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METHOD AND APPARATUS FOR
LOW-POWER ULTRAPORTABLE
ULTRASOUND IMAGING

CROSS REFERENCE TO RELATED PATENT
APPLICATION

[0001] This application claims priority to U.S. Patent
Application No. 62/412,568 filed Oct. 25, 2016, which is
herein incorporated by reference in its entirety.

GOVERNMENT SUPPORT CLAUSE

[0002] This invention was made with government support
under CNS1329829 awarded by the National Science Foun-
dation. The government has certain rights in the invention.

BACKGROUND

[0003] Ultrasound imaging is routinely performed using
pulse echo signaling techniques. Pulse echo signaling
requires a high voltage, high frequency (e.g., short duration
ultrasound) pulsed signal to be sent through tissue to gen-
erate images. As such, low-noise amplifiers and digitizers
capable of handling high frequencies (e.g., megahertz) are
required. Such high-performance components consume
excessive amounts of power and are not easily implemented
in scenarios where resources may be scarce (e.g., low and
middle-income countries). There is a need for ultrasound
imaging that can be implemented on components that oper-
ate at lower frequencies and thus require less power (e.g.
components that can be operated via battery power rather
than by a commercial power outlet). These and other short-
comings are addressed by the present disclosure.

SUMMARY

[0004] It is to be understood that both the following
general description and the following detailed description
are exemplary and explanatory only and are not restrictive.
Methods, systems, and apparatuses are disclosed for low-
power, portable, ultrasound imaging. The methods, systems,
and apparatuses disclosed can use time delay spectrometry
for low-power, portable, ultrasound imaging.

[0005] The methods, systems, and apparatuses disclosed
can transmit a frequency swept signal through a medium,
such as human tissue, for example. Instead of a high-voltage
(e.g., 100 V peak-to-peak) signal transmitted in short dura-
tion (e.g., 200 nanoseconds) pulses, phased array transduc-
ers can be used to transmit low-voltage signals (e.g., 0 volts
to 5 volts peak-to-peak) for long duration (e.g., 20 millisec-
onds) at various frequencies (e.g., frequency sweeps from
5-10 MHz). As the signal propagates through tissue it can be
reflected and delayed. A delay associated with the signal can
cause a change in the associated frequencies. The signal can
be filtered to retain only frequencies in an audio frequency
range. The signal can be beamformed and processed to
produce an image.

[0006] Additional advantages will be set forth in part in
the description which follows or may be learned by practice.
The advantages will be realized and attained by means of the
elements and combinations particularly pointed out in the
appended claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The accompanying drawings, which are incorpo-
rated in and constitute a part of this specification, illustrate
embodiments and together with the description, serve to
explain the principles of the methods and systems:

[0008] FIG. 1 shows a block diagram of a Time Delay
Spectrometry (TDS) data acquisition system;

[0009] FIG. 2 is an example scheme of transmit phasing
with TDS by using frequency offsets;

[0010] FIG. 3 illustrates a prototype comprising flexible
transducers, a battery power source, and ultrasound elec-
tronics;

[0011] FIG. 4 illustrates an example real-time image of a
moving interface;

[0012] FIG. 5 is an example 2-channel transmit and
4-channel receive flexible PVDF transducer;

[0013] FIG. 6 is a flow chart of an example method,
[0014] FIG. 7 illustrates a block diagram of a time delay
spectrometry setup;

[0015] FIG. 8 illustrates an amplitude spectrum of
demodulated TDS output to A-mode image conversion:
[0016] FIG. 9 illustrates a benchtop TDS instrumentation;
[0017] FIG. 10 shows results of a raster scan for TDS and
pulse echo setups;

[0018] FIG. 11 illustrates lateral and axial point spread
fanctions for TDS and pulse echo;

[0019] FIG. 12 illustrates contrast phantom images
obtained from TDS and pulse echo setup for increasing
graphite concentrations (left to right); and

[0020] FIG. 13 illustrates a scanned image of 3 cm beef
tissue comparing TDS and pulse echo; and

[0021] FIG. 14 demonstrates M-mode imaging capabili-
ties of the TDS setup.

DETAILED DESCRIPTION

[0022] Before the present methods and systems are dis-
closed and described, it is to be understood that the methods
and systems are not limited to specific methods, specific
components, or to particular implementations. It is also to be
understood that the terminology used herein is for the
purpose of describing particular embodiments only and is
not intended to be limiting.

[0023] As used in the specification and the appended
claims, the singular forms “a,” “an,” and “the” include plural
referents unless the context clearly dictates otherwise.
Ranges may be expressed herein as from “about” one
particular value, and/or to “about” another particular value.
When such a range is expressed, another embodiment
includes from the one particular value and/or to the other
particular value. Similarly, when values are expressed as
approximations, by use of the antecedent “about,” it will be
understood that the particular value forms another embodi-
ment. It will be further understood that the endpoints of each
of the ranges are significant both in relation to the other
endpoint, and independently of the other endpoint.

[0024] “Optional” or “optionally” means that the subse-
quently described event or circumstance may or may not
occur, and that the description includes instances where said
event or circumstance occurs and instances where it does
not.

[0025] Throughout the description and claims of this
specification, the word “comprise” and variations of the
word, such as “comprising” and “comprises,” means
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“including but not limited to,” and is not intended to
exclude, for example, other components, integers or steps.
“Exemplary” means “an example of”* and is not intended to
convey an indication of a preferred or ideal embodiment.
“Such as” is not used in a restrictive sense, but for explana-
tory purposes.

[0026] Disclosed are components that can be used to
perform the disclosed methods and systems. These and other
components are disclosed herein, and it is understood that
when combinations, subsets, interactions, groups, etc. of
these components are disclosed that while specific reference
of each various individual and collective combinations and
permutation of these may not be explicitly disclosed, each is
specifically contemplated and described herein, for all meth-
ods and systems. This applies to all aspects of this applica-
tion including, but not limited to, steps in disclosed methods.
Thus, if there are a variety of additional steps that can be
performed it is understood that each of these additional steps
can be performed with any specific embodiment or combi-
nation of embodiments of the disclosed methods.

[0027] The present methods and systems may be under-
stood more readily by reference to the following detailed
description of preferred embodiments and the examples
included therein and to the Figures and their previous and
following description.

[0028] As will be appreciated by one skilled in the art, the
methods and systems may take the form of an entirely
hardware embodiment, an entirely software embodiment, or
an embodiment combining software and hardware aspects.
Furthermore, the methods and systems may take the form of
a computer program product on a computer-readable storage
medium having computer-readable program instructions
(e.g., computer software) embodied in the storage medium.
More particularly, the present methods and systems may
take the form of web-implemented computer software. Any
suitable computer-readable storage medium may be utilized
including hard disks, CD-ROMs, optical storage devices, or
magnetic storage devices.

[0029] Embodiments of the methods and systems are
described below with reference to block diagrams and
flowchart illustrations of methods, systems, apparatuses and
computer program products. It will be understood that each
block of the block diagrams and flowchart illustrations, and
combinations of blocks in the block diagrams and flowchart
illustrations, respectively, can be implemented by computer
program instructions. These computer program instructions
may be loaded onto a general purpose computer, special
purpose computer, or other programmable data processing
apparatus to produce a machine, such that the instructions
which execute on the computer or other programmable data
processing apparatus create a means for implementing the
functions specified in the flowchart block or blocks.
[0030] These computer program instructions may also be
stored in a computer-readable memory that can direct a
computer or other programmable data processing apparatus
to function in a particular manner, such that the instructions
stored in the computer-readable memory produce an article
of manufacture including computer-readable instructions for
implementing the function specified in the flowchart block
or blocks. The computer program instructions may also be
loaded onto a computer or other programmable data pro-
cessing apparatus to cause a series of operational steps to be
performed on the computer or other programmable appara-
tus to produce a computer-implemented process such that
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the instructions that execute on the computer or other
programmable apparatus provide steps for implementing the
functions specified in the flowchart block or blocks.
[0031] Accordingly, blocks of the block diagrams and
flowchart illustrations support combinations of means for
performing the specified functions, combinations of steps
for performing the specified functions and program instruc-
tion means for performing the specified functions. It will
also be understood that each block of the block diagrams and
flowchart illustrations, and combinations of blocks in the
block diagrams and flowchart illustrations, can be imple-
mented by special purpose hardware-based computer sys-
tems that perform the specified functions or steps, or com-
binations of special purpose hardware and computer
instructions.

[0032] Throughout the specification, an “ultrasound
image” can refer to an image of an object, which is obtained
using ultrasound waves. Furthermore, an “object” may be a
human, an animal, or a part of a human or animal (e.g,,
tissue). For example, the object may be an organ (e.g., the
liver, the heart, the brain, the abdomen, and the like), a blood
vessel, or a combination thereof. Also, the object may be a
phantom. The phantom means a material having a density,
an effective atomic number, and a volume that are approxi-
mately the same as those of an organism.

[0033] The present disclosure relates to methods, systems,
and apparatuses for ultrasound imaging. For example, the
methods, systems, and apparatuses disclosed are for low-
powet, portable, ultrasound imaging. The methods, systems,
and apparatuses disclosed can use time delay spectrometry
for low-power, portable, ultrasound imaging. The methods,
systems, and apparatuses disclosed can transmit a frequency
swept signal through a medium such as human tissue, for
example. Instead of a high-voltage (e.g., 100 V peak-to-
peak) signal transmitted in short duration (e.g., 200 nano-
seconds) pulses, phased array transducers can be used to
transmit a low-voltage signal (e.g., 0 volts to 5 volts peak-
to-peak) for a long duration (e.g., 20 milliseconds) at various
frequencies (e.g., frequency sweeps from 5-10 MHz). As the
signal propagates through the medium it can be reflected
(e.g., reflected by tissue/medium, reflected by a reflective
element placed in the medium, etc. . .. ) and delayed. A delay
associated with the signal can cause a change in frequencies
associated the signal. The change in frequency can be from
a megahertz range (e.g., 5-10 Mhz) to a kilohertz range (e.g,,
radio frequency range). The signal can be filtered (e.g., down
mixed to remove a cartier frequency) and frequencies in the
audio frequency range can be beamformed and processed
(e.g., via Fourier Transformations) to produce an image. The
use of a low-voltage signal enables the methods, systems,
and apparatuses disclosed to employ inexpensive low-power
components. For example, transducers with a low transmit
efficiency (e.g., ability to convert electrical voltage to pres-
sure) can be used. Such transducers can be made of co-
polymer materials such as poly[vinylidenefluoride-trifluo-
roethylene] (P[VDF-TtFE]). As such, the methods, systems,
and apparatuses disclosed inherently operate via low power.
Beamforming contributes to producing images comparable
to conventional diagnostic ultrasound imaging systems.
Time Domain Spectrometry (ITDS) with Phased Array

[0034] FIG. 1 is a block diagram of a time delayed
spectrometry (TDS) system 100. Those skilled in the art will
appreciate that present methods, systems, and apparatuses
can employ both digital and analog equipment. One skilled
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in the art will appreciate that provided herein is a functional
description and that the respective functions may be pet-
formed by software, hardware, or a combination of software
and hardware. The system 100 can comprise a signal source
101, a source transducer 102, an ultrasound propagation path
103, a receiving transducer 104a,b,¢, and supporting elec-
tronics such as an attenuator 105, frequency mixers 106,
b, filters 107a,b,c, digitizers 108a,b,c, a digital signal
processor 109, and a reflector 110. The system 100 can
include other components. A source signal can be transmit-
ted from the signal source 101. Without loss of generality the
source signal is assumed to be a linear, swept-frequency
cosine wave denoted by cos(mt), that is swept at the rate of
S/2n Hertz per second. Thus the time dependence of the
instantaneous frequency is m=2f=St, where f represents a
frequency, S represents the constant sweep rate, and t
represents the time from a beginning of a sweep. Notably, St
is the source signal used to interrogate the system 100.
Further, St is used instead of w as a reminder that it is not
at a constant frequency. The source signal can be applied to
a source transducer 102 and transmitted through the system
100 via the ultrasound propagation path 103. The source
signal can be reflected (e.g., bounce off) a reflector 110. The
reflector 110 can be an object such as tissue or a reflective
object placed in tissue. Reflection of the source signal can
cause it to be time delayed. An ultrasound frequency of a
final time delayed spectrometry (TDS) signal (e.g., received
signal, signal received by a second set of phased array
transducers) that represents a response can be received by
the receiving transducer 104a,b,¢. The receiving transducer
104a,b,c can be a phased array transducer. The final time
delayed spectrometry (TDS) signal (e.g., received signal)
can be denoted as Sr.

[0035] The received signal, St, is a version of the trans-
mitted signal, St, that is modified by the frequency response
of the system. A magnitude (e.g., power) of the signal can be
represented by (A). Thus A(St). As such, A(n)=A(St). St
represents St delayed by a propagation time through a
medium (e.g., tissue). Further t,,=t=7/c where c is the speed
of sound, and z is the length of the ultrasound path. As such,
an output (Y{w)) of the system 100 can be represented as:

Y(w)=A(St)lcos [(St-St)t+q4(S1)], [0y

where A(St) is the system response with magnitude |A(St)l,
and phase @ ,(St), ST=2xAf=2nSt,, is the TDS offset fre-
quency. Since an up-sweep is assumed, the offset frequency
St=2mAf is negative in Equation (1). It would be positive for
the case of a down-sweep. As such, the absolute value is
taken, such as IA(St)l, for example.

[0036] The output Y(w) of the system 100 can be the
received signal mixed with (e.g., multiplied by) the source
signal. For example, cos(wt)=cos [(St)t]. The output Y(w) of
the system 100 can be the received signal mixed with the
source signal by the frequency mixers 106a,b,c. The fre-
quency mixers 106a,b,¢ can be configured to mix (e.g.,
multiple) one or more signals. The output of the frequency
mixers 106a,b,c can contain components at the sum and
difference frequencies,

2¥(St)cos [(Snt]=|4(cos [(St)f]l{cos [(2St-Sti+q,

(St)]+cos [Str—q (S} (2)
where an identity equation cos a cos f=(Y2) [cos(o+[)+cos
(a—p)] has been used, and where the number 2, which arises
from the trigonometry identities, has been moved to the left
to simplify notation. The mixed signal can then be passed to

Apr. 26,2018

the filters 107a,b,c. The filters 107a,b,c can be filters low-
pass filters that remove the sum-frequency component and
retain the difference-frequency component, to produce a
“dechirped” signal. The dechirped signal (e.g., a signal
where frequency increases or decreases have been removed)
can be represented as:

2D(SH=14(SD)Icos [Sti-g4(SH)]. 3)

[0037] The dechirped signal can be a sinusoidal signal
with a constant frequency (f) that is equal to St/2x, where S
represents the constant sweep rate and T represents the time
delay of the system (e.g., t,=r=7/c). The time scale, t, of
D(St) can represent the ultrasound frequency at which the
system was interrogated, being given by m=27f=St. Notable,
since this constant frequency is proportional to the time
delay, the range of a reflector (e.g., how deeply imbedded the
reflector is in tissue, how deep the target object in tissue is,

etc. . . . ) can be determined by simply measuring the
frequency of D(St).
[0038] The signal propagation described assumes a single

time delay (e.g., t,=t=z/c) that corresponds to a single
ultrasound path (e.g., ultrasound propagation path 103). The
system 100 can include several propagation paths. The
several propagation paths can be associated with various/
different time delays. Dechirped signals associated with
several propagation paths and various/different time delays
can be summed and represented as:

2D(SH=SD(SN=S. 4,(S1)lcos [STi- 4(SD)]. )

where 2 represents the sum of the responses to each path of
the several propagation paths, each with a response D,(St).
The response of each path can be represented by a magni-
tude (e.g., |A,(St)), phase (e.g., ¢, (S)), and propagation
delay (e.g., ;). Each path delay can be represented by its
respective frequency St; in the composite signal. Each
component of D(St) that has a different time delay can have
a different frequency. Components of D(St) with time delays
that are larger or smaller than a desired range can be
eliminated by filtering (e.g., filtering via filters 107a,b,c,
band-pass filtering) D(St).

[0039] A component i of D(St) can be represented by
|A,(St)lcos [St,1- ,,(St)]. A Fourier Transform of D(St) can
be performed to obtain a response at position St,/2z Hz of
a transformed axis, which represents a delay time, with
amplitude 1A,(St)l and phase @,(St). The result can be a
signal that is smoother (e.g., with less noise and error) with
improved resolution than a conventional absolute value
(“rectified”) signal.

[0040] The receiving transducer 104 can be a phase array
transducer. The elements (e.g., arrays) can be adjacent or not
adjacent. For example, arrays that are not necessarily adja-
cent can arbitrarily be called “1” and “2”. To implement a
phased array of the receiving transducer 104, the time delay
of each receiving element can be adjusted. The time delay of
each receiving element can be adjusted so that the adjusted
signals will be in phase (e.g., for a given steering angle) and
can be added. As such, the time delay of an element can be
represented as:

=T (T T) =T 4T (©)

where t,,=(1,-T,) is simply the difference between the
propagation times of arrays (e.g., paths) 2 and 1.

[0041] Given the substitution, for a case of a single time
delay, such as represented by Eq (3), for these two elements
can be represented as:
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2D, (SH=14,(St)lcos [STt-¢4,(SD)]; and

2D,(SN=145(SD)Icos [S(T,+T 1) .(S7)]. (6)

[0042] D,(St) can be multiplied by an offset frequency
cos(Stt). Multiplying D,(St) by an offset frequency cos
(St,t), taking only the lower sideband (i.e., the difference
frequency), and using the same trigonometric identities as
used in deriving equation 2, can results in the following:

AD,(SH=14,(St)Icos [S(T,+T,-To)t-¢ 4-(SD]. @)

which is equal to the original D,(St) shifted in frequency by
the amount St,,. If 7, is chosen to equal T,, then the time
difference between the signals to elements 1 and 2 is
cancelled and can be represented as:

4Dy(SH)=145(SD)cos [St ¢ e(SD)]. (8)

which will can be added in phase with the signal of element
1 (e.g., array 1). All elements of the receiving transducer
1044,b,c can be added. For each steering angle a different set
of values of t,, for each element can be chosen.

[0043] Notably, the filters 107a,b,¢ may not be required
are not required to eliminate one of the sidebands if the
frequency is shifted by quadrature multiplication. Further,
with an analog implementation of the system 100 the
channels can be matched to achieve complete cancellation of
an undesired sideband (e.g., the difference frequency).
[0044] Production of either one of the sidebands (e.g., sum
frequency, difference frequency) can be done without filters
(filters 107a,b,¢) using quadrature multiplication. Quadra-
ture multiplication of frequency shifting can be done by
performing four multiplications using the original signal St
and a Hilbert transformation of the original signal as two
multiplicands and a sine and cosine at the offset frequency
as the pair of multipliers. The result can be four product
signals or vectors. An appropriate sum or difference of the
products can be used to produce an upper sideband (e.g.,
sum frequency) of the signal, a Hilbert transform of the
upper sideband of the signal, a lower sideband (e.g., differ-
ence frequency), or a Hilbert transform of the lower side-
band of the signal.

[0045] The digitizers 108a,b,¢, can be used to digitize the
outputs of the filters 1074,5,c. For example, for each sweep
(e.g., frequency sweep by the signal source 101) the digi-
tized “dechirped” signal from each receiving transducer
104a,b,c can be been stored. As such, a sweep from the
signal source 101 can have a set of arrays (vectors). Each
array can be associated with a “dechirped” signal which
represents the spectra received by a particular receiving
transducer 104a,6,¢. The set of arrays (vectors) from any
sweep can contain all of the information required to produce
an ultrasound image of an object at the time of the sweep.
The data can be processed by the digital signal processor 109
to produce a set of scanlines or “looks” in each direction.
The scanlines can be combined to produce an image.

Imaging

[0046] Data (e.g., output from the receiving transducer
104a,b,c) can be processed by the digital signal processor
109 to produce a set of scanlines or “looks” in each
direction. The scanlines can be combined to produce an
image. For each direction (e.g., “look”, steering angle, etc.)
the methods and systems previously described can be used
to combine the signals from the digitizers 108a,5,¢ (e.g.,
output from the receiving transducer 104a,5,¢) to produce a
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spectra of a signal St received from the respective direction.
The result is a spectra (e.g., ZD,(St)) for the “look” in the
respective direction. As previously described, a Fourier
transform of the signal St received from the respective
direction can produce a time record of the arrival of energy
from the respective direction. Such can be referred to as an
“A-mode” signal. Such the information can be used to
produce a single scan line. For example, the direction of the
scan line can be based on the steering angle and a distance
along the scan line can be an axis of a respective Fourier
transform.

[0047] The process can be repeated for each steering angle
to produce a complete set of scan lines required to produce
an image. Further, because the Fourier transform magnitude
is the magnitude of the analytic signal, an image produced
can be more accurate than an image obtained by full wave
rectification of a pulsed signal. Note, any of the described
steps or operations can be performed serially or in parallel.

Phasing a Transmit Signal

[0048] FIG. 2 is a block diagram of a system 200 for
phasing of a transmit array using time delayed spectrometry
(TDS). The system 200 can comprise a signal source 201, a
receiving transducer 204a,b,c, and supporting electronics
such as an attenuator 205, frequency mixers 2064,b, and
filters 207a,b,c. The system 200 can comprise additional
components. The signal source 201 can provide signal with
a frequency that is swept linearly in time (e.g., time offset).
The required time offset can be provided by the offset
frequency generator 202 by frequency offsetting the swept
signal provided by the signal source 201. For each steeting
angle, the offset frequency generator 202 can provide a set
of signals each a different frequency (e.g., a frequency
appropriate for an element). However, after a propagation
time delay, the signal from each element can be in phase.

[0049] The signal source 201 can simultaneously generate
two swept signals that are 90 degrees out of phase with each
other (e.g. a sine and a cosine wave). Due to the implemen-
tation of the offset frequency generator 202 the offset sweeps
can be generated without the need of filters. For example,
generation of a sine and cosine pair at each offset frequency
is straightforward. With a sine and cosine swept frequency
and also a sine and cosine offset frequency; the shifted
sweep can be generated without a superfluous sideband
using the quadrature technique previously described. For
example, the product of the cosine sweep and a cosine offset
frequency summed with the product of a sine sweep and a
sine offset frequency can yield a signal at is a difference of
the two frequencies. Further, subtracting such products can
produce a signal at the sum of the two frequencies. The
system 200 can comprise both digital and analog compo-
nents.

[0050] The range of a reflector 203 (e.g., tissue) can be
followed in real time by tracking the frequency of a
dechirped signal of equation (3). In an aspect, the angular
position of an object (e.g., reflector 203) can be tracked in
real time by a feedback that adjusts the offsets so that the
steering angle will follow the angular position of an object.
Such can be tracked in real time.

[0051] In an aspect, time delayed spectrometry (TDS) can
provide both Doppler and ranging information by combin-
ing the signals from an up-sweep (e.g.. up-chirp) and a
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down-sweep (e.g., down-chirp). For example, a dechirped
signal from an up sweep can be represented as:

2Du(St)=14(w)] cos [(Aw~Aw,)i-¢ ()] 9)

where Aw, 1s the frequency shift due to the Doppler shifi.
The respective value can be positive for approaching reflec-
tors and negative for receding reflectors. Further, Aw, can
represent the frequency shift due to the range. As a further
example, a dechirped signal for a down sweep can be
represented as:

2Dd(SH=14(m)lcos [Aw+A0,)i-¢ 4(0)] (10)

[0052] Multiplying (e.g., mixing via the frequency mixers
206a,b,c) the dechirped signals from an up-sweep and a
from a down-sweep can result in sidebands at the sum and
difference frequencies of the original signals transmitted by
the signal source 201. At the sum frequency, the shift due to
the range can be filtered (e.g., canceled, removed) such that
only the Doppler frequency remains. At the difference
frequency, the Doppler shift can be filtered (e.g., canceled,
removed) and the frequency is can be proportional to the
frequency range.

[0053] FIG. 3 illustrates a prototype of a time delayed
spectrometry (TDS) system 300. The system 300 can com-
prise a battery power source 302, one or more flexible
transducers 304, and ultrasound electronics 306. The ultra-
sound electronics 306 can comprise components such as an
attenuator (e.g., attenuator 105), frequency mixers (e.g.,
frequency mixers 106q,b,¢), filters (e.g., filters 1074,5,¢),
digitizers (e.g., digitizers 108a,b,c), and a digital signal
processor (e.g., digital signal processor 109). The system
300 can comprise additional components associated with
time delayed spectrometry (TDS).

[0054] FIG. 4 illustrates an example real-time image of a
moving interface. The real-time image 400 can be derived
from data (e.g., output from the receiving transducer 104a,
bc) from a time delayed spectrometry (TDS) system. A
frequency swept source signal can be processed by the
digital signal processor to produce a set of scanlines or
“looks” in a plurality of directions. The scanlines can be
combined to produce the image real-time image 400.
[0055] FIG. 5 an example 2-channel transmit and 4-chan-
nel receive flexible PVDF (poly [vinylidenefluoride-triftuo-
roethylene] (P[VDF-TtFE])) transducer 500. The transducer
500 can comprise 2-channel transmit element 502 and a
4-channel receive element 504. The PVDF transducer 500
can have a low transmit efficiency (e.g., ability to convert
electrical voltage to pressure). The PVDF transducer 500
can be made of co-polymer materials such as poly [vi-
nylidenefluoride-trifluoroethylene]  (P[VDF-TrFE]). As
such, the methods, systems, and apparatuses disclosed can
use the PVDF transducer 500 to operate via low power.
[0056] FIG. 6 is a method for low-power, portable, ultra-
sound imaging. At step 610, a signal can be transmitted via
a transmit channel of a transducer. The signal can be a swept
frequency signal. The signal can be transmitted through a
medium such as tissue (e.g., human tissue, an organ, a limb,
etc.), for example.

[0057] At 620, a plurality of frequencies can be deter-
mined from the swept frequency signal. The plurality of
frequencies can be determined based on a time delay asso-
ciated with the swept frequency signal. The time delay
associated with the swept frequency signal can be based the
signal propagating through the medium.
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[0058] At 630, one or more frequencies associated with
the swept frequency signal can be determined. For example,
a constant frequency can be determined (e.g., consistent
frequency, carrier frequency, etc. . . . ). The constant fre-
quency can be proportional to the time delay. One or more
components of the swept frequency signal can be received
via a receive channel of the transducer. Each component of
swept frequency signal can have a different time delay due
to the various frequencies used during a sweep. Components
of the swept frequency signal with time delays that are larger
or smaller than a desired range can be eliminated by filtering
the signal (e.g., band-pass filtering).

[0059] At 640, an image can be determined. The image
can be determined based on the one or more frequencies
associated with the swept frequency signal and a steering
angle. With a digital implementation, for each sweep the
digitized “dechirped” signal from each receiving transducer
has been stored. For example, the swept frequency signal
can be received via a receive channel of the transducer. The
receive channels of the transducer can be associated with a
set of arrays (e.g., vectors). Each array can represent spectra
of frequencies received by the particular channel of the
receiving transducer. The set of arrays can contain contains
all of the information required to produce an ultrasound
image of the object. The arrays can be processed to produce
a set of scanlines or “looks” in each direction of the arrays
(vectors). The scanlines can be combined to produce an
image. A Fourier transform can be used on the scanlines to
generate an image. The image can be an electrical repre-
sentation of a region of interest associated with a medium
through which the swept frequency signal propagated.
[0060] The methods and systems can employ artificial
intelligence (Al) techniques such as machine learning and
iterative learning. Examples of such techniques include, but
are not limited to, expert systems, case based reasoning,
Bayesian networks, behavior based Al, neural networks,
fuzzy systems, evolutionary computation (e.g. genetic algo-
rithms), swarm intelligence (e.g. ant algorithms), and hybrid
intelligent systems (e.g. Expert inference rules generated
through a neural network or production rules from statistical
learning).

[0061] The following examples are put forth so as to
provide those of ordinary skill in the art with a complete
disclosure and description of how the compounds, compo-
sitions, articles, devices and/or methods claimed herein are
made and evaluated, and are intended to be purely exem-
plary and are not intended to limit the scope of the methods
and systems. Efforts have been made to ensure accuracy
with respect to numbers (e.g., amounts, temperature, etc.),
but some errors and deviations should be accounted for.
Unless indicated otherwise, parts are parts by weight, tem-
perature is in ° C. or is at ambient temperature, and pressure
is at or near atmospheric.

[0062] As described supra, Time Delay Spectrometry
(TDS) is a signaling paradigm that can facilitate low-voltage
transmit signals and simplified receiver electronics. In TDS,
a low-voltage linearly swept chirp signal is transmitted into
the medium and the backscattered received echo is fre-
quency shifted based on the time delay to reflecting inter-
faces. The frequency shift can be recovered by demodulating
the received signal with the (reference) transmit signal and
low-pass filtering the demodulated signal. Fourier analysis
of the filtered received signal can be used to recover the
equivalent time-of-flight to reflecting interfaces. The receive
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electronics for TDS systems can therefore be thought to be
analogous to a frequency modulated radio receiver with the
additional step of applying the Fourier transform.

[0063] In TDS, a linearly swept (or chirp) transmit signal
is used. By linearly sweeping over a range of frequencies in
a fixed amount of time, a relationship between time and
frequency is implicitly established. Since time of flight of
the signal is also directly related to imaging depth (given the
speed of sound in the medium), frequency and depth are also
implicitly linked by transitivity. This idea of frequency and
depth being mathematically linked is the core concept
behind TDS. FIG. 7 provides a general schematic of the TDS
circuitry and the propagation of the signals of interest
(amplifiers omitted for simplification).

[0064] The transmitted signal is linearly swept from the
frequency £, at t=0 to a frequency £, , at t=P. Thus, sweep

start
rate can be defined S=If,,, ~f,, /P and the instantaneous

S

angular frequency at a given time t can be expressed as:
o(O)=2nf()=20f,, .+ 270t (la)

[0065] This instantaneous “frequency” is the time deriva-
tive of the phase and hence by integrating eq. (1a) we obtain:

27\ o (2a)
O7(D) = @0 + Wyanl + (T]Sl‘z forO<r=P,
Z

Where ¢, is the initial phase at t=0.

[0066] The transmitted signal may have an amplitude that
varies with the instantaneous frequency depending upon
transducer characteristics. The instantaneous frequency
depends on the time instant during the sweep and the sweep
rate (eq. 1a), so the transmitted signal can be expressed as:

T = Mr(t)cos[goo + Wygarel + [2_2”)5,2] (3a)

Where M, is the effect of the transducer on the transmit
signal.

[0067] The received signal has a frequency that is the
same as the transmitted signal delayed by T seconds, where
t=DJc, C being the speed of sound in the medium and D
being the total length of the acoustic path. As a result of
combining this with eq. 1 a, the frequency difference
between the transmitted and received signals can be
expressed as:

Aw=1aSD/c (4a)
[0068] The received signal can be demodulated, or
dechirped by multiplying it by a replica of the signal
presently being transmitted. The resulting heterodyned sig-
nal, VH(t) is:

Ty, (5a)
Vu(®) = MXcos[goX + Wsggrt + (7 ]St‘] X

MTMRcos[goo + R + Wygan (T = T) + (%}S‘(t - T)z]
[0069] Where MR(w) and q as the effect of the medium

on the signal amplitude and phase respectively, due to the
medium and reflector(s).
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[0070] The output of the heterodyned signal is low pass
filtered (LPF) to remove the upper sideband which is com-
prised of information solely about the transmitted signal and
therefore not of interest. The resulting output is:

¥y pir)=YsMM My cos [@-2m5r] (62)

[0071] Where, @, is the aggregation of all the time-
independent terms. The amplitude of this signal is the
spectral response, M,,,,/~0.5MM,;M,.

[0072] A one-sided Fourier transform (FT), which sorts
the data according to frequency will produce an A-scan since
the response over the frequency range f,,,, to f,,, is mapped
onto the time axis of this signal from time O to P (eq. la).
This amplitude response is modulated by a frequency A,
which represents the time delay and therefore the depth (eq.
4a). By applying the FT to the LPF signal and taking its
magnitude we get:

278D 7
[FAVIprD} = z ]‘ e

Migiat (w -
c

[0073] If the x-axis of the record is rescaled by a factor of
1wSD/c the record will be that of the strength of the reflected
signals vs. the distance from the transducer as shown in FIG.
8.

[0074] Because TDS is a spread spectrum system and the
relationship between frequency, bandwidth and imaging
depth is well defined, a bandpass filter can be used to limit
imaging to depths of interest. Furthermore, the processing
gain, or signal-to-noise improvement, of spread spectrum
and other systems is equal to their time-bandwidth products.

Time Delay Spectrometry Hardware

[0075] The circuit diagram presented in FIG. 7 can be
implemented in hardware. A TDS system 700 can comprise
a transducer 710, a frequency sweeper 720, a mixer, 730, a
demodulator (not shown), an amplifier (not shown), a low-
pass filter 740, an analog to digital converter 750, and a
computing device 760. These systems components are
shown in FIG. 9. FIG. 9 illustrates A) 5V USB battery pack,
B) receive amplifier, C) transmit RF amplifier, D) balanced
demodulator, E) analog to digital converter, F) AD5930
chirp generator, G) ultrasound transducer, H) laptop. In an
example, a programmable frequency sweeper (model
AD5930 Analog Devices Inc. Norwood, Mass.) capable of
outputting signals ranging from 1 Hz to 25 MHz with an
amplitude of 0.5V and sampling rate of 50 MS/s that
operates on standard USB power can be used. The frequency
sweeps are linear discrete frequency steps with known initial
phase. A balanced demodulator for TDS mixing can be used,
operating on a 12V D.C. supply. An amplifier can be used
amplify both the transmit and receive signals. The amplifier
can operate on a dual 5V supply and amplify the transmit
signal from the AD5930 to 4.5 VP-P. A low pass filter can
be used to isolate the lower side band of the demodulated
signal. A cut off frequency of 100 kHz can be selected to
ensure that a maximum depth of up to 15 cm could be
imaged. The National Instruments USB powered data acqui-
sition device can be used for analog to digital conversion
with max sampling rate of 250 kS/s. Further filtering can be
performed in MATLAB to select specific depths of interest.
In an aspect, a dual element probe can be used, such as a
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commercially available Olympus 7.5 MHz 6 mm dual
element probe (D721-RP). This probe can be “pseudo-
focused” at 1.25 cm. However, it is also possible to imple-
ment TDS on a single transmit and receive element.

Pulse-Echo Hardware

[0076] To perform a direct comparison of the TDS system,
the Olympus dual element transducer was used to generate
the pulse echo signal with an Olympus 5073PR pulser-
receiver at the max energy setting (of 4) and gain set to 5.
A Lecroy Waverunner LT344L oscilloscope was utilized to
read data for both the TDS and pulse echo experiments.
[0077] Experiment

A. Hydrophone Raster Scan

[0078] For this experiment, an ONDA AG-2020 Hydro-
phone was used to scan the TDS and pulse echo beam profile
in deionized water. For both scans, a 2-axis servo motor
system was utilized. The steps were incremented in 0.01 mm
axially and 0.1 mm laterally for a total imaging area of
40x30 mm2. The hydrophone was set to a low gain setting.
The scan data were collected on the oscilloscope via a
LabVIEW interface.

B. Point Spread Function (PSF)

[0079] To calculate both axial and lateral PSF for TDS
imaging system and compare it to the one of pulse echo, a
set of data were collected from a wire of diameter 0.3 mm.
The wire was fixed inside a 60 mm depth water tank with at
the depth of 25 mm and served as point target for this
experiment. The motor stage was used to move the trans-
ducer across the wire with the step increment of 0.05 mm for
the distance of 50 mm. The 2D data were collected using
oscilloscope.

C. Contrast Phantom

[0080] Due to the focal depth of the dual-element trans-
ducer, a commercially available contrast phantom could not
be used. A custom, agar-based contrast phantom was con-
structed with 4 agar cylinders containing increasing graphite
concentrations from 0.025 g/cm3 to 0.1 g/cm3 in steps of
0.025 g/cm3. This phantom was scanned using the motor
stage with step size of 0.02 mm for a total lateral distance of
50 mm.

D. Complex Media

[0081] For this experiment, 3 cm of beef tissue was
submerged in deionized water. A 50 mm 1D lateral scan was
performed with 0.1 mm step size using the motor stage. The
scan data were collected on the oscilloscope via a LabVIEW
interface.

E. Real Time Imaging with TDS

[0082] To evaluate the TDS system in applications which
require real time imaging, the data acquisition system was
used to stream data into MATLAB. Tissue motion was
mimicked by moving the transducer sinusoidally over a 2
cm gel pad, with a peak displacement of 0.5 cm.

Results

[0083] The results described below provide a comparison
between the TDS and pulse-echo instrumentation. The TDS
system used a 5-10 MHz sweep in 20 ms;

Apr. 26,2018

[0084] while the pulse-echo used a pulse repetition fre-
quency of 200 Hz.

TABLE 1

ACOUSTIC INTENSITY OUTPUT FOR TDS & PULSE ECHO

Parameter [11] TDS Pulse echo

SPTP (mWicm?) 109.3 179.3

SPTA (mW/cm?) 10.49 0.265

SATA (mW/em?) 0.884 0.061

SATP (mW/cm?) 12.94 12.39

MI 0.015 0.019

TI (Soft-tissue) 0.462 0.442

Test conditions 250 kHz/ms, = PRF =200 Hz,
45Vpp 400 Vpp

[0085] FIG. 10 shows results of the raster scan for TDS
and pulse echo setups described in the previous section. The
hydrophone raster scans were analyzed in MATLAB and
acoustic output measurements and intensity indices have
been tabulated in Table 1. Mechanical and thermal indices
for TDS and pulse echo were found to be close agreement
and well within accepted safe limits. The TDS peak-to-
voltage was approximate 10 times lower than pulse echo.

[0086] FIG. 11 illustrates lateral and axial point spread
functions for TDS and pulse echo. Point spread functions
obtained from wire phantom scans have been compared in
FIG. 11. The lateral and axial full-width half-maximum
(FWHM) resolutions obtained from PSF for the TDS setup
was found to be 13.45 mm and 0.444 mm respectively. For
pulse echo, lateral and axial FWHM was measured to be
15.5 mm and 0.440 mm respectively.

[0087] FIG. 12 illustrates contrast phantom images
obtained from TDS and pulse echo setup for increasing
graphite concentrations (left to right). Having established
equivalence between TDS and pulse echo in terms of
intensity indices and resolution, contrast to noise ratios
(CNR) were determined from contrast phantom, B-mode
scans shown in FIG. 12 and results have been summarized
in Table 2. Worst-case CNR for the lowest graphite concen-
tration (left most) phantom was found to be 0.99 dB for TDS
and -2.44 dB for pulse echo.

TABLE 2

CONTRAST TO NOISE RATIOS FOR
GRAPHITE LOADED PHANTOMS

Graphite Cene. CNR (dB)

(g/em?) TDS Pulse echo
0.025 0.99 -2.44
0.05 4.11 -0.45
0.075 5.18 1.25
0.1 6.12 2.49

[0088] CNR was then measured for complex media
B-mode images is shown in FIG. 13. FIG. 13 illustrates a
scanned image of 3 cm beef tissue comparing TDS and
pulseecho. CNR value for TDS was measured to be around
13.7 dB while that of the pulse echo image was 2.3 dB.

[0089] FIG. 14 demonstrates M-mode imaging capabili-
ties of the TDS setup. FIG. 14 illustrates a TDS M-mode
image showing sinusoidal transducer displacement. The
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sinusoidal displacement of gel interface corresponding to the
physical transducer displacement can be clearly seen in the
image.
[0090] As demonstrated, time domain spectrometry is an
alternative, low-voltage signaling paradigm to pulse echo.
A-mode images can be directly generated from the ampli-
tude spectrum of demodulated TDS signal reducing com-
putational burden compared to pulse echo systems. The
benchtop TDS hardware setup was compared against a
commercially available pulser-receiver. For equivalent
mechanical and thermal indices, TDS was found to have
significantly higher CNR compared to pulse echo, making it
suitable for applications requiring low acoustic output such
as long-term monitoring applications. M-mode images
obtained from the benchtop system demonstrate the feasi-
bility of TDS as a real-time imaging modality.
[0091] While the methods and systems have been
described in connection with preferred embodiments and
specific examples, it is not intended that the scope be limited
to the particular embodiments set forth, as the embodiments
herein are intended in all respects to be illustrative rather
than restrictive.
[0092] Unless otherwise expressly stated, it is in no way
intended that any method set forth herein be construed as
requiring that its steps be performed in a specific order.
Accordingly, where a method claim does not actually recite
an order to be followed by its steps or it is not otherwise
specifically stated in the claims or descriptions that the steps
are to be limited to a specific order, it is no way intended that
an order be inferred, in any respect. This holds for any
possible non-express basis for interpretation, including: mat-
ters of logic with respect to arrangement of steps or opera-
tional flow; plain meaning derived from grammatical orga-
nization or punctuation; the number or type of embodiments
described in the specification.
[0093] Throughout this application, various publications
are referenced. The disclosures of these publications in their
entireties are hereby incorporated by reference into this
application in order to more fully describe the state of the art
to which the methods and systems pertain.
[0094] It will be apparent to those skilled in the art that
various modifications and variations can be made without
departing from the scope or spirit. Other embodiments will
be apparent to those skilled in the art from consideration of
the specification and practice disclosed herein. It is intended
that the specification and examples be considered as exem-
plary only, with a true scope and spirit being indicated by the
following claims.
What is claimed is:
1. A method comprising:
transmitting, from a source via a transmit channel of a
transducer, a swept frequency signal through a
medium;
determining, based on a time delay associated with the
swept frequency signal, a plurality frequencies,
wherein the time delay associated with the swept
frequency signal is based the signal propagating
through the medium;
determining, based one or more components of the signal
received via a receive channel of the transducer and a
range, one or more frequencies associated with the
swept frequency signal; and
determining, based on the one or more frequencies and a
steering angle, an image.
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2. The method of claim 1, wherein the image is an
electrical representation of a region of interest associated
with the medium.

3. The method of claim 1, wherein the medium is a tissue.

4. The method of claim 1, wherein determining the one or
more frequencies associated with the swept frequency signal
comprises a Fourier Transformation of at least a portion of
the swept frequency signal.

5. The method of claim 1, wherein the swept frequency
signal is comprises a voltage of five volts or less.

6. The method of claim 1, wherein the image is deter-
mined in real-time.

7. The method of claim 1, wherein the transmit channel of
the transducer comprises a two-channel transmit element
and the receive channel of the transducer comprises a
4-channel receive element.

8. The method of claim 1, wherein the range comprises
frequencies associated with audio frequencies.

9. An apparatus comprising:

One Or more processors;

a transducer; and

memory storing processor executable instructions that,

when executed by the one or more processors, cause the
apparatus to:

transmit, via a transmit channel of the transducer, a swept

frequency signal through a medium;

determine, based on a time delay associated with the

swept frequency signal, a plurality frequencies,
wherein the time delay associated with the swept
frequency signal is based the signal propagating
through the medium;

determine, based one or more components of the signal

received via a receive channel of the transducer and a
range, one or more frequencies associated with the
swept frequency signal; and

determine, based on the one or more frequencies and a

steering angle, an image.

10. The apparatus of claim 9, wherein the image is an
electrical representation of a region of interest associated
with the medium.

11. The apparatus of claim 9, wherein the medium is a
tissue.

12. The apparatus of claim 9, wherein determining the one
or more frequencies associated with the swept frequency
signal comprises a Fourier Transformation of at least a
portion of the swept frequency signal.

13. The apparatus of claim 9, wherein the swept frequency
signal is comprises a voltage of five volts or less.

14. The apparatus of claim 9, wherein the image is
determined in real-time.

15. The apparatus of claim 9, wherein the transmit chan-
nel of the transducer comprises a two-channel transmit
element and the receive channel of the transducer comprises
a 4-channel receive element.

16. The apparatus of claim 9, wherein the range comprises
frequencies associated with audio frequencies.

17. A system comprising

a signal source configured to produce a swept frequency

signal,

a dual element transducer configured to:

transmit, via a one or more transmission channels, the
swept frequency signal through a medium; and

receive, via a one or more receiving channels, one or
more components of the swept frequency signal,
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wherein at least a portion of the one or more com-

ponents of the swept frequency signal is time delay;

one or more mixers configured to multiply the one or

more components of the swept frequency signal from
the swept frequency signal;

one or more low pass filters configured to remove at least

a portion of the one or more components of the swept
frequency signal; and

a digital signal processor configured:

to process at least the portion of the one or more
components of the swept frequency signal; and
generate, based on the processing, an image.

18. The system of claim 17, wherein the image is an
electrical representation of a region of interest associated
with the medium.

19. The system of claim 17, wherein the medium is a
tissue.

20. The system of claim 17, wherein the image is deter-
mined in real-time.
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