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SPREAD SPECTRUM CODED WAVEFORMS
IN ULTRASOUND DIAGNOSTICS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This patent document is a continuation of U.S.
patent application Ser. No. 13/663,100, entitled “SPREAD
SPECTRUM CODED WAVEFORMS IN ULTRASOUND
IMAGING” and filed on Oct. 29, 2012, which claims the
benefit of priority of U.S. Provisional Patent Application No.
61/553,137, entitled “SPREAD SPECTRUM CODED
WAVEFORMS IN ULTRASOUND IMAGING” and filed on
Oct. 28, 2011. The entire contents of the before-mentioned
patent applications are incorporated by reference as part of
the disclosure of this document.

TECHNICAL FIELD

[0002] This patent document relates to systems and pro-
cesses for ultrasound diagnostics.

BACKGROUND

[0003] Ultrasound imaging is an imaging modality that
employs the properties of sound waves traveling through a
medium to render a visual image. Ultrasound imaging has
been used as an imaging modality for decades in a variety of
biomedical fields to view internal structures and functions of
animals and humans. Ultrasound waves used in biomedical
imaging may operate in different frequencies, e.g., between 1
and 20 MHz, or even higher frequencies. Some factors
including inadequate spatial resolution and tissue differentia-
tion can lead to less than desirable image quality using con-
ventional techniques of ultrasound imaging, which can limit
its use for many clinical applications.

SUMMARY

[0004] Techniques, systems, and apparatuses are disclosed
for ultrasound diagnostics using spread spectrum, coherent,
frequency- and/or phase-coded waveforms that can exhibit
wide instantaneous bandwidth.

[0005] Inoneaspect of the disclosed technology, a method
of creating an image from an acoustic waveform in an acous-
tic imaging device includes setting a transmit/receive switch
in the acoustic imaging device into a transmit mode to trans-
mit an acoustic waveform toward a target, in transmitting the
acoustic waveform, synthesizing, in one or more waveform
synthesizers, a plurality of substantially orthogonal coded
waveforms that form a composite waveform as the transmit-
ted acoustic waveform toward the target, in which each wave-
form corresponds to a distinct frequency band and the coded
waveforms include at least one of frequency-coded wave-
forms or phase-coded waveforms, setting the transmit/receive
switch in the acoustic imaging device into a receive mode to
receive a returned acoustic waveform that returns from at
least part of the target, converting the received returned
acoustic waveform from analog format to digital format as a
received composite waveform comprising information of the
target, and processing the received composite waveform to
produce an image of at least part of the target.

[0006] In another aspect, an acoustic waveform imaging
system is provided to include waveform generation unit com-
prising one or more waveform synthesizers coupled to a
waveform generator, wherein the waveform generation unit
synthesizes a composite waveform comprising a plurality of
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substantially orthogonal coded waveforms corresponding to
frequency bands that are generated by the one or more wave-
form synthesizers according to waveform information pro-
vided by the waveform generator, the coded waveforms
including at least one of frequency-coded waveforms or
phase-coded waveforms; a transmit/receive switching unit
that switches between atransmit mode and a receive mode; an
array of transducer elements in communication with the
transmit/receive switching unit that transmits an acoustic
waveform based on the composite waveform toward a target
and receives a returned acoustic waveform returned from at
least part of the target; an array of analog to digital (A/D)
converters to convert the received returned acoustic wave-
form received by the array of transducer elements from ana-
log format to digital format as a received composite wave-
form comprising information comprising information of the
target; a controller unit in communication with the waveform
generation unit and the array of A/D converters comprising a
processing unit that processes the received composite wave-
form to produce an image of at least part of the target; and a
user interface unit in communication with the controller unit.

[0007] In another aspect, a method of creating an image
from an acoustic waveform is provided to include setting a
transmit/receive switch into transmit mode; selecting a mode
of operation from a plurality of operating modes; synthesiz-
ing, in one or more waveform synthesizers, a plurality of
substantially orthogonal coded waveforms that form a com-
posite waveform, wherein each waveform corresponds to a
distinct frequency band, the coded waveforms including at
least one of frequency-coded waveforms or phase-coded
waveforms; transmitting an acoustic waveform based on the
composite waveform toward a target; setting the transmit/
receive switch into receive mode; receiving a returned acous-
tic waveform returned from at least part of the target; con-
verting the received returned acoustic waveform from analog
format to digital format as a received composite waveform
comprising information of the target; and processing the
received composite waveform to produce an image of at least
part of the target.

[0008] In another aspect, a method of creating an image
from an acoustic waveform is provided to include combining
a plurality of coded waveforms corresponding to different
frequency bands to produce a composite waveform compris-
ing substantially orthogonal wave signals at the different
frequency bands, the coded waveforms including at least one
of frequency-coded waveforms or phase-coded waveforms;
using the composite waveform to produce an acoustic probe
wave that includes the different frequency bands toward a
target; receiving acoustic energy returned from at least part of
the target after the acoustic probe wave is sent to the target;
converting the received returned acoustic energy into a digital
composite waveform comprising information of the target;
and processing the received composite waveform to produce
an image of at least part of the target.

[0009] Inyetanother aspect, a device for creating an image
from an acoustic waveform is provided to include means for
combining a plurality of coded waveforms corresponding to
different frequency bands to produce a composite waveform
comprising substantially orthogonal wave signals at the dif-
ferent frequency bands, the coded waveforms including at
least one of frequency-coded waveforms or phase-coded
waveforms; means for using the composite waveform to pro-
duce an acoustic probe wave that includes the different fre-
quency bands toward a target; means for receiving acoustic



US 2015/0133787 Al

energy returned from at least part of the target after the acous-
tic probe wave is sent to the target; means for converting the
received returned acoustic energy into a digital composite
waveform comprising information of the target; and means
for processing the received composite waveform to produce
an image of at least part of the target.

[0010] The subject matter described in this patent docu-
ment can provide one or more of'the following features and be
used in many applications. For example, the disclosed tech-
nology can be used during routine primary care screenings to
identify and locate early stage malignancies, as well as later
stage cancers, which can potentially raise survival rates of
hard to diagnose asymptomatic patients. The disclosed tech-
nology can be used by board certified radiologists to diagnose
neoplasms as benign or malignant prior to any surgical biopsy
or resection intervention, which may also improve patient
survival rate while reducing unnecessary biopsies. The dis-
closed technology can, when integrated with a fine needle
biopsy instrument, be used in medical procedures to confirm
noninvasive diagnoses, which can reduce the level of inva-
siveness of such biopsy procedures. The disclosed technol-
ogy can, when integrated with minimally invasive surgical
high definition video instrumentation, fuse optical and ultra-
sound images, which can further give surgeons added abilities
to locate and surgically excise diseased tissue without excis-
ing excessive healthy tissue. The disclosed technology can,
when integrated with specialized surgical instrumentation,
fusing ultrasound images with other data, can give surgeons
added abilities to locate and manipulate anatomic areas of
interest while minimizing unnecessary damage to nearby
structures. The disclosed technology can reduce the amount
of time for the brachytherapy treatment of malignant neo-
plasms by, for example, precisely guiding the insertion of
catheters and sealed radioactive sources into the proper loca-
tion. Similarly, the disclosed technology can aid insertion of
high dose, localized pharmaceuticals for treatments of dis-
eases.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1A shows a block diagram of an exemplary
ultrasound imaging system using spread spectrum coded
waveforms.

[0012] FIG. 1B shows achart for operation of an exemplary
ultrasound imaging system using spread spectrum coded
waveforms.

[0013] FIG. 2 shows a graph of an exemplary spread spec-
trum, wide instantaneous bandwidth, frequency- and/or
phase-coded waveform featuring a plurality of waveforms.
[0014] FIG. 3 shows ambiguity function characteristics of
an exemplary spread spectrum coded waveform.

[0015] FIGS. 4A-4C show an exemplary diagram for beam
steering, dynamic focusing, and forming.

[0016] FIG. 5 shows an exemplary block diagram for cor-
relation processing of a spread spectrum coded waveform.
[0017] Like reference symbols and designations in the vari-
ous drawings indicate like elements.

DETAILED DESCRIPTION

[0018] Techniques, systems, and apparatuses are described
for generating, transmitting, receiving, and processing coher-
ent spread spectrum frequency- and/or phase-coded wave-
forms used in ultrasound diagnostics.
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[0019] Ultrasound imaging can be performed by emitting a
time-gated, single frequency or narrow instantaneous band-
width acoustic waveform (pulse), which is partly reflected
from a boundary between two mediums (e.g., biological tis-
suie structures) and partially transmitted. The reflection can
depend on the acoustic impedance difference between the two
mediums. Ultrasound imaging by some techniques may only
use amplitude information from the reflected signal. For
example, when one pulse is emitted, the reflected signal can
be sampled continuously. In biological tissue, sound velocity
can be considered fairly constant, in which the time between
the emission of a waveform and the reception of a reflected
signal is dependent on the distance the waveform travels in
that tissue structure (e.g., the depth of the reflecting struc-
ture). Therefore, reflected signals may be sampled at multiple
time intervals to receive the reflected signals being reflected
from multiple depths. Also, different tissues at the different
depths can partially reflect the incident waveform with dif-
ferent amounts of energy, and thus the reflected signal from
different mediums can have different amplitudes. A corre-
sponding ultrasound image can be constructed based on
depth. The time before a new waveform is emitted can there-
fore be dependent of the maximum depth that is desired to
image. Ultrasound imaging techniques employing pulsed
monochromatic and/or narrow instantaneous bandwidth
waveforms can suffer from poor resolution of image process-
ing and production. Yet, waveforms with spread spectrum,
wide instantaneous bandwidth characteristics that can be
coded (e.g., by frequency and/or phase) can enable real-time
control of ultrasound imaging and higher quality resultant
images.

[0020] FIG. 1A shows a block diagram of an exemplary
ultrasound system (100) that can produce acoustic waveforms
with enhanced waveform properties that include a spread-
spectrum, wide instantaneous bandwidth, coherency, pseudo-
random noise characteristics, and frequency- and/or phase-
coding. System (100) can be configured in one of many
system designs. In one example, system (100) can include a
Master Clock (101) for time synchronization. The Master
Clock (101) canbe interfaced with a System Controller (102).
System Controller (102) can include a processing unit, ¢.g., a
central processing unit (CPU) of RISC-based or other types
of CPU architectures. System Controller (102) can also
include at least one input/output (I/0) unit(s) and/or memory
unit(s), which are in communication with the processing unit,
to support various functions of the System Controller (102).
For example, the processing unit can be associated with a
system control bus, e.g., Data & Control Bus (103). System
Controller (102) can be implemented as one of various data
processing architectures, such as a personal computer (PC),
laptop, tablet, and mobile communication device architec-
tures.

[0021] Thememory unit(s) can store other information and
data, such as instructions, software, values, images, and other
data processed or referenced by the processing unit. Various
types of Random Access Memory (RAM) devices, Read Only
Memory (ROM) devices, Flash Memory devices, and other
suitable storage media can be used to implement storage
fanctions of the memory unit(s). The memory unit(s) can
store pre-stored waveforms and coefficient data and informa-
tion, which can be used in the implementation of generating a
waveform, e.g., such as a spread-spectrum, wide instanta-
neous bandwidth, coherent, pseudo-random noise, and fre-
quency and/or phase-coded waveform. The memory unit(s)
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can store data and information obtained from received and
processed wavefornis, which can be used to generate and
transmit new waveforms. The memory unit(s) can be associ-
ated with a system control bus, e.g., Data & Control Bus
(103).

[0022] The T/O unit(s) can be connected to an external
interface, source of data storage, and/or display device. The
T/O unit(s) can be associated with a system control bus, e.g.,
Data & Control Bus (103). Various types of wired or wireless
interfaces compatible with typical data communication stan-
dards, such as but not limited to Universal Serial Bus (USB),
IEEE 1394 (FireWire), Bluetooth, IEEE 802.111, Wireless
Local Area Network (WLAN), Wireless Personal Area Net-
work (WPAN), Wireless Wide Area Network (WWAN),
WIMAX, IEEE 802.16 (Worldwide Interoperability for
Microwave Access (WiMAX)), and parallel interfaces, can be
used to implement the I/O unit. The I/O unit can interface with
an external interface, source of data storage, or display device
to retrieve and transfer data and information that can be pro-
cessed by the processor unit, stored in the memory unit, or
exhibited on an output unit.

[0023] System Controller (102) can control all of the mod-
ules of system (100), e.g., through connection via Data &
Control Bus (103). For example, Data & Control Bus (103)
can link System Controller (102) to one or more attached
digital signal processors, e.g., Digital Signal Processor (104),
for processing waveforms for their functional control. Digital
Signal Processor (104) can include one or many processors,
such as but not limited to ASIC (application-specific inte-
grated circuit), FPGA (field-programmable gate array), DSP
(digital signal processor), AsAP (asynchronous array of
simple processors), and other types of data processing archi-
tectures. Data & Control Bus (103) can also link System
Controller (102), as well as Digital Signal Processor (104), to
one or more display units with modules for user interfaces,
e.g., Display (105) with a module User Interface (106) to
provide information to a user or operator and to receive input/
commands from the user or operator. Display (105) can
include many suitable display units, such as but not limited to
cathode ray tube (CRT), light emitting diode (LED), and
liquid crystal display (LCD) monitor and/or screen as a visual
display. Display (105) can also include various types of dis-
play, speaker, or printing interfaces. In other examples, Dis-
play (105) can include other output apparatuses, such as
toner, liquid inkjet, solid ink, dye sublimation, inkless (such
as thermal or UV) printing apparatuses and various types of
audio signal transducer apparatuses. User Interface (106) can
include many suitable interfaces including various types of
keyboard, mouse, voice command, touch pad, and brain-
machine interface apparatuses.

[0024] The exemplary system (100) can include Waveform
Generator (107), which can be controlled by System Control-
ler (102) for producing one or more digital waveforms. The
one or more digital waveforms can be generated as analog
electronic signals (e.g., analog waveforms) by at least one
element in an array of waveform synthesizers and beam con-
trollers, e.g., represented in this example as Waveform Syn-
thesizer and Beam Controller (108). Waveform Generator
(107) can be at least one of a function generator and an
arbitrary waveform generator (AWG). For example, Wave-
form Generator (107) can be configured as an AWG to gen-
erate arbitrary digital waveforms for Waveform Synthesizer
and Beam Controller (108) to synthesize as individual analog
waveforms and/or a composite analog waveform. Waveform
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Generator (107) can also include at least one memory unit(s)
that can store pre-stored waveforms and coefficient data and
information used in the generation of a digital waveform.

[0025] The exemplary system (100) shown in FIG. 1A
includes Waveform Synthesizer and Beam Controller (108)
comprising I number of array elements. In one example,
Waveform Synthesizer and Beam Controller (108) can be
configured to include at least one waveform synthesizer ele-
ment on each line of the I number of array waveform synthe-
sizers. In another example, Waveform Synthesizer and Beam
Controller (108) can include at least one beam controller
element on each line of the I number of array beam control-
lers. In another example, Waveform Synthesizer and Beam
Controller (108) can include at least one waveform synthe-
sizer element and beam controller element on each line of the
I number of array waveform synthesizers and beam control-
lers. Waveform Synthesizer and Beam Controller (108) can
include a phase-lock loop system for generation of an elec-
tronic signal, e.g., a radio frequency (RF) waveform. An
exemplary RF waveform can be synthesized by Waveform
Synthesizer and Beam Controller (108) from individual
waveforms generated in the array elements of Waveform
Synthesizer and Beam Controller (108), e.g., one individual
RF waveform can be generated in one array element substan-
tially simultaneously to all other individual waveforms gen-
erated by the other array elements of Waveform Synthesizer
and Beam Controller (108). Each individual RF waveform
can be defined for a particular frequency band, also referred to
as a frequency component or ‘chip’, and the waveform prop-
erties of each individual waveform can be determined by
Waveform Generator (107), which can include at least one
amplitude value and at least one phase value corresponding to
the chip. Waveform Generator (107) can issue commands and
send waveform data including information about each indi-
vidual waveform’s properties to Waveform Synthesizer and
Beam Controller (108) for generation of individual RF wave-
forms that can be composited into a composite RF waveform.

[0026] The individual RF waveforms and/or the composite
RF waveform generated by Waveform Synthesizer and Beam
Controller (108) can be modified by Output Amplifiers (109),
which includes an array of I number of amplifiers, e.g., by
amplifying the gain and/or shifting the phase of a waveform.
Output Amplifiers (109) can be used as transducer drivers.
The individual RF waveforms and/or the composite RF wave-
form can be passed to Transmit/Receive (T/R) switch (110),
e.g., an N-pole double-throw transmit/receive switch. T/R
Switch (110) that can be interfaced with a transducer module.
A generated RF waveform, e.g., the composite RF waveform
and/or at least one individual RF waveform, that is to be
transmitted into a target medium can be transduced into, for
example, an acoustic wave by the transducer module that can
include an array of transducer elements, e.g., Transducer
Array (111) comprising I number of elements. For example,
the transduced acoustic wave can be emitted in the form of an
acoustic waveform pulse. Each array element of the Trans-
ducer Array (111) may generate one or more acoustic wave-
forms that correspond to the individual waveform chips deter-
mined by the Waveform Generator (107).

[0027] The exemplary transduced transmitted acoustic
waveform can be transmitted toward a target area, e.g., bio-
logical tissue, and form a spatially combined acoustic wave-
form. The transmitted waveform can propagate into the target
medium, which for example, can have one or more inhomo-
geneous mediums that partially transmit and partially reflect
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the transmitted acoustic waveform. Exemplary acoustic
waveforms that are partially reflected, also referred to as
returned acoustic waveforms, can be received by Transducer
Array (111). For example, each array element of I array
elements of Transducer Array (111) can be configured to
receive a returned acoustic waveform corresponding to the
frequency chip and convert it to an analog RF waveform. The
individual received (analog) RF waveforms can be modified
by Pre-Amplifier module (112), which includes an array of 1
number of amplifiers, e.g., by amplifying the gain and/or
shifting the phase of a waveform. The individual received
waveforms can be converted from analog format to digital
format by analog to digital (A/D) Converter module (113),
which includes an array of I number of A/D converters. A/D
Converter module (113) can include A/D converters that have
low least significant bit (LSB) jitter, spurious-free dynamic
range (SFDR) and waveform dependency, such that the
exemplary waveforms can be adequately decoded. The con-
verted digital representations of the individual received wave-
forms can be processed by a processor, e.g., Digital Signal
Processor (104), in manner that creates and forms a represen-
tative image of the target medium.

[0028] The exemplary system (100) can be operated in one
of many operation modes. In one example, Master Clock
(101) can provide the time base for synchronizing the system
(100), e.g., as a time base for the Waveform Synthesizers
(108). Master Clock (101) can be configured as a low phase
noise clock such that the exemplary waveforms can be phase
encoded. An operator canselect the mode of operation at User
Interface (106). Exemplary modes of operation provided for
the user to select at the User Interface (106) include Conven-
tional A-Mode (e.g., 1D Depth only image), Conventional
B-Mode (e.g., 2D Plane image—transverse vs. depth), Con-
ventional C-Mode (e.g., 2D Plane image at selected depth),
and Conventional D-Modes (e.g., Doppler Modes). Exem-
plary Doppler modes include Color Doppler (e.g. superposi-
tion of color coded Doppler and B-mode images), Continuous
Doppler (e.g., 1D Doppler profile vs. depth), Pulsed Wave
Doppler (e.g., Doppler vs. time for selected volume), and
Duplex/Triplex Doppler (e.g., superposition of Conventional
B-Mode, Conventional C-Mode or Color Doppler, and
Pulsed Wave Doppler). Some other exemplary modes of
operations can include Conventional 3D and 4D (“real time”
3D) volume renderings of the previously described modes of
operations. The exemplary system (100) can implement new
modes of operation that can generate spread spectrum, wide
instantaneous bandwidth, frequency- and/or phase-coded
waveforms. For example, a user can select exemplary ATS-
Modes (Artificial Tissue Staining Modes) that can comprise a
B-Mode, a C-Mode, a D-Mode, or other mode combined with
image color coding to aid tissue differentiation—analogous
to tissue staining for microscopic histological studies; and
exemplary CAD-Modes (Computer Aided Diagnostic
Modes) that differentiate and identify tissue type. ATS-
Modes can employ the use of features for image color coding
in image processing based on one or more of a number of
measured properties that are obtained from the returned echo
waveform from the target area, e.g., the returned echo from an
exemplary transmitted spread spectrum, wide instantaneous
bandwidth, coded acoustic waveform. CAD-Modes can use
classifiers (algorithms) to classify, for example, tissue types
based on features of the measured properties of the returned
echo from the target area, e.g., the returned echo from an
exemplary spread spectrum, wide instantaneous bandwidth,
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coded acoustic waveforms. The features properties can
include differing impedances, amplitude reflections (as a
function of wavelength), group delay, etc. Some exemplary
classifiers that can be employed using CAD-Modes can
include deterministic classifiers, stochastic classifiers (e.g.,
Bayesian classifiers), and neural network classifiers.

[0029] FIG. 1B shows an exemplary operation process
(150) for operating the system (100) for ultrasound imaging.
For each time epoch, process (150) can begin by implement-
ing process (151) to switch system (100) in transmit mode.
For example, the System Controller (102) can command an
N-pole double-throw T/R switch, e.g., T/R Switch (110), to
transmit position. Process (150) includes a process (152) to
check a user-defined mode of operation. For example, mode
of operation can be selected by a user using User Interface
(106), or the mode of operation can be selected by another
entity orinternally within system (100). Based on the selected
operation mode, System Controller (102) can command
Waveform Generator (107) to issue a digital message (data) to
one or more elements in Waveform Synthesizers and Beam
Controllers (108) that defines the frequency, amplitude and
phase of each of the frequency chips that form a desired
wideband composite RF waveform commanded, e.g., imple-
mented in a process (153). Process (152) can occur anywhere
and implemented in multiple instances during process (150).
Process (150) includes a process (153) toissue waveform data
(e.g., the exemplary digital message/data) to waveform syn-
thesizers and beam formers, such as the Waveform Synthe-
sizers and Beam Controllers (108). The issued waveform data
can include the frequency, amplitude and phase information
of the desired frequency chips that are synthesized as fre-
quency- and/or phase-coded waveforms, in which each coded
waveform corresponds to a distinct frequency band. Process
(150) includes a process (154) to generate individual analog
RF waveforms that correspond to defined frequency chips.
For example, each element in the array of Waveform Synthe-
sizers and Beam Controllers (108) can convert the digital
message/data from the Waveform Generator (107) into indi-
vidual analog waveforms that can make up a coherent analog
wideband composite waveform. Process (150) includes a pro-
cess (155) to amplify the individual analog waveforms that
can make up a coherent analog wideband composite wave-
form. For example, each analog waveform and/or wideband
composite waveform can be amplified by an array element in
Output Amplifier (109). The amplified analog wideband com-
posite waveform can then pass through the T/R Switch (110)
and excite its respective array element of the Transducer
Array (111) (e.g., in an ultrasound probe). Process (150)
includes a process (156) to transduce the composite analog
waveform to an acoustic waveform that can propagate
throughout the scanned volume. For example, each element
of the Transducer Array (111) can provide an acoustic wave-
form from each of the individual analog waveform corre-
sponding to the frequency chip generated in Waveform Syn-
thesizer and Beam Controller (108) that makes up the
wideband composite acoustic waveform. Transducer Array
(111) can form the acoustic beam that propagates into the
target medium, e.g., biological tissue volume under study.

[0030] At the end of process (156), process (150) can
implement process (157) to switch system (100) in receive
mode. For example, the System Controller (102) can com-
mand the N-pole double-throw T/R Switch (110) to receive
position. Process (150) includes a process (158) to receive a
returned acoustic waveform, which can be in the form of one
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or more returned acoustic waveforms (also referred to as
acoustic waveform echoes). Process (158) can also include
transducing the returned acoustic waveform echo(es) into
individual received analog waveforms, e.g., corresponding to
the frequency chips of the generated individual waveforms.
For example, the returned acoustic waveform propagates
back to and is received by Transducer Array (111). Each
element of Transducer Array (111) can convert the received
acoustic waveform it receives into an analog signal (wave-
form). Process (150) includes a process (159) to amplify the
individual received analog waveforms. For example, each
received analog waveform can be amplified by its respective
low noise pre-amplifier element in Pre-Amplifier module
(112). Process (150) includes a process (160) to convert the
individual received analog waveforms into digital waveform
data. For example, each received (and amplified) analog
waveform signal can be converted into a digital word by each
respective A/D element in A/D Converter module (113). The
digital format data can be sent to Digital Signal Processor
(104) for signal processing. Process (150) includes a process
(161) to process the digital waveform data into image frames
representative of the target medium. Process (161) can also
include compositing the digital waveform data into a com-
posite digital signal representing the individual and compos-
ite received analog waveform. For example, Digital Signal
Processor (104) can detect the amplitude and phase of each of
the frequency chips that comprise the wideband composite
acoustic waveform received by each of the transducer array
elements. Digital Signal Processor (104) can form the
received beam and separate the amplitude and Doppler com-
ponents of each resolution element of the beam, and can form
an image frame associated with mode previously selected by
operator. The image frame formed by Digital Signal Proces-
sor (104) can be displayed on Display (105) to the user. For
other subsequent time epochs, System Controller (102) can
repeat this exemplary process, e.g., by commanding Wave-
form Generator (107) to issue to each element in Waveform
Synthesizers (108) another digital message that defines the
amplitude and phase of each of the frequency chips that
comprise the wideband composite waveform and by com-
manding T/R Switch (110) back to transmit position, etc.

[0031] The system (100) can be implemented to produce
spread-spectrum, wide instantaneous bandwidth (e.g., up to
100% or more of fractional bandwidth), coherent, pseudo-
random noise (PRN), frequency- and/or phase-coded wave-
forms for ultrasound imaging. There are limitless embodi-
ments of such waveforms. One example is featured in FIG. 2,
which shows an exemplary plot of a generated composite
waveform (200) that is comprised of a plurality of individual
waveforms (e.g., frequency chips). In some implementations,
the individual waveforms of the composite waveform (200)
can be PRN waveforms including a sequence of pulses for
each frequency chip that repeats itself after a sequence or
code period (T), e.g., such that the sequence has a very low
correlation with any other sequence in the set of frequency
chips, or with the same sequence at a significantly different
time frame, or with narrow band interference or thermal
noise. For example, the system (100) can generate exactly the
same sequences of the exemplary PRN waveforms atboth the
transmitter and the receiver ends, so a received signal
sequence (based on the transmitted signal sequence) can
exhibit a high correlation for signal processing to produce an
acoustic image of the target.
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[0032] As shown in FIG. 2, an exemplary individual wave-
form or chip (201) of the composite waveform (200) corre-
sponds to the frequency chip f,, , that is transmitted during a
transmit period T beginning at time frame t,, e.g., as
described in the process (156) in FIG. 1B. As shown in FIG.
2, following the transmit period T, a receive time interval T,
is exhibited, in which returned acoustic waveform echoes are
received as described in the process (158) in FIG. 1B. The
transmit period T and the receive time interval T, form a
frame period T, which can be repeated in subsequent time
frames (t,,t,. t5, .. . ).

[0033] The exemplary composite waveform (200) can be
represented by an equation for waveform, W, which can be
represented in the time domain as a complex number, given
by Equation (1):

W=y Y Ao B Gy - kTy) )
kon

[0034] W is comprised of M individual orthogonal wave-
forms (e.g., orthogonal frequency chips), where =—v=1. In
Equation (1), T represents the chip duration or period of the
coded sequence, and f,, represents the fundamental chip fre-
quency, such that {,=1/NT, and in which Nfj, is the maximum
frequency and (M-N+1){;, is the minimum frequency. n rep-
resents a sequence of positive integers from N-M+1 to N. The
waveform repetition frequency is 1/T, with T, being the dura-
tion of a frame or epoch, and U(x)=1 for 0<x<T, @, repre-
sents the frequency chip phase term of the n chip in the k*
time epoch, and A, is the amplitude of the n” chip. The
frequency chip phase term © , can be a pseudo-random phase
term, in which a pseudo-randomly scrambled starting phase
®,, is a random number in the set {1, 27/N}, where I, is a
sequence of random, positive integers selected without
replacement from the series [=0, 1, 2,3, ..., N, with N being
a large number. C,, which is an additive phase term, is a
number between 0 and 2xt. For example, the frequency chip
phase pseudo-random values @, can be pre-stored in an
exemplary database within a memory unit of System Control-
ler (102) and/or Waveform Generator (107).

[0035] The composite waveform, W, can be formed by
synthesizing substantially orthogonal coded waveforms (e.g,,
frequency chips), in which each coded waveform corre-
sponds to a distinct frequency band, and the coded waveforms
includes at least one of frequency-coded waveforms or phase-
coded waveforms, e.g., the coded waveforms synthesized in
the Waveform Synthesizers (108). The coded waveforms can
be synthesized as frequency-coded waveforms by selecting
two or more frequencies that define the carrier frequencies of
the frequency chips (e.g., including selecting the minimum
and maximum frequency) and determining the A, amplitude
values of the frequency chips. The synthesis of the frequency-
coded can also include determining a time-bandwidth prod-
uct (Mf,T) parameter of each waveform of the coded wave-
forms. In some implementations, the amplitude for a
particular frequency chip can be determined as a single value
for that frequency chip during a particular time epoch and
repeated in subsequent time epochs for the particular fre-
quency chip. In other implementations, the amplitude for a
particular frequency chip can be determined as a single value
for that frequency chip during a particular time epoch and
assigned a different single value in subsequent time epochs
for the particular frequency chip. And in other implementa-
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tions, the amplitude for a particular frequency chip can be
determined to include multiple amplitude values for that fre-
quency chip during a particular time epoch, in which the
multiple values of the A, can be repeated or varied in subse-
quent time epochs for the particular frequency chip. The
selection of the range of frequencies from the maximum
frequency (Nf;,) to the minimum frequency (M=N+1)f,) plus
the set of individual waveform amplitude terms (A,) can
utilize one of many known code sequences (e.g. including
pushing sequences, Barker Codes, etc.) or, for example, uti-
lize a numerical search on pseudo-random codes or any other
codes for minimum ambiguity sidelobes.

[0036] The coded waveforms can additionally or alterna-
tively be synthesized as phase-coded waveforms by deter-
mining individual waveform phase terms (®,,,) of each wave-
form of the coded waveforms. For example, to provide
variation of the composite waveform, W, the phase @, can
include one or more phase values for a frequency chip within
the transmit period T. In some implementations, the phase
@, for a particular frequency chip can be determined as a
single value for that frequency chip during a particular time
epoch and repeated in subsequent time epochs for the particu-
lar frequency chip. In other implementations, the phase @,
for a particular frequency chip can be determined as a single
value for that frequency chip during a particular time epoch
and assigned a different single value in subsequent time
epochs for the particular frequency chip. And in other imple-
mentations, the phase @, for a particular frequency chip can
be determined to include multiple values for that frequency
chip during a particular time epoch, in which the multiple
values of the @, canbe repeated or varied in subsequent time
epochs for the particular frequency chip. For example, the
waveform (201) in the first time epoch (t,) can include a first
phase @, for example, as its phase shift for the beginning
portion of the transmit period T and a second phase @, for
example, as its phase shift for the latter portion of the transmit
period T. The waveform (201) in the next time epoch (t, ) can
repeat the exemplary phases @, and @ as its beginning and
latter phase shifts or include another phase shift sequence
(e.g., such as @, O, P, or such as O and P, or other
configurations). The synthesis of the frequency-coded can
also include determining a time-bandwidth product (M{,T)
parameter of each waveform of the coded waveforms.

[0037] An exemplary transmitted waveform, W, can be
comprised of the set of M individual waveforms that are
orthogonal and completely span the frequency rangef,,., ., to
fy» as seen in FIG. 2. The parameter N can be chosen to be a
large number to give W a wide instantaneous bandwidth. In
the special case when the lowest frequency fy;.,,, ,=1/T, then
W can describe any wideband waveform that may be con-
tained within this range of frequencies. For any waveform
among the M individual waveforms, one or more phases (e.g.,
® ) can be encoded in a single waveform during the interval
T. Additionally, any waveform among the M individual wave-
forms can include multiple amplitudes encoded in a single
waveform. This can be implemented by amplitude weighting
and phase weighting.

[0038] The family of individual waveforms described by
Equation (1) can form a coherent, pseudo-random noise, fre-
quency- and/or phase-coded, spread spectrum composite
waveform. Based on the selection of parameters, the indi-
vidual waveforms can be made to be statistically orthogonal
to any degree desired. For example, the sidelobe levels of the
ambiguity function, described later in Equation (2), for a
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given waveform represents the degree of orthogonality of that
waveform. By determining particular parameters of the wave-
forms, medical ultrasound image resolution can be signifi-
cantly improved. For example, parameters that affect the
resolution of medical ultrasound images include the time-
bandwidth product (M{,T) parameter, which determines the
inherent combined axial range (e.g., Doppler resolution) and
the speckle reduction ability of the waveform, and the indi-
vidual waveform phase terms (®,,), which determine the
statistical degree of orthogonality, e.g., which in turn deter-
mines the degree that the waveform can function in inhomo-
geneous media of biological tissues. For example, the lower
the sidelobes, the greater the orthogonality and greater the
resolution (less noise). The selection of the set of individual
waveform phase terms (®,,) can utilize one of many known
code sequences (e.g. including Barker, Frank, Golay, etc.) or,
for example, utilize a numerical search on pseudo-random
codes or any other codes for minimum ambiguity sidelobes.
[0039] Insome implementations, the composite waveform
(200), e.g., described by Equation (1), can be a single wide-
band, coherent, frequency- and/or phase-coded waveform.
For example, based on the selection of parameters, the single
waveform can be made to be statistically orthogonal to any
other signal waveform or noise signal present in the target
medium.

[0040] The parameter A , which is the amplitude of the n™
chip, and C,,, which is an additive phase term, in combination
can provide pre-emphasis of the analog signal that excites
eachindividual element of Transducer Array (111) to produce
a transmitted acoustic waveform that has the desired ampli-
tude and phase characteristics over the frequency range of W.
Pre-emphasis of the transmitted waveform can compensate
for both the non-constant amplitude and phase response of
transducer elements as a function of frequency, and the non-
uniform propagation characteristics of intervening tissue lay-
ers. For example, the pre-emphasis terms can provide an
acoustic waveform that has equal amplitude chips with con-
stant (e.g., flat) amplitude and a known phase versus fre-
quency characteristic. Such constant amplitude versus fre-
quency acoustic waveforms can be referred to as ‘white’
waveforms. Alternatively, if pre-emphasis is not provided,
then the transmitted acoustic waveform can replicate the fre-
quency response of the transducer, and such waveforms are
referred to as ‘colored” waveforms. De-emphasis of the
received waveform can permit determination of the reflection
characteristic of the target medium’s volume, e.g., biological
tissue volume.

[0041] By inspection, single frequency modes (e.g., Con-
ventional A-, B- and C-Mode), due to their monochromatic
nature, do not need pre-emphasis. Such single frequency
waveforms may require amplitude control, for example, to
ensure biologically safe sound intensity limits.

[0042] Ifthe phase of each chip is random, the transmitted
waveform, W, can have random noise-like characteristics. If
the phases (¥ ,+C,) of each chip are uniquely determined,
repeatable and synchronized to the Master Clock (as shown in
FIG. 1A), the transmitted waveform, W, can be classified as
pseudo-random noise. Such pseudo-random noise wave-
forms are coherent permitting implementation of coherent
receivers.

[0043] Image processing advantages of wide instantaneous
bandwidth, pseudo-random noise waveforms can include
reduction, with proper waveform selection, and potential
elimination of speckle, e.g., speckles/speckle patterns, which
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are random intensity patterns produced by the mutual inter-
ference waveforms, which are commonly associated with
conventional medical ultrasound images. This exemplary
reduction in speckle can be an analogous comparison of a
scene illuminated by wide band, Gaussian noise-like white
light, which has no observable speckle to narrow band laser
illumination with exhibits strong speckle of the same scene.
[0044] Signal processing advantages of coherent, pseudo-
random noise, frequency- and phase-coded waveforms can
include waveforms having very low time and Doppler side-
lobes. For example, an ambiguity function, A(t,u), can be a
two-dimensional representation that shows the distortion of a
received waveform processed by a matched filter in the
receiver due to the effect of Doppler shift (v) or propagation
delay (). Specifically, the exemplary ambiguity function A(r,
v) is defined by Equation (2) and is determined solely by the
waveform properties and the receiver characteristics and not
by the scenario. The ambiguity function of A(t,v) is defined
by

Alr,v) = fﬂo X (DX} (1 - 7)) ™ where @

1 ” .
X (1) = —= PN for 0 <1< T, X,(1) = 0 otherwise.
vT

[0045] For waveforms of the type described by Equation
(1), the following equation can be obtained:

AT, v, 1, fo, By fins Bony T) = 3

(1 - ] Sin[2x(Af )T - |Ad))]
T [2A(Af )T - )]

J2A[Af(T+AN)= fpAt+ut+AD]

where At=t-t, Af=v—(f ~f ), and A®=® -, which can
result in the complete ambiguity equation shown in Equation

(4):
1
x(r,v) = MZ ; AT U, L, foy By oo B T)

where both n and m are a sequence of positive integers from
N-M+1 to N.

[0046] FIG. 3 shows exemplary ambiguity function char-
acteristics of a pseudo-random noise, frequency-coded wave-
form (301), represented by an equation for waveform, W. The
exemplary coded waveform (301) includes a code length of
128. As shown in FIG. 3, the sidelobes (302) of this ambiguity
function are due to chip-to-chip phase interactions and have a
plateau level below the peak that is a function of N2

[0047] By inspection, many waveforms (W) are possible
depending on the specific random number codes (I,,)
selected. However, the sidelobe performance cannot be guar-
anteed for every waveform defined, and therefore only those
codes which give sufficiently low sidelobes as determined by
a numerical search of a set of possible codes should be used.
[0048] For example, in medical ultrasound applications,
living tissue as a propagation medium is inhomogeneous.
Propagation medium inhomogeneity can introduce differen-
tial time delays, and living tissue can introduce unwanted
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motion induced Doppler. Ultrasound transducer arrays also
can have undesirable side lobes and grating lobes (e.g., due to
physical size limitations) in the off axis portions of ultrasound
beam that add unwanted time delay and Doppler returns to the
returns of the main lobe. Waveforms that exhibit low ambi-
guity function sidelobes can significantly improve focusing
and target contrast due through the reduction interference
from differential time delays, motion induced Doppler, trans-
ducer side lobe effects.

[0049] Coherent pseudo-random noise, frequency- and/or
phase-coded waveforms can enable higher order cross range
focusing techniques to be employed that can improve the
lateral resolution of size limited ultrasound transducer arrays,
e.g., medical ultrasound transducer arrays.

[0050] For example, each biological tissue type and each
diseased tissue types may exhibit their ownunique ultrasound
echo return as a function of frequency and spatial morphol-
ogy. Using conventional Elastograph-Mode (E-Mode)
modalities, it can be difficult to take advantage of such prop-
erties to classify tissues, e.g., due to measurement errors such
as the inability to accurately characterize the ultrasound wave
propagation through overlaying inhomogeneous media.
Exemplary waveforms produced by the exemplary system
(100), e.g., wide instantaneous bandwidth, coherent pseudo-
random noise, frequency- and/or phase-coded waveforms,
can enable tissue differentiation by simultaneously determin-
ing the propagation delay for each acoustic ray through inter-
vening tissue layers and accurately determining the spatial
echo features of the target volume under investigation. Clas-
sifiers, one example being Bayesian inference Classifiers
among others, can be applied to the feature data obtained
from the measured characteristics of the received echo to
automatically classify tissue types observed in the target vol-
ume providing a Computer Aided Diagnostic-Mode (CAD-
Mode).

[0051] Unlike conventional E-Modes, which inherently
have significantly reduced image quality and rely on indi-
vidual operator technique, the exemplary waveforms
described by Equation (1) can inherently provide improved
image quality while simultaneously colorizing the resultant
image by tissue type in the ATS and/or CAD-Modes. With
this advantage, user technique can be mitigated and the mar-
gins of a lesion are discernible thus permitting improved
diagnoses.

[0052] In addition, Waveform Synthesizers (108) posi-
tioned on transmit and Digital Signal Processor (104) posi-
tioned on receive (as shown in FIG. 1A), can also perform
beam control (e.g., beam steering, dynamic beam focusing,
and beam forming) functions. FIGS. 4A-4C show the basics
of these digital electronic functions by introducing a differ-
ential time delay, or equivalently a phase shift, and amplitude
weighting between each of the elements of the phased array.
As can be seen in FIG. 4A, the differential phase shift can
compensate for the differential change in distance (d) each
acousticray (r,, I, ..., ... ) travels from i” element to the
point of focus (p). An angle (8) is formed as the point of focus
(p) is not along the z-axis direction of direct aim/alignment of
the Transducer Array (111) toward a target in the target
medium. Additionally, a differential amplitude weight can be
applied to each element to control the beam shape and sup-
press side and grating lobes. Also, for one or more chips in an
exemplary waveform, Waveform Generator (107) can pre-
encode a phase delay to delay the phase of the one or more
chips transmitted at each transducer element in Transducer
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Array (111). Anexemplary resultofthis feature can be seen in
FIGS. 4B and 4C. The exemplary phase delay values for the
one or more chips can be communicated to Digital Signal
Processor (104) and/or System Controller (102) to incorpo-
rate the phase delay values in the signal processing of the
received composite waveform.

[0053] For narrow instantaneous bandwidth ultrasound
devices, this function can be accomplished by introducing
phase shift and amplitude attenuation on the composite ana-
log signal driving each element. However, for the exemplary
spread-spectrum, wide instantaneous bandwidth, frequency-
and phase-coded waveforms generated by system (100), each
individual chip of the waveform (W,) is individually ampli-
tude weighted (B, ;) and phase weighted (D,,) as a function of
frequency (n) for each array element (i) individually for all I
elements, as indicated by Equation (5).

Wi = Z Z Aan.el(Z”"foﬁ%k *Cn‘ani)U([ _ka) (&)
k n

[0054] On transmit, the amplitude and phase weighting
required of each chip can be computed by the System Con-
troller (102) and can be sent as an instruction to the Waveform
Generator (107). Waveform Generator (107) can then send
the digital words (real and imaginary components) to the
Waveform Synthesizers and Beam Controller (108) that pro-
duces the analog drive signal that is amplified by Amplifier
(109) and sent to each element of the array of Transducer
Array (111).

[0055] Onreceive, the reverse process takes place. The A/D
Converter module (113) can send the digital words that rep-
resent the amplitude and phase information of each chip for
each array element to the Digital Signal Processor (104),
which in turn can digitally form the receive beam for each
chip.

[0056] A multitude of ways can be used to process the
received waveforms, e.g., wide-bandwidth, spread-spectrum,
frequency and/or phase-coded waveforms. FIG. 5 shows an
exemplary correlation processing technique. For example, an
input to the exemplary correlation processing technique can
include a digitized received signal, Y,(t,u), which can be
multiplied by the complex conjugate replica of the transmit-
ted digital waveform, W *(t). The complex conjugate replica
W, *(t) can be time shifted by 11, prior to multiplication. This
multiplication operation can be repeated multiple times for
multiple time shifts, e.g., ] times, as seen in FIG. 5. The
multiple multiplication operations for the multiple time shifts
can be repeated in parallel, but for each operation the replica
is shifted in time by an increment, T, from the previous one,
as shown in the figure. For each time step, the resultant
products can be filtered with a window function, such as a
Hann, Hamming, Tukey, Kaiser Bessel, Dolph-Chebyshev,
Blackman-Harris window, etc., a fast Fourier Transform
(FFT) integrator, and passed through a digital filter. For
example, a digital filter of a type that is dependent of the
specific waveform, W, can be employed to filter and decimate
the inputted signal. The exemplary process can result in the
range-Doppler return for each individual i element of the
transducer array. The output data stream from the exemplary
detection algorithm can then be processed using conventional
techniques to form an image for display. The processed range
and Doppler data and/or waveforms can be further processed
by partitioning the I number of transducer elements into two
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or more subarrays. The processed range-Doppler return for
the i element can be weighted in amplitude and/or phase
depending on which subarray that i element belongs. These
weighted returns can then be summed and differenced. These
sum and differences can then be processed to improve the
cross range image resolution of the system.

[0057] Several applications and uses of the disclosed tech-
nology can be implemented to exploit the described features
of the aforementioned systems, methods, and devices. Some
examples are described for clinical use of the disclosed tech-
nology.

[0058] In one exemplary application, the resultant image
quality, the ATS and CAD modes of an exemplary spread
spectrum ultrasound device can enable the primary care phy-
sician to incorporate this modality into a routine examination
screening protocol to locate early stage malignancies (e.g.,
Stage Oor 1), as well as later stage cancers. As the result of this
application, the device can potentially, for example, enhance
the survival rate of hard to diagnose asymptomatic patients
suffering from such malignancies such as stomach, pancre-
atic, bladder cancers, etc.

[0059] In another exemplary application, the resultant
image quality, ATS and CAD modes of an exemplary spread
spectrum ultrasound device can permit board certified radi-
ologists to diagnose neoplasms as benign or malignant prior
to any surgical biopsy or resection intervention. As a result of
this application, the ability of radiologists to locate and diag-
nose early stage malignancies (e.g., Stage 0 or 1) can poten-
tially improve patient survival rate. Additionally, unnecessary
biopsies can potentially be avoided, along with their attendant
risk of hard to treat or even lethal complications such as, for
example, methicillin resistant staphylococcus aureus (MRS A
staph) infections.

[0060] In another exemplary application, the resultant 3D
image quality of an exemplary spread spectrum ultrasound
device and its 4D imaging capability can be used in fine
needle biopsy and other medical procedures. For example, the
exemplary spread spectrum ultrasound device can be inte-
grated into an exemplary fine needle biopsy instrument (e.g,,
with the device’s transducer probe), which can permit the fine
needle biopsy of very small, early stage (e.g., Stage 0 or 1)
neoplasms to confirm noninvasive diagnoses. As a result of
this application, the ability of surgeons to avoid open biopsies
and the potential for hard to treat and lethal complications that
may result is clearly beneficial to the patient.

[0061] Inanother exemplary application, the integration of
this device’s spread spectrum transducer probe with mini-
mally invasive surgical high definition video instrumentation
can permit the fusing of the optical and ultrasound images.
Given the improved 3D image quality of this spread spectrum
ultrasound device, its 4D imaging capability, the ATS and
CAD modes, such fused video and ultrasound images can
give surgeons the added ability to locate and surgically excise
diseased tissue without excising excessive healthy tissue.
[0062] In another exemplary application, given the
improved 3D image quality of this spread spectrum ultra-
sound device, its 4D imaging capability, and its ATS modes,
an exemplary spread spectrum ultrasound device can reduce
the amount of time for the brachytherapy treatment of malig-
nant neoplasms by precisely guiding the insertion of catheters
and sealed radioactive sources into the proper location. The
application of this spread spectrum ultrasound device to
brachytherapy can be especially useful for the treatment of
small, hard to locate neoplasms and their margins.
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[0063] In another exemplary application, given the
improved 3D image quality of this spread spectrum ultra-
sound device, its 4D imaging capability, and its ATS modes,
an exemplary spread spectrum ultrasound device can enable
the effective insertion of high dose, localized pharmaceutical
treatments of diseases by precisely guiding the insertion of
catheters and pharmaceuticals into the proper location. The
application of this spread spectrum ultrasound device to
brachytherapy can be especially useful for the treatment of
small, hard to locate neoplasms.

[0064] Implementations of the subject matter and the func-
tional operations described in this specification, such as vari-
ous modules, can be implemented in digital electronic cit-
cuitry, or in computer software, firmware, or hardware,
including the structures disclosed in this specification and
their structural equivalents, or in combinations of one or more
of them. Implementations of the subject matter described in
this specification can be implemented as one or more com-
puter program products, e.g., one or more modules of com-
puter program instructions encoded on a tangible and non-
transitory computer readable medium for execution by, or to
control the operation of, data processing apparatus. The com-
puter readable medium can be a machine-readable storage
device, a machine-readable storage substrate, a memory
device, a composition of matter affecting a machine-readable
propagated signal, or a combination of one or more of them.
The term “data processing apparatus” encompasses all appa-
ratus, devices, and machines for processing data, including by
way of example a programmable processor, a computer, or
multiple processors or computers. The apparatus can include,
in addition to hardware, code that creates an execution envi-
ronment for the computer program in question, e.g., code that
constitutes processor firmware, a protocol stack, a database
management system, an operating system, or a combination
of one or more of them.

[0065] A computer program (also known as a program,
software, software application, script, or code) can be written
in any form of programming language, including compiled or
interpreted languages, and it can be deployed in any form,
including as a stand alone program or as a module, compo-
nent, subroutine, or other unit suitable for use in a computing
environment. A computer program does not necessarily cor-
respond to a file in a file system. A program can be stored in
a portion of a file that holds other programs or data (e.g., one
or more scripts stored in a markup language document), in a
single file dedicated to the program in question, or in multiple
coordinated files (e.g., files that store one or more modules,
sub programs, or portions of code). A computer program can
be deployed to be executed on one computer or on multiple
computers that are located at one site or distributed across
multiple sites and interconnected by a communication net-
work.

[0066] The processes and logic flows described in this
specification can be performed by one or more programmable
processors executing one or more computer programs to pet-
form functions by operating on input data and generating
output. The processes and logic flows can also be performed
by, and apparatus can also be implemented as, special purpose
logic circuitry, e.g., an FPGA (field programmable gate array)
or an ASIC (application specific integrated circuit).

[0067] Processors suitable for the execution of a computer
program include, by way of example, both general and special
purpose microprocessors, such as, for example, digital signal
processors (DSP), and any one or more processors of any kind
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of digital computer. Generally, a processor will receive
instructions and data from a read only memory or a random
access memory or both. The essential elements of a computer
are a processor for performing instructions and one or more
memory devices for storing instructions and data. Generally,
a computer will also include, or be operatively coupled to
receive data from or transfer data to, or both, one or more
mass storage devices for storing data, e.g., magnetic, magneto
optical disks, or optical disks. However, a computer need not
have such devices. Computer readable media suitable for
storing computer program instructions and data include all
forms of non volatile memory, media and memory devices,
including by way of example semiconductor memory
devices, e.g., EPROM, EEPROM, and flash memory devices.
The processor and the memory can be supplemented by, or
incorporated in, special purpose logic circuitry.

[0068] While this patent document contains many specif-
ics, these should not be construed as limitations on the scope
of any invention or of what may be claimed, but rather as
descriptions of features that may be specific to particular
embodiments of particular inventions. Certain features that
are described in this patent document in the context of sepa-
rate embodiments can also be implemented in combination in
a single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be
implemented in multiple embodiments separately or in any
suitable subcombination. Moreover, although features may
be described above as acting in certain combinations and even
initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combi-
nation, and the claimed combination may be directed to a
subcombination or variation of a subcombination.

[0069] Similarly, while operations are depicted in the draw-
ings in a particular order, this should not be understood as
requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated
operations be performed, to achieve desirable results. In cer-
tain circumstances, multitasking and parallel processing may
be advantageous. Moreover, the separation of various system
components in the embodiments described above should not
be understood as requiring such separation in all embodi-
ments,

[0070] Only a few implementations and examples are
described and other implementations, enhancements and
variations can be made based on what is described and illus-
trated in this patent document.

What is claimed is:

1. A method for characterizing a biological material from
acoustic signals, comprising:

synthesizing individual orthogonal coded waveforms to
form a composite waveform for transmission toward a
biological material of interest, wherein the synthesized
individual orthogonal coded waveforms correspond to
distinct frequency bands and include one or both of
frequency-coded or phase-coded waveforms;

transmitting a composite acoustic waveform toward the
biological material of interest, wherein the transmitting
includes transducing the individual orthogonal coded
waveforms into corresponding acoustic waveforms to
form the composite acoustic waveform;

receiving returned acoustic waveforms that are returned
from at least part of the biological material of interest
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corresponding to at least some of the transmitted acous-
tic waveforms that form the composite acoustic wave-
form; and

processing the received returned acoustic waveforms to

produce range-Doppler data of at least part of the bio-
logical material of interest.

2. The method of claim 1, wherein the range-Doppler data
includes a data set including range data and associated Dop-
pler frequency shift data from the received returned acoustic
waveforms from the biological material of interest.

3. The method of claim 2, wherein the range-Doppler data
includes a spatial position data set including amplitude data
of the received returned acoustic waveforms, position data of
the received returned acoustic waveforms, and the Doppler
frequency shift data, wherein the position data corresponds to
locations at the biological material of interest from where the
received returned acoustic waveforms originated.

4. The method of claim 3, wherein the range-Doppler data
includes a temporal-spatial data set including time delay rate
history data, the position data, and the Doppler frequency
shift data, wherein the time delay rate history data corre-
sponds to time points associated with the reflection or scat-
tering of the received returned acoustic waveforms from the
locations at the biological material of interest.

5. The method of claim 3, wherein the range-Doppler data
includes an average range position data set including average
values of at least some of the position data associated with the
locations at the biological material of interest from which the
returned acoustic waveforms were received.

6. The method of claim 2, wherein the range-Doppler data
includes a spectral response data set including the Doppler
frequency shift data of the biological material of interest over
a selected duration of time.

7. The method of claim 6, wherein the Doppler frequency
shift data over the selected duration of time in the spectral
response data set is associated with position data of the
received returned acoustic waveforms corresponding to loca-
tions at the biological material of interest from where the
received returned acoustic waveforms originated.

8. The method of claim 1, wherein the processing includes:

converting the received returned acoustic waveforms from

analog format to digital format;

multiplying a digitized received returned acoustic wave-

form by a complex conjugate replica of the correspond-
ing transmitted acoustic waveform, wherein the com-
plex conjugate replica is time shifted for at least one time
shift, and the corresponding transmitted acoustic wave-
form is in digital form: and

filtering the products of the multiplying to produce the

range-Doppler data.

9. The method of claim 8, wherein the filtering includes
using one or more of a window filter, a fast Fourier Transform
(FFT) integrator, or a digital filter.

10. The method of claim 8, wherein the processing further
includes:

forming a display map based on the range-Doppler data.

11. The method of claim 8, wherein the processing further
includes:

selecting two or more subarrays of transducer elements to

partition a corresponding number of individual orthogo-
nal coded waveforms into a subgroup of composite
waveforms; and

wherein at least one of the amplitude or the phase of each

individual orthogonal coded waveform in the subgroup
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is individually amplitude weighted or phase weighted,
respectively, for at least one frequency band of their
corresponding frequency bands.

12. The method of claim 1, further comprising:

producing an image of at least part of the biological mate-

rial of interest including data from the range-Doppler
data.

13. The method of claim 1, further comprising:

converting the received returned acoustic waveforms from

analog format to digital format; and
forming a composite returned waveform from digital data
comprising the received returned acoustic waveforms,

wherein the received returned acoustic waveforms include
information of the biological material of interest includ-
ing an amplitude and a phase associated with the corre-
sponding frequency bands of the composite returned
waveform.

14. The method of claim 1, wherein the synthesizing the
individual orthogonal coded waveforms includes:

selecting the frequency bands; and

determining one or more amplitudes, a time-bandwidth

product parameter, and a phase parameter of each indi-
vidual orthogonal coded waveform.

15. The method of claim 14, wherein the phase parameter
is determined from a set of a pseudo-random numbers or from
a set of a deterministic numbers.

16. The method of claim 1, wherein the individual orthogo-
nal coded waveforms include coherent waveforms.

17. The method of claim 1, further comprising:

forming a radio frequency (RF) waveform based on the

composite waveform,

wherein the transmitted acoustic waveforms are generated

by transducing the formed RF waveform based on the
composite waveform.

18. The method of claim 1, further comprising:

amplifying the received returned acoustic waveform.

19. The method of claim 1, further comprising:

selecting a mode of operation for the transmitting,

wherein:

themode of operation includes at least one of ATS-Mode
to characterize biological tissue that enables image
color coding based on at least one feature of one or
more measured properties that are obtained from the
returned acoustic waveform, or

the mode of operation includes at least one of CAD-
Mode to characterize biological tissue that uses one or
more algorithmic classifiers to classify biological tis-
sue types using at least one feature of one or more
measured properties that are obtained from the
returned acoustic waveform.

20. The method of claim 1, wherein the synthesizing
includes:

synthesizing the individual orthogonal coded waveforms

to form a plurality of different composite waveforms for
simultaneous transmission toward the biological mate-
rial of interest, wherein the individual orthogonal coded
waveforms of a respective different composite wave-
form include, for different time epochs, varying ampli-
tudes or phase parameters based on a set of a pseudo-
random numbers or from a set of a deterministic
numbers.

21. A system for characterizing a biological material of
interest using acoustic signals, comprising:
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awaveform generation unit comprising one or more wave-
form synthesizers and amplifiers coupled to a waveform
generator, wherein the waveform generation unit syn-
thesizes a composite waveform comprising individual
orthogonal coded waveforms corresponding to distinct
frequency bands that are generated by the one or more
waveform synthesizers according to waveform informa-
tion provided by the waveform generator, wherein the
individual orthogonal coded waveforms include one or
both of frequency-coded or phase-coded waveforms;

a transmitter array of transducer elements in communica-
tion with the waveform generation unit to transmit
acoustic waveforms forming a composite acoustic
waveform based on the individual orthogonal coded
waveforms toward a biological material;

areceiver array of transducer elements to receive returned
acoustic waveforms returned from at least part of the
biological material, wherein the received returned
acoustic waveforms correspond to at least some of the
transmitted acoustic waveforms of the composite acous-
tic waveform; and

a controller unit in communication with the waveform
generation unit and the transmitter and receiver arrays,
the controller unit including a processing unit to process
the received composite waveform to produce a range-
Doppler data of at least part of the biological material.

22. The system of claim 21, wherein the range-Doppler
data includes a data set including range data and associated
Doppler frequency shift data of the biological material, and

wherein the processor of the controller unit is operable to
process the range-Doppler data to form the data set by:

converting the received returned acoustic waveforms
from analog format to digital format;

multiplying a digitized received returned acoustic wave-
form by a complex conjugate replica of the corre-
sponding transmitted acoustic waveform, wherein the
complex conjugate replica is time shifted for at least
one time shift, and the corresponding transmitted
acoustic waveform is in digital form; and

filtering the products of the multiplying to produce the
range-Doppler data.

23. The system of claim 21, further comprising:

a user interface unit including a display and in communi-
cation with the controller unit to display the range-Dop-
pler data.

24. The system of claim 23, wherein the user interface unit
includes one or more user interface devices in communication
with the controller unit to receive input from an operator of
the system.

25. The system of claim 24, wherein the input includes a
mode of operation, including:

an ATS-Mode (Artificial Tissue Staining Mode) to charac-
terize biological tissue that enables image color coding
based on at least one feature of one or more measured
properties that are obtained from the returned acoustic
waveform, or

aCAD-Mode (Computer Aided Diagnostic Mode) to char-
acterize biological tissue that uses one or more algorith-
mic classifiers to classify biological tissue types using at
least one feature of one or more measured properties that
are obtained from the returned acoustic waveform.
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26. The system of claim 25, wherein the display of the user
interface is operable to display a color coded image of the
biological tissue based on the classified biological tissue
types.

27. The system of claim 21, further comprising:

an array of analog to digital (A/D) converters in commu-
nication with the receiver array and the controller unit to
convert the received returned acoustic waveforms from
analog format to digital format.

28. The system of claim 21, wherein the transmitter array
and the receiver array include the same transducer elements,
and the system further comprises:

a transmit/receive switching unit in communication with
the waveform generation unit and the transmitter and
receiver arrays to switch between a transmit mode to
transmit the acoustic waveforms and a receive mode to
receive the returned acoustic waveforms.

29. The system of claim 28, wherein the one or more
amplifiers of the waveform generation unit are communica-
tively coupled between the transmit/receive switching unit
and the one or more waveform synthesizers to modify the
individual orthogonal coded waveforms of the composite
waveform.

30. The system of claim 28, further comprising:

an array of analog to digital (A/D) converters in commu-
nication with the receiver array and the controller unit to
convert the received returned acoustic waveforms from
analog format to digital format; and

an array of one or more pre-amplifiers configured between
the transmit/receive switching unit and the array of A/D
converters that modifies the received returned acoustic
waveform.

31. The system of claim 28, wherein the array of transducer
elements is partitioned into two or more subarrays such that at
least one of the two or more subarrays is individually ampli-
tude weighted and at least one of the two or more subarrays is
individually phase weighted for at least one frequency band
of the frequency bands corresponding to the transmitted
acoustic waveform and combined, thereby providing
enhanced cross-range resolution.

32. The system of claim 28, wherein the array of transducer
elements is partitioned into two or more subarrays such that at
least one of the two or more subarrays is individually ampli-
tude weighted and at least one of the two or more subarrays is
individually phase weighted for at least one frequency band
of the frequency bands corresponding to the received returned
acoustic waveform and combined, thereby providing
enhanced cross-range resolution.

33. The system of claim 21, wherein the controller unit
further comprises a master clock that synchronizes time in at
least one of the elements of the system.

34. An acoustic imaging system, comprising:

awaveform generation unit comprising one or more wave-
form synthesizers and amplifiers coupled to a waveform
generator, wherein the waveform generation unit syn-
thesizes a composite waveform comprising individual
orthogonal coded waveforms corresponding to distinct
frequency bands that are generated by the one or more
waveform synthesizers according to waveform informa-
tion provided by the waveform generator, wherein the
individual orthogonal coded waveforms include one or
both of frequency-coded or phase-coded waveforms;

a transmitter array of transducer elements in communica-
tion with the waveform generation unit to transmit
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acoustic waveforms forming a composite acoustic

waveform based on the individual orthogonal coded

waveforms toward a biological material;
areceiver array of transducer elements to receive returned
acoustic waveforms returned from at least part of the
biological material, wherein the received returned
acoustic waveforms correspond to at least some of the
transmitted acoustic waveforms of the composite acous-
tic waveform; and
controller unit in communication with the waveform
generation unit and the transmitter and receiver arrays,
the controller unit including a processing unit to process
the received composite waveform to produce an image
of at least part of the biological material.

35. The system of claim 34, further comprising:

a user interface unit including a display and in communi-
cation with the controller unit to display the produced
image.

36. The system of claim 35, wherein the user interface unit
includes one or more user interface devices in communication
with the controller unit to receive input from an operator of
the system.

37. The system of claim 36, wherein the input includes a
mode of operation, including:

an ATS-Mode (Artificial Tissue Staining Mode) for imag-
ing biological tissue that enables image color coding
based on at least one feature of one or more measured
properties that are obtained from the returned acoustic
waveform, or

a CAD-Mode (Computer Aided Diagnostic Mode) for
imaging biological tissue that uses one or more algorith-
mic classifiers to classify biological tissue types using at
least one feature of one or more measured properties that
are obtained from the returned acoustic waveform.

38. The system of claim 37, wherein the display of the user
interface is operable to display a color coded image of the
biological tissue based on the classified biological tissue
types.

39. The system of claim 34, further comprising:

an array of analog to digital (A/D) converters in commu-
nication with the receiver array and the controller unit to
convert the received returned acoustic waveforms from
analog format to digital format.

40. The system of claim 34, wherein the transmitter array

and the receiver array include the same transducer elements,
and the system further comprises:

a transmit/receive switching unit in communication with
the waveform generation unit and the transmitter and
receiver arrays to switch between a transmit mode to
transmit the acoustic waveforms and a receive mode to
receive the returned acoustic waveforms.

41. The system of claim 40, wherein the one or more
amplifiers of the waveform generation unit are communica-
tively coupled between the transmit/receive switching unit
and the one or more waveform synthesizers to modify the
individual orthogonal coded waveforms of the composite
waveform.

42. The system of claim 40, further comprising:

an array of analog to digital (A/D) converters in commu-
nication with the receiver array and the controller unit to
convert the received returned acoustic waveforms from
analog format to digital format; and
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an array of one or more pre-amplifiers configured between
the transmit/receive switching unit and the array of A/D
converters that modifies the received returned acoustic
waveform.
43. The system of claim 40, wherein the array of transducer
elements is partitioned into two or more subarrays such that at
least one of the two or more subarrays is individually ampli-
tude weighted and at least one of the two or more subarrays is
individually phase weighted for at least one frequency band
of the frequency bands corresponding to the transmitted
acoustic waveform and combined, thereby providing
enhanced cross-range resolution.
44. The system of claim 40, wherein the array of transducer
elements is partitioned into two or more subarrays such that at
least one of the two or more subarrays is individually ampli-
tude weighted and at least one of the two or more subarrays is
individually phase weighted for at least one frequency band
of the frequency bands corresponding to the received returned
acoustic waveform and combined, thereby providing
enhanced cross-range resolution.
45. The system of claim 40, wherein the controller unit
further comprises a master clock that synchronizes time in at
least one of the elements of the system.
46. A method for producing an image of a biological mate-
rial from acoustic signals, comprising:
synthesizing individual orthogonal coded waveforms to
form a composite waveform for transmission toward a
biological material of interest, wherein the synthesized
individual orthogonal coded waveforms correspond to
distinct frequency bands and include one or both of
frequency-coded or phase-coded waveforms;

transmitting a composite acoustic waveform toward the
biological material of interest, wherein the transmitting
includes transducing the individual orthogonal coded
waveforms into corresponding acoustic waveforms to
form the composite acoustic waveform;

receiving returned acoustic waveforms that are returned

from at least part of the biological material of interest
corresponding to at least some of the transmitted acous-
tic waveforms that form the composite acoustic wave-
form; and

processing the received returned acoustic waveforms to

produce an image of at least part of the biological mate-
rial of interest.

47. The method of claim 46, wherein the synthesizing the
individual orthogonal frequency-coded waveforms includes
selecting two or more carrier frequencies corresponding to
the respective frequency bands, and determining one or more
amplitudes and a time-bandwidth product parameter of each
individual orthogonal coded waveform.

48. The method of claim 46, wherein the synthesizing the
individual orthogonal phase-coded waveforms includes
determining a time-bandwidth product parameter and a phase
parameter of each individual orthogonal coded waveform.

49. The method of claim 48, wherein the phase parameter
is determined from a set of a pseundo-random numbers, or
from a set of a deterministic numbers.

50. The method of claim 49, wherein the individual
orthogonal coded waveforms include coherent waveforms.

51. The method of claim 46, wherein each individual
orthogonal coded waveform includes one or more amplitudes
and one or more phases.

52. The method of claim 51, wherein the one or more
amplitudes are individually amplitude weighted for at least
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one waveform of the individual orthogonal coded waveforms,
thereby providing at least one of steering, focus, or forming of
the acoustic waveform.

53. The method of claim 51, wherein the one or more
phases are individually phase weighted for at least one wave-
form of the individual orthogonal coded waveforms, thereby
providing at least one of steering, focus, or forming of the
acoustic waveform.

54. The method of claim 46, wherein the received returned
acoustic waveforms include information of the biological
material of interest including an amplitude and a phase asso-
ciated with the corresponding frequency bands of the com-
posite returned waveform.

55. The method of claim 54, wherein the amplitude is
individually amplitude weighted for at least one frequency
band of the corresponding frequency bands of the received
composite waveform, thereby providing at least one of steer-
ing, focus, or forming of the received composite waveform.

56. The method of claim 54, wherein the phase is individu-
ally phase weighted for at least one frequency band of the
corresponding frequency bands of the received composite
waveform, thereby providing at least one of steering, focus, or
forming of the received composite waveform.
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