
producing focused A-line datasets corresponding to multiple
flavors, ranges, or other division simultaneously, and pro-
vides an efficient interface that allows for single-chip as well
as multiple-chip implementations.

[0112] FIG. 14 is a schematic of a TOF and apodization
unit 1400 according to aspects of the present disclosure. The
TOF and apodization unit 1400 is suitable for use in an
aperture engine 1300 such as that disclosed with reference to
FIG. 13. The TOF and apodization unit 1400 includes a
time-of-flight adjustment unit 1206 and an apodization unit
1208 substantially similar to those described with reference
to FIG. 12. The TOF and apodization unit may also include
a pre-TOF resample unit 1402 and/or a pre-apodization
resample unit 1404. In various embodiments, the resample
units 1402 and 1404 are used to condition data by upsam-
pling and/or downsampling.

[0113] The pre-TOF resample unit 1402 may perform the
variable rate digitization and/or the variable-rate conversion
of the A-line data disclosed with reference to FIG. 9. In such
embodiments, the pre-TOF resample unit 1402 may receive
a bump map 910 that designates a sampling pattern. The
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sampling pattern may be based on a geometry of a trans-
ducer complex 110 (e.g., degree of curvature, transducer
spacing, distance between emitter and receiver, length of
signal lines, etc.), a characteristic of a transducer (e.g., firing
delay, sensitivity etc.), a characteristic of an aperture (e.g.,
width, location on the transducer complex, etc.), and/or
other relevant factors that affect arrival time, signal quality,
signal relevance, etc. The total number of samples in the
sampling pattern may be determined based on a reference
A-line. For example, bump maps for related A-lines may
designate sampling patterns having the same number of total
samples, although the arrangement in time may vary. The
sampling pattern may also align echo data collected from
various A-lines within an aperture. As an alternative to
receiving a bump map 910 that designates the sampling
pattern, the pre-TOF resample unit 1402 may receive param-
eters used to determine the bump map 910.

[0114] In some embodiments, the pre-TOF resample unit
1402 is used to improve the accuracy of the time-of-flight
adjustment by increasing the effective sample rate of the
A-line data. Resampling achieves some of the benefits of a
higher sampling rate without the extensive hardware
requirements associated with higher data rates. The pre-TOF
resample unit 1402 may also be used to apply a time-of-
flight adjustment either in addition to or as a replacement for
the adjustment applied in the TOF adjustment unit 1206.

[0115] In an exemplary embodiment, A-line data sampled
at 200 megasamples/sec is received at the pre-TOF resample
unit 1402. The pre-TOF resample unit 1402 resamples the
A-line data at 4x thereby providing A-line data sampled at
800 megasamples/sec to the TOF adjustment unit 1206. Any
suitable resampling algorithm including any suitable resa-
mpling filter may be used to resample the data. Resampling
algorithms are known to those of skill in the art. Non-
limiting examples of resampling algorithms include linear
interpolation, Lagrange interpolation, cubic spline interpo-
lation, polyphase interpolation, and/or other suitable algo-
rithms. In some such embodiments, the pre-TOF resample
unit 1402 receives a set of resample coeflicients 1406
specifying a resampling rate, coefficients for a resampling
algorithm, and/or other resampling configuration data.

[0116] As an alternative to performing a full upsample of
the A-line data, in some embodiments, the pre-TOF resa-
mple unit 1402 performs an interpolated phase shift. An
interpolated phase shift produces output data at the same
sample rate as the input data, but time shifted so that the
samples corresponds to shifted points in time. For example,
a 4x interpolated phase shift may produce phase shifts of 0°,
90°, 180°, and 270°. Given input A-line data with samples
at integer values of time (e.g., 1, 2, 3, 4, 5, 6, etc.), a phase
shift of 90° would produce output A-line data at the same
sample rate but with samples corresponding to amplitude
values at times 1.25, 2.25, 3.25, 4.25, etc. These interme-
diate amplitude values may be calculated using any suitable
resampling algorithm. A phase shift of 180° would produce
output A-line data at the same sample rate but with samples
corresponding to amplitude values at 1.5, 2.5, 3.5, 4.5, etc.
A phase shift of 270° would produce output A-line data
corresponding to values at 1.75, 2.75, 3.75, 4.75, etc. This
phase shift provides increased data granularity without the
higher data rate. To provide further data granularity, a phase
shift sequence, such as (180°, 90°, 0°, 270°, 180°,0°), may
be used to produce output A-line data at the same sample
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rate as the input but with samples corresponding to ampli-
tude values at times, such as 1.5, 2.25, 3, 4.75, 5.5, 6, etc.
[0117] In various embodiments, interpolation retains the
benefits of the lower bit-rates such as lower clock frequen-
cies, reduced data steering, decreased circuit complexity,
and/or reduced memory requirements. Furthermore, as can
be seen, this phase shift may be incorporated as part of the
time-of-flight adjustment. In some embodiments and for
some A-line configurations, this phase shift may suffice to
align the data such that no further time-of-flight adjustment
is needed. Another advantage is that some embodiments,
certain focusing steps benefit from increased data granular-
ity while others do not. Accordingly, performing a single
interpolated phase shift may avoid an upsampling process
followed by a downsampling process.

[0118] To provide further data granularity, in some
embodiments, the phase shift may vary for each sample. For
example, a phase shift sequence (180°, 90°, 0°, 270°, 180°,
0°) may be used to produce output A-line data at the same
sample rate as the input but with samples corresponding to
amplitude values at times 1.5, 2.25, 3, 4.75, 5.5, 6.

[0119] In various embodiments, the pre-TOF resample
unit 1402 receives a set of resample coeflicients 1406
specifying a resample rate, specifying a phase shift, speci-
fying coeflicients for an interpolation algorithm, and/or
specifying other resampling configuration data. In some
embodiments, the pre-TOF resample unit 1402 performs the
fixed-to-variable rate echo data conversion described with
reference to FIGS. 9a and 95. In such embodiments, the
resample coeflicients 1402 may include a bump map 910
and/or configuration data from which a bump map 910 may
be determined.

[0120] The pre-apodization resample unit 1404 may per-
form an upsampling and/or an interpolated phase shift
substantially similar to that described with respect to the
pre-TOF resample unit 1402. Alternatively, in some embodi-
ments, the pre-apodization resample unit 1404 performs a
downsampling of the time-of-flight adjusted echo data.
Whereas focusing may benefit from increased accuracy
created by interpolation, apodization and weighting may not.
In some embodiments, apodization accuracy is not improved
for any sample rate beyond a threshold based in part on the
resolution of the final image.

[0121] FIG. 15 is an illustration of an ultrasound image
1500 produced by an intravascular ultrasound imaging sys-
tem 100 according to aspects of the present disclosure. From
image 1500 a skilled operator can identify structures includ-
ing the transducer complex 110, borders of a vessel 1502, a
plaque 1504, blood 1506, and/or other structures of interest.
Digital images including image 1500 are comprised of a set
of pixels 1508 (enlarged for clarity). As pixels 1508 are areas
of uniform color and intensity, data beyond an amount
needed to determine color and/or intensity for a pixel can be
discarded without affecting the final image 1500. For a
hypothetical A-line (e.g., the A-line represented by dashed
line 1510), it can be determined how many pixels 1508 are
intersected and accordingly how many samples are needed.
In some embodiments, the sampling rate is determined
based on a ratio of samples per pixel. In one such embodi-
ment, A-line data is sampled at a rate of one sample per
pixel. Sampling based on a ratio of samples per pixel may
be referred to as per-pixel resampling or pixel-aware resa-
mpling. Omitting samples that have no effect on the final
image per-pixel resampling may allow a reduction in com-
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puting hardware, for example the apodization unit 1208, as
the dataset being manipulated is smaller. This can result in
improved efficiency, reduced system size, and reduced cost.
In an embodiment, per-pixel resampling allows a mid-range
imaging system to produce a high-resolution image such one
configured for a high-definition display.

[0122] As the image 1500 is a Cartesian representation of
a polar dataset, the intersections of the A-lines and the pixels
may be calculated or a set of Cartesian and/or polar approxi-
mations may be used. Cartesian approximations may rely on
trigonometric principles to determine a unique number of
samples for each A-line based on the angle. A-lines directed
perpendicular to a row or column of pixels (e.g., horizontal
and vertical A-lines) will intersect the fewest number of
pixels, whereas A-lines directed at 45° to a perpendicular
A-line can be assumed to intersect the most. Accordingly, in
some embodiments using a Cartesian approximation, per-
pendicular A-lines will be resampled to have a first number
of samples while the number of samples for other A-lines
will be based on an angle relative to a perpendicular A-line.
In an exemplary polar approximation, each focused A-line is
resampled at the same number of samples. The particular
number of samples is determined by an archetypal A-line.
The archetypal A-line may be an A-line having the most
intersections, an average (mean or median) number of
intersections, or other suitable number of intersections.
These exemplary approximations are not limiting, and
embodiments utilizing other suitable approximations are
contemplated and provided for. For example, in some
embodiments, an area-based approximation apportions the
total number of pixels for the image 1500 among the A-lines,
where the number of samples per A-line corresponds to the
total number of pixels in the image divided by the total
number of focused A-lines.

[0123] In some embodiments, the pixel-to-sample rela-
tionship is reevaluated when operating parameters change.
For example, increasing the field-of-view may increase the
number of samples per image while the number of pixels in
the image remains the same. Accordingly, the pixel-to-
sample ratio may be recalculated as field-of-view changes.
Other operating parameters may affect the number of
samples collected or focused, the resolution of the image,
and/or the target sample-to-pixel ratio.

[0124] FIG. 16 is a plot of received transducer echo data
1600 over time according to aspects of the present disclo-
sure. The transducer echo data 1600 is sampled at discrete
points in time as indicated by lines 1602. This digitization
may be performed within an IVUS device 102, within a PIM
104, within an IVUS processing system 106, and/or at
another suitable location within another IVUS component.
In the illustrated embodiment, the points in time 1602 are
determined based on a resolution of a final image. For
example, the points in time 1602 are determined based on a
ratio of samples per pixel such as 1:1. In some embodiments,
the samples are not at fixed intervals and instead correspond
to an alignment of an A-line relative to one or more pixels.
[0125] Referring again to FIG. 14, in an embodiment, the
pre-apodization resample unit 1404 receives a set of resa-
mple coeflicients 1408, which may include a resampling
rate, interpolation coeflicients, a phase adjust, a number of
samples, an image or display resolution, a ratio of samples
per pixel, and/or other resampling configuration data. The
pre-apodization resample unit 1404 resamples the time-of-
flight adjusted data according to the resample coefficients

Mar. 15,2018

1408 and provides the resampled data to the apodization unit
1208. The apodization unit 1208 may then perform apodiza-
tion and amplitude modification on the resampled A-line
data substantially as described with reference to FIG. 12, for
example.

[0126] One of skill in the art will recognize that additional
processing including, but not limited to, resampling may be
performed on the adjusted A-line data produced by the
apodization unit 1208. For example, in some embodiments,
pixel-aware resampling is performed on the adjusted A-line
data. This may reduce the processing required for subse-
quent image formation steps. As another example, in some
embodiments, filtering is performed on the adjusted A-line
data produced by the apodization unit 1208. Further pro-
cessing steps will be known to those skilled in the art.
[0127] FIG. 17 is a schematic of a resampling device 1700
according to aspects of the present disclosure. The resam-
pling device 1700 is suitable for use in a pre-time-of-flight
resample unit 1402 and/or a pre-apodization resample unit
1404 such as those described with respect to FIG. 14. The
illustrated resampling device 1700 is a type of polyphase
interpolation device. The resampling device 1700 receives
an input data stream 1702 such as a set of A-line data and
distributes it through a set of delay elements 1704 to produce
aset of delayed data streams. In the illustrated embodiments,
the delay elements 1704 are chained to in order produce the
set of delayed data. In some embodiments, chained imple-
mentations reduce the size and/or complexity of the indi-
vidual delay elements 1704 that make up the network. In
other embodiments, separate parallel delay elements 1704
are used to allow greater control over each delay magnitude.
[0128] Weighting elements 1706 apply weighting factors
to the set of delayed data streams and the resulting weighted
data streams are summed by the sum element 1708 to
produce the resampled data stream 1710. The weighting
factors applied by the delay elements 1706 determine the
relationship of the resampled data stream 1710 and the input
data stream 1702. In some embodiments, the resampling
device 1700 performs a filtering function such as a bandpass,
low-pass, and/or high-pass filtering. In one such embodi-
ment, the resampling device 1700 performs a low-pass
filtering by utilizing weighting factors derived from a sinc
function. This is useful for eliminating high frequency noise
introduced by some methods of resampling. The resampling
device 1700 may also be used to perform a partial phase
shift. For example, the weighting factors may be chosen to
perform phase shifts of 0°, 90°, 180°, and/or 270°. In one
embodiment, resampling device 1700 receives weighting
factors corresponding to a phase shift selected based on a
geometry of a transducer complex 110, a characteristic of a
transducer, a characteristic of an aperture, and/or other
relevant factors.

[0129] FIG. 18 is a schematic of a resampling network
1800 according to aspects of the present disclosure. The
resampling network 1800 is suitable for use in a pre-time-
of-flight resample unit 1402 and/or a pre-apodization resa-
mple unit 1404 such as those described with respect to FIG.
14. The resampling network 1800 may include one or more
resampling devices 1700 such as the resampling device 1700
described with respect to FIG. 17. The resampling devices
1700 each receive an input data stream (for example, an
input A-line data stream) and a set of weighting factors
1802. The sets of weighting factors 1802 may differ between
devices 1700. The resampling network 1800 also includes a
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multiplexer 1804 that determines which of the resampled
data streams is selected as the output data stream. In this
manner, the multiplexer 1804 selects between differently
weighted and resampled versions of the input data stream.
[0130] In an exemplary embodiment, a resampling net-
work 1800 includes four resampling devices 1700. A data
stream corresponding to an A-line transducer pair is received
at the resampling devices 1700 along with a set of weighting
factors 1802. The four sets of weighting factors correspond
to phase shifts of 0°, 90°, 180°, and 270° relative to the
sample period of the data stream. Accordingly, the resam-
pling devices 1700 produce weighted resampled data
streams corresponding to the four phase shifts. The multi-
plexer 1804 is used to select the appropriate phase shift to
output based on factors such as a geometry of a transducer
complex 110, a characteristic of a transducer, a characteristic
of an aperture, and/or other relevant factors. In an embodi-
ment, a phase shift sequence is supplied to the multiplexer
1804 (e.g., a sequence representing 180°, 90°, 0°, 270°,
180°, 0°), and is used by the multiplexer 1804 to produce
output A-line data at the same sample rate as the input but
with samples corresponding to amplitude values at times
1.5,2.25, 3,4.75, 55, 6.

[0131] Such a resampling network 1800 can perform the
pre-TOF resampling described with respect to the pre-TOF
resample unit 1402 of FIG. 14. By producing a phase shifted
version of the input data stream having the same sampling
frequency as the input data stream, the resampling network
1800 provides the greater data granularity of upsampling
without increased data-handling overhead associated with
higher sampling frequencies. The result is a lightweight,
efficient datapath with improved data accuracy.

[0132] FIG. 19 is a flow diagram of a method 1900 of
resampling ultrasound data according to aspects of the
present disclosure. It is understood that additional steps can
be provided before, during, and after the steps of method
1900, and some of the steps described can be replaced or
eliminated for other embodiments of the method 1900.
Referring to block 1902, an ultrasound echo data stream is
received. The ultrasound echo data stream may correspond
to A-line echo data. In block 1904, the ultrasound data is
delayed by a first delay amount to produce a first delayed
data stream. In block 1906, a first weighting value is applied
to the first delayed data stream in order to produce a first
weighted data stream. The first weighting value may be part
of an interpolation filter. For example, the weighting value
may be based on a sinc function. The first weighting value
may also contain a phase shift component.

[0133] In block 1908, the ultrasound data is delayed by a
second delay amount to produce a second delayed data
stream. In block 1910, a second weighting value is applied
to the second delayed data stream. Similar to the first
weighting value, the second value may have a component
based on an interpolation filter, and/or a component based on
a phase shift. In block 1912, the first and second weighted
data are added to produce a resampled ultrasound data
stream. In some embodiments, the procedures of blocks
1902 through 1912 are performed multiple times in parallel
to produce multiple resampled ultrasound data streams. A
resampled data stream may be selected from the multiple
streams according to an aspect of the A-line that produced
the analog data stream such as a geometry of a transducer
complex 110, a characteristic of a transducer, a characteristic
of an aperture, and/or other relevant factors. As can be seen,

Mar. 15,2018

the method delivers increased data granularity without the
burden of a higher sampling rate.

[0134] FIG. 20 is a flow diagram of a method 2000 of
producing focused data utilizing an aperture engine 1300
according to aspects of the present disclosure. It is under-
stood that additional steps can be provided before, during,
and after the steps of method 2000, and some of the steps
described can be replaced or eliminated for other embodi-
ments of the method 2000. Referring to block 2002, A-line
echo data is received. In block 2004, a pre-time-of-flight
resampling may be performed according to a first set of
resampling coefficients. The resampling coeflicients may
depend in part on the range and/or flavor of focused A-line
data to be calculated, and/or may depend in part on the
configuration of the transducer or transducers that produced
the A-line data. The resampling coeflicients may designate a
bump map or may include configuration data from which a
bump map can be determined. Accordingly, in some
embodiments, pre-time-of-flight resampling includes creat-
ing and applying a bump map to produce variable-rate
digitized data substantially as disclosed in the method 1000
of FIG. 10. Likewise, in some embodiments, pre-time-of
flight resampling includes interpolation and resampling with
or without a phase shift substantially as disclosed in the
method 1900 of FIG. 19.

[0135] In block 2006, a time-of-flight adjustment is per-
formed on the A-line data according to a time-of-flight
offset. The time-of-flight offset may correspond to a geom-
etry of a transducer complex, a characteristic of a transducer,
a characteristic of an aperture, and/or other relevant factors.
The time of flight offset may also correspond to a flavor
and/or range to be calculated. In block 2008, a pre-apodiza-
tion resampling may be performed on the time-of-flight
adjusted data according to a second set of resampling
coeflicients. In various embodiments, the second set of
resampling coefficients depend on a geometry of a trans-
ducer complex, a characteristic of a transducer, a character-
istic of an aperture, a flavor and/or range to be calculated,
and/or other relevant factors. In block 2010, apodization is
performed on the A-line data according to a set of apodiza-
tion coeflicients. In various embodiments, the apodization
coefficients depend on a geometry of a transducer complex,
a characteristic of a transducer, a characteristic of an apet-
ture, a flavor or range to be calculated, and/or other relevant
factors. In block 2012, focused A-line data is produced in
accordance with the aperture assignment.

[0136] FIG. 21 is a schematic of a focusing system 2100
according to aspects of the present disclosure. Portions of
the focusing system 2100 may be incorporated into an IVUS
processing system 106, a patient interface monitor (PIM)
104, and/or other components of an IVUS imaging system
100. The focusing system 2100 includes a number of aper-
ture engines 1300, which perform aperture-processing tasks
such as time-of-flight adjustment, amplification, apodiza-
tion, and summation. Suitable exemplary aperture engines
1300 include the aperture engine 1300 disclosed with ref-
erence to FIGS. 13-18. In the illustrated embodiment, the
focusing system 2100 includes N aperture engines 1300, of
which five are illustrated. In some embodiments, the number
of aperture engines 1300 included in the focusing system
2100 is equivalent to the number of transducers 302 within
an aperture 304.

[0137] Focusing calculations may be divided according to
aperture by allocating apertures to the focusing engines
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1300. To do so, the aperture engines 1300 receive an
aperture assignment from the engine controller 2102. The
aperture assignment designates the aperture the engine 1300
is to process and accordingly designates the portion of
received A-line data to be used in the focusing calculations.
The received A-line data may be received from a transducer
complex, a memory subsystem, an analog-to-digital con-
verter, an analog and/or digital amplifier, a filter, a signal
conditioner, and/or other suitable interface systems. Once
received, the A-line data is placed on an A-line data bus 2104
by which it is distributed to each aperture engine 1300. Only
a portion of the received data may be relevant to each
aperture and thus each aperture engine 1300. However, in
some embodiments, the aperture engines 1300 receive all or
substantially all of the A-line data via the data bus 2104. The
engines 1300 then pull data off the bus 2104 according to the
received aperture assignment. In various embodiments,
A-line data that is not part of the assigned aperture may be
discarded, may be omitted, may be ignored, may have a zero
value coeflicient applied, and/or may undergo another cull-
ing process. One advantage to this architecture is that data
selection at the engines 1300 avoids the need for compli-
cated data steering or filtering circuitry on the bus 2104. In
addition to potential wiring, layout, and power benefits,
omitting routing and steering circuitry allows for more
flexible implementation. For example, in various embodi-
ments, an aperture engine 1300, multiple aperture engines
1300, and/or an entire focusing system 2100 is implemented
on a single discrete computing hardware device such as a
general purpose processor, a graphic processing unit, an
ASIC, an FPGA, a DSP, a microcontroller, or other suitable
computing device.

[0138] In addition to an aperture assignment, the engine
controller 2102 may also provide the aperture engines 1300
with resample coeflicients, TOF adjustments, apodization
coefficients, and other parameters used to process the A-line
data. In some embodiments, the engine controller 2102
includes a set of transducer configurations used to produce
bump maps. The engine controller 2102 may also include
the bump maps themselves. In some embodiments, the
engine controller 2102 includes an apodization coefficient
table containing apodization coefficients cross-referenced by
emitter/transducer pair. In some embodiments, the engine
controller 2102 includes a time-of-flight offset table con-
taining time-of-flight offsets cross-referenced by emitter/
transducer pair. In some embodiments, the engine controller
2102 includes a set of resampling rates. These provided
parameters including the apodization coeflicients within the
apodization coefficient table, the time-of-flight offsets within
the table, and the resampling rates may be determined based
on a geometry of the transducer complex 110, a charactet-
istic of a transducer, a characteristic of an aperture, and/or
other relevant factors that affect time-of-flight. The resam-
pling rates may also be determined based on a ratio of
samples per pixel of a display unit. One exemplary ratio is
1:1, although other ratios are contemplated and provided for.

[0139] As can be seen, the architecture of the focusing
system 2100 enables the system 2100 to process multiple
apertures in parallel. The aperture engines 1300 process
A-line data as it arrives, and after any aperture engine 1300
receives the full A-line dataset for the assigned aperture, the
engine 1300 may output the focused A-line data for that
aperture. The aperture engine 1300 may then be flushed and
begin collecting and processing A-line data for another
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aperture. This round-robin assignment of apertures to
engines 1300 provides high utilization (in some embodi-
ments, full utilization of the engines) without wasted idle
resources.

[0140] FIG. 22 is a flow diagram of a method 2200 for
focusing multiple apertures according to aspects of the
present disclosure. It is understood that additional steps can
be provided before, during, and after the steps of method
2200, and some of the steps described can be replaced or
eliminated for other embodiments of the method. The
method 2200 is suitable for implementation using systems
such as the focusing system 2100 disclosed with respect to
FIG. 21.

[0141] In block 2202, a set of apertures 304 are assigned
to a set of aperture engines 1300. In some embodiments, the
number of apertures within the set of apertures corresponds
to the number of engines with the set of engines, which
further corresponds to the number of transducers 302 in each
of the apertures 304. For example, in an embodiment
incorporating nine-transducer apertures, nine adjacent apet-
tures are assigned to nine aperture engines 1300. In the
example, aperture 1 is assigned to aperture engine 1, aper-
ture 2 is assigned to aperture engine 2, and so on. In block
2204, an ultrasonic dataset for a transducer 302 within one
or more of the apertures is provided to the aperture engines
1300. The dataset may be obtained from the receiving
transducer directly, or may be obtained through an interme-
diary such as a memory subsystem, an analog-to-digital
converter, an analog and/or digital amplifier, a filter, a signal
conditioner, and/or other suitable interface systems. The
ultrasonic dataset is provided to the aperture engines 1300
even though it may not be relevant to the assigned aperture.
Continuing the example, a first dataset corresponding to all
the receive combinations of a first emitting transducer
happens to be relevant to aperture 1 only. For reference,
referring back to FIG. 5, the exemplary first emitting trans-
ducer is analogous to transducer T ,, which is part of aperture
502a. Inblock 2206 of FI1G. 22, it is determined whether any
of the aperture engines 1300 has sufficient data to produce
a focused A-line dataset. In the example, on the first pass,
none of the engines has sufficient data to produce a focused
A-line dataset. Thus, the method 2200 returns to block 2204
where another ultrasonic dataset is provided. In the example,
a second ultrasonic dataset is relevant to apertures 1 and 2.
For reference, the exemplary second emitting transducer is
analogous to transducer T, of FIG. 5, which is part of
apertures 502a and 5024. At this point, neither aperture has
sufficient data to produce a focused A-line dataset.

[0142] In the example, the process repeats until the ninth
iteration. On the ninth iteration, exemplary aperture engine
1 has sufficient data to produce a focused A-line dataset,
exemplary aperture engine 2 has data for eight of nine
emitting transducers, aperture engine 3 has data for seven of
nine transducers, and so on. In block 2208, the aperture
engine having sufficient data produces the focused A-line
dataset. In block 2210, the aperture engine having produced
the focused A-line dataset is cleared of stored data. In block
2212, the cleared aperture engine is assigned a next aperture.
In the example, aperture engine 1 is assigned aperture 10.
The method returns to block 2204 where another ultrasonic
dataset is provided. Continuing the example, aperture engine
2 now has sufficient data to produce a focused A-line dataset
for aperture 2. Accordingly, aperture engine 2 produces the
focused A-line dataset, is flushed, and is assigned aperture
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11. This round-robin assignment of apertures allows high
utilization of the available aperture engines 1300.

[0143] Structural focusing as described above combines
A-lines from different spatial angles and positions. Due to
these angles and spatial differences, time-of-flight adjust-
ment may be performed in order to align the samples in time.
Subsequently the A-lines may be weighted according to their
directivity angles and summed. The weighted summing can
be understood as a filter operation. In this way, weighting is
done on a per sample or per zone basis and while the
weighting coeflicients change with A-line.

[0144] Inaddition to structural focusing, ultrasound focus-
ing systems may have the ability to detect motion. One
method of determining motion in the imaged area is power
flow. An example of a power flow algorithm is ChromaFlo®
(a trademark of Volcano Corporation). In contrast to focus-
ing spatial A-line data to determine reflection strength of a
scatterer, a power flow algorithm may focus temporal A-line
data to determine flow rate and spectral intensity of the
scatterer. In other words, instead of focusing multiple
A-lines within an aperture, a single A-line is fired and
captured multiple times. The change in the signal of the
A-line between firings can be correlated to scatterer motion.
It should be noted that, in many embodiments, the A-line
used for power flow imaging contains more than one emit-
ting transducer and more than one receiving transducer. The
emitters and receivers operate concurrently, which may
improve the signal-to-noise ratio.

[0145] To determine changes in time over the series of
A-line firings, the data may be weighted and summed. The
weighting coeflicients may have a range component as well
as a temporal component. For example, the weightings
applied may comprise a matched filter keyed to an expected
rate of change, such as a typical blood velocity. This has the
effect of highlighting motion typical of blood flow and
deemphasizing other motion common in a biological envi-
ronment. In the example, the output amplitude of the filter
correlates to the flow rate and the scatterer strength. Pro-
vided the scatterers are of similar strength, the output of the
filter is proportional to the rate change or velocity, and, for
a given vessel cross-sectional area, a flow volume may be
derived. In addition to deriving flow volume, the weighted
data is useful in establishing normal flow patterns as well as
vessel flows from plaque burden, stent malapposition. These
issues may prove critical to patient health.

[0146] The power flow weighted and summing process is
directly analogous to the apodization and running sum
performed by an aperture engine operating in a spatial mode,
for example engine 1300 of focusing system 2100. As, the
aperture engines are not limited to focusing spatial series, in
some embodiments, the engine controller 2102 of focusing
system 2100 is configured to operate one or more of the
aperture engines 1300 in a power flow mode. In some
embodiments, because the time series of A-lines do not
require a time-of-flight adjustment, the time-of-flight adjust-
ment unit of the aperture engine or engines 1300 is bypassed
in this mode. Embodiments having a focusing system 2100
that supports both spatial and temporal focusing may add
functionality without a significant increase in computing
resources. In this way, the flexibility of the aperture engines
1300 may be leveraged to provide added functionality
without added cost.

[0147] FIG. 23 is a schematic of a focusing system 2300
according to aspects of the present disclosure. Portions of
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the focusing system 2300 may be incorporated into an IVUS
processing system 106, a patient interface monitor (PIM)
104, and/or other components of an IVUS imaging system
100. Except as noted, the focusing system 2300 is substan-
tially similar to the focusing system 2100 disclosed with
reference to FIG. 21. Whereas in some embodiments, it may
prove beneficial to assign one aperture 304 to each aperture
engine 1300, other embodiments benefit from alternate
configurations. For example, an aperture may be divided by
focusing range or A-line flavor across multiple aperture
engines. In the illustrated embodiment, focusing system
2300 includes aperture engines 1300 are grouped into pairs
(e.g., aperture engine 1-A and engine 1-B), although groups
of any magnitude are contemplated. The focusing system
2300 may include a number of groups equivalent to the
number of transducers within an aperture. Together, the
aperture engines 1300 of a group may produce a complete
focused A-line dataset for an aperture 304. Accordingly,
each aperture engine 1300 produces a portion of the total
data. The processing may be apportioned between the apet-
ture engines 1300 within the group by any suitable division.
In some embodiments, each aperture engine 1300 produces
data corresponding to a subset of the total flavors in the
complete focused A-line dataset. In some embodiments,
each aperture engine 1300 produces data corresponding to a
subset of the total ranges 1104 in the complete focused
A-line dataset. In some embodiments, each aperture engine
1300 produces data corresponding to a subset of the total
flavors and ranges in the complete focused A-line dataset.

[0148] Accordingly, the engine controller 2102 assigns at
least portion of an aperture to each of the aperture engines
1300. The aperture engines 2102 use the aperture assign-
ment to identify and process the relevant data from the
A-line data bus 2104. In addition to an aperture assignment,
the engine controller 2102 may also provide the aperture
engines 1300 with resample coeflicients, TOF adjustments,
apodization coefficients, and other parameters used to pro-
cess the A-line data.

[0149] This division of the apertures provides various
benefits in various embodiments. In some embodiments,
aperture engines 1300 configured to process a subset of a
focusing engine are physically smaller than in designs where
the aperture engines 1300 are configured to produce a full
focused dataset. The smaller aperture engines may be imple-
mented on smaller, less powerful circuit devices. This may
lead to cost reduction and power savings. In one such
embodiment, aperture engines 1300 can be implemented on
a small, low cost, and energy efficient FPGA (field program-
mable gate array). In some embodiments, the smaller aper-
ture engines 1300 can be located nearer to respective inputs
and outputs thereby improving system performance. In some
embodiments, the smaller aperture engines 1300 can be
contained within the IVUS device 102, such as within the
transducer complex 110 or within the transmission line
bundle 112. This may be referred to as processing “on the
wire.”

[0150] FIG. 24 is a schematic of a hierarchically arranged
focusing system 2400 according to aspects of the present
disclosure. Excepted as noted, the focusing system 2400 is
substantially similar to the focusing systems disclosed with
respect to FIGS. 21 and 23. The focusing system 2400
incorporates one or more hierarchical levels of aperture
engines, of which two hierarchical levels are illustrated
(designated by first-level engines 2402 and second-level
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engines 2404). Further embodiments utilize other numbers
of hierarchical aperture engines, including 3, 4, and 8, as
well as other numbers of levels. A-line data is supplied to the
first-level aperture engines 2402. The engine controller
2406, which may be substantially similar to the engine
controller 2102 of FIG. 21, may assign sub-apertures (sub-
sets of A-lines within an aperture) to the first-level aperture
engines 2402. Sub-apertures may be referred to as co-arrays
here and elsewhere. Various divisions of apertures into
sub-apertures are contemplated. For example, an aperture
may be divided by emitting transducer, receiving transducer,
and/or other suitable identifiers. Apertures may be further
divided between first-level engines 2402 by focal range
and/or A-line flavor. Furthermore, the first-level engines
may only be assigned a subset of focusing processes such as
interpolation, decimation, resampling, time-of-flight adjust-
ment, apodization, summation, and/or other focusing pro-
cesses. In an exemplary embodiment, a first-level aperture
engine is assigned to perform time-of-flight adjustment but
not apodization on a subset of the focal ranges within a
sub-aperture. Other divisions are contemplated and provided
for.

[0151] The first-level aperture engines 2402 perform the
assigned focusing tasks according to the sub-aperture
assignment substantially as an aperture engine 1300 per-
forms assigned focusing tasks according to an aperture
assignment. The first-level aperture engines 2402 may then
provide the partially focused data to the second-level aper-
ture engines 2404. The second-level aperture engines 2404
may perform further focusing processes including interpo-
lation, decimation, resampling, time-of-flight adjustment,
apodization, summation, and/or other focusing processes. In
some embodiments, the second level engines receive an
aperture assignment from the engine controller 2406, and
the second-level focusing processes are performed accord-
ingly. The partially focused data propagates through the
hierarchical levels of aperture engines until it reaches the
final hierarchical level of the focusing system 2400 (in the
illustrated embodiment, the second level of aperture engines
2404). The aperture engines of the final hierarchical level
generate the complete focused A-line dataset for an aperture.

[0152] Because, in part, of the division of processing
responsibilities among the hierarchical levels, the aperture
engines of one hierarchical level (for example, engines
2402) may be identical, similar, or different from the engines
of another level (for example, engines 2404). In some
embodiments, all the aperture engines of the focusing sys-
tem 2400 are aperture engines characteristic of those
described with respect to FIGS. 13-18. This provides uni-
formity and simplicity in implementation. In further
embodiments, particularly those where aperture engines
perform a subset of focusing processes, aperture engines
only include the relevant circuitry and thus vary in structure
between levels. For example, first-level aperture engines
may condition data by applying a filter to enhance the signal
to noise-ratio. Such filters may include bandpass filters,
matched filters keyed to the excitation pulse, and other filters
known to those of skill in the art. If this conditioning does
not need to be repeated in subsequent-level aperture engines,
the circuitry may be omitted, saving power and circuit area.
This specialization may allow engines to be implemented on
smaller, more efficient, more economical computing
devices, and may allow aperture engines to be combined on
a single device. The structure of the focusing system 2400

Mar. 15,2018

leverages the parallel processing advantages of the aperture
engines while making accommodations for physical, algo-
rithmic, and other limitations that may constrain the func-
tionality of any one aperture engine.

[0153] For example, in some embodiments, the device
selected to implement an aperture engine may not possess
the computing resources to focus a full aperture. Dividing
the focusing tasks according to sub-apertures allows data
and processing to be apportioned and distributed more
effectively. In some embodiments, performance is improved
by grouping circuitry near shared resources such as a
database of time-of-flight adjustments. Thus, in some
embodiments, some aperture engines contain only time-of-
flight circuitry and are grouped accordingly. Other engines
may have other circuitry for performing other tasks such as
apodization and may be grouped accordingly as well.
[0154] In some embodiments, levels of aperture engines,
such as the first-level aperture engines 2402, are physically
remote from those of other levels, such as the second-level
aperture engines 2404. These embodiments take a variety of
forms. In one such embodiment, the first-level aperture
engines 2402 are located within the IVUS device 102, such
as within the transducer complex 110 or within the trans-
mission line bundle 112. This may be referred to as pro-
cessing “on the wire.” On the wire processing may simplify
the interface between the IVUS device 102 and the rest of
the IVUS system 100. On the wire processing may also
digitize A-line data signals closer to the transducer complex
110, thereby reducing line loss and transmission noise. In
some physically separated embodiments, the first-level aper-
ture engines 2402 are part of a system located within a sterile
field, while the second-level aperture engines 2404 are
located outside the sterile field, such as in an adjacent
observation area. This may reduce the number of wires that
cross the sterile boundary. In related embodiments where the
first and second-level aperture engines communicate over a
wireless communication medium, potential avenues for con-
tamination may be further reduced. In some embodiments,
the first-level aperture engines 2402 are part of a sterile
package. The sterile package may be designed for aseptic
manufacturing, capable of undergoing chemical, radiologi-
cal, thermal, and other modes of sterilization, and/or may be
disposable.

[0155] FIG. 25 is a flow diagram of a method 2500 for
performing hierarchical focusing according to aspects of the
present disclosure. It is understood that additional steps can
be provided before, during, and after the steps of method
2500, and some of the steps described can be replaced or
eliminated for other embodiments of the method. The
method 2500 is suitable for implementation using systems
such as the hierarchical focusing system 2400 disclosed with
respect to FIG. 24.

[0156] In block 2502, a set of sub-apertures are assigned
to a set of first-level aperture engines 2402. In an embodi-
ment, the sub-aperture assignment is performed by an
engine controller 2406. Fach assignment may further divide
sub-apertures by subsets of focusing tasks, subsets of focal
ranges, subsets of A-line flavors and/or other suitable divi-
sion criteria. In block 2504, a set of apertures may be
assigned to a set of second-level aperture engines 2404. In
an embodiment, the aperture assignment is performed by an
engine controller 2406. Each aperture assignment may fur-
ther divide the aperture by subsets of focusing tasks, subsets
of focal ranges, subsets of A-line flavors, and/or other
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suitable division criteria. In an exemplary embodiment, each
of nine adjacent nine-transducer apertures is divided into
three sub-apertures. Accordingly, three first-level aperture
engines are assigned to perform various focusing tasks on
one-third of the first aperture (one whole sub-aperture each),
three first-level aperture engines are assigned the three
sub-apertures of the second aperture, and so on. In block
2506, an ultrasonic dataset for a transducer 302 within one
or more of the apertures is provided to the aperture engines
2402. In block 2508, it is determined whether any of the
first-level aperture engines 2402 has sufficient data to pro-
duce a partially focused A-line dataset. This determination
may be made by analyzing each first-level engine 2402
individually and/or by a group analysis. Group analysis may
include determining whether other first-level engines
assigned a related focusing task have sufficient data to
produce a partially focused A-line dataset. For example, the
production of data may be synchronized among the sub-
apertures within an aperture. In one such embodiment, the
determination of block 2508 does not allow the method to
proceed to block 2510 until each of the engines assigned a
sub-aperture within the aperture has sufficient data to pro-
duce a partially focused A-line dataset.

[0157] If the engines 2402 do not have sufficient data to
produce a focused A-line dataset, the method 2500 returns to
block 2506 where another ultrasonic dataset is provided.
Once one or more engines 2402 have sufficient data to
produce the assigned portion of a focused A-line dataset, the
method proceeds to block 2510, where the first-level aper-
ture engine or engines 2402 having sufficient data produce
the respective dataset. In block 2512, the first-level engine
2402 that produced the data is cleared of stored A-line data.
In block 2514, the cleared first-level engine is assigned the
next sub-aperture by the engine controller 2406.

[0158] Inblock 2516 the partially focused A-line dataset is
received by a second-level aperture engine 2404. In block
2518, it is determined whether any second level aperture
engines 2404 have sufficient data to produce a focused
A-line dataset. If not, the method proceeds to block 2506,
where additional A-line data is received. On the other hand,
if a second-level aperture engine 2404 has sufficient data to
produce the respective assigned dataset, in block 2520, the
aforementioned focused data is produced. In block 2522, the
second-level aperture engine 2404 having produced the
dataset is cleared of stored partially focused data. In block
2522, the next sub-aperture may be assigned to the cleared
second-level aperture engine 2404 by an engine controller
2406. The method returns to block 2506 where another
ultrasonic dataset is provided.

[0159] Thus far, embodiments have been described in the
context of RF-mode data handling. However, the principles
of the disclosure apply equally well to baseband data han-
dling embodiments. Put succinctly, baseband data handling
downmixes a high-frequency signal such as A-line echo data
to produce a set of complex lower-frequency signals.
Because the resulting signals have lower characteristic fre-
quencies, digital sampling rates can be reduced.

[0160] Transducers 302 emit an acoustic pulse with a
characteristic center frequency f. In ultrasound applications,
exemplary center frequencies typically range from 2 MHz to
50 MHz. However, frequencies well beyond this range are
contemplated and provided for. The emitted pulse also
contains other frequencies within a Gaussian amplitude
envelope of fractional bandwidth bw. The reflected pulse
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produced by a point scatterer and received by a receiving
transducer 302 can be approximated by the equation:

—(1—7)2:]
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[0161] where:

[0162] ¢, is the emitter directivity, the angle of inci-
dence between the emitting transducer and the point
scatterer,

[0163] ¢, is the receiver directivity, angle of incidence
between the point scatterer and the receiving trans-
ducer,

[0164] Ais a constant dependent on the scatter strength
and the dispersion of the acoustic wave,

[0165] k is the wavenumber,
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an exemplary approximation for emissions from a particular
transducer.

[0166] The pulse is translated into a time varying voltage
by the receiving transducer and the resulting signal is mixed
with a co-sinusoidal signal (cos(wt)) to produce the in-phase
signal:

I(rt)=p(rt)cos(wt)

The signal is then low-pass filtered to remove the high
frequency component. Similarly, by mixing with a sinusoid
(sin(wt)), the quadrature signal is generated:

Q@) =p(rr)sin(or)

This signal is also low-pass filtered. In some embodiments,
the two are combined to form a complex amplitude, D{r,t)
that includes the complex envelope and the phase of the echo
received by the transducer.

D(rt)=I(rH)+Q(rt)

In further embodiments, the in-phase and quadrature com-
ponents are kept as separate channels during the focusing
processing. After the focusing is complete, the complex
envelope and phase may be derived.

Em=V I+

O=tan™(Q(r0)/1(51)

The complex envelope is typically used in structural imag-
ing. The phase may be used in applications such as tissue
classification, strain imaging and flow imaging.

[0167] The field being imaged can be crudely approxi-
mated as an amalgam of point scatterers of varying strength
and density distribution. Each scatterer produces an echo
and resulting data, which combine linearly. The focusing
process measures the scatterer density/strength at a particu-
lar point in space by separating out the contributions of
scatterers at the point of interest. In a baseband environment,
this may be achieved by rotating the phase of the signals
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recorded by each transmit-receive pairing by multiplying the
signals with complex focusing coeflicients. Since the phase
angle of the complex amplitude signals is largely dependent
on the geometry of the echo path (ignoring effects due to
inhomogeneous speed of sound, etc.), it is predictable. The
phase of the coefficients may be chosen such that echoes
from scatterers in the region of interest are phase aligned for
each transmit-receive combination. After phase rotation, the
signals may be summed. Echoes due to scatterers at the focal
point will add coherently while echoes arriving from else-
where in the medium will not. The resulting signal is a
measure of the scatterer density/strength at the focal point.
[0168] FIGS. 26a and 265 are schematic diagrams of
baseband modulators according to aspects of the present
disclosure. As can be seen, the baseband conversion can be
performed using either digital or analog data signals. Refer-
ring first to FIG. 264, a baseband modulator 2600 receives
analog A-line data. The received A-line data may be
received from a transducer complex 110, an analog ampli-
fier, a filter, a signal conditioner, and/or other suitable
interface systems. The in-phase modulator 2602 mixes the
incoming data with a co-sinusoidal signal (cos(wt)) to pro-
duce the in-phase signal. The resulting signal is passed
through a low-pass filter 2606. Similarly, the quadrature
modulator 2604 mixes the incoming data with a sinusoidal
signal (sin(wt)) to produce the quadrature signal. This signal
is also passed through a low-pass filter 2606.

[0169] The focusing process attempts to isolate the echo
signals created by individual scatterers from the A-line data
and thereby measure scatter density at a given location. In
the baseband environment, this may be performed by time
shifting and aligning the in-phase and quadrature compo-
nents of the received A-line data. One skilled in the art will
recognize the similarities between baseband time shifting
and time-of-flight adjustment disclosed in the context of RF
embodiments. In baseband embodiments, time shifting may
be implemented as two distinct steps. A phase rotator 2610
may be used to shift the analog data by degree increments of
less than one sample. For example, a phase shift of 180° may
shift the incoming A-line data in time by half of a sampling
interval. The phase shift values 2608 used by the phase
rotator 2610 may be based on a geometry of the transducer
complex 110, a characteristic of a transducer, a characteristic
of an aperture, and/or other relevant factors that affect arrival
time. Time alignment of greater than one sample may be
performed using a bump map, for example, as disclosed with
reference FIGS. 9a and 95. Together, the phase rotator 2610
and the bump map converter 2620 may supplement or
replace time-of-flight correction in the RF domain.

[0170] In the embodiment of FIG. 264, analog in-phase
and quadrature signals are phase adjusted by the phase
rotators 2610 according to the phase shift value 2608,
digitized by one or more analog-to-digital converters 2612,
and resampled by the bump map converter 2620 to produce
digitized baseband A-line data. In various related embodi-
ments, the analog-to-digital converter and the bump map
converter 2620 are integrated into a variable-clock-rate
digitizer.

[0171] In contrast to the embodiments of FIG. 264, ana-
log-to-digital conversion may be performed earlier in the
baseband data flow. FIG. 265 illustrates embodiments where
a greater portion of the baseband data handling is performed
on digitized data. The baseband modulator 2650 of F1G. 265
is substantially similar to that of baseband modulator 2600
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of FIG. 26a, except as noted. In the illustrated embodiment,
analog A-line data is received by an analog-to-digital con-
verter 2614 where it is digitized. The received A-line data
may be received from a transducer complex 110, an analog
amplifier, a filter, a signal conditioner, and/or other suitable
interface systems. The digitized A-line data is then provided
to digital in-phase 2602 and quadrature modulators 2604.
The modulated signals are provide to digital low-pass filters
2606. The filtered signals are rotated by the phase rotators
2610 according to the phase shift values 2608.

[0172] In some embodiments, the sampling frequency of
the summed signals is reduced by a decimator 2616. This
can be performed without significant loss of accuracy
because of an advantage to baseband data handling that may
be leveraged by embodiments of both FIGS. 26a and 2654.
The process of forming the in-phase and quadrature signals
downmixes the A-line data stream by the center frequency.
The result is a signal with a lower effective frequency. This
lower-frequency signal can be digitized using a sampling
rate proportional to the half-bandwidth instead of the center
frequency plus the half-bandwidth. As the Nyquist rate, the
minimum sampling rate needed to avoid aliasing, is twice
the highest frequency of interest, the reduction in number of
samples may be considerable. The reduced sampling rate
may accordingly reduce bus speed, data storage require-
ments, clock frequency, power consumption, and/or process-
ing hardware required for other focusing steps.

[0173] Following decimation, one or more bump map
converters 2620 perform further time shifting on the in-
phase and quadrature baseband data. It will be recognized
that decimation and bump map conversion may be per-
formed as part of a single process. Therefore, in some
embodiments, the bump map converters 2620 receive bump
maps configured to perform decimation as well as time
shifting. In further embodiments, the bump map converters
2620 are integrated into the analog-to-digital converter(s)
2614 positioned earlier in the dataflow. In such embodi-
ments, time adjusting via the bump maps is performed prior
to modulation, filtering, and phase shifting. These and other
configurations are encompassed within the scope of the
disclosure.

[0174] FIG. 27 is a schematic of a baseband aperture
engine 2700 according to aspects of the present disclosure.
Portions of the baseband aperture engine 2700 may be
incorporated into an IVUS processing system 106, a patient
interface monitor (PIM) 104, and/or other components of an
IVUS imaging system 100. In some embodiments, the
baseband aperture engine 2700 provides a parallelizable
focusing engine used in an IVUS system 100 to leverage
concurrent processing of multiple apertures in order to
improve processing throughput. In many aspects, the base-
band aperture engine 2700 is substantially similar to the
aperture engine 1300 disclosed with respect to FIGS. 13-18.
[0175] The baseband aperture engine 2700 receives base-
band A-line data, which may include a quadrature data
component 2701 and/or an in-phase data component 2702.
This data may be received from a transducer complex 110,
a memory subsystem, an analog-to-digital converter, an
analog and/or digital amplifier, a filter, a signal conditioner,
and/or other suitable interface systems. The received A-line
data is provided to a baseband unit 2704. Suitable baseband
units include those described with respect to FIGS. 23a and
23b. The baseband units 2704 may apply filtering, phase
rotation according to received phase shift values 2706,
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complex summation, analog-to-digital conversion, and/or
resampling using a bump map to the received A-line data
2702 as described with respect to FIGS. 234 and 235.

[0176] In embodiments incorporating a pre-apodization
resample unit 2708, the baseband A-line data may be sup-
plied in analog and/or digital form, and may be supplied as
separate in-phase and quadrature components and/or as a
complex sum of the two components. When analog base-
band A-line data is provided, the resample unit 2708 may
digitize the analog data. Resampling of digital A-line data
may also be performed by the resample unit 2708. In this
way, the resample unit 2708 of some embodiments may be
significantly similar to the pre-apodization resample unit
1404 of FIG. 14. In various embodiments, resampling
includes upsampling, such as full upsampling and interpo-
lated phase shifting, and/or downsampling, such as decima-
tion. Resampling algorithms are known to those of skill in
the art. Non-limiting examples of resampling algorithms
include linear interpolation, Lagrange interpolation, cubic
spline interpolation, polyphase interpolation, and/or other
suitable algorithms. The pre-apodization resample unit 2708
may resample digital A-line data based on a set of resample
coeflicients 2712. The resample coeflicients 2712 may
specify a resampling rate, may specify a resampling algo-
rithm, may supply coefficients for a resampling algorithm,
and/or may supply other resampling configuration data. In
some embodiments, sampling rates above a certain ceiling
do not improve the quality of the final focused image. In
such embodiments, the ceiling is determined in part by a
resolution or number of pixels in the final image. Accord-
ingly, the pre-apodization unit may reduce the sample fre-
quency of the baseband A-line data by performing a deci-
mation process according to a ratio of samples per pixel. For
example, the ratio of samples per pixel may be 1:1.

[0177] As disclosed above, reducing the sample frequency
may result in a more efficient architecture. In some embodi-
ments, downsampling allows for lower bus speeds, less data
buffering, reduced clock frequency, lower memory require-
ments for data storage, and/or a reduced power envelope.
Reduced data handling requirements may also allow more
flexible division of hardware among computing devices such
as general purpose processors, a graphic processing units,
ASICs, FPGAs, a DSPs, and a microcontrollers. These
advantages are not limited to improved efficiency in the data
pipeline. Reducing the dataset may also reduce the size and
complexity of functional circuitry such as the complex
apodization unit 2710 providing additional size, power, and
cost savings.

[0178] The complex apodization unit 2710 receives base-
band A-line data from the baseband unit 2704 and/or the
pre-apodization resample unit 2708 and, similar to the
apodization unit 1208 disclosed with respect to FIG. 12, may
perform amplitude balancing and/or apodization functions
weighted to reduce effects such as sidelobe effects and
grating effects. Apodization functions include boxcar, Hann,
Hamming, cosine, half-cosine window function and/or other
suitable apodization function. In some embodiments, the
complex apodization unit 2710 applies a directional ampli-
tude adjustment, a sensitivity adjustment, and/or other
amplitude modifications. These may be specified by one or
more apodization coeflicients 2714. As the baseband A-line
data may be a set of in-phase and quadrature components or
a complex sum of the components, the supplied apodization
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coefficients 2714 may include sets of in-phase and quadra-
ture values and/or may include complex values.

[0179] The resulting apodized baseband A-line data is
supplied to the running sum unit 2716 where it is added with
apodized baseband A-line data for other A-lines within an
aperture. When the appropriate data has been processed and
summed, the focused A-line data 2718 for the aperture may
be produced. The focused A-line data 2718 may be in
baseband or RF form, and may be represented as separate
in-phase and quadrature components or as a complex sum of
the components.

[0180] FIG. 28 is a flow diagram of a method 2800 of
baseband aperture focusing according to aspects of the
present disclosure. It is understood that additional steps can
be provided before, during, and after the steps of method
2800, and some of the steps described can be replaced or
eliminated for other embodiments of the method 2800.
Referring to block 2802, an aperture assignment and A-line
data is received. The aperture assignment designates a
portion of the received A-line data that is relevant to the
assigned aperture. In block 2804, baseband modulation is
performed on at least the designated A-line data. Baseband
modulation produces in-phase and quadrature components
either separately or as a complex sum. In block 2806, phase
modulation is performed on the modulated A-line data
according to a phase modulation value.

[0181] In block 2808, a pre-apodization resampling may
be performed on the phase modulated A-line data according
to a set of resampling coeflicients. In block 2810, complex
apodization is performed on the baseband A-line data. In
some embodiments that perform pre-apodization resam-
pling, apodization (including apodization and amplitude
modulation) is performed on the resampled data produced in
block 2808. In alternate embodiments, apodization is per-
formed on the phase modulated baseband data of block
2806. In block 2812, focused A-line data is produced in
accordance with the aperture assignment.

[0182] FIG. 29 is a schematic of a baseband focusing
system 2900 according to aspects of the present disclosure.
The focusing system 2900 may be incorporated into an
IVUS processing system. The baseband focusing system
2900 is substantially similar to the focusing system 2100
disclosed with reference to FIG. 21. The baseband focusing
system 2900 includes a number of baseband aperture
engines 2700, which perform aperture-processing tasks such
as phase rotation, amplification, apodization, and summa-
tion. Suitable exemplary baseband aperture engines 2700
include the engine disclosed with reference to FIG. 27. In the
illustrated embodiment, the focusing system 2900 includes
N baseband aperture engines 2700, of which five are illus-
trated. In some embodiments, the number of baseband
aperture engines 2700 included in the baseband focusing
system 2900 is equivalent to the number of transducers 2700
within an aperture 304. This structure enables the baseband
focusing system 2900 to process multiple apertures in par-
allel.

[0183] Focusing calculations may be divided according to
aperture by allocating apertures to the focusing engines
2700. To do so, the aperture engines 2700 receive an
aperture assignment from the engine controller 2902, which
may be substantially similar to engine controller 2102 of
FIG. 21. The aperture assignment designates the aperture
that the engine 2700 is to process and accordingly designates
the portion of received A-line data to be used in the focusing
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calculations. Received A-line data is placed on an A-line
data bus 2104 and distributed to each aperture engine 2700.
The received A-line data may be received from a transducer
complex 110, a memory subsystem, an analog-to-digital
converter, an analog and/or digital amplifier, a filter, a signal
conditioner, and/or other suitable interface systems. Only a
portion of the received data may be relevant to each aperture
and thus each aperture engine 2700. Accordingly, the apet-
ture engines 2700 use the aperture assignment to identify
and process the relevant data from the A-line data bus 2104.
In various embodiments, A-line data that is not part of the
assigned aperture may be discarded, may be omitted, may be
ignored, may have a zero value coeflicient applied, and/or
may undergo another culling process. One advantage to this
architecture is that data selection at the engines 2700 avoids
the need for complicated data steering or filtering circuitry
on the bus 2104. In addition to potential wiring, layout, and
power benefits, omitting routing and steering circuitry
allows for more flexible implementation. For example, in
various embodiments, an aperture engine 2700, multiple
aperture engines 2700, and/or an entire focusing system
2900 is implemented on a single discrete computing hard-
ware device such as a general purpose processor, a graphic
processing unit, an ASIC, an FPGA, a DSP, a microcon-
troller, or other suitable computing device.

[0184] In addition to an aperture assignment, the engine
controller 2902 may also provide the aperture engines 2700
with resample coeflicients, phase shift values, apodization
coeflicients, and other parameters used to process the A-line
data. Once any aperture engine 2700 receives the A-line
dataset for the assigned aperture, the engine 2700 produces
the focused A-line data for that aperture. The aperture engine
2700 may then be flushed and begin collecting and process-
ing A-line data for another aperture. This round-robin
assignment of apertures to engines 2700 provides high
utilization without wasted idle resources.

[0185] FIG. 30 is a flow diagram of a method 3000 for
focusing multiple apertures according to aspects of the
present disclosure. It is understood that additional steps can
be provided before, during, and after the steps of method
3000, and some of the steps described can be replaced or
eliminated for other embodiments of the method The
method 300 is suitable for implementation using systems
such as the baseband focusing system 2900 disclosed with
respect to FIG. 29.

[0186] In block 3002, a set of apertures 304 are assigned
to a set of baseband aperture engines 2700. In some embodi-
ments, the assighment is performed by an engine controller
2902. In some embodiments, the number of apertures within
the set of apertures corresponds to the number of engines
with the set of engines, which further corresponds to the
number of transducers 302 in each of the apertures 304. In
block 3004, an ultrasonic dataset for a transducer 302 within
one or more of the apertures is provided to the baseband
aperture engines 3006. The dataset may be obtained from the
echo data directly, or may be obtained through an interme-
diary such as a memory subsystem, an analog-to-digital
converter, an analog and/or digital amplifier, a filter, a signal
conditioner, and/or other suitable interface systems. The
ultrasonic dataset may be provided to the baseband aperture
engines 2700 even though it may not be relevant to the
assigned aperture.

[0187] In block 3006, it is determined whether any of the
aperture engines 2700 has sufficient data to produce a
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focused A-line dataset. In block 3008, the aperture engine
having sufficient data produces the focused A-line dataset. In
block 3010, the aperture engine having produced the
focused A-line dataset is cleared of stored data. In block
3012, the cleared aperture engine is assigned a next aperture.
The method returns to block 3004 where another ultrasonic
dataset is provided.

[0188] A method 3100 of utilizing an IVUS device 102 is
disclosed referring to FIG. 31 and referring back to FIG. 1.
FIG. 31 is a flow diagram of the method of utilizing the
IVUS device 102 according to an embodiment of the present
disclosure. It is understood that additional steps can be
provided before, during, and after the steps of method 3100,
and some of the steps described can be replaced or elimi-
nated for other embodiments of the method.

[0189] Referring to block 3102 of FIG. 31 and to FIG. 1,
in an illustrative example of a typical environment and
application of the system, a surgeon places a guide wire 118
in the vascular structure 120. The guide wire 118 is threaded
through at least a portion of the distal end of the IVUS
device 102 either before, during, or afier placement of the
guide wire 118. Referring to block 3104 of FIG. 31, once the
guide wire 118 is in place, the IVUS device 102 is advanced
over the guide wire. Referring to block 3106, the transducer
complex 110 is activated. Signals sent from the PIM 104 to
the transducer complex 110 via the transmission line bundle
112 cause transducers within the complex 110 to emit a
specified ultrasonic waveform. The ultrasonic waveform is
reflected by the vascular structure 120. Referring to block
3108 of FIG. 31, the reflections are received by the trans-
ducers within the complex 110 and are amplified for trans-
mission via the transmission line bundle 112. The echo data
is placed on the transmission line bundle 112 and sent to the
PIM 104. The PIM 104 amplifies the echo data and/or
performs preliminary pre-processing, in some instances.
Referring to block 3110 of FIG. 31, the PIM 104 retransmits
the echo data to the IVUS console 106. Referring to block
3112 of FIG. 31, the IVUS console 106 aggregates and
assembles the received echo data to create an image of the
vascular structure 120 for display on the monitor 108. In
some exemplary applications, the IVUS device is advanced
beyond the area of the vascular structure 120 to be imaged
and pulled back as the transducer complex 110 is operating,
thereby exposing and imaging a longitudinal portion of the
vascular structure 120. To ensure a constant velocity, a
pullback mechanism is used in some instances. A typical
withdraw velocity is 0.5 mm/s, although other rates are
possible based on beam geometry, sample speed, and the
processing power of the system. In some embodiments, the
device 102 includes an inflatable balloon portion 122. As
part of a treatment procedure, the device may be positioned
adjacent to a stenosis (narrow segment) or an obstructing
plaque within the vascular structure 120 and inflated in an
attempt to widen the restricted area of the vascular structure
120.

[0190] Persons skilled in the art will recognize that the
apparatus, systems, and methods described above can be
modified in various ways. Accordingly, persons of ordinary
skill in the art will appreciate that the embodiments encom-
passed by the present disclosure are not limited to the
particular exemplary embodiments described above. In that
regard, although illustrative embodiments have been shown
and described, a wide range of modification, change, and
substitution is contemplated in the foregoing disclosure. It is
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understood that such variations may be made to the forego-
ing without departing from the scope of the present disclo-
sure. Accordingly, it is appropriate that the appended claims
be construed broadly and in a manner consistent with the
present disclosure.
[0191] While the present disclosure is directed primarily
to ultrasonic imaging, the system disclosed herein is well
suited to focusing any type of phased array data. This
includes data produced and collected by ultrasound trans-
ducers, radio-frequency transducers, and x-ray transducers.
Such applications include tomographic imaging (e.g., CT
(computed tomography), microCT, PET (positron emission
tomography), and microPET). Beyond medical imaging,
focusing may take place in cellular communications, satel-
lite communications, satellite imaging, radar LADAR, and
other technologies. One skilled in the art will recognize the
application of the principles herein across these and other
disciplines.
What is claimed is:
1. An ultrasound imaging system, comprising:
a processing system in communication with an ultrasound
imaging device comprising one or more transducers
associated with a set of apertures, the processing sys-
tem operable to:
assign the set of apertures to a set of aperture engines;
provide an ultrasonic dataset of the one or more trans-
ducers associated with the set of apertures to each of
the aperture engines within the set of aperture
engines;

produce a focused ultrasonic dataset when it is deter-
mined that a first aperture engine of the set of
aperture engines has sufficient data to produce the
focused ultrasonic dataset; and

thereafter assign another aperture to the first aperture
engine.

2. The system of claim 1, wherein the processing system
is further operable to:

clear the first aperture engine of stored ultrasonic data
when it is determined that the first aperture engine has
produced the focused ultrasonic dataset.

3. The system of claim 1, wherein the processing system
providing an ultrasonic dataset includes providing substan-
tially all of the ultrasonic dataset to each of the aperture
engines within the set of aperture engines via a common data
bus.
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4. The system of claim 1, wherein the processing system
producing a focused ultrasonic dataset includes performing
an apodization process on the ultrasonic dataset according to
a set of apodization coefficients.

5. The system of claim 1, wherein the processing system
producing a focused ultrasonic dataset includes performing
a time-of-flight adjustment on the ultrasonic dataset accord-
ing to a time-of-flight offset.

6. The system of claim 1, wherein the processing system
producing a focused ultrasonic dataset includes performing
a resampling process on the ultrasonic dataset according to
a set of resampling rates.

7. The system of claim 6, wherein the processing system
is operable to determine the set of resampling rates based on
a ratio of samples per pixel of a display unit.

8. The system of claim 7, wherein the ratio of samples per
pixel is 1:1.

9. The system of claim 7, wherein the display unit is a
high-definition display unit.

10. The system of claim 1, wherein the processing system
producing a focused ultrasonic dataset includes performing
a summation of the ultrasonic dataset.

11. The system of claim 1,

wherein the set of aperture engines includes a total

number of aperture engines, and

wherein the total number of aperture engines corresponds

to a total number of transducers within an aperture.

12. The system of claim 11, wherein the total number of
transducers is at least 128.

13. The system of claim 1, wherein the processing system
comprises:

the set of aperture engines;

a data interface operable to provide the ultrasonic dataset

to the set of aperture engines; and

an engine controller communicatively coupled to the set

of aperture engines.

14. The system of claim 1, further comprising:

the ultrasound imaging device.

15. The system of claim 14, wherein the ultrasound
imaging device is configured to be inserted into a patient
body.

16. The system of claim 14, wherein the ultrasound
imaging device comprises at least one of a catheter or a
guidewire.
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