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SYSTEMS AND METHODS FOR
ULTRASOUND IMAGING

RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 11/385,482, filed 20 Mar. 2006,
entitled “SYSTEMS AND METHODS FOR ULTRA-
SOUND IMAGING”, which is a continuation-in-part of U.S.
patent application Ser. No. 11/314,139, filed 21 Dec. 2005,
entitled “SUB-NYQUIST SAMPLING OF ACOUSTIC
SIGNALS IN ULTRASOUND IMAGING”, which is a con-
tinuation-in-part of U.S. patent application Ser. No. 10/945,
459, filed 20 Sep. 2004, entitled “SYSTEMS AND METH-
ODS FOR IMPROVED IMAGING”, which are hereby
incorporated by reference herein in their entirety.

BACKGROUND

[0002] 1.Field

[0003] The present teachings generally relate to the field of
imaging using waves and more particularly, to systems and
methods for improving the resolution of images obtained by
an array of transmitters and receivers.

[0004] 2. Description of the Related Art

[0005] Imaging devices such as ultrasound devices trans-
mit a signal into a medium, and measure reflections from
various features in the medium. An image of a given feature
can be reconstructed based on quantities such as intensity and
frequency of the reflected signal from that feature. To form
the image, one needs to somehow determine the relative loca-
tion of the feature with respect to the imaging device, and in
particular, to a location of a receiving element of the device.
[0006] Conventional ultrasound devices typically have an
array of transmitter-receiver pairs. In operation, each pair
only “sees” along a line, commonly referred to as a scanline,
that extends from the pair into the medium. With such an
assumption, a feature along that scanline can be brought into
“focus” by determining the propagation times of the trans-
mitted and reflected signals to and from the feature. A propa-
gation time t can be calculated as t=d/v where v is the velocity
of the signal in the medium, and d is the distance of interest
(e.g., from the feature to the receiver). The distance d can be
determined by dividing the scanline into discrete elements in
a predetermined manner, such that the location of each ele-
ment is known. The velocity v can either be assumed as a
constant in the medium, or can be calculated in a manner
generally known in the art.

[0007] Based on such an operation, one can see that the
resolution and quality of the image formed can be limited by
the size of the scanline element. Even if the scanline element
can be made arbitrarily small, the effective operation of
obtaining an image from the device is subject to the intrinsic
resolution of the transmitter-receiver pair, as well as the sam-
pling criteria for yielding a meaningful result.

[0008] The intrinsic resolution of a detector can be
expressed as depending on the ratio of the operating wave-
length of the signal to the effective dimension of the detector
(commonly referred to as a Rayleigh or Sparrow criteria).
One can change such a resolution of the detector by either
changing the wavelength and/or the effective dimension of
the detector. For example, reducing the wavelength (increas-
ing the frequency) and/or increasing the effective dimension
of the detector can improve the resolution. However, such a
change can be accompanied by undesired effects. For
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example, an increased frequency signal has a smaller penetra-
tion depth in ultrasound applications.

[0009] Furthermore, an increased operating frequency also
forces the minimum sampling frequency. Commonly known
as the Nyquist sampling criteria, a signal needs to be sampled
at a frequency that is at least approximately twice the fre-
quency of the operating signal to yield a meaningful result.
[0010] Because of the foregoing challenges and limita-
tions, there is an ongoing need to improve the manner in
which imaging devices are designed and operated.

SUMMARY

[0011] The foregoing needs can be addressed by systems
and methods for improving the resolution and quality of an
image formed by signals from an array of receivers. Multiple
receivers introduce variations in arrival times that can be less
than the period of an operating signal, and also less than the
period associated with a sampling operation. Thus, multiple
receivers allow sampling of fine features of reflected signals
that would be considered beyond the resolution associated
with the operating signal. Use of multiple receivers also pro-
vides an effective sampling rate that is greater than the sam-
pling rate of an individual receiver. Similar advantages can be
obtained using multiple transmitters. Such advantageous fea-
tures can be used to obtain high resolution images of objects
in a medium in applications such as ultrasound imaging.
[0012] In some embodiments, the present teachings relate
to a method of imaging an object in a medium with ultra-
sound. The method includes transmitting acoustic energy
from a transmitter to the object such that the acoustic energy
becomes scattered. The method further includes receiving the
scattered energy at a plurality of receivers so as to produce
respective analog echo signals. The method further includes
sampling the analog echo signals at a frequency of F, with
each of the sampled analog echo signals includes substantial
spectral frequency components above a frequency of F/2 and
includes substantial nonnegative spectral frequency compo-
nents below or at said frequency of F/2. Such sampling pro-
duces a respective plurality of digital echo signals. The
method further includes combining the plurality of digital
echo signals, with each of the digital echo signals being offset
by time with respect to another of the digital echo signals, so
as to produce a combined digital signal that is selected from a
plurality of different combinations of the plurality of digital
echo signals. The method further includes producing an
image pixel of the object from the combined digital signal.
[0013] In one embodiment, the method further includes
producing a plurality of image pixels from the plurality of
different combinations of the plurality of digital echo signals.
The plurality of pixels distinctly depicts two objects in the
medium that are closer together than 4F divided into an aver-
age velocity of sound in the medium. In one embodiment,
such a method can distinctly depict two objects in the medium
that are closer together than approximately 100 micrometers
when the acoustic energy has a central peak frequency of
approximately 3.5 MHz. In one embodiment, the acoustic
energy propagates in the medium with an average velocity of
approximately 1540 m/s.

[0014] In one embodiment of the method, the substantial
spectral frequency components above a frequency of F/2
include a higher frequency having an intensity that is above a
predetermined value. Such a predetermined value can have
different values, such as 50 dB, 40 dB, 30 dB, 20 dB, 10 dB,
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or 10 dB less than a maximum intensity of the spectral fre-
quency components of one of the sampled analog echo sig-
nals.

[0015] In one embodiment of the method, the step of com-
bining the plurality of digital echo signals includes selecting
a first digital echo signal associated with a first receiver. The
step further includes performing a plurality of time-shift com-
binations of the first digital echo signal with one or more
digital echo signals associated with one or more other receiv-
ers about a selected time window of the first signal. Each of
the plurality of combinations has a quality value indicative of
a quality of the combination.

[0016] In one embodiment of the method, the step of com-
bining the plurality of digital echo signals further includes
assigning one of the plurality of combinations having a par-
ticular quality value to a scanline for the first receiver. In one
embodiment, the selected time window corresponds to a layer
having a first thickness along the scanline. In one embodi-
ment, the particular quality value includes a running average
of an amplitude ofthe one of the plurality of combinations. In
one embodiment, the particular quality value includes a slope
of a running average of an amplitude with respect to time of
the one of the plurality of combinations.

[0017] In oneembodiment of the method, the step of com-
bining the plurality of digital echo signals further includes
splitting a parent layer into two or more sublayers and per-
forming time-shift combinations on each of the sublayers.
The step further includes determining a best quality value for
each of the sublayers. The step further includes comparing a
best quality value of the parent layer to the best quality value
of each of the sublayers. If the best quality value of the parent
layer is substantially less than the best quality value of each of
the sublayers, then the step further includes continuing to
divide each of the sublayers into final sublayers, where each
of the best quality values of the final sublayers is less than the
best quality value of a parent layer of the final sublayers. In
one embodiment, the step further includes assigning a com-
bined digital signal of the parent layer of the final sublayers to
the scanline.

[0018] In one embodiment of the method, the scanline is
divided into a plurality of layers, and determinations of the
particular qualities of the combinations are performed suc-
cessively starting from a layer closest to the receiver.

[0019] Inoneembodiment of the method, combining of the
plurality of digital echo signals substantially negates the
effects, of aliasing within at least the sampled analog echo
signals.

[0020] In some embodiments, the present teachings relate
to a method of imaging an object with ultrasound. The
method includes providing an array of transmitters Tx(i),
where i represents a relative positional index that ranges from
1 to N, and where N is greater than or equal to 2. The method
further includes providing an array of receivers Rx(i), where
each of the receivers Rx(i) associated with a respective trans-
mitter Tx(i). The method further includes transmitting ultra-
sound energy from the transmitters to the object such that the
ultrasound energy is scattered. The method further includes
receiving scattered energy at every receiver Rx(i+)) that was
transmitted from transmitter Tx(i), where j represents a rela-
tive positional offset from 1, and where j is greater than zero.
The method further includes generating a first plurality of
signals in response to the scattered energies received at every
receiver Rx(i+]). The method further includes combining the
plurality of signals so as to produce an image of the object.
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[0021] Inoneembodiment the method, the value ofj is one.
In one embodiment, the method further includes receiving
scattered energy at every receiver Rx(i+k) that was transmit-
ted from transmitter Tx(i), where k represents a relative posi-
tional offset from i, and where k is greater than zero and is not
equal to j. The method further includes generating a second
plurality of signals in response to the scattered energies
received at every receiver Rx(i+)) and Rx(i+k). The method
further includes combining the first and second pluralities of
signals so as to produce an image of the object.

[0022] In some embodiments, the present teachings relate
to an ultrasound imaging apparatus that includes a plurality of
transmitters configured to transmit acoustic energy to one or
more objects in a medium such that the acoustic energy
becomes scattered. The apparatus further includes a plurality
of receivers configured to receive the scattered energy and in
response produce respective analog echo signals. The appa-
ratus further includes a processor that is configured to facili-
tate sampling of the analog echo signals at a frequency of F,
where each of the sampled analog echo signals includes sub-
stantial spectral frequency components above a frequency of
F/2 and includes substantial nonnegative spectral frequency
components below or at said frequency of F/2. The sampling
produces a respective plurality of digital echo signals. The
processor further facilitates combining of the plurality of
digital echo signals, with each of the digital echo signals
being offset by time with respect to another of the digital echo
signals, so as to produce a combined digital signal that is
selected from a plurality of different combinations of the
plurality of digital echo signals. The processor further facili-
tates production of an image pixel of the object from the
combined digital signal.

[0023] In one embodiment of the apparatus, the processor
further facilitates production of a plurality of image pixels
from the plurality of different combinations of the plurality of
digital echo signals. The plurality of pixels distinctly depict
two objects in the medium that are closer together than 4F
divided into an average velocity of sound in the medium. In
one embodiment, such an apparatus can distinctly depict two
objects in the medium that are closer together than approxi-
mately 100 micrometers when the acoustic energy has a cen-
tral peak frequency of approximately 3.5 MHz. In one
embodiment, the acoustic energy propagates in the medium
with an average velocity of approximately 1540 m/s.

[0024] Inone embodiment of the apparatus, the substantial
spectral frequency components above a frequency of F/2
include a higher frequency having an intensity that is above a
predetermined value. Such a predetermined value can have
different values, such as 50 dB, 40 dB, 30 dB, 20 dB, 10 dB,
or 10 dB less than a maximum intensity of the spectral fre-
quency components of one of the sampled analog echo sig-
nals.

[0025] In one embodiment of the apparatus, the processor
facilitates combining of the plurality of digital echo signals by
aprocess that selects a first digital echo signal associated with
a first receiver. The process further performs a plurality of
time-shift combinations of the first digital echo signal with
one or more digital echo signals associated with one or more
other receivers about a selected time window of the first
signal. Each of the plurality of combinations has a quality
value indicative of a quality of the combination.

[0026] In one embodiment of the apparatus, the process
further includes assigning one of the plurality of combina-
tions having a particular quality value to a scanline for the first
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receiver. In one embodiment, the selected time window cor-
responds to alayer having a first thickness along the scanline.
In one embodiment, the particular quality value includes a
running average of an amplitude of the one of the plurality of
combinations. In one embodiment, the particular quality
value includes a slope of a running average of an amplitude
with respect to time of one of the plurality of combinations.

[0027] In one embodiment of the apparatus, the process
further includes splitting a parent layer into two or more
sublayers, and performing time-shift combinations on each of
the sublayers. The process further includes determining a best
quality value for each of the sublayers. The process further
includes comparing a best quality value of the parent layer to
the best quality value of each of the sublayers. If the best
quality value of the parent layer is substantially less than the
best quality value of each of the sublayers, then the process
continues to divide each of the sublayers into final sublayers.
Each of the best quality values of the final sublayers is less
than the best quality value of a parent layer of the final
sublayers.

[0028] In one embodiment of the apparatus, the process
further includes a combined digital signal of the parent layer
of the final sublayers to the scanline. In one embodiment, the
scanline is divided into a plurality of layers, and the determi-
nations of the particular qualities of the combinations are
performed successively starting from a layer closest to the
receiver.

[0029] In some embodiments, the present teachings relate
to an ultrasound imaging apparatus that includes a transducer
assembly having a plurality of transmitting elements and a
plurality of receiving elements. The plurality of transmitting
elements are configured to transmit ultrasound energy, having
a wavelength A corresponding to a central peak frequency of
the ultrasound energy, toward a region in a medium. The
plurality ofreceiver elements generate a plurality of signals in
response to scattered energy from the region. An aperture size
D of the transducer assembly is the maximum distance
between any two receiving elements in the transducer assem-
bly. The apparatus further includes a processor configured to
sample the plurality of signals to produce a plurality of cor-
responding digital echo signals. The processor is further con-
figured to combine the plurality of digital echo signals to
generate an image having a spatial resolution limit that is
equal to or better than 6=(0.25)A/D, where 6 is the minimum
resolvable angular separation of two objects in the medium.

[0030] In one embodiment of the apparatus, the spatial
resolution limit allows resolving of two objects in the medium
that are closer together than approximately 100 micrometers
when the ultrasound energy has a central peak frequency of
approximately 3.5 MHz. In one embodiment, the acoustic
energy propagates in the medium with an average velocity of
approximately 1540 m/s. In one embodiment, the processor
combines the plurality of digital echo signals by a process that
includes selecting a first digital echo signal associated with a
first receiver, and performing a plurality of time-shift combi-
nations of the first digital echo signal with one or more digital
echo signals associated with one or more other receivers
about a selected time window of the first signal. Each of the
plurality of combinations has a quality value indicative of a
quality of the combination.

[0031] In one embodiment of the apparatus, the process
further includes assigning one of the plurality of combina-
tions having a particular quality value to a scanline for the first
receiver. In one embodiment, the selected time window cor-
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responds to a layer having a first thickness along the scanline.
In one embodiment, the particular quality value includes a
running average of an amplitude of the one of the plurality of
combinations. In one embodiment, the particular quality
value includes a slope of a running average of an amplitude
with respect to time of the one of the plurality of combina-
tions.

[0032] In one embodiment of the apparatus, the process
further includes splitting a parent layer into two or more
sublayers, and performing time-shift combinations on each of
the sublayers. The process further includes determining a best
quality value for each of the sublayers. The process further
includes comparing a best quality value of the parent layer to
the best quality value of each of the sublayers. If the best
quality value of the parent layer is substantially less than the
best quality value of each of the sublayers, then the process
further includes continuing to divide each of the sublayers
into final sublayers, where each of the best quality values of
the final sublayers is less than the best quality value ofa parent
layer of the final sublayers.

[0033] In one embodiment of the apparatus, the process
further includes assigning a combined digital signal of the
parent layer of the final sublayers to the scanline. In one
embodiment, the scanline is divided into a plurality of layers,
and determinations of the particular qualities of the combi-
nations are performed successively starting from a layer clos-
est to the receiver.

[0034] In some embodiments, the present teachings relate
to amethod of imaging with ultrasound. The method includes
transmitting ultrasound energy, having a wavelength A corre-
sponding to acentral peak frequency of the ultrasound energy,
from a plurality of transmitters in a transducer assembly into
a medium such that the transmission energy is scattered. An
aperture size D of the transducer assembly is the maximum
distance between any two transmitters in the transducer
assembly. The method further includes receiving scattered
energies from the medium at a plurality of receivers. The
method further includes digitally combining signals gener-
ated from the scattered energies so as to produce an image
having a spatial resolution limit that is equal to or better than
6=(0.25)A/D, where 0 is the minimum resolvable angular
separation of two objects in the medium.

[0035] In one embodiment of the method, the spatial reso-
lution limit allows resolving of the two objects in the medium
that are closer together than approximately 100 micrometers
when the ultrasound energy has a central peak frequency of
approximately 3.5 MHz. In one embodiment, the acoustic
energy propagates in the medium with an average velocity of
approximately 1540 m/s. In one embodiment, the step of
digitally combining the signals includes digitally sampling
the signals so as to produce a plurality of digital echo signals.
The step further includes selecting a first digital echo signal
associated with a first receiver. The step further includes
performing a plurality of time-shift combinations of the first
digital echo signal with one or more digital echo signals
associated with one or more other receivers about a selected
time window of the first signal. Each of the plurality of com-
binations has a quality value indicative of a quality of the
combination.

[0036] Inone embodiment of the method, the step of digi-
tally combining the signals further includes assigning one of
the plurality of combinations having a particular quality value
to a scanline for the first receiver. In one embodiment, the
selected time window corresponds to a layer having a first
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thickness along the scanline. In one embodiment, the particu-
lar quality value includes a running average of an amplitude
of the one of the plurality of combinations. In one embodi-
ment, the particular quality value includes a slope of arunning
average of an amplitude with respect to time of the one of the
plurality of combinations.

[0037] In one embodiment, the method further includes
splitting a parent layer into two or more sublayers, and per-
forming time-shift combinations on each of the sublayers.
The method further includes determining a best quality value
for each of the sublayers. The method further includes com-
paring a best quality value of the parent layer to the best
quality value of each of the sublayers. If the best quality value
of the parent layer is substantially less than the best quality
value of each of the sublayers, then the method further
includes continuing to divide each of the sublayers into final
sublayers. Each of the best quality values of the final sublay-
ers is less than the best quality value of a parent layer of the
final sublayers. In one embodiment, the method further
includes assigning a combined digital signal of the parent
layer of the final sublayers to the scanline.

[0038] In one embodiment of the method, the scanline is
divided into a plurality of layers, and determinations of the
particular qualities of the combinations are performed suc-
cessively starting from a layer closest to the receiver.

[0039] In some embodiments, the present teachings relate
to a method of replicating information from a waveform
energy emanating from an object over time, where the infor-
mation includes a spectral frequency distribution having fre-
quency components above a frequency F/2. The method
includes digitally sampling the waveform energy at a tempo-
ral frequency of less than F to obtain sampled data. The
method further includes producing a replica of the informa-
tion from the sampled data, where the replica includes a
spectral frequency distribution that substantially matches the
spectral frequency distribution in a range below the frequency
F/2. The energy is emitted from a plurality of emitters and is
reflected from the object.

[0040] In one embodiment of the method, the energy is
sampled with a plurality of detectors. In one embodiment, the
energy is acoustic energy. In one embodiment, the energy is
electromagnetic energy.

[0041] In some embodiments, the present teachings relate
to an ultrasound imaging apparatus having a plurality of
transmitters configured to transmit acoustic energy to an
object in a medium such that the acoustic energy becomes
scattered. The apparatus further includes a plurality of receiv-
ers configured to receive the scattered energy and in response
produce respective analog echo signals. The apparatus further
includes a sampling module configured to sample the analog
echo signals at a frequency of F. Each of the sampled analog
echo signals includes substantial spectral frequency compo-
nents above a frequency of F/2 and includes substantial non-
negative spectral frequency components below or at the fre-
quency of F/2. The sampling produces a respective plurality
of digital echo signals. The apparatus further includes a com-
bining module configured to combine the plurality of digital
echo signals. Each of the digital echo signals is offset by time
with respect to another of the digital echo signals, so as to
produce a combined digital signal that is selected from a
plurality of different combinations of the plurality of digital
echo signals. The apparatus further includes an image pro-
ducing module configured to produce an image pixel of the
object from the combined digital signal.
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[0042] In one embodiment, the image producing module
further produces a plurality of image pixels from the plurality
of different combinations of the plurality of digital echo sig-
nals, with the plurality of pixels distinctly depicting two
objects in the medium that are closer together than 4F divided
into an average velocity of sound in the medium. In one
embodiment, the two objects in the medium are closer
together than approximately 100 micrometers when the
acoustic energy has a central peak frequency of approxi-
mately 3.5 MHz. In one embodiment, the acoustic energy
propagates in the medium with an average velocity of
approximately 1540 m/s.

[0043] In one embodiment, the substantial spectral fre-
quency components above a frequency of F/2 include a higher
frequency having an intensity that is above a predetermined
value. In one embodiment, the predetermined value is 50 dB
less than a maximum intensity of the spectral frequency com-
ponents of one of the sampled analog echo signals. In one
embodiment, the predetermined value is 40 dB less than a
maximum intensity of the spectral frequency components of
one of the sampled analog echo signals. In one embodiment,
the predetermined value is 30 dB less than a maximum inten-
sity of the spectral frequency components of one of the
sampled analog echo signals. In one embodiment, the prede-
termined value is 20 dB less than a maximum intensity of the
spectral frequency components of one of the sampled analog
echo signals. In one embodiment, the predetermined value is
10dBless than a maximum intensity of the spectral frequency
components of one of the sampled analog echo signals. In one
embodiment, the predetermined value is 5 dB less than a
maximum intensity of the spectral frequency components of
one of the sampled analog echo signals.

[0044] In one embodiment, the combining module com-
bines the plurality of digital echo signals by a process that
includes selecting a first digital echo signal associated with a
first receiver; and performing a plurality of time-shift combi-
nations of the first digital echo signal with one or more digital
echo signals associated with one or more other receivers
about a selected time window of the first signal. Each of the
plurality of combinations has a quality value indicative of a
quality of the combination.

[0045] In one embodiment, the process performed by the
combining module further includes assigning one of the plu-
rality of combinations having a particular quality value to a
scanline for the first receiver. In one embodiment, the selected
time window corresponds to a layer having a first thickness
along the scanline. In one embodiment, the particular quality
value includes a running average of an amplitude of the one of
the plurality of combinations. In one embodiment, the par-
ticular quality value includes a slope of a running average of
an amplitude with respect to time of the one of the plurality of
combinations.

[0046] In one embodiment, the process performed by the
combining module further includes splitting a parent layer
into two or more sublayers; performing time-shift combina-
tions on each of the sublayers; determining a best quality
value for each of the sublayers; comparing a best quality value
of the parent layer to the best quality value of each of the
sublayers; and if the best quality value of the parent layer is
substantially less than the best quality value of each of the
sublayers, then continuing to divide each of the sublayers into
final sublayers. Each of the best quality values of the final
sublayers is less than the best quality value of a parent layer of
the final sublayers. In one embodiment, the process further
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includes assigning a combined digital signal of the parent
layer of the final sublayets to the scanline.

[0047] In one embodiment, the scanline is divided into a
plurality of layers. Determinations of the particular qualities
of the combinations are performed successively starting from
a layer closest to the receiver.

[0048] In one embodiment, the sampling module includes
an analog-to-digital converter. In one embodiment, the sam-
pling module includes a processor. In one embodiment, the
processor includes a single unit configured to perform one or
more processes. In one embodiment, the processor includes a
plurality of separate units configured to perform one or more
processes.

[0049] Inoneembodiment, the combining module includes
a processor. In one embodiment, the processor includes a
single unit configured to perform one or more processes. In
one embodiment, the processor includes a plurality of sepa-
rate units configured to perform one or more processes.
[0050] In one embodiment, combining of the plurality of
digital echo signals substantially negates the effects of alias-
ing within at least the sampled analog echo signals.

[0051] Oneembodiment of the present disclosure relates to
an ultrasound imaging apparatus that includes a sampling
module configured to sample, at a frequency of F, a plurality
of analog echo signals received from a respective plurality of
receivers. Each of the sampled analog echo signals includes
substantial spectral frequency components above a frequency
of F/2 and includes substantial nonnegative spectral fre-
quency components below or at the frequency of F/2. The
sampling produces a respective plurality of digital echo sig-
nals. The apparatus further includes a combining module
configured to combine the plurality of digital echo signals.
Each of the digital echo signals is offset by time with respect
to another of the digital echo signals, so as to produce a
combined digital signal that is selected from a plurality of
different combinations of the plurality of digital echo signals.
The apparatus further includes an image-producing module
configured to produce an image pixel of an object from the
combined digital signal.

[0052] Oneembodiment of the present disclosure relates to
an ultrasound imaging apparatus having a plurality of sam-
pling modules. Each sampling module is configured to
sample, at a frequency of F, an analog echo signal received
from a receiver. Each of the sampled analog echo signals
includes substantial spectral frequency components above a
frequency of F/2 and includes substantial nonnegative spec-
tral frequency components below or at the frequency of F/2.
The plurality of sampling modules produces a respective
plurality of digital echo signals. The apparatus further
includes a combining module configured to combine the plu-
rality of digital echo signals. Each of the digital echo signals
is offset by time with respect to another of the digital echo
signals, so as to produce a combined digital signal that is
selected from a plurality of different combinations of the
plurality of digital echo signals. The apparatus further
includes an image-producing module configured to produce
an image pixel of an object from the combined digital signal.
[0053] Oneembodiment of the present disclosure relates to
an ultrasound imaging apparatus having a plurality of means
for sampling, with each means for sampling configured to
sample, at a frequency of F, an analog echo signal received
from a receiver. Each of the sampled analog echo signals
includes substantial spectral frequency components above a
frequency of F/2 and includes substantial nonnegative spec-
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tral frequency components below or at the frequency of F/2.
The plurality of means for sampling produces a respective
plurality of digital echo signals. The apparatus further
includes means for combining the plurality of digital echo
signals, with each of the digital echo signals being offset by
time with respect to another of the digital echo signals, so as
to produce a combined digital signal that is selected from a
plurality of different combinations of the plurality of digital
echo signals. The apparatus further includes means for pro-
ducing an image pixel of an object from the combined digital
signal.

[0054] Oneembodiment of the present disclosure relates to
an ultrasound imaging apparatus having a plurality of trans-
mitters configured to transmit acoustic energy to an object in
a medium such that said acoustic energy becomes scattered.
The apparatus further includes a plurality of receivers con-
figured to receive said scattered energy and in response pro-
duce respective analog echo signals. The apparatus further
includes a plurality of sampling modules, with each config-
ured to sample, at a frequency of F, a corresponding one of
said plurality of analog echo signals. Each of said sampled
analog echo signals includes substantial spectral frequency
components above a frequency of F/2 and includes substan-
tial nonnegative spectral frequency components below or at
said frequency of F/2. The plurality of sampling modules
produces a respective plurality of digital echo signals. The
apparatus further includes a combining module configured to
combine said plurality of digital echo signals, with each of
said digital echo signals being offset by time with respect to
another of said digital echo signals, so as to produce a com-
bined digital signal that is selected from a plurality of differ-
ent combinations of said plurality of digital echo signals. The
apparatus further includes an image producing module con-
figured to produce an image pixel of said object from said
combined digital signal.

[0055] Oneembodiment of the present disclosure relates to
an ultrasound apparatus that includes a plurality of transmit-
ters configured to transmit acoustic energy to a tissue of an
animal having an anatomy through a coupling medium, such
that the acoustic energy becomes scattered by an objectin the
tissue. The apparatus further includes a plurality of receivers
configured to receive the scattered energy and produce
respective analog echo signals. The apparatus further
includes a signal processing component configured to digitize
the analog echo signals so as to produce respective digitized
signals. The apparatus further includes a processing module
configured so as to calculate a plurality of first indices. Each
of the plurality of first indices represents a travel time of the
acoustic energy along an assumed path from a transmitter to
a voxel in a proposed image plane and from the voxel to a
receiver. The processing module is further configured so as to
produce a first set of object data by combining first selected
portions of the digitized signals. Each of the first selected
portions is determined based on the plurality of first indices.
The processing module is further configured so as to deter-
mine a location of a skin surface of the anatomy. The skin
surface represents a scattering interface. The processing mod-
ule is further configured so as to calculate a plurality of
second indices for the voxels in the proposed image plane.
The voxels are located on the opposite side of the skin surface
with respect to the plurality of transmitters. Each of the plu-
rality of second indices is determined by an adjustment to at
least one of the plurality of first indices due to refraction of the
acoustic energy at the scattering interface. The adjustment is
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determined based on assumed sound speeds in the coupling
medium and in the tissue between the scattering interface and
the object. The processing module is further configured so as
to produce a second set of object data by combining second
selected portions of the digitized signals. Each of the second
selected portions determined based on the plurality of second
indices.

[0056] In one embodiment, the tissue includes a human
breast.
[0057] In one embodiment, the processing module is fur-

ther configured to re-calculate the plurality of second indices
and re-produce the second set of object data by obtaining an
optimized focus while varying the speed of sound between
the scattering interface and the object. In one embodiment,
the optimized focus includes a maximized contrast in a
boundary or a reflector within the tissue. In one embodiment,
the processing module is further configured to calculate a
plurality of additional indices and produce one or more addi-
tional sets of object data corresponding to a plurality of layers
within the tissue between the scattering interface and the
object.

[0058] In one embodiment, the scattering interface is the
closest scattering interface with respect to the transmitters
and receivers.

[0059] In one embodiment, the assumed path includes a
substantially straight path.

[0060] In one embodiment, the refraction is determined
according to Snell’s law of refraction.

[0061] In one embodiment, the refraction is determined in
three dimensions.

[0062] In one embodiment, at least one of the plurality of
transmitters includes a physical transducer that is part of an
array of similar transducers.

[0063] In one embodiment, at least one of the plurality of
transmitters includes a transducer or a point source that is
virtual, having been created by the timed firing of part or all of
an array of physical transducers.

[0064] In one embodiment, the apparatus further includes
an image producing module that produces an image of the
object based on the second set of object data.

[0065] The signal processing component can include, for
example, an analog-to-digital converter (ADC). The process-
ing module can include one or more devices, one or more
processes, or any combination thereof. The processing mod-
ule can also include one or more hardware components, one
or more software components, or any combination thereof.
Similarly, the image producing module can include one or
more devices, one or more processes, or any combination
thereof, and can include a still-image generating device, a
video-image generating device, or any combination thereof.
The image producing module can also include one or more
hardware components, one or more software components, or
any combination thereof. Moreover, any combination of the
signal processing component, processing module, and/or
image producing module can be part of a single component,
or be part of a plurality of components.

[0066] In one embodiment, the image producing module
and the processing module form a single component. In one
embodiment, the single component also includes the signal
processing component.

[0067] In one embodiment, the signal processing compo-
nent and the processing module form a single component.
[0068] Oneembodiment of the present disclosure relates to
an ultrasound apparatus that includes a plurality of transmit-
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ters configured to transmit acoustic energy to a tissue of an
animal having an anatomy through a coupling medium, such
that the acoustic energy becomes scattered by an objectin the
tissue. The apparatus further includes a plurality of receivers
configured to receive the scattered energy and produce
respective analog echo signals. The apparatus further
includes a signal processing component configured to digitize
the analog echo signals so as to produce respective digitized
signals. The apparatus further includes a processing module
configured so as to estimate a tissue configuration, including
positions of one or more boundaries between a plurality of
regions and speeds of sound in each of the plurality ofregions.
Each of the plurality of regions has a thickness. The process-
ing module is further configured so as to calculate a plurality
of indices. Each of the plurality of indices represents a travel
time of the acoustic energy from a transmitter to a voxel in a
proposed image plane and from the voxel to a receiver. The
travel time is determined based on refraction at each of the
boundaries. The processing module is further configured so
as to produce a set of object data by combining selected
portions of the digitized signals. Each of the selected portions
is determined based on the plurality of indices. The process-
ing module is further configured so as to repeat the calculation
of the plurality of indices and the production of the set of
object data while varying, for at least one of the plurality of
regions, at least one of thickness and speed of sound, until a
desired quality for the set of object data for the tissue is
obtained.

[0069] In one embodiment, the tissue includes a human
liver.
[0070] In one embodiment, the first two of the plurality of

regions are assumed to be human skin and human fat.
[0071] In one embodiment, the desired data quality is
obtained by obtaining an optimized focus while varying the
speed of sound in each of the plurality of regions. In one
embodiment, the optimized focus includes maximized con-
trast in a boundary or a reflector within the tissue. In one
embodiment, the processing module 1s further configured to
divide one or more of the plurality of regions into a plurality
of layers and perform the production of set of object data for
each of the layers.

[0072] In one embodiment, the apparatus further includes
an image producing module that produces an image of the
tissue based on the set of object data having the desired
quality.

[0073] In one embodiment, the image producing module
and the processing module form a single component. In one
embodiment, the single component also includes the signal
processing component.

[0074] In one embodiment, the signal processing compo-
nent and the processing module form a single component.
[0075] In one embodiment, the processing module is con-
figured to make use of a previous estimation of a tissue
configuration including positions of one or more boundaries
between a plurality of regions and speeds of sound in each of
the plurality of regions, with each of the plurality of regions
having a thickness.

[0076] The signal processing component can include, for
example, an analog-to-digital converter (ADC). The process-
ing module can include one or more devices, one or more
processes, or any combination thereof. The processing mod-
ule can also include one or more hardware components, one
or more software components, or any combination thereof.
Similarly, the image producing module can include one or
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more devices, one or more processes, or any combination
thereof, and can include a still-image generating device, a
video-image generating device, or any combination thereof.
The image producing module can also include one or more
hardware components, one or more software components, or
any combination thereof. Moreover, any combination of the
signal processing component, processing module, and/or
image producing module can be part of a single component,
or be part of a plurality of components.

[0077] Oneembodiment of the present disclosure relates to
an ultrasound apparatus that includes a plurality of transmit-
ters configured to transmit acoustic energy to a tissue of an
animal having an anatomy through a coupling medium, such
that the acoustic energy becomes scattered by an object in the
tissue. The apparatus further includes a plurality of receivers
configured to receive the scattered energy and produce
respective analog echo signals. The apparatus further
includes a signal processing component configured to digitize
the analog echo signals so as to produce respective digitized
signals. The apparatus further includes a processing module
configured so as to calculatea plurality of indices. Each of the
plurality of indices represents a travel time of the acoustic
energy from a transmitter to a voxel in a proposed image plane
and from the voxel to a receiver. The travel time is determined
based on assumed constant speeds of sound in the coupling
medium and in the tissue. The processing module is further
configured so as to obtain a first optimized focus within a field
of view of the tissue while varying the speed of sound in the
tissue. The processing module is further configured so as to
postulate the presence of a boundary within the field of view
so as to form two layers having thicknesses on both sides of
the boundary. The processing module is further configured so
as to obtain a second optimized focus within the two layers
while varying the thicknesses and speeds of sound in the two
layers. The processing module is further configured so as to
compare the first and second optimized focuses, and discard
the second optimized focus if the second optimized focus is
not better than the first optimized focus.

[0078] In one embodiment, the processing module is fur-
ther configured such that the two layers are further split and
focus optimized to find a best focused set of layer thicknesses
and sound speeds.

[0079] The signal processing component can include, for
example, an analog-to-digital converter (ADC). The process-
ing module can include one or more devices, one or more
processes, or any combination thereof. The processing mod-
ule can also include one or more hardware components, one
or more software components, or any combination thereof.
Moreover, any combination of the signal processing compo-
nent, and/or processing module can be part of a single com-
ponent, or be part of a plurality of components.

[0080] Oneembodiment of the present disclosure relates to
an ultrasound for imaging a generally layered portion of
anatomy. The apparatus includes a plurality of transmitters
configured to transmit acoustic energy to a tissue of an animal
having an anatomy through a coupling medium, such that the
acoustic energy becomes scattered by an object in the tissue.
The apparatus further includes a plurality of receivers con-
figured to receive the scattered energy and produce respective
analog echo signals. The apparatus further includes a signal
processing component configured to digitize the analog echo
signals so as to produce respective digitized signals. The
apparatus further includes a processing module configured so
as to estimate a speed of sound in a first layer encountered by
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the acoustic energy. The processing module is further config-
ured so as to calculate a plurality of indices. Each of the
plurality of indices represents a travel time of the acoustic
energy from a transmitter to a voxel in the first layer and from
the voxel to a receiver, and construct a set of object data based
on the plurality of indices. The processing module is further
configured so as to obtain an optimized focus in the first layer
while varying the speed of sound in the first layer. The pro-
cessing module is further configured so as to determine a
location of a first interface that forms a boundary between the
first layer and a second layer. The first interface is determined
based on the optimized focus in the first layer. The processing
module is further configured so as to estimate a speed of
sound in the second layer. The processing module is further
configured so as to calculate a plurality of adjustments to the
plurality of indices based on refraction across the first inter-
face. The processing module is further configured so as to
obtain an optimized focus in the second layer while varying
the speed of sound in the second layer.

[0081] In one embodiment, the processing module is fur-
ther configured to determine the location of one or more
additional interfaces behind the first interface thereby form-
ing one or more additional layers, and obtain respective opti-
mized focus in each of the one or more additional layers based
on variations of respective speeds of sound and adjustments
based on refraction.

[0082] The signal processing component can include, for
example, an analog-to-digital converter (ADC). The process-
ing module can include one or more devices, one or more
processes, or any combination thereof. The processing mod-
ule can also include one or more hardware components, one
or more software components, or any combination thereof.
Moreover, any combination of the signal processing compo-
nent and/or processing module can be part of a single com-
ponent, or be part of a plurality of components.

[0083] Oneembodiment of the present disclosure relates to
an ultrasound apparatus for imaging a portion of anatomy
having distinct regions with different speeds of sound. The
apparatus includes a plurality of transmitters configured to
transmit acoustic energy to a tissue of an animal having an
anatomy through a coupling medium, such that the acoustic
energy becomes scattered by an object in the tissue. The
apparatus further includes a plurality of receivers configured
to receive the scattered energy and produce respective analog
echo signals. The apparatus further includes a signal process-
ing component configured to digitize the analog echo signals
so as to produce respective digitized signals. The apparatus
further includes a processing module configured so as to
calculate a plurality of first indices. Each of the plurality of
first indices represents a travel time of the acoustic energy
along an assumed path from a transmitter to a voxel in the
tissue and from the voxel 1o a receiver. The travel time is
determined based on an estimated speed of sound in the
tissue. The processing module is further configured so as to
produce a first set of object data by combining first selected
portions of the digitized signals. Each of the first selected
portions is determined based on the first indices. The process-
ing module is further configured so as to determine a location
of one or more interfaces based on the first set of object data.
The one or more interfaces define regions of interest in the
tissue. The processing module is further configured so as to
calculate plurality of second indices for voxels in the regions
of interest. Each of the plurality of second indices is deter-
mined by an adjustment to at least one of the plurality of first
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indices due to refraction of the acoustic energy at the one or
more interfaces. The adjustment is determined based on the
estimated speed of sound. The processing module is further
configured so as to produce a second set of object data by
combining second selected portions of the digitized signals,
with each of the second selected portions determined based
on the plurality of second indices. The processing module is
further configured so as to obtain an optimized object data by
varying speed of sound in at least one of the regions of
interest,

[0084] The signal processing component can include, for
example, an analog-to-digital converter (ADC). The process-
ing module can include one or more devices, one or more
processes, or any combination thereof. The processing mod-
ule can also include one or more hardware components, one
or more software components, or any combination thereof.
Moreover, any combination of the signal processing compo-
nent and/or processing module can be part of a single com-
ponent, or be part of a plurality of components.

[0085] Oneembodiment of the present disclosure relates to
a method of imaging a portion of anatomy with ultrasound.
The method includes, for each of a plurality of transmitters,
transmitting acoustic energy from a transmitter to a tissue of
an animal having an anatomy through a coupling medium
such that the acoustic energy becomes scattered by an object
in the tissue; receiving the scattered energy at a plurality of
receivers so as to produce respective analog echo signals; and
digitizing the analog echo signals so as to produce respective
digitized signals. The method further includes calculating a
plurality of first indices, with each of the plurality of first
indices representing a travel time of the acoustic energy along
an assumed path from a transmitter to a voxel in a proposed
image plane and from the voxel to a receiver. The method
further includes producing a first set of object data by com-
bining first selected portions of the digitized signals, with
each of the first selected portions determined based on the
plurality of first indices. The method further includes deter-
mining a location of a skin surface of the anatomy, with the
skin surface representing a scattering interface. The method
further includes calculating a plurality of second indices for
the voxels in the proposed image plane, with the voxels being
located on the opposite side of the skin surface with respect to
the plurality of transmitters, with each of the plurality of
second indices determined by an adjustment to at least one of
the plurality of first indices due to refraction of the acoustic
energy at the scattering interface, with the adjustment deter-
mined based on assumed sound speeds in the coupling
medium and in the tissue between the scattering interface and
the object. The method further includes producing a second
set of object data by combining second selected portions of
the digitized signals, with each of the second selected por-
tions determined based on the plurality of second indices.

[0086] In one embodiment, the tissue includes a human
breast.
[0087] In one embodiment, the method further includes

re-calculating the plurality of second indices and re-produc-
ing the second set of object data by obtaining an optimized
focus while varying the speed of sound behind the scattering
interface. In one embodiment, the optimized focus includes a
maximized contrast in a boundary or a reflector within the
tissue. In one embodiment, the method further includes cal-
culating plurality of additional indices and producing one or
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more additional sets of object data corresponding to a plural-
ity of layers within the tissue between the scattering interface
and the object.

[0088] In one embodiment, the scattering interface is the
closest scattering interface with respect to the transmitters
and receivers.

[0089] In one embodiment, the assumed path includes a
substantially straight path.

[0090] In one embodiment, the refraction is determined
according to Snell’s law of refraction.

[0091] In one embodiment, the refraction is determined in
three dimensions.

[0092] In one embodiment, at least one of the plurality of
transmitters includes a physical transducer that is part of an
array of similar transducers.

[0093] In one embodiment, the method further includes
producing an image of the object based on the second set of
object data.

[0094] Oneembodiment of the present disclosure relates to
a method of imaging a portion of anatomy with ultrasound.
The method includes, for each of a plurality of transmitters,
transmitting acoustic energy from a transmitter to a tissue of
an animal having an anatomy through a coupling medium
such that the acoustic energy becomes scattered by an object
in the tissue; receiving the scattered energy at a plurality of
receivers so as to produce respective analog echo signals; and
digitizing the analog echo signals so as to produce respective
digitized signals. The method further includes estimating a
tissue configuration, including positions of one or more
boundaries between a plurality of regions and speeds of sound
in each of the plurality of regions, with each of the plurality of
regions having a thickness. The method further includes cal-
culating a plurality of indices, with each of the plurality of
indices representing a travel time of the acoustic energy from
a transmitter to a voxel in a proposed image plane and from
the voxel to a receiver, with the travel time determined based
on refraction at each of the boundaries. The method further
includes producing a set of object data by combining selected
portions of the digitized signals, with each of the selected
portions determined based on the plurality of indices. The
method further includes repeating the calculation of the plu-
rality of indices and the production of the set of object data
while varying, for at least one of the plurality of regions, at
least one of thickness and speed of sound, until a desired
quality for the set of object data for the tissue is obtained.

[0095] In one embodiment, the tissue of interest includes a
human liver.
[0096] In one embodiment, the first two of the plurality of

regions are assumed to be human skin and human fat.
[0097] In one embodiment, the desired data quality is
obtained by obtaining an optimized focus while varying the
speed of sound in each of the plurality of regions. In one
embodiment, the optimized focus includes maximized con-
trast in a boundary or a reflector within the tissue. In one
embodiment, the method further includes dividing one or
more of the plurality of regions into a plurality of layers and
performing the production of a set of object data for each of
the layers.

[0098] In one embodiment, the method further includes
producing an image of the tissue based on the set of object
data having the desired quality.

[0099] Oneembodiment of the present disclosure relates to
a method of imaging a portion of anatomy with ultrasound.
The method includes, for each of a plurality of transmitters,
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transmitting acoustic energy from a transmitter to a tissue of
an animal having an anatomy through a coupling medium
such that the acoustic energy becomes scattered by an object
in the tissue; receiving the scattered energy at a plurality of
receivers so as to produce respective analog echo signals; and
digitizing the analog echo signals so as to produce respective
digitized signals. The method further includes calculating a
plurality of indices, with each of the plurality of indices
representing a travel time of the acoustic energy from a trans-
mitterto a voxel in a proposed image plane and from the voxel
to a receiver, with the travel time determined based on
assumed constant speeds of sound in the coupling medium
and in the tissue. The method further includes obtaining a first
optimized focus within a field of view of the tissue while
varying the speed of sound in the tissue. The method further
includes postulating the presence of a boundary within the
field of view so as to form two layers having thicknesses on
both sides of the boundary. The method further includes
obtaining a second optimized focus within the two layers
while varying the thicknesses and speeds of sound in the two
layers. The method further includes comparing the first and
second optimized focuses, and discarding the second opti-
mized focus if the second optimized focus is not better than
the first optimized focus.

[0100] In one embodiment, the two layers are further split
and focus optimized to find a best focused set of layer thick-
nesses and sound speeds.

[0101] Oneembodiment of the present disclosure relates to
a method of imaging a generally layered portion of anatomy
with ultrasound. The method includes, for each of a plurality
of transmitters, transmitting acoustic energy from a transmit-
ter to a tissue of an animal having an anatomy through a
coupling medium such that the acoustic energy becomes scat-
tered by an object in the tissue; receiving the scattered energy
at a plurality of receivers so as to produce respective analog
echo signals; and digitizing the analog echo signals so as to
produce respective digitized signals. The method further
includes estimating a speed of sound in a first layer encoun-
tered by the acoustic energy. The method further includes
calculating a plurality of indices, with each of the plurality of
indices representing a travel time of the acoustic energy from
atransmitter to a voxel in the first layer and from the voxel to
a receiver, and construct a set of object data based on the
plurality of indices. The method further includes obtaining an
optimized focus in the first layer while varying the speed of
sound in the first layer. The method further includes deter-
mining a location of a first interface that forms a boundary
between the first layer and a second layer, with the first
interface determined based on the optimized focus in the first
layer. The method further includes estimating a speed of
sound in the second layer. The method further includes cal-
culating a plurality of adjustments to the plurality of indices
based on refraction across the first interface. The method
further includes obtaining an optimized focus in the second
layer while varying the speed of sound in the second layer.
[0102] In one embodiment, the method further includes
determining location of one or more additional interfaces
behind the first interface thereby forming one or more addi-
tional layers, and obtaining respective optimized focus in
each of the one or more additional layers based on variations
of respective speeds of sound and adjustments based on
refraction.

[0103] Oneembodiment of the present disclosure relates to
a method of using ultrasound to image a portion of anatomy
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having distinct regions with different speeds of sound. The
method includes, for each of a plurality of transmitters, trans-
mitting acoustic energy from a transmitter to a tissue of an
animal having an anatomy through a coupling medium such
that the acoustic energy becomes scattered by an objectin the
tissue; receiving the scattered energy at a plurality of receiv-
ers so as to produce respective analog echo signals; and digi-
tizing the analog echo signals so as to produce respective
digitized signals. The method further includes calculating a
plurality of first indices, with each of the plurality of first
indices representing a travel time ofthe acoustic energy along
an assumed path from a transmitter to a voxel in the tissue and
from the voxel to a receiver, with the travel time determined
based on an estimated speed of sound in the tissue. The
method further includes producing a first set of object data by
combining first selected portions ofthe digitized signals, with
each of the first selected portions determined based on the first
indices. The method further includes determining a location
of one or more interfaces based on the first set of object data,
with the one or more interfaces defining regions of interest in
the tissue. The method further includes calculating plurality
of second indices for voxels in the regions of interest, with
each of the plurality of second indices determined by an
adjustment to at least one of the plurality of first indices due
to refraction of the acoustic energy at the one or more inter-
faces, with the adjustment determined based on the estimated
speed of sound. The method further includes producing a
second set of object data by combining second selected por-
tions of the digitized signals, with each of the second selected
portions determined based on the plurality of second indices.
The method further includes obtaining an optimized object
data by varying speed of sound in at least one of the regions of
interest.

BRIEF DESCRIPTION OF THE DRAWINGS

[0104] FIG. 1 shows a block diagram of one embodiment of
animaging system that images a defined volume in a medium;
[0105] FIG. 2 shows an example transmitter and an
example receiver of one embodiment of an array forming an
image associated with an example pixel of an image volume;
[0106] FIG. 3 shows a wave representation of an example
array of transducers, where a transmitted signal from one
exampletransducer is shown to reflect from an example target
object such that the reflected wave can be detected by a
plurality of receivers;

[0107] FIG. 4 shows how an image volume can be mapped
into a plurality of pixels with respect to a plurality of trans-
ducers;

[0108] FIG. 5shows an example ofhow a position ofa pixel
relative to a transmitter and a receiver can be stored indepen-
dently as time-dependent indices based on their respective
distances and wave propagation speed,

[0109] FIG. 6 shows how the indices can be used to selec-
tively sample a signal received by a receiver;

[0110] FIG. 7 shows a process for obtaining a set of indices
separately for transmitters and receivers for a given an array
of pixels;

[0111] FIG. 8 shows a process for using the indices to
selectively sample signals obtained by one or more receivers;
[0112] FIG. 9 shows an example of how a pixel array can be
defined with respect to a transducer array, thereby allowing
determination of distances between transducers and pixels;
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[0113] FIG. 10 shows a process that separately determines
indices corresponding to various position-defined transmit-
ter-pixel and receiver-pixel combinations;

[0114] FIG. 11 shows a process that uses the transmitter-
pixel and receiver-pixel indices to image selected pixels using
selected transmitters and selected receivers;

[0115] FIG. 12 shows an example process that images a
pixel array by transmitting from one selected transmitter and
sampling from substantially all receivers;

[0116] FIG. 13 shows an example process that images a
pixel array by transmitting from substantially all transmitters
and sampling from one receiver;

[0117] FIG. 14 shows a ray representation of an example
32-transducer device being operated in a single-transmitter/
all-receiver mode;

[0118] FIG. 15 shows a ray representation of the 32-trans-
ducer device being operated in an all-transmitter/single-re-
ceiver mode;

[0119] FIG. 16 shows how use of multiple receivers can
allow sampling of fine perturbation features that are signifi-
cantly smaller than that of a carrier signal;

[0120] FIG. 17 shows how signals from the multiples
receivers can be combined to enhance a fine perturbation
feature of interest;

[0121] FIG. 18A shows by example how a plurality of
signals from receivers that are offset by one from their respec-
tive transmitters can be combined;

[0122] FIG. 18B shows by example how a plurality of sig-
nals from receivers that are offset by two from their respective
transmitters can be combined;

[0123] FIG. 19 shows a process for transmitting from one
or more transmitters and receiving from a plurality of receiv-
ers to allow combination of resulting signals;

[0124] FIG. 20 shows how the received signals from the
plurality of receivers can be grouped according to the receiv-
ers’ respective offsets from transmitters;

[0125] FIG.21 shows how selected groups of data based on
the receiver offset can be combined;

[0126] FIG. 22 shows an example of one embodiment of an
array of transmitter-receiver pairs where the transmitters are
triggered in sequence;

[0127] FIGS. 23A and B show a simplified depiction of
example signal traces obtained from the example array of
FIG. 22;

[0128] FIGS. 24A-F show a simplified depiction of
exampledigitized data trace from the example signal traces of
FIGS. 23A and B;

[0129] FIG. 24G shows an example of a combination of
digitized data associated with receivers that are offset by one
from their respective transmitters;

[0130] FIGS. 25A-F show a simplified depiction of
example digitized data trace from the example signal traces of
FIGS. 23A and B;

[0131] FIG. 25G shows an example of a combination of
digitized data associated with receivers that are offset by two
from their respective transmitters;

[0132] FIG. 26 shows how a signal from a given receiver
canbe combined with signal(s) from other receiver(s) to form
a scanline for the given receiver such that the scanline has an
improved performance for imaging a given layer;

[0133] FIG. 27 shows a plurality of scanlines intersecting
with a layer such that the plurality of scanlines can be focused
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to that layer, and wherein the layer can be split into one or
more thinner layers so as to allow finer focusing of the plu-
rality of scanlines;

[0134] FIG. 28A shows an example of features located
along different scanlines and in different layers;

[0135] FIG. 28B shows an example of measured signal
traces having components associated with the example fea-
tures of FIG. 28A;

[0136] FIGS. 28C-E show by example “in-focus” combi-
nations at various layers for the signals traces to form the
scanline associated with the first example receiver;

[0137] FIG. 29A shows an example of features located
along different scanlines and in different layers;

[0138] FIG. 29B shows an example of measured signal
traces having components associated with the example fea-
tures of FIG. 29A,;

[0139] FIGS. 29C-E show by example “in-focus” combi-
nations at various layers for the signals traces to form the
scanline associated with the second example receiver;
[0140] FIG. 30A shows an example of features located
along different scanlines and in different layers;

[0141] FIG. 30B shows an example of measured signal
traces having components associated with the example fea-
tures of FIG. 30A;

[0142] FIGS. 30C-E show by example “in-focus” combi-
nations at various layers for the signals traces to form the
scanline associated with the third example receiver;

[0143] FIGS. 31A-C show that in one embodiment, a scan-
line can be focused from the layer closest to the receiver, and
that a given layer can be split into finer layers for finer focus-
ng;

[0144] FIG. 32 shows a process for focusing a plurality of
scanlines in a plurality oflayers, such that a given layer can be
split for finer focusing if advantageous to do so;

[0145] FIG. 33 shows a more specific example of the pro-
cess of FIG. 32;
[0146] FIGS.34A-B show some of the many possible ways

of combining various signal traces to obtain a best in-focus
scanline at a given layer;

[0147] FIGS. 35A and B show by way of example one
embodiment of a signal processing system that combines
signals from the plurality of receivers;

[0148] FIG. 36A shows a photograph of an example of an
actual image obtained using multiple receivers and combin-
ing signals therefrom in a manner described herein;

[0149] FIG. 36B shows a negative image of the photograph
of FIG. 36A,;
[0150] FIG. 37 shows an example analog echo signal, hav-

ing one or more relatively fine features, being sampled peri-
odically;

[0151] FIG. 38 shows an example table of signal values and
the corresponding sampled values at example sampling times
of the example analog signal of FIG. 37,

[0152] FIG. 39 shows an example plot of the sampled val-
ues analog signal of FIG. 37, showing that such sampling can
be susceptible to aliasing effects;

[0153] FIG. 40 shows an example relatively fine feature of
the analog signal of FIG. 37 being sampled at different phases
via various example detectors;

[0154] FIG. 41 shows an example of digitally sampled data
corresponding to the example samplings via the example
detectors;

[0155] FIG. 42 shows how various parameters related to
detection configuration and sampling configuration can
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determine an effective sampling frequency facilitated by
phase-shifted samplings via a plurality of detectors;

[0156] FIG. 43 shows a block diagram of one embodiment
of an apparatus having a sampling component and a combin-
ing component that allows detection and imaging of analog
echo signals resulting from relatively fine features in a
medium;

[0157] FIGS. 44A-44C show by examples various ways
modules or components can be configured in various embodi-
ments of the present teachings;

[0158] FIGS. 45A and 45B show by examples various ways
a processor can be configured in various embodiments of the
present teachings; and

[0159] FIGS. 46 and 47 show examples of how focus of an
object inatissue can be achieved by adjusting various param-
eters that affect travel times of acoustic energy.

[0160] These and other aspects, advantages, and novel fea-
tures of the present teachings will become apparent upon
reading the following detailed description and upon reference
to the accompanying drawings. In the drawings, similar ele-
ments have similar reference numerals.

DETAILED DESCRIPTION OF SOME
EMBODIMENTS

[0161] The present teachings generally relate to systems
and methods for forming an image of a portion of a medium.
FIG. 1 shows a block diagram of one embodiment of an
imaging device 100 that includes an array 110 of transducers.
A transducer can represent a transmitter or a receiver. As is
known, some transducers can operate as transmitters and as
receivers. Thus for the purpose of description, a transducer
can represent a transmitter, a receiver, or a combination
thereof.

[0162] As shown in FIG. 1, the imaging device 100 further
includes an array interface 112 that facilitates operation of the
array 110 of transducers. The array interface 112 may, for
example, multiplex and/or demultiplex a plurality of signals
to and/or from transmitters and/or receivers. The transducer
array 110 via the interface 112 may be supplied with a signal
from a signal generator 114. The operation of the interface
112 in providing the signal to the array 110 and/or readout of
the received signals from the receivers can be performed by a
processor 116. As described below in greater detail, the pro-
cessor 116 can operate the imaging device 100 in a manner
that improves the resolution of the obtained image.

[0163] As shown in FIG. 1, the imaging device 100 further
includes a storage device 118 that allows retrievable storage
of various operating parameters in a manner described below.
The imaging device 100 may further includes a user interface
120 that provides an output for a user and/or allow a user to
control some of the manner in which the imaging device 100
is operated.

[0164] AsshowninFIG. 1, the imaging device 100 projects
one or more signals into a medium 104 and detects responses
of such transmitted signals therefrom. A region 102 that pro-
vides measurements in such a manner can be defined as an
image volume 102. In the description herein, image volumes
are sometimes represented as a two-dimensional plane. In
many applications, image “planes” accurately describe the
image volume. It will be understood, however, that such rep-
resentation is in no way intended to limit the scope of the
present teachings. It will also be understood that the shape
and size of the image volume 102 may vary depending on
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factors such as the medium, the type of signal being used, and
the properties of the imaging device.

[0165] It will also be understood that the imaging device,
such as the device 100 of FIG. 1, may include both longitu-
dinal-wave and transverse-wave devices. The longitudinal-
wave device may include, but is not limited to, ultrasound-
based devices, sonar-based devices, or devices that probe
underground geological features. The transverse-wave device
may include, but is not limited to, devices that operate based
on electromagnetic waves such as optical devices or radar-
type devices.

[0166] FIG. 2 now shows one embodiment of an example
array 130 of transducers that images a volume 132. The
example volume 132 can be defined by a plurality of corner
locations 134g-k. Within the volume 132 is shown an
example elemental volume 136 (also referred to as a pixel
and/or voxel herein). A plurality of such pixels 136 make up
the volume 132. It will be understood that the terms pixel
(picture element) and voxel (volume element) are used inter-
changeably throughout the description.

[0167] In one embodiment, one or more transducers of the
array 130 transmits one or more signals into the volume 132
so as to cover each of the pixels therein. A wave impinging on
apixel canbe transmitted through the pixel, reflected from the
pixel, or any combination thereof. For example, if an object
occupies the pixel, that object can cause a partial reflection
and a partial transmission. Measurement of the reflected wave
or lack of the reflected wave can yield an image of the pixel.
[0168] Thus as shown in FIG. 2, the example pixel 136 is
depicted as being probed by a transmitted signal 138 from an
example transmitter 142. The pixel’s response to that signal
138 as measured by an example receiver 144 is indicated by a
dashed arrow 140,

[0169] One can see that the resolution of an image of the
volume depends on the size of the pixels, and the imaging
device’s ability to resolve such pixels. As described herein,
one aspect of the present teachings relates to systems and
methods of probing and measuring the pixels in a manner that
improves the resolution of images formed therefrom.

[0170] FIG. 3 shows an example wavefront representation
150 of one embodiment of an array of transducers 154a-¢
probing a target object 160. In the example, the transducers
154 are shown to function as transmitters and receivers, and
one receiver 152 is shown to transmit a signal 156. A wave-
front 158 impinges on the target 160 and reflects therefrom
into a reflected wave 166. A propagated wave 164 is shown to
be received first by the transducer 154¢. The same wavefront
164 would then be received by other transducers 154a, b, d, e
at later times. Rays representing the reflected wave propaga-
tion towards the transducers 154a-e are indicated by dashed
arrows 162a-e.

[0171] By synchronizing and combining the measurements
of the reflected wave (example wave 164) by the various
transducers, an improved image of the target can be formed.
Although FIG. 3 shows a single-transmitter and multiple-
receiver operation, it will be understood that any other com-
binations of transmitters and receivers can be used. As an
example, the imaging device can be operated where multiple
transmitters transmit multiple signals that are measured by a
single receiver. In another example, a plurality of transmitters
and a plurality of receivers can be used in various combina-
tions. One aspect of the present teachings relates to perform-
ing synchronization and combination of transmitters and/or
receivers to improve the performance of the imaging device.



US 2011/0125017 Al

[0172] The imaging device can form an image of a portion
of a medium containing one or more targets by defining that
portion into a plurality of pixels. Thus, in the example target
of FIG. 3 can occupy one or more pixels. Probing of those
pixels, along with other pixels, can yield an image of the
target in its medium.

[0173] FIG. 4 shows one embodiment of an array of such
pixels defined for an image plane 170. The image plane 170 is
shown to be divided into an MxN array of pixels. Although
FIG. 4 depicts the pixels as squares for the purpose of descrip-
tion, it will be understood that the pixels can be of any defin-
able shape. Furthermore, the overall shape of the image plane
170 need not be rectangular shaped. Moreover, the image
plane 170 is referred to as a “plane” for the purpose of
description, and is not intended to limit the scope of the
present teachings.

[0174] Some or all of the pixels of the image plane 170 can
be probed by an array 172 of transducer elements. Such
probing of the pixels is depicted by a plurality of arrows 174.
[0175] FIG. 4 shows L elements arranged along a line to
form the array 172. It will be understood that the line arrange-
ment of the transducer elements is for the purpose of descrip-
tion of the image plane 170. The array 172 of transducer
elements can be arranged in a two-dimensional array, either in
a planar manner or along some curved surface.

[0176] FIG.5 now shows how a pixel 186 can be associated
with atransmitter 182 and with a receiver 184. By performing
such associations for all possible transmitter-pixel and
receiver-pixel combinations, a spatial and/or temporal align-
ment set (also referred to as an “alignment set” herein) of an
array of pixel is obtained with respect to an array of transmit-
ters and receivers. One aspect of the present teachings relates
to mapping the pixels with respect to the transmitters sepa-
rately from the receiver-pixel mapping. As described below,
such a feature provides significant advantages during certain
types of high-resolution imaging operations.

[0177] As shown in FIG. 5, the pixel 186 is positioned
relative to the transmitter 182 by a distance d, (as indicated
by arrow 188). Similarly, the pixel 186 is positioned relative
to the receiver 184 by a distance d,,, (as indicated by arrow
190). The distance d . can be used to determine when a signal
from the transmitter 182 can be expected to reach the pixel
186. Similarly, the distance dp, can be used to determine
when a possibly-reflected signal from the pixel 186 can be
expected to reach the receiver 184. Such expectation infor-
mation can be used to effectively combine signals associated
with different transmitter-pixel and/or receiver-pixel combi-
nations.

[0178] Theexpectationarrival information for the transmit-
ter-pixel combination depends on the distance d,, and can be
represented as some form of an index. Such an index can also
account for factors other than the distance that affect the
arrival of the signal. As an example, electronic circuitry asso-
ciated with the transmitter may cause the signal to be trans-
mitted after a delay from some start time. Thus, an index data
194 corresponding to the distance d,, may also include such
other factors.

[0179] Similarly, the expectation arrival information for the
receiver-pixel combination depends on the distance dg,, and
can be represented as some form of an index. Such an index
can also account for factors other than the distance that affect
the arrival of the signal. As an example, a readout process
associated with the receiver may cause the signal to be
sampled after a delay from the time when the signal impinges
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on the receiver. Thus, an index data 192 corresponding to the
distance d may also include such other factors.

[0180] As shown in FIG. 5, the indices 194 and 192 can be
stored independently in a retrievable storage 196. A collection
of such indices for all possible transmitter-pixel and receiver-
pixel combinations then defines the alignment set of the array
of pixels.

[0181] FIG. 6 now shows how an alignment set for the pixel
186 can be used to obtain a selectively sampled signal 210
from an output 206 of the receiver 184. A transmitted signal
from the transmitter 182 propagating towards the pixel 186 is
depicted as an arrow 202. The signal 202 may or may not
experience reflection from the pixel 186. Thus, an arrow 204
represents how a reflected signal would propagate from the
pixel 186 to the receiver 184.

[0182] As further shown in FIG. 6, data 208 having the
transmitter-pixel and receiver-pixel indices can be retrieved
from the storage 196, and be used selectively sample the
output 206 of the receiver 184. In one embodiment, such
selectively sampled signal 210 is obtained by sampling the
output 206 at an index corresponding to the sum of the trans-
mitter-pixel and receiver-pixel indices. Some possible forms
of the indices are described below in greater detail.

[0183] FIGS. 7 and 8 now show processes that perform the
index determination and subsequent use, respectively, for an
array of transducers. A process 220 determines the indices for
a given pixel array with respect to a given array of transduc-
ers. The process 220 begins at a start state 222, and in a
process block 224, the process 220 obtains detector and map
parameters. Detector parameters may include the number of
transmitters and the number of receivers. Map parameters
may include the number of pixels, the desired size of the
pixels, and the arrangement of the pixels.

[0184] The process 220 in a process block 226 defines the
array of transmitters and receivers. In one embodiment, each
transmitter and each receiver are defined in terms of their
positions relative to a chosen coordinate system. In an
embodiment where transmitter and receiver function are pet-
formed by a common transducer, the array definition only
needs to be performed for the transducer array. An example
array definition is described below in greater detail.

[0185] The process 220 in a process block 228 defines the
array of pixels as determined by the map parameters. In one
embodiment, each pixel is defined in terms of its position
relative to the transmitter/receiver array. An example array
definition is described below in greater detail.

[0186] The process 220 in a process block 230 determines
a propagation index corresponding to each transmitter-pixel
combination. An example propagation index determination is
described below in greater detail.

[0187] The process 220 in a process block 232 determines
a sampling index corresponding to each receiver-pixel com-
bination. An example sampling index determination is
described below in greater detail.

[0188] The process 220 in a process block 234 stores the
propagation indices and the sampling indices. An example
storage of the indices is described below in greater detail. The
process 220 ends at a stop state 236. In one embodiment, the
alignment set generation process 220 is performed once for a
given transducer array and a given pixel array, and does not
need to be re-done during the imaging operation.

[0189] As shown in FIG. 8, an image generation process
240 determines the measured signals associated with some or
all of the pixels using the previously determined alignment set
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for the transducer-pixel configuration. The process 240
begins at a start state 242, and in a process block 244, the
process 240 obtains imaging parameters. In one embodiment,
the imaging parameters include the number of transmitters
and receivers, and alignment sets for transmitter-pixel and
receiver-pixel combinations.

[0190] The process 240 in a process block 246 sets initial
values for each of the pixels being evaluated. An example of
such initialization is described below in greater detail

[0191] The process 240 in a process block 248 transmits
signal(s) into the pixel array, and samples signal(s) at indices
corresponding to selected transmitter-pixel-receiver combi-
nations. An example of selected transmitting and sampling is
described below in greater detail.

[0192] The process 240 in a process block 250 determines
the intensity of each of the selected pixels from the sampled
signal(s). An example of such intensity determination is
described below in greater detail.

[0193] The process 240 in a process block 252 processes
the pixel intensities to form an image associated with the pixel
array. The process 240 ends at a stop state 254.

[0194] FIGS. 9-11 now show more specific manner in
which the transducer and pixel arrays can be configured, and
how mapping and imaging operations can be performed on
such a configuration. FIG. 9 shows an example configuration
260 of array of pixels 264 relative to an array of transducers
262. It will be understood that use of four example transduc-
ers 262 is for descriptive purpose only, and in no way intended
to limit the scope of the present teachings. Similarly, the use
of 5x6 array of pixels 264 is for descriptive purpose only, and
in no way intended to limit the scope of the present teachings.
[0195] Inoneembodiment, the positions of the transducers
262 are defined with respect to a coordinate system 266.
Although a Cartesian coordinate system is used, it will be
understood that any coordinate system can be used for such
definition.

[0196] In one embodiment, the array of pixels 264 are
formed by dividing up an image plane into a grid (5x6 in the
example) of pixel regions. One way to define such a grid is to
define the positions of set of opposing corner pixels—for
example, (1,1) and (5,6), or (1,6) and (5,1), with respect to the
coordinate system 266. Then, one can specify number of rows
(5 in this example) and columns (6 in this example). Such a
definition of the grid provides sufficient information to define
the size and position of each of the pixels. One can see that the
pixel grid can be defined in any number of ways. Thus, the
example method disclosed herein is not intended to limit the
scope of the present teachings.

[0197] Oncethe pixel grid 264 is established with respect to
the chosen coordinate system 266, each pixel’s position can
be referenced to each transducer. As an example, the pixel
(2,3) is shown to be referenced to transducers 1 to 4 as
denoted by arrows 268a-d. Such relative positions of the pixel
to the transducers can be used to obtain the transmission
indices and sampling indices.

[0198] One way of obtaining an index associated with a
given transducer-pixel combination is to first determine the
distance between the transducer and the pixel. Such determi-
nation can be achieved by simple geometry calculation based
on the chosen coordinate system. As an example, if the coor-
dinates of the pixel and the transducer can be represented by
(X,3¥+2,) and (X,y,Z,) respectively, the distance d between
the two points can be calculated as square root of the quantity

(Xt-Xp)2+(yt-yP)2+(Zt-Zp)2'
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[0199] Thedistance d obtained in the foregoing manner can
then be used to determine the propagation time t between the
transducer and the pixel as t=d/v where v is the magnitude of
the propagation velocity of the signal of interest in the
medium. For sampling purposes, the propagation time t can
further be expressed as a sample number i, ,, for situations
where the received signal is sampled at a sampling rate. Inone
embodiment, the sample number can be represented as
L ympze=(0)(sample rate). As previously described, the actual
time between some “start” time and sampling time may
include time(s) in addition to the propagation times. Such
additional time, if any, can also be represented as a sample-
rate-based quantity, and added to that associated with the
propagation times.

[0200] From the foregoing description of the sample num-
ber determination, one can see that similar information can be
obtained in any number of ways. Thus, it will be understood
that any number of other methods, or variations of the dis-
closed method, can be used to obtain and store the indices
associated with the transmitter-pixel and receiver-pixel com-
binations.

[0201] FIG. 10 now shows one implementation of a
detailed process 270 for determining an alignment set for a
given pixel array with respect to a given transmitter and
receiver arrays. The process 270 begins at a start state 272,
and in a process block 274, the number of transmitters is
determined. In a process block 276, the number of receivers is
determined. In a process block 278, the position of each
transmitter is determined. In a process block 280, the position
of each receiver is determined.

[0202] In a process block 282, the process 270 defines an
image plane by determining positions of two opposing cor-
ners of the image plane. In a process block 286, the image
plane is divided into a grid defined by desired numbers of
rows and columns of pixels.

[0203] In aprocess block 288, the process 270 determines
the signal’s velocity through the medium being imaged. In a
process block 290, the sampling rate is determined.

[0204] As shown by a loop 292 (with end-loop 308), the
process 270 loops through the transmitters. For each trans-
mitter, the process 270 loops through the pixels (loop 294,
with end-loop 306). Thus for each combination of the trans-
mitter and pixel, the process 270 determines the pixel position
in a process block 296. In a process block 298, the distance
between the transmitter and the pixel is determined. In a
process block 300, propagation time between the transmitter
and the pixel is determined based on the distance and signal
velocity (t=d/v). Ina process block 302, an index correspond-
ing to the propagation time is determined. In one embodi-
ment, the index can be represented as a product of the propa-
gation time and the sampling rate of the imaging device. In a
process block 304, the index corresponding to the transmitter-
pixel combination is saved for later retrieval and use. The
loops 294 and 292 end at loop-ends 306 and 308 respectively.
[0205] As shown by a loop 310 (with end-loop 326), the
process 270 loops through the receivers. For each receiver, the
process 270 loops through the pixels (loop 312, with end-loop
324). Thus for each combination of the receiver and pixel, the
process 270 determines the pixel position in a process block
314. In aprocess block 316, the distance between the receiver
and the pixel is determined. In a process block 318, propaga-
tion time between the pixel and the receiver is determined
based on the distance and signal velocity (t=d/v). In a process
block 320, an index corresponding to the propagation time is
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determined. In one embodiment, the index can be represented
as a product of the propagation time and the sampling rate of
the imaging device. In a process block 322, the index corre-
sponding to the receiver-pixel combination is saved for later
retrieval and use. The loops 312 and 310 end at loop ends 324
and 326 respectively. The process 270 ends at a stop state 328.

[0206] As previously described, the alignment set genera-
tion, such as that of the process 270, is generally performed
once and does not need to be repeated during subsequent
imaging operations. The stored indices corresponding to the
transmitter-pixel and receiver-pixel combinations allow such
subsequent improved-resolution imaging operations to be
performed in an efficient manner.

[0207] FIG. 11 now shows one implementation of a
detailed process 330 for performing an imaging operation
utilizing the alignment set obtained previously. The process
330 begins at a start state 332, and in a process block 334 an
operating configuration of transmitters, receivers, and pixels
is determined. In one embodiment, such an operating con-
figuration defines the numbers and positions of the transmit-
ters, receivers, and pixels in a manner similar to that used for
the alignment set determination process. As such, one or more
operating configurations can be stored, and one configuration
can be either selected by a user or be used as a default.

[0208] Inaprocess block 336, the process 330 obtains a set
of indices corresponding to the transmitter-pixel combina-
tions of the operating configuration. In a process block 338, a
set of indices corresponding to the receiver-pixel combina-
tions of the operating configuration is obtained.

[0209] In a process block 340, the process 330 initializes
the imaging detector. In one embodiment, such initialization
includes initializing the values of the pixel intensities.

[0210] In a process block 342, the process 330 transmits a
signal from selected transmitter(s) and begins sampling for
return signals from the pixel array using selected receiver(s).
In one embodiment, a sampling “start” is issued at some
predetermined time about the time when the signal leaves the
transmitter. Referencing the samplings from such a common
start time allows correlated sampling of all the transmitter-
pixel-receiver combinations. By having separate sets of trans-
mitter-pixel and receiver-pixel indices, such correlated sam-
pling, as well as other variations of operation of the imager,
can be performed more efficiently.

[0211] In one embodiment, the process 330 measures the
pixel array by sampling signals associated with each of the
transmitter-pixel-receiver combinations. One way to cover all
the combinations is to perform nested loops for the transmit-
ters, pixels, and receivers. Thus, the process 330 is shown to
loop through the selected pixels (loop 344, end-loop 364). For
each pixel in the pixel loop 344, its intensity value is initial-
ized in a process block 346. For each initialized pixel, the
process 330 loops through the selected transmitters (loop 348,
end-loop 362). For each pixel-transmitter combination, the
process 330 loops through the selected receivers (loop 350,
end-loop 360). Thus for each pixel-transmitter-receiver com-
bination of the nested loops 344, 348, 350, the process 330 in
aprocess block 352 obtains a signal from the current receiver.
In a process block 354, the index for the current transmitter-
pixel combination is obtained. In a process block 356, the
index for the current receiver-pixel combination is obtained.
In a process block 358, the pixel intensity is adjusted by a
value of the receiver signal corresponding to the sum of
current transmitter-pixel and receiver-pixel indices.

May 26,2011

[0212] Asshownin FIG. 11, pixel intensity values obtained
in the foregoing manner can be further analyzed or stored (for
later analysis) in a process block 366. The process 330 ends in
a stop state 368.

[0213] FIGS. 12 and 13 now show two specific examples of
using selected transmitter(s) and selected receiver(s ) to obtain
an improved image quality. In FIG. 12 an example process
370 is shown where a single selected transmitter and a plu-
rality of selected receivers are used. In FIG. 13, an example
process 400 is shown where a plurality of selected transmit-
ters and a single selected receiver are used.

[0214] As shown in FIG. 12, the example process 370 in a
process block 372 transmits a signal from a selected trans-
mitter and begins sampling. Such a beginning of sampling
can be at a predetermined time relative to the time when the
transmitted signal begins propagating from the transmitter.
The process 370 then loops through all of the pixels in a loop
374 (with an end-loop 390). For each pixel, the process 370
sets that pixel’s initial value to zero in a process block 376.
Also for that pixel, the process 370 obtains the index i, for
the current transmitter-pixel combination in a process block
378.

[0215] For the current pixel, the process 370 then loops
over all of the selected receivers in a loop 380 (with an
end-loop 388). The process 370 in a process block 382
obtains a signal S from the current receiver. Ina process block
384, the index for the current pixel-receiver combination iy, is
obtained. In a process block 386, the current pixel’s intensity
value is adjusted as I=I+S(iy +ig,)-

[0216] As shown in FIG. 13, the example process 400 in a
process block 402 transmits signals from all of the selected
transmitters, and begins sampling from one selected receiver.
Transmitting of the signals from the selected transmitters can
be either simultaneous or in a predetermined sequence. In
embodiments where the number of selected transmitters is
relatively small, the signals may be transmitted substantially
simultaneously, and the sampling may be able to temporally
distinguish the transmitter-pixel-receiver combinations. In
embodiments where the number of selected transmitters is
relatively large, the signals being transmitted simultaneously
may not allow effective selective sampling of the transmitter-
pixel-receiver combinations.

[0217] In embodiments where the signals are transmitted
simultaneously, beginning of sampling can be at a predeter-
mined time relative to the time when the transmitted signals
begin propagating from the transmitters. In embodiments
where the signals are transmitted in some sequence, begin-
ning of sampling can be defined in a variety of ways. One way
1s to have a common start time, and account for the different
transmit times for different transmitters as adjustments to the
transmitter-pixel combination indices.

[0218] The process 400 then loops through all of the pixels
in a loop 404 (with an end-loop 420). For each pixel, the
process 400 sets that pixel’s initial value to zero in a process
block 406. Also for that pixel, the process 400 obtains the
index i, for the current receiver-pixel combination in a pro-
cess block 408.

[0219] For the current pixel, the process 400 then loops
over all of the selected transmitters in a loop 410 (with an
end-loop 418). The process 400 in a process block 412
obtains a signal S from the receiver. In a process block 414,
the index for the current transmitter-receiver combination i,
is obtained. In a process block 416, the current pixel’s inten-
sity value is adjusted as I=[+S(iz +ig,)-
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[0220] Inoneembodiment as shown in FIG. 14, an imaging
device includes 32 elements. In particular, FIG. 14 shows a
ray representation 500 of the embodiment where one trans-
mitter (transmitter 16) transmits a signal 506 to an object 504,
resulting in a reflected wave 510 that is detected by 32 receiv-
ers (1 to 32). The reflected wave 510 propagating to the
receivers 502 is represented by reflected rays 508, and the
intersection of the wavefront 510 with the rays 508 represent
the in-phase portions of the rays 508.

[0221] For the example embodiment 500, the index i,
representative of the transmitted signal 506 is common to all
of the sampling indices used by the 32 receivers. For the
particular example where the object is located at the mid-level
of the array 502, the reflected wave 510 reaches receiver 16
first. Thus, the sampling index associated with the pixel
where the object 504 is located would have a value that causes
the signal from receiver 16 to be sampled first. Thereafter,
signals from receivers 15 and 17 would be sampled, followed
by 14 and 18, etc. Signal from receiver 32 would be the last to
be sampled at a time corresponding to the extra propagation
distance of the wavefront 510.

[0222] Inoneembodiment as shown in FIG. 15, an imaging
device includes 32 elements. In particular, FIG. 15 shows a
ray representation 520 of the embodiment where all 32 trans-
mitters transmit signals 526 to an object 524, resulting in a
reflected signal 528 that is detected by receiver 16. For the
example embodiment 520, the index i, representative of the
reflected signal 528 is common to all of the sampling indices
associated with the 32 receivers.

[0223] For the particular example where the object is
located at the mid-level of the array 502, the transmitted
signal from transmitter 16 reaches the object 524 first (assum-
ing that all signals are transmitted simultaneously). Thus, the
sampling index associated with the pixel where the object 524
is located would have a value that causes the first sampled
signal to be associated with transmitter 16. The next set of
sampled signals would be associated with transmitters 15 and
17, and so on. The last set of sampled signals would be
associated with transmitter 32,

[0224] As previously described in reference to FIG. 13, the
plurality of signals can be transmitted from the transmitters in
different ways. Sequenced transmission of signals from the
plurality of transmitters can temporally separate the arrivals
of the signals at the object 524, as well as reflected signals at
the receiver thereafter. One way to sequence the signal trans-
mission is to begin transmission at the transmitter 16, fol-
lowed ata predetermined time by transmission at transmitters
15 and 17, etc. Such a sequence of transmission can increase
the temporal separation of the samplings associated with the
array of receivers 522.

[0225] FIG. 16 now shows how sampling by a plurality of
transducers can yield an effective sampling rate that is greater
than a sampling rate associated with each of the transducers.
In an example operating configuration 600, a transmitter 602
is depicted as transmitting a transmission energy 604 into a
medium (not shown) in response to a transmission signal 606.
The transmission signal 606 is depicted as a periodic signal,
but such a characteristic is not a requirement. The transmis-
sion signal 606 can be of any waveform having some time-
characterizable feature. For example, if the transmission sig-
nal 606 is a single pulse, it may be characterized by it
temporal width.

[0226] The example operating configuration 600 further
includes a plurality of receivers 610 that receive respective
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reflection energies 612. In response to the reflection energies
612, the receivers 610 output respective signals 614 that are
sampled. In this example, the plurality of receivers 610 are
shown to be sampled simultaneously for the purpose of
description. Tt will be understood that simultaneous sampling
of the receiver signals is not a requirement.

[0227] Also for the purpose of description, the common
sampling is shown to have a period T, that is approxi-
mately half of the transmission signal period T, ;- As such,
the sampling frequency in such a situation is approximately
twice the transmission signal frequency. In general, a sam-
pling frequency should be at least twice the frequency of a
signal being analyzed to be able to characterize that signal;
and the “twice” lower limit is often referred to as the Nyquist
limit.

[0228] As shown in FIG. 16, the example signals 614 out-
put by the receivers 610 are shown to have an underlying
“carrier” signal structure (dotted curve superimposed for
descriptive purpose) that can have a similar structure as the
transmission signal 606. The signals 614 can include a plu-
rality of perturbations about the carrier signal structure. Such
perturbations can be the result of the interaction of the trans-
mission signal 606 with some feature of interest in the
medium, or due to background noise. Whatever the cause may
be, such perturbations may have (and are depicted as having)
sub-wavelength feature sizes when compared to the carrier
signal structure or the sampling period. As such, sampling of
an individual receiver alone will not be able to resolve the
fine-feature structures associated with noises or legitimate
signals.

[0229] When a plurality of receivers are used, the receivers
may be arranged so that reflected energies arrive at the receiv-
ers at different times. Such arrival time differences can be
caused by differences in propagation times due to the path-
length differences and/or velocity differences caused by
medium anisotropy. In FIG. 16, such an arrival difference is
depicted as AT for the receivers 6104 and 6105. For a given
pair of receivers, the arrival difference AT can be made sub-
stantially smaller than the sampling period T or the
transmission signal petiod T, ;-
[0230] With an array of receivers, successive arrival differ-
ences can be introduced to the receivers. Then, a common
sampling of the receivers can have an effect of having the
individual receivers sampling different temporal parts of the
received signals. Thus in the example configuration 600, the
common sampling at time t1 causes the example signal 614¢
(that arrives late) to be sampled at a given temporal part of the
carrier structure (beginning of the cycle in the example).
Sampling at time t1 causes the example signal 6145 to be
sampled at a temporal part of the carrier structure at a time
approximately equal to the arrival difference between the
receivers 6105 and 610c. Similarly, sampling at time tl
causes the example signal 614a to be sampled at a temporal
part of the carrier structure at a time that is approximately
equal to the arrival difference between the receivers 610a and
6105. When the samplings from the receivers 610qa, b, and ¢
are combined, the resulting measurement can be equivalent to
sampling at intervals of arrival difference AT that is substan-
tially smaller than the common sampling interval of T, .-
[0231] One can see that the number of receivers and/or the
arrival time difference can be selected so that the effective
sampling intervals are distributed between two common sam-
pling intervals (for example, between common sampling
times t1 and t2 in FIG. 16). Thus, with proper configuration,

sampling



US 2011/0125017 Al

an array of receivers can be used to sample the received
signals at a frequency that is greater than the common sam-
pling frequency, thereby be able to resolve higher frequency
(than the transmission signal frequency) perturbation signal
components that are “riding” on the carrier signal structure.
[0232] To be able to extract the higher frequency perturba-
tion features, it is preferable in one embodiment to not filter
the received signals. In some conventional systems, filtering
is used to remove these higher frequency perturbations. Such
filtering, however, can filter out a perturbation that is caused
by an interaction of interest along with the noise perturba-
tions.

[0233] One can see that sampling the received signals at a
effectively higher frequency as described above is one aspect
of achieving an improved imaging. Such sampling samples
both the perturbations of interest and noise. Thus, another
aspect of improved imaging includes a method of combining
the samplings from different receivers so that the signal to
noise ratio of the sampled perturbations is increased.

[0234] FIG. 17 shows an example of how combination of
the samplings from a plurality of receivers can enhance a
relatively weak signal from a reflection of interest from the
medium. A plurality of example segments of signals 620 are
shown superimposed to a carrier signal (dotted curve 622).
Each of the example signal segments 620 is shown to include
a relatively weak signal of interest 626 among its own set of
noise structures. Each signal may have different noise struc-
tures since the signal is representative of a path that is differ-
ent from other signals. If any perturbation within the signal is
present in at least some significant portion of the plurality of
signals 620, such a perturbation is likely due to some inter-
action of interest in the medium, and are likely correlated
among the signals.

[0235] As described above in reference to FIG. 16, such
relatively fine-featured perturbations, whether a legitimate
signal or noise, are more likely to be sampled with the effec-
tive sampling rate that can be substantially greater than that of
the common sampling frequency. Thus, an example of a plu-
rality of such effective samplings are depicted as dashed lines
624. Tt should be understood that the effective sampling lines
624 in FIG. 17 are shown only for the purpose of demonstrat-
ing that when properly correlated, the plurality of signals 620
can yield an enhancement of the perturbation of interest over
the surrounding noise perturbations. A method of forming
such a correlation of signal samplings is described below in
greater detail.

[0236] It should also be understood that the perturbation of
interest 626 in F1G. 17 is depicted as being sampled near the
peak for the purpose of description. Because the arrival dif-
ferences (ATs) among the receivers may not be uniform,
spacing between the effectively increased samplings may not
be uniform. Consequently, samplings of the perturbation 626
may be at different parts of the perturbation peak structure. In
one embodiment, such an effect limits the resolution achiev-
able by the effectively increased sampling.

[0237] Inoneembodiment, properly correlated analog sig-
nals from the selected receivers can be made to interfere with
each other. In such an embodiment, the various analog signals
can be provided with delays according to the manner in which
the signals are correlated.

[0238] In one embodiment, the raw signals from the
selected receivers are digitized during the common sam-
plings. The plurality of receivers and their associated sam-
pling electronics are then effectively sampling and digitizing
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different temporal portions of their respective signals. As
shown in FIG. 17, the digitized results are shown to be cor-
related and combined so as to yield a combined data sequence
628. When the digitized results of the signals are combined
properly, individual digitized values of the perturbation of
interest 626 combine to yield an enhanced digitized value
630. In contrast, the sampled and digitized noises either com-
bine to generally cancel each other on average, or combine in
a manner that is less than that of the correlated perturbation
value 630.

[0239] In principle, the combining of the signals can be
performed with any receivers in the array. However, Appli-
cant’s experiences have shown that correlating and combin-
ing signals from some combinations of transmitter and
receivers yield better results in the quality of images.

[0240] FIGS. 18A and 18B show two examples of such
transmitter-receiver combinations. In FIG. 18A, an example
operating configuration 640 has an i-th transmitter 642a
transmitting an energy 646, and a receiver (i+1) 6445 that is
offset by one element spacing receiving a reflected signal 648
(from an arbitrary point 658 in the medium) and generating a
signal. Thus, an energy 650 from a transmitter (i+1) 6425 is
reflected as an energy 652 and received by a receiver (i+2)
644c. Similarly, an energy 654 from a transmitter (i+2) 642¢
is reflected as an energy 656 and received by a receiver (i+3)
644d. In one embodiment, such transmit-receive combination
between transducers offset by one unit provides a substan-
tially “head-on” type of probing of the arbitrary point 658 in
the medium.

[0241] In FIG. 18B, an example operating configuration
660 has the i-th transmitter 642q transmitting an energy 662,
and the receiver (i+3) 644c that is offset by two element
spacing receiving a reflected signal 664 (from the arbitrary
point 658 in the medium) and generating a signal. Thus, an
energy 666 from the transmitter (i+1) 6425 is reflected as an
energy 668 and received by the receiver (i+3) 644d. Such an
offset can provide a more angled probing of the point 658 in
the medium.

[0242] One can see that such offset pairing of the transmit-
ter and receiver can extend to three, four, or greater offset
units. In principle, any offset in the array can be used. In some
applications, such a capability can be used to investigate
reflections and/or emissions from a given object that are
directed towards sidelobe angles.

[0243] FIGS. 19-21 now show various processes that per-
form the sampling and combining of signals from different
transmitter-receiver offsets. FIG. 19 shows one embodiment
of a process 680 that transmits from selected transmitters in a
sequential manner. In one embodiment, a master time refer-
ence is designated in a process block 682. Such a master time
can be used for referencing subsequent time-related opera-
tions. The process 680 then loops through the selected trans-
mitters (begin loop 684, and end loop 694). Ina process block
686, the process 680 induces the current transmitter to trans-
mit energy into the medium. Ina process block 688, the return
signals are received from selected receivers. In one embodi-
ment, all of the receivers receive return signals impinging on
them. In a process block 690, the process 680 samples and
stores the resulting data from the selected receivers. In one
embodiment, the process 680 may wait for a selected duration
before transmitting from the next transmitter.

[0244] FIG. 20 now shows one embodiment of a process
700 that combines the sampled data according to different
transmitter-receiver offset groups. The process 700 loops
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through different values of offset N between the transmitter
and the receiver of interest (begin loop 702, end loop 708). In
one embodiment, the value of offset N ranges from zero to
N, With N=0 representing a case where the receiver is in
the same assembly as the transmitter. In a process block 704,
the process 700 forms a “page” of data by combining data
from receivers that are offset by the current value of N from
the selected transmitters. In a process block 706, the process
stores the page of data corresponding to the current offset
value of N.

[0245] FIG. 21 now shows one embodiment of a process
710 that uses the page(s) of data to characterize the medium.
In a process block 712, the process 710 retrieves selected
page(s) of data corresponding to transmitter-receiver offset
value(s) of N. In a process block 714, the process 712 com-
bines the selected page(s) to characterize the medium. In one
embodiment, characterization of the medium includes forma-
tion of an image of the medium.

[0246] FIGS. 22 to 25 now show a specific example of the
data page formation based on the offset of the transmitter and
receiver pairs. For the purpose of describing by example, an
example operating configuration 730 having six sets of trans-
mitter-receiver assemblies 732 are shown in FIG. 22. It will
be understood that such a configuration is only for descriptive
purpose, and is not in any way intended to limit the scope of
the present teachings.

[0247] In one embodiment, each transmitter-receiver
assembly includes a transmitter (Tx) and a receiver (R) posi-
tioned in a close proximity to the transmitter. As depicted by
an arrow 734, the six example transmitters (Tx1 to Tx6) are
“fired” in sequence, starting from the first transmitter Tx1.
[0248] Also shown in FIG. 22 is an arbitrary point 736 in
the medium. In one embodiment, a given transmitter does not
transmit until return signals from the medium, including the
point 736, would have had time to return to all of the receivers.
It will be understood that the arbitrary point 736 is shown to
aid in the purpose of description, and a-priori knowledge or
assumption of it’s location with respect to the array 732 is not
required.

[0249] FIGS. 23A and 23B now show examples of simpli-
fied raw analog traces from the six example receivers of FIG.
22 in response to receiving of reflected signals due to a given
transmitter. For the purpose of describing how a particular
perturbation peak can be at different temporal portions of
different traces, the traces are depicted to only show the peak.
It should be understood that there will likely be other pertut-
bation features in the traces, as described above in reference
to FIGS. 16 and 17.

[0250] FIG.23A shows example traces 750 associated with
transmission from Tx1. In one embodiment, each of the traces
750 are sampled between a “Start” time and a “Stop” time
while being referenced to a master time reference. Thus, if the
perturbation peak is assumed to originate from the point 736
in FIG. 22, it will likely arrive at the second receiver R2 first
due to that receiver being closer than others. Other receivers
will likely receive the perturbation from the same point 736
successively later due to the geometry of the receivers with
respect to the point 736. The differences in the arrival times
can also be affected by variations in the velocity of sound in
the medium. Whatever the cause may be, the arrival times
need to compensated for each of the receivers of interest from
which the signals (or digitized data therefrom) are combined.
One technique of performing such compensation is described
below in greater detail.
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[0251] FIG. 23B shows example traces 760 associated with
transmission from an i-th transmitter Tx(1). Similarly, each of
the sampled traces 760 can be sampled between a “Start” time
and a “Stop” time while being referenced to a time reference.
The time reference may or may not be the same as the master
time reference described above in reference to FIG. 23 A. One
can see that because of the proximity of the example point 736
to the second receiver R2, the perturbation signal will likely
reach R2 first, followed by successively later arrivals to other
receivers spaced from R2. The arrival times within the traces
760 can also be compensated for by the method described
below.

[0252] From FIGS. 23A and 23B, one can see that signal
traces (raw or digitized) from different “sets” associated with
different transmitters can be combined. So, if one wants to
analyze the return signals from receivers that are offset by one
unit from their respective transmitters, the R2 trace from the
traces 750 can be combined with the trace (i+1) from the
traces 760 (e.g., if i=3, then get trace from R2 and/or R4).
Combining signals in such a manner allows enhancement of
the perturbation signal while generally maintaining a similar
“perspective” with respect to the transmitters.

[0253] FIGS. 24 and 25 now show examples of specific
possible combinations of offset-one and offset-two data asso-
ciated with the example operating configuration of FIG. 22.
For the purpose of describing the combinations of traces
associated with different transmitters, the traces are depicted
in asimplified manner as to have already been digitized. Thus,
the spikes in the traces represent the digitized values of the
sampled perturbation signals (of FIGS. 23A and B).

[0254] FIGS. 24A-F show sampled data traces from the
receivers associated with each of the six example transmit-
ters. FIGS. 25A-F show the same sampled data traces.
[0255] FIGS. 24A-F and G show possible combinations of
offset-one data, and FIGS. 25A-F and G show possible com-
binations of offset-two data. Thus, one can see that the same
set of data traces from the receivers associated with each of
the transmitters can be used for different offset combinations.
Furthermore, offset-three, four, or any number can be
achieved in a similar manner as that described in reference to
FIGS. 24 and 25.

[0256] As shown in FIG. 24A where transmitter Tx1 is
used, R2 is the offset-one receiver. As shown in FIG. 24B
where transmitter Tx2 is used, R1 and R3 are offset-one
receivers; thus, data from either or both receivers can be used.
Similar offset-one receivers corresponding to other transmit-
ters are shown in FIGS. 24C to 24F.

[0257] FIG. 24G shows a combined data 772 that can result
from combination of data 770a-f for offset-one receivers. If
the data are combined properly, the combined data 772 can
include an enhanced peak 774 that corresponds to a feature of
interest. A method for performing such combination is
described below in greater detail.

[0258] FIGS. 25A-F and G show possible combinations of
offset-two data. As shown in FIG. 25A where transmitter Tx1
is used, R3 is the offset-two receiver. As shown in FIG. 25B
where transmitter Tx2 is used, R4 is the offset-two receiver.
As shown in FIG. 25C where transmitter Tx3 is used, R1 and
R5 are offset-two receivers; thus, data from either or both
receivers can be used. Similar offset-two receivers corre-
sponding to other transmitters are shownin FIGS. 25D to 25F.
[0259] FIG. 25G shows a combined data 782 that can result
from combination of data 780a-f for offset-two receivers. If
the data are combined properly, the combined data 782 can
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include an enhanced peak 784 that corresponds to a feature of
interest. A method for performing such combination is
described below in greater detail.

[0260] One can see that other receiver offset (three, four,
etc.) data can also be combined in a similar manner. Thus, it
will be understood that the example description of the offset-
one and offset-two configurations is in no way intended to
limit the scope of the present teachings.

[0261] FIGS. 26-33 now show how signals from different
receivers can be combined so as to yield an enhanced signal of
interest. It will be understood that the different receivers can
be offset receivers, or simply part of multiple receivers. FIG.
26 shows that a given receiver 792 can output an exaniple
signal 796 having fine perturbations 798 as described above
in reference to FIGS. 16 and 17. Such a receiver signal 796
can result from return signals 802 impinging on the receiver
792 from a plurality of directions, including a direction sub-
stantially directly in front of it. An imaginary line 790 that
extends substantially directly front of the receiver is shown in
FIG. 26. For the purpose of description, the line 790 is shown
to intersect a layer 794. Although the line 790 and the layer
794 are depicted as being perpendicular, it will be understood
that such orientation is not a requirement. A line may be
oriented at an angle with respect to the layer. Furthermore, a
layer does not need to have a planar shape—it can be curved
and form a portion of a shell-like structure about the receiver.
[0262] In one embodiment, receiver signals are combined
so as to enhance or “focus” on perturbation features posi-
tioned generally along the line 790 and within the layer 794.
Such “focused” combination of signals from a plurality of
receivers can be thought of as a scanline associated with the
receiver 792. A plurality of such scanlines associated with a
plurality of receivers can then form an image along the scan-
lines.

[0263] FIG. 27 shows that a plurality of example scanlines
812a-c associated with a plurality of receivers 810a-c can
intersect with an example layer 814. It will be understood that
areas defined by such intersections are not necessarily equiva-
lent to a “pixel” In some applications, the size of a pixel
essentially places a limit on the resolution of the image gen-
erated therefrom, whether or not the detector is capable of
better resolution.

[0264] In FIG. 27, an example arca 818 is defined as an
intersection area defined by the scanline 8125 and the layer
814. In one embodiment, such an area defines a window (or
depth-of-field of the scanline) in which a focus is performed.
In one embodiment, if the area is not divided up any more,
then that area can be considered to be a pixel for the purpose
of imaging.

[0265] In one embodiment, the size of the focus area
defined in the foregoing manner does not need to be fixed. As
described below in greater detail, the layer 814 can be initially
selected to be relatively large. Once a “coarse focus” is
achieved for such a layer. that layer can be split into thinner
layers. Then, the scanline(s) can be “fine focused” if desired
and/or ableto. Thus, as shown in FIG. 27, the layer 814 can be
split into thinner layers such as an example layer 816, and a
focus area 820 would be associated with that relatively thin-
ner layer.

[0266] FIGS. 28 to 30 now show by example how scanlines
associated with three example receivers can be brought into
focus at different layers. For the purpose of description, an
example array of three receivers 810a-c are shown in FIGS.
28A,29A, and 30A. Associated with the receivers 810a-c are
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imaginary lines 812a-c that extend therefrom respectively.
For the purpose of description, the lines 812a-c are divided
into three example layers 822a-c. Also for the purpose of
description, a first feature of interest 824 is shown to be
located generally in an area defined by the line 812¢ and the
layer 822b. A second feature of interest 826 is shown to be
located generally in an area defined by the line 8124 and the
layer 822a. A third feature of interest 828 is shown to be
located generally in an area defined by the line 812¢ and the
layer 822¢. For the purpose of showing how different features
of interest can be shifted in sampling time, the three features
of interest are depicted as triangle 824, circle 826, and square
828.

[0267] FIGS. 28B, 29B, and 30B are also common, show-
ing that data traces 830a-c associated with their respective
receivers 810a-c “sees” the three example features of interest
824, 826, and 828 at relatively different times. For example,
the triangle 824 is generally in front of and closest to the
receiver 810a. Consequently, as the data trace 830a associ-
ated with the receiver 810a shows, the receiver 810a will
likely receive a return signal from the triangle 824 first, fol-
lowed by the receiver 8105, which in turn is followed by the
receiver 810c. Similarly, the circle 826 is generally in front of
and closest to the receiver 8105. Consequently, as the data
trace 8305 shows, the receiver 8105 will likely receive a
return signal from the circle 826 first, and the receivers 810a
and 810c after that.

[0268] As shown in FIGS. 28A, 29A, and 30A, the receiv-
ers 810a-c are depicted as being arranged in an ordered array.
It will be understood that such a depiction is only for the
purpose of describing the concept of relative arrival times of
return signals to the different receivers, and how such signals
can be combined to form a focused scanline. In particular, it
will be understood that although the example receivers
810a-c are shown in sequence, they do not necessarily need to
be as such physically. For example, different receiver-offset
data can be combined as described above; and in such situa-
tions, the receivers whose signals are being combined may
not be next to or even relatively close to each other. Thus, the
arrangement of the receivers 810a-c should be considered to
represent a logical arrangement for the purpose of descrip-
tion.

[0269] FIG. 28C shows an example focused layer 838a for
a scanline 834 associated with the receiver 810a. Depicted
along with the scanline 834 are relative peak heights 836
associated with the combined return signals from the three
features 824, 826, and 828 when the scanline is in focus.
Relative shifting of return signal traces to achieve the focus is
shown as a set 832 of shifted traces. It will be noted that one
does not need to know how much to shift one trace relative to
another trace beforehand to achieve a focus. A method for
determining a focused state from different combinations of
shifting is described below in greater detail. For the purpose
of describing the result of such focusing for a given scanline
in reference to FIGS. 28-30, the scanlines are depicted as
being brought into focus.

[0270] Similarly, FIG. 28D shows an example focused
layer 8385 for the scanline 834 associated with the receiver
810a. Depicted along with the scanline 834 are relative peak
heights 836 associated with the combined return signals from
the three features 824, 826, and 828 when the scanline is in
focus. Relative shifting of return signal traces to achieve the
focus is shown as a set 840 of shifted traces.



US 2011/0125017 Al

[0271] Similarly, FIG. 28E shows an example focused layer
838¢ for the scanline 834 associated with the receiver 810a.
Depicted along with the scanline 834 are relative peak heights
836 associated with the combined return signals from the
three features 824, 826, and 828 when the scanline is in focus.
Relative shifting of return signal traces to achieve the focus is
shown as a set 844 of shifted traces.

[0272] InFIG. 28D, one can see that the focused layer 8385
results in an enhance peak 842 corresponding to the aligning
(by proper shifting of the data traces) of the triangle 824. Such
enhanced peaks can be utilized to determine whether a scan-
line is in focus in a given layer. Such determination is
described below in greater detail.

[0273] Also note that for the line 812a associated with the
receiver 810a, the first and third layers 822a and 822¢ do not
have any features. Thus, an image resulting from a properly
focused scanline should not show features in those two layers
822a and 822c¢. In one embodiment, such a result can be
achieved by making a threshold cut on the peak(s) in a given
focused layer so that peaks below that threshold are not pro-
cessed for image formation. For example, if one was to set the
threshold so as to accept the enhance peak 842 but reject
lower peaks, the first and third focused layers 838a and 838¢
can form focus areas having substantially null images.
[0274] FIG. 29C shows an example focused layer 848a for
a scanline associated with the receiver 8105. Depicted along
with the scanline are relative peak heights associated with the
combined return signals from the three features 824, 826, and
828 when the scanline is in focus. Relative shifting of return
signal traces to achieve the focus is shown as a set 846 of
shifted traces.

[0275] Similarly, FIG. 29D shows an example focused
layer 84854 for the scanline associated with the receiver §105.
Depicted along with the scanline are relative peak heights
associated with the combined return signals from the three
features 824, 826, and 828 when the scanline is in focus.
Relative shifting of return signal traces to achieve the focus is
shown as a set 852 of shifted traces.

[0276] Similarly, FIG. 29E shows an example focused layer
848¢ for the scanline associated with the receiver 8105.
Depicted along with the scanline are relative peak heights
associated with the combined return signals from the three
features 824, 826, and 828 when the scanline is in focus.
Relative shifting of return signal traces to achieve the focus is
shown as a set 854 of shifted traces.

[0277] InFIG.29C, one can see that the focused layer 848a
results in an enhanced peak 850 corresponding to the aligning
(by proper shifting of the data traces) of the triangle 826. Such
an enhanced peak can be used to form an image for the area
associated with the line 8125 and the layer 848a.

[0278] FIG. 30C shows an example focused layer 858a for
a scanline associated with the receiver 810c. Depicted along
with the scanline are relative peak heights associated with the
combined return signals from the three features 824, 826, and
828 when the scanline is in focus. Relative shifting of return
signal traces to achieve the focus is shown as a set 856 of
shifted traces.

[0279] Similarly, FIG. 30D shows an example focused
layer 8586 for the scanline associated with the receiver 810c.
Depicted along with the scanline are relative peak heights
associated with the combined return signals from the three
features 824, 826, and 828 when the scanline is in focus.
Relative shifting of return signal traces to achieve the focus is
shown as a set 862 of shifted traces.
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[0280] Similarly, FIG. 30E shows an example focused layer
858¢ for the scanline associated with the receiver 810c.
Depicted along with the scanline are relative peak heights
associated with the combined return signals from the three
features 824, 826, and 828 when the scanline is in focus.
Relative shifting of return signal traces to achieve the focus is
shown as a set 864 of shifted traces.

[0281] InFIG. 29E, one can see that the focused layer 858¢
results in an enhanced peak 860 corresponding to thealigning
(by proper shifting of the data traces) of the square 826. Such
an enhanced peak can be used to form an image for the area
associated with the line 812¢ and the layer 858c¢.

[0282] In one embodiment, a layer closest to a given
receiver is focused first, followed by successive layers there-
from. Focusing of a given layer allows determination of
propagation time within that layer, since the amount of shift-
ing of various data traces depends on how much differences
there are in the propagation times. Thus, a given layer is
brought into focus when the proper amount of shifting is
applied (i.e., when the proper propagation time is determined
for that layer).

[0283] Inoneembodiment, the foregoing focusing process
and/or the focus results therefrom can be implemented with
physical movements of one or more transducer elements. For
example, arrays having movable elements similar to that of
adaptive optics can be adjusted to either aid the focusing
process, or to re-position the elements so that subsequent
focusing process can be achieved more efficiently. In one
specific example, suppose that a focused section of a scanline
is achieved when data traces from one or more receivers are
shifted so as to be near their limits. In such cases, the corre-
sponding receivers may be moved so as to introduce changes
in propagation times thereto, so that likely “focused” sections
of the corresponding data traces are now located more cen-
trally, thereby providing more “working” room in the shifting
of data traces.

[0284] By focusing on the closest layer, the propagation
time for that layer is determined. Focusing of the next layer
can then be facilitated by the knowledge of the first layer. This
building of propagation time information can build succes-
sively outward away from the receiver.

[0285] It will be understood that the shifting of data traces
described for the purpose of combining those data traces refer
to shifting in time. In one embodiment where each data trace
includes a series of digital representation of samplings, each
sampling has a time associated with it. Thus, time-shifting
can be in the form of shifting data trace based on such “time
stamp” of the samplings. Based on the foregoing, a “time-
shift combination” operation includes shifting of time or
phase associated with portions of a plurality of data traces
with respect to each other. For example, if a scanline is being
focused at a given layer, temporal ranges of data traces being
combined can be identified (for example, by an initial esti-
mation based on geometry). Then, digital data within those
ranges can be shifted with respect to each other and combined
to yield a quality value associated with that combination.
[0286] FIGS. 31A-C show such a successive layer charac-
terization method. In FIG. 31A, an arrow 872 directed away
from a receiver indicates the order of layer characterization.
AlsoinFIG. 31A, an example layer 866 is shown. If that layer
is to be split for finer focusing, such as layers 868a and 868b
in FIG. 31B, characterization of those sub-layers can be char-
acterized successively beginning from the sub-layer closest to
the receiver (as indicated by an arrow 874). Similarly, each of
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the sub-layers 868 can be split further into layers 870a-b and
870c-d. Again, such layers can be characterized successively
beginning from the one closest to the receiver (as indicated by
an arrow 876).

[0287] It will be understood that the foregoing successive
layer characterization (beginning with the closest layer to the
receive) is just one example of focusing on the plurality of
layers. As described herein, focusing on a given layer does not
necessarily depend on the knowledge of another layer. Thus,
focusing can begin at any layer in the medium without depart-
ing from the scope of the present teachings.

[0288] FIGS. 32-33 now show how a scanline can be
focused at a given layer—that is, how signal traces from
different receivers can be combined so as to optimally
enhance perturbation features of interest. For the purpose of
describing the focusing technique, “velocity” (generally
inversely proportional to time) is used to characterize the
propagation time within a given layer. It should be noted that
in the focusing technique of FIG. 32-33, a prior knowledge of
velocity is not necessary.

[0289] FIG. 32 shows a process 880 for determining
focused scanlines for one or more receivers at different layers.
In one embodiment, the process 880 further includes finer-
focusing capability that splits a given layer if that split pro-
vides an improved scanline focus quality. The process 880 in
general includes a process block 882 where input parameters
are obtained. Some of the input parameters are described in a
more specific process in reference to FIG. 33.

[0290] The process 880 then loops through the receivers
(end loop 914). In a process block 886, the process 880
determines the position of a scanline corresponding to the
current receiver. For the current receiver, the process 880
loops through each of the 7 layers (end loop 912). In one
embodiment, the layers are successively looped through from
layer one to layer Z, with layer one being the closest to the
receiver.

[0291] For the current receiver and the current layer, the
process 880 in a process block 890 determines a velocity
value that results in the best degree of focus for the current
scanline in the current layer. Various methods of determining
the degree of focus selecting the “best” therefrom are
described below in greater detail. As previously described, a
prior knowledge of velocity value is not necessary. However,
providing a likely range of velocity values may result in a
more efficient combinatoric computation for combining and
determining the degree of focus.

[0292] Theprocess 8801inaprocess block 890 then updates
the velocity data corresponding to the current scanline and the
layer. Such data can be stored as a table, or any manner that
allows retrieval for later use.

[0293] Inoneembodiment, the currentlayer is initially split
into sub-layers in a process block 894, and focusing is pet-
formed in each of the newly created sub-layers in a sub-layer
loop 896 (end loop 900). Each of these sub-layers may be
further split, and each of those newly created layers may
undergo similar loop. This successive splitting process may
continue further. Thus, for the purpose of description, the
sub-layer loop 896 is depicted as a module that can be
accessed whenever a set of sub-layers are looped through.
[0294] Within the sub-layer loop 896, the process 880 in a
process block 898 determines a velocity value that results in
the best degree of focus for the current sub-layer. Whether
that velocity value will replace the existing velocity value for
the area overlapping the current sub-layer depends on
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whether the current sub-layer focus is an improvement. Inone
embodiment, such determination can be made on a sub-layer
by sub-layer basis, or collectively for the set of sub-layers. As
an example, an average of the degrees of focus for the sub-
layers can be compared to the degree of focus for the parent
layer. For the purpose of description, the process 880 is shown
to determine if the degree of focus has improved collectively
by the split in a process block 902.

[0295] Once such determination is made, the process 880 in
a decision block 904 determines whether the focus has
improved by the split. If the answer is “yes,” then the process
880 in a process block 906 updates the velocity table for the
sub-layers of the current layers. To see if the focus can be
made even finer, thereby improving the resolution, each of the
current sub-layers are further split in a process block 908, and
focusing is performed on each of the newly created sub-layers
by invoking the sub-layer loop 896. If the answer in the
decision block 904 is “no,” then the process 880 removes the
previous split in a process block 910, since the finer “focus”
did not yield a better result.

[0296] FIG. 33 now shows a more specific example process
920 of how the process 880 of FIG. 32 can be implemented.
For the purpose of simplicity, the process 920 is described for
one given receiver. But as shown in FIG. 32, such a process
can be looped over a plurality of receivers.

[0297] The process 920 in a process block 922 determines
the position of a scanline associated with the receiver being
analyzed. In a process block 924, a maximum number of
sub-layers within a given layer is obtained. In one embodi-
ment, that maximum number places a limit on the extent of
splitting for finer focusing. In a process block 926, the process
920 obtains a level of focus quality improvement to trigger
additional splitting for finer focusing. In a process block 928,
the process 920 obtains a current velocity table for the layers
if available and/or desired. In aprocess block 930, a seedpoint
(such as a value representative of a lowest expected velocity)
1s obtained if available and/or desired. In a process block 932,
the process 920 obtains the range and increment of velocity
for determining the velocity associated with the best degree of
focus.

[0298] The process 920 then loops through layers one to Z
in a loop 936 (end loop 960). For each current layer, the
process 920 loops through the range of velocity values in a
loop 936 (end loop 942). For the current velocity value, the
process 920 generates a scanline at the current layer in a
process block 938. The process 920 then determines a degree
of focus of the scanline for the current velocity in the process
block 940.

[0299] Once the process loop 936 is completed, the process
920 in a process block 944 determines a velocity that results
in the best degree of focus for the current layer. In a process
block 946, the process 920 splits the current layer into two
sub-layers if the current number of sub-layers is less than the
selected maximum number of sub-layers (obtained in the
process block 924). In a process block 948, the velocity table
is updated with the velocity value that gave the best degree of
focus for the current layer.

[0300] The process 920 then loops through the newly cre-
ated sub-layers (if any) in the process block 946 ina loop 950
(end loop 954). For each sub-layer, the process 920 in a
process block 952 loops through the velocity range and deter-
mines a velocity value that results in the best degree of focus
for that sub-layer in a manner similar to that of the loop 936.
The process 920 then determines if degree of focus associated
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with the sub-layers is better than that of the parent layer in a
process block 956. In one embodiment, the new degree of
focus is considered to be better than that of parent layer if it
exceeds the level of focus quality improvement obtained in
the process block 926.

[0301] If the sub-layer degree of focus is better than the
parent layer degree of focus, the process 920 in a process
block 958 updates the velocity table and splits each of the
current sub-layers into two sub-layers. Again, this splitting
can be limited by the maximum number of sub-layer as deter-
mined in the process block 924. If the sub-layer degree of
focus is not better than the parent degree of focus, the process
920 removes the previous split and retains the parent layer
level of focus.

[0302] In the description herein in respect to FIGS. 26-33,
various references are made about focusing, degree of focus,
and the like. FIGS. 34A and B now show by example how a
focus can be achieved by determining a parameter represen-
tative of the best degree of focus. A “focus” associated with an
array of signal values can be determined in a variety of ways.
For example, some autofocus cameras compare relative con-
trasts of adjacent or nearby signal values—the reason being
that a sharply focused image will have more of a sudden
change in the contrast. A similar method can be applied for
determining the degree of focus for a scanline of interest.
[0303] In one embodiment, the splitting of layers can pro-
vide a substantial advantage in how effectively a given vol-
ume can be imaged. As an example, suppose that a volume
includes a relatively small group of features of interest local-
ized in a relatively small region. The rest of the volume is
substantially homogeneous for the purpose of propagating
signals. Such homogeneous portions likely will not need to be
split, since the velocity therein is substantially uniform. When
the small inhomogeneous region is encountered, it can be
split into smaller layers to allow characterization of sub-
regions with different velocity values. Thus, one can see that
the combining process does not need to waste time attempting
to split the homogeneous portion. Moreover, the inhomoge-
neous region can be characterized better by the splitting
method, thereby allowing improved characterization of the
volume.

[0304] FIG. 34A shows the shifted data trace set 840 cor-
responding to “in focus” configuration as described above in
reference to FIG. 28D. FIG. 34A further shows one of a
number of possible ways of determining the degree of focus
for the trace combination set 840. In one embodiment, a
running average of the combined scanline is obtained for a
selected window. In one embodiment, such a window may
overlap the focus layer 8385 and extend bevond. In one
embodiment, the window may be defined as temporally sub-
stantially similar to the boundaries corresponding to the focus
layer 8385.

[0305] In one embodiment, the running averages are
formed by a plurality of partially overlapping averaging inter-
vals 970. Average values 972 associated with the intervals 970
are depicted at the approximate centers of the intervals 970.
[0306] FIG. 34B show a shifted data trace set 980 corre-
sponding to “almost in focus” configuration. In particular, the
combination 980 has the second trace (990 in FIG. 34B) not
shifted as much as that of FIG. 34A. Average values 982
associated with the running average intervals are also shown.
[0307] In one embodiment, a best degree of focus can be
determined by looking for the greatest change in the running
average value. Thus in the example scanlines shown in FIGS.
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34A and B, a change in average denoted as 974 is has the
greatest slope (i.e., the greatest “contrast”) within the win-
dow. The data trace combination 840 corresponds to the
greatest slope 974, and thus represents the “in focus™ scanline
having the best degree of focus value (in this example, the
greatest slope).

[0308] In another embodiment, a best degree of focus can
be determined by looking for the greatest sum of average
values within the window. In FIGS. 34A and B, one can see
that the average values 972 add up to a greater value than that
of the average values 982. Thus, the data trace combination
840 can be said to be the “in focus” scanline having the best
degree of focus value (in this example, the sum of average
values).

[0309] Onecan see that there are many other ways of deter-
mining the best degree of focus. Thus, it will be understood
that the two examples described above in reference to FIGS.
34A and B are not to be construed as limiting the scope of the
present teachings. Furthermore, “quality value” can represent
the various degrees of focus described herein, and “best qual-
ity value” can represent the corresponding “best degree of
focus.” It will be understood that the term “best” does not
necessarily mean a value having the largest value. It can mean
avalue having the smallest value, or any value that represents
a particular combination having the desired property for the
purpose of assigning to a scanline.

[0310] FIGS. 35A and B now show block diagrams of one
embodiment of a signal processing assembly 1100 that can
perform various functions described herein (such as obtain-
ing data traces from receivers, digitally sampling, and com-
bining the digitally sampled data). As shown in FIG. 35A, one
embodiment of the assembly 1100 includes a plurality of data
channels 1104 that are input into a data combiner 1106. Each
data channel 1104 forms a stream of digital data correspond-
ing to data traces from one or more receivers in a manner
described below in greater detail. Thus in one embodiment,
such digital data represents digital echo signals having ampli-
tudes and time information of samplings of the data traces.
[0311] As shown in FIG. 35A, such digital data from the
data channels 1104 are combined by a data combiner 1106. In
one embodiment, the data combiner 1106 combines the digi-
tal data according to the relative orientation of the receivers
with respect to transmitters. For example, data corresponding
to offset-one receivers can be combined as one set of data. In
one embodiment, such combining of data is performed by
parallel processing (as depicted in FIG. 35A) so as to allow
timely processing of a relatively large amount of data.
[0312] Inoneembodiment, each stream of data in the chan-
nel 1104 is associated with a receiver and a transmitter. Thus,
focus information can be associated with such receiver and/or
transmitter can be provided to the channel 1104 by a focus
parameter database 1122. For example, for pixel imaging, the
focus information can include the transmitter and receiver
alignment sets can be provided. For focusing on a layer along
a scanline, the focus information can include a default veloc-
ity information for the receivers.

[0313] Thus in one embodiment, an output from the data
combiner 1106 represents group(s) of data corresponding to
different receiver-transmitter combinations. As shown in
FIG. 35A, such combined data can form a “page” of data, and
such pages of data can be further combined by a page com-
biner 1108. For example, pixel intensity as determined by
selected groups of transmitter-receiver combinations (pages)
can be further combined to enhance the real signal from that
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pixel, by using the transmitter-pixel and pixel-receiver geom-
etries. In another example, pages of data can be combined
with respect to a scanline for a receiver at a given layer, such
that each combination yields a degree of focus or a quality
value. As described above, a “best” degree of focus or quality
value can be determined in a number of ways to selecta “best”
scanline for the receiver.

[0314] As shown in FIG. 35A, an output from the page
combiner 1108 can be stored in a page memory 1110. Such
stored page combinations can be refined further as shown. For
example, the finer focusing by layer-splitting described above
can be facilitated by such a feature.

[0315] In one embodiment, the page memory 1110 can
include a plurality of “final” pages of data that can be used for
imaging. As shown in FIG. 35A, such pages of data can be
processed further to clean up the data and/or map to a display
representation in a re-map/filter block 1112. Output from the
block 1112 can be builtinto a frame ofimage in a frame buffer
1114, and be displayed via a display 1116.

[0316] FIG.35B now shows one embodiment of each ofthe
data channel 1104 described above in reference to FIG. 35A.
The data channel 1104 is shown to include an optional mul-
tiplexer 1132 that receives as inputs 1130 analog data traces
from a plurality of receivers (not shown). In one embodiment,
the multiplexer is not used, and data trace from one receiver is
input into one data channel.

[0317] As shown in FIG. 35B, the multiplexer output (or
signal from the receiver) can be amplified by a pre-amp 1134
and have its temporal gain corrected by a TGC 1136. The
output from the TGC 1136 is shown to be digitally sampled by
an ADC 1138 (analog-digital converter). In one embodiment,
the ADC 1138 is a 12- or 16-bit amplitude ADC that samples
the amplitude of the data trace at a sampling frequency.
[0318] As shown in FIG. 35B, the output from the ADC
1140 can be cleaned up and/or formatted for subsequent
processing by an optional correlator/filter 1140. The output
from the correlator/filter 1140 is input into a data memory
1142 for combining with the focus information from a focus
database 1144 as described above in reference to FIG. 35A.
The output from the data memory 1142 is then sent to the data
combiner (1106 in FIG. 35A).

[0319] One can see that foregoing example signal and data
processing, such as combining of different pages of data to
determine the best scanline for a given receiver, can involve a
substantially large amount of computation. Timely computa-
tion of such a task can be achieved, in one embodiment, by
parallel processing.

[0320] One can also reduce the amount of computation in
combining of data by limiting the combinations to a selected
window in time. For example, suppose each digital echo data
has N samples so as to represent a sampling duration of T. As
described above, one way to form an image of a scanline is to
focus onto a layer that intersects with the scanline. Such a
layer with a given thickness is positioned from the receiver in
aknown manner. Thus one can estimate the approximate time
values associated with the layer based on its relative position
and its thickness by knowing the average propagation veloc-
ity of the echo signal in the medium. So to image the scanline
for that layer, one can limit the digital echo data to a range that
corresponds to the layer thickness.

[0321] FIGS. 36A and B now show an example image
obtained using some of the imaging methods described
herein. FIG. 36A shows a black-and-white photograph of the
image. FIG. 36B shows a negative image of the photograph of
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FIG. 36A. A sectional view of a plurality of wires 1200 is
formed by imaging a slice through a medium 1202 where the
wires are located. Each wire has a diameter (denoted as 1204)
of approximately 100 micrometers, and a spacing (denoted as
1206) between (edge-to-edge) two closest adjacent wires is
approximately 100 micrometers. The medium 1202 is water
contained in a volume of approximately 350 cm?, and the
wires are located approximately 6.7 cm from an array of
receivers (not shown).

[0322] To obtain such an image, 32 receivers were used to
receive echo signals that resulted from sequenced transmis-
sion energy from 32 transmitters. The transmission energy
was transmitted at approximately 3.5 MHz, and the echo
signals detected by the receivers were sampled at a rate of
approximately 20 MHz.

[0323] One can readily see from FIGS. 36A and B that the
resulting high quality and contrast image displays a spatial
resolution that appears to be better than 100 micrometers. For
the example transmitted 3.5 MHz signal, a corresponding
wavelength in water is approximately 440 micrometers (for
an average velocity of 1540 m/s). Thus, one can see that
resolving of a 100 micrometers feature at the transmitted
energy frequency of 3.5 MHz is equivalent to a resolution
being better than quarter of the operating wavelength.
[0324] In terms of Nyquist sampling criteria, the example
3.5 MHz signal would require sampling at a rate of approxi-
mately 7 MHz (twice the signal frequency) or higher for
conventional devices. In a similar token, measurement of an
example feature size of 100 micrometers would require a
sampling rate of approximately 30.8 MHz (twice the fre-
quency that can be assigned to a 100-micrometer feature
size—i.e., 1540 [m/s]/100 [micrometers]=15.4 MHz) for
conventional devices. Thus, one can see that sampling at
multiple receivers and combining data therefrom can yield a
high-quality result even if the sampling rate (example, 20
MHz) is less than the conventional Nyquist limit (example,
30.8 MHz).

[0325] From the description of the example image and the
methods used herein, it is apparent that one can obtain a
spatial resolution that is less than the wavelength associated
with an operating transmission energy. Intrinsic resolution of
a detector is often expressed in terms of A/D, a ratio of the
operating wavelength A and the effective aperture size D of
the detector. A constant factor associated with such a ratio can
vary depending on the configuration of a particular detector.
For the purpose of description herein, it will be assumed that
the intrinsic angular resolution is represented as 6=A/D.
[0326] One can reduce the value of 0 (i.e., increase of
“better” the resolution) by either reducing the wavelength
and/or increasing the detector size D. The effective size D of
the detector can be increased either by increasing the indi-
vidual detector size, or by forming an array whose overall size
can be substantially larger than that of each detector. Such
methods have been used in some fields. In the field of ultra-
sound imaging, Applicant believes that currently, the image
quality and resolution as disclosed herein has not been
achieved using conventional systems and methods. For
example, one embodiment of the imaging system and method
vields an angular resolution that is equivalent to using a
wavelength that is less than a quarter of the operating wave-
length for a given detector size D. That is, the resolution is
better than 6=(0.25)A/D in one embodiment.

[0327] From the description herein it is also apparent that
the sampling frequency can be less than the frequencies asso-
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ciated with perturbation features that “ride” on the “carrier-
wave” echo of the transmission energy. One way to charac-
terize such performance is by way of Nyquist criteria that
essentially states that a signal needs to be sampled at a fre-
quency F that is at least twice the frequency of the signal to
obtain any useful information. Thus for example, if a signal
has a frequency of 1 MHz, it needs to be sampled at 2 MHz or
higher.

[0328] If the sampling frequency is less than twice the
signal frequency, an effect known as “aliasing” occurs, where
frequencies above the Nyquist frequency (F/2) “fold over” to
behave like lower frequencies. As is known, aliased fre-
quency fin the range F/2 to F becomes f that can be expressed
as |-FI.

[0329] From thedescriptionherein, itis apparent that in one
embodiment (that produces the example image of FIGS. 36A
and B, for example), the sampling frequency can be less than
twice the frequency associated with the size feature of inter-
est. For example, the feature size of the wires in FIGS. 36A
and B is approximately 100 micrometers, and its correspond-
ing “frequency” can be represented as approximately (1540
m/s)/(100 micrometers)=15.4 MHz. From the results
obtained by sampling at approximately 20 MHz (whichis less
than twice the frequency corresponding to the feature size),
one can see that such relatively small perturbation features
can be imaged with excellent quality and resolution.

[0330] It should be noted that for the purpose of descrip-
tion, the term “frequency” means the frequency associated
with the central peak associated with the signal. Thus, if the
signal is a sinusoidal wave, its frequency corresponds to the
standard meaning. If the signal is a pulse (e.g., Gaussian
shaped), then the frequency corresponds to the central peak of
the pulse. If the signal is a perturbation feature having a peak
structure, then the frequency corresponds to that peak.

[0331] With such example definition of frequency, one can
characterize the performance of the present teachings as
being able to image an echo signal in terms of spectral fre-
quency components. If a given echo signal has a maximum
intensity value, then the resolvable spectral frequency com-
ponents above the Nyquist frequency of F/2 can include
higher frequency components having intensities that are
abovea predetermined value. Such a predetermined value can
be set at different values, such as 50 dB, 40 dB, 30dB, 20 dB,
10 dB, or 10 dB less than the maximum intensity value the
echo signals.

[0332] FIGS. 37-42 show an example of an operating prin-
ciple that could explain why the various techniques of the
present disclosure can yield relatively high resolution images
(for example, images shown in FIGS. 36A and 36B). F1G. 37
shows an example detectable analog signal 1302 having vari-
ous fine features. Some of the fine features are noise, and
some may be signal(s) of interest that result from interaction
of the acoustic energy with one or more objects in the
medium. In general, whether a given feature is noise or signal
of interest is not known in advance. For the purpose of
description, however, a feature 1306 will be assumed to be a
signal feature of interest, and the rest of the features on the
examplesignal 1302 will be assumed to be noise. Also, for the
purpose of providing a visual reference, an example carrier
signal 1304 is superimposed with the signal 1302. Essen-
tially, the signal 1302 includes the carrier signal combined
with the various signal features, including the noise and the
example signal feature of interest 1306.
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[0333] As further shown in FIG. 37, the analog signal 1302
is shown to be sampled periodically at example times t1 to t8.
Solid dots at the intersections of the analog signal 1302 and
the sampling times indicate the signal values at the sampling
times.

[0334] FIG. 38 shows an example table of data 1310 that
can be obtained from sampling of the analog signal at times t1
to t8. The first column represents the sampling time; the
second column represents the signal value S; and the third
column represents the digitized value D or the signal value S.
Thus, for example, S5 represents the value of the signal 1302
attime t5, and D5 represents the digitized value obtained from
sampling of the signal value S5.

[0335] In many applications, the signal values (for
example, analog measurement values) are not obtained.
Instead, the analog signal 1302 is digitally sampled at the
sampling times.

[0336] FIG. 39 shows a plot 1320 of the example digitally
sampled values (D1 to D8) at the sampling times t1 to t8. As
one can see, it can be a challenge to be able to reconstruct the
original detectable analog signal 1302 from the sample set
1302 of digitally sampled data. In fact, there can be introduc-
tion of ambiguities that may or may not be resolved.

[0337] Such challenges are faced routinely in the known
field of digital signal processing. In general, a signal having a
frequency £, is not reconstructable, without ambiguity, from
digitally sampled data if the sampling frequency { is less than
twice the signal frequency f,. If a signal contains various
frequency components in a bandwidth B, then that signal is
considered to be not reconstructable, without ambiguity, from
digitally sampled data is the sampling frequency f; is less than
twice the bandwidth B. Such a constraint generally imposes a
minimum sampling frequency of 2f, (or 2B) commonly
referred to as a Nyquist frequency. An ambiguity that results
from sampling at a frequency below the Nyquist frequency is
generally referred to as “aliasing.”

[0338] Itis, however, possible to obtain a useful result even
when the sampling frequency is less than the Nyquist fre-
quency. In digital signal processing, sampling of bandpass
signals is one example known situation where a sub-Nyquist
sampling frequency can yield useful results. For example,
aliasing can be avoided when the sampling frequency £, is in
the range defined by

2 B 2fc B
>f= ,
m m+

where m is a positive integer, f_ is the center frequency of the
signal, f, is the sampling frequency, and B is the bandwidth of
the bandpass signal. In one example where £ =20 MHz, and
B=5 MHz, the above aliasing-avoidance condition can be
satisfiediff=22.5,17.5,0r 11.25 MHz form=1, 2, or 3. These
example sampling frequencies are below the commonly-
known “Nyquist frequency” of 2f. (=40 MHz in this
example); however, they are all above the Nyquist frequency
defined in terms of the bandwidth (2B=10 MHz). Additional
details about sub-Nyquist sampling and related topics can be
foundin commonly available textbooks such as “Understand-
ing Digital Signal Processing,” Richard G. Lyons, Prentice
Hall PTR Publication.

[0339] However one defines what sub-Nyquist frequency
is, resulting frequency spectrums of the sampling that avoided
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aliasing (for example, by sampling bandpass signals under
certain conditions) have various gaps where frequency com-
ponents do not exist. Such gaps can be on either or both sides
of the frequency f,/2 (that is, half of the sampling frequency)
in the frequency space distribution. In some applications,
such gaps, and even the use of bandpass signals to avoid
aliasing, may be undesirable for various reasons.

[0340] As described herein, one or more embodiments of
the present disclosure do not necessarily suffer from the con-
straints associated with techniques such as a bandpass filter-
ing technique. As described above in reference to FIGS.
37-39, the sampled data, whether in the raw form S or the
digitized form D, represent the values ofthe signal 1302 at the
sampling times. There is, in general, no ambiguity with
respect to the validity of such sampled data. It is known that an
i-th data D, represents the value of the signal 1302 at time t,.
Given the data D,, it is possible to reconstruct the portion of
the signal 1302 at timet,. As described above, ambiguities can
arise when one attempts to reconstruct the entire signal 1302
from a group of such discrete data (for example, the digital
data set 1320 of FIG. 39).

[0341] It should be understood that the example signal
1302 and the resulting example discrete data set 1320 are
associated with a given detector. Thus, if a given system only
has one detector, then the signal reconstructing capability is
essentially constrained by the sampling frequency and other
conventional digital signal processing parameters.

[0342] In one or more embodiments of the present disclo-
sure, however, use of a plurality of detectors can allow
improved characterization of a signal feature of interest with-
out being constrained by aliasing concerns. FIG. 40 shows an
example of a plurality of signal traces 1330 that can be
obtained by use of a plurality of detectors. For the purpose of
description, it will be understood that trace A is from detector
A, and so on. Also for the purpose of description, only the
signal feature of interest 1332 is depicted. In general, the
signal feature of interest 1332 may vary when detected at
different detectors. For example, the amplitude may decrease
if the propagation distance increases. Also, the medium may
vary for propagation paths to different detectors.

[0343] As further shown in FIG. 40, each of the example
detectors A to F are shown to be sampled at time t. Thus, trace
A from detector A yields a sampled value of DtA, trace B
from detector B yields a sampled value of DtB, and so on.

[0344] As further shown in FIG. 40, the signals 1332 are
shown to arrive at the detectors in succession. For example,
the signal 13325 is shown to arrive at detector B after a delay
of AtB from the arrival time of the signal 13324 at detector A.
The signal 1332c is shown to arrive at detector C after a delay
of AtC from the arrival time of the signal 13325 at detector B,
and so on. Such delays in arrival times may result from the
geometry of the arrangement of the detectors.

[0345] As described above, there is in general no ambiguity
in the sampled data themselves. Thus, the sampled data DtA
unambiguously represents the signal 1332¢ at time t. Simi-
larly, the sampled data DtB unambiguously represents the
signal 13325 at time t, and so on. One can thus see that the
independently obtained data via different detectors unam-
biguously represent the signal 1332 at different phases of that
signal 1332. If such signals are phase shifted and combined
properly, the resulting sampled data representing the different
phases can be essentially equivalent to sampling the signal at
a higher frequency.
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[0346] One or more embodiments of the present disclosure
relate to combining a plurality of signal traces from a plurality
of detectors so as to allow imaging of relatively fine features
in a medium. For example, one embodiment of a method for
combining digitally sampled datahas been described above in
reference to FIGS. 22 to 30.

[0347] Inoneembodiment, a similar combining technique
1340 may be applied to the example sampled data associated
with the example traces A to F of FIG. 40. Thus, as shown in
FIG. 41, a plurality of digital data sets A to F containing
portions (DtA, DtB, etc.) are shown to be combined in a
similar manner via a component 1344. As describe above,
such combining can yield an enhancement of the signal of
interest while the noise components cancel substantially.

[0348] FIG. 42 now shows an overview 1350 of the
example process described above in reference to FIGS. 40
and 41. In one embodiment, the above-described delays in
arrivals of signals 1354 can be facilitated by an orientation of
an array of detectors 1352 with respect to a reflecting object
1356. In the example shown, the array 1352 is oriented so a
line between the object 1356 and detector A is generally
perpendicular to the array 1352. Thus. detector A is closest to
the object 1356 in the example of F1G. 42. Distances from the
object 1356 to detectors B to F are successively greater.

[0349] As further shown in FIG. 42, the differences in path-
lengths to the different detectors can depend on factors such
as distance 1358 from the array 1352 to the object 1356 and
detector spacing 1362. The detector spacing can depend on
the detector dimension (for example, when the detectors are
closely packed).

[0350] As further shown in FIG. 42, the sampling of offset
signal traces can yield a plurality of sampled values 1372 that
can be equivalent to sampling of a signal 1370 at intervals
determined by the arrival offsets (for example, due to path-
length differences). As described herein, one generally does
not know that the sampled values belong to the same signal
1370. As also described herein, the sampled data 1372 can be
digitized in a component 1380, and the digitized data can be
combined in a component 1382 so as to yield a combined data
1384.

[0351] As further shown in FIG. 42, such combination of
the digitized data can match data “packets” that correspond a
given feature of interest. In one embodiment, a given data
packet for a given signal trace can represent a sampling
period. Thus, combining a plurality of such data packets can
yield a combined packet representative of an average sam-
pling period (that is, inverse of the sampling frequency)
AT o

[0352] Based on the foregoing, one can see that the resolu-
tion associated with the combined digital data can have a time
resolution that depends on the sampling period. One can also
see that the number of sampled data that can be combined into
a given sampling period can depend on how phase separated
the signal traces are at the detectors. As described above in
reference to FIG. 42, phase separations can be affected by
factors such as differences in the pathlengths to different
detectors. One can also see that the quality and/or efficiency
of the combined digital data can be affected by the number of
detectors and/or the actual sampling interval. While a larger
number of detectors and a smaller actual sampling interval
may be desirable, one may need to balance such benefit with
detector-imposed geometries and/or computing require-
ments.
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[0353] As described herein, introduction of phase differ-
ences to a plurality of independent detectors, and indepen-
dently sampling at those different phases can be generally
equivalent to sampling a single signal at an effective sampling
interval corresponding to the phase differences. The effective
sampling interval can be affected (and sometimes selected)
by factors such a detector geometry with respect to a given
reflecting object, medium, and/or the actual sampling fre-
quency. These factors are introduced by independent sam-
pling by a plurality of detectors, and are generally not con-
strained by the aliasing effect associated with sampling of a
single signal.

[0354] Furthermore, the overall sampling resolution of the
combined digital data can be selected based on the effective
sampling interval and the number of detectors to combine,
both of which can affect how many sampled digital data get
combined into a given combined packet.

[0355] When one considers the foregoing, it is apparent that
the overall sampling resolution and the corresponding spatial
resolution depend on factors that are generally not affected by
aliasing. Consequently, it is believed that the present disclo-
sure allows sampling of analog echo signals having substan-
tial frequency components (for example, noise and/or fea-
tures of interest) in essentially any range. In one embodiment,
such a range includes frequency components from (and
including) zero to F/2, where F is the actual sampling fre-
quency for sampling of the analog echo signal; and from (and
including) F/2 and higher. Such sampling can produce corre-
sponding digital echo signals, and such digital signals can be
combined so as to yield an image having a relatively high
resolution.

[0356] Inoneembodiment, the foregoing examples of com-
bining sampled analog echo signals can be considered as
substantially negating the effects ofaliasing within atleast the
sampled analog echo signals. That is, without such combin-
ing of the sampled analog echo signals, reconstruction of
analog signals would be subject to aliasing effects, and thus
be subject to constraints of certain range(s) of sampling fre-
quency(ies).

[0357] FIG. 43 shows that in one embodiment, various
techniques that facilitate production of relatively high reso-
lution images can be implemented in a system 1390 having
different components or modules. For example, the system
1390 can have a transmitter component 1392, a receiver com-
ponent 1394, a sampling component 1396, a combining com-
ponent 1398, and/or an image producing component 1400.
Each, some, or all of these example components or modules
may represent a physical device, a process, or any combina-
tion thereof. Moreover, a given component or a module can
represent one or more devices, one or more processes, or any
combination thereof, such that the given component achieves
or facilitates a given functionality of the system 1390.
[0358] For example, the sampling component or module
1396 can include one or more devices, one or more processes,
or any combination thereof, such that the component 1396
facilitates digital sampling of one or more analog echo sig-
nals. In one embodiment, the sampling component 1396
includes an analog-to-digital converter (ADC). In one
embodiment, a plurality of ADCs can be associated with
respective plurality of analog echo signals from a plurality of
receivers. In one embodiment, the sampling component or
module 1396 may provide a functionality of digital sampling
of a plurality of analog echo signals. In one embodiment, the
sampling component 1396 includes a processor. In some
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embodiments, the sampling component 1396 can include
devices or components such as, but not limited to, one or more
computers, one or more of various types of filters that facili-
tate processing of signals, one or more ADCs, and/or one or
more devices such as sigma-delta converters.

[0359] Similarly, the combining component or module
1398 can include one or more devices, one or more processes,
or any combination thereof, such that the component 1398
facilitates combining of a plurality of digital echo signals. In
one embodiment, the combining component 1398 includes
processor.

[0360] Ingeneral, as shown in FIGS. 44A-44C, modules or
components described herein can be separate units and/or
processes, be part of a same unit and/or process, or any
combination thereof. For example, as shown in FIG. 44A,
example modules 1410 are depicted as including separate
modules 1412a-c, where each module can be configured to
perform certain function(s) so as to achieve a desired func-
tionality overall. As shown in FIG. 44B, an example modules
1422a-c are depicted as being parts of a unit or process 1420,
such that the unit or process 1420 can be configured to per-
form different functions via the example modules 1422a-c so
as to achieve a desired functionality overall. As shown in FIG.
44C, an example modules 14324 and b are depicted as being
parts of a unit or process 1430, such that the unit or process
1430 can be configured to perform different functions via the
example modules 13324 and 5. The functionality of the unit
or process 1430 can be combined with a functionality of a
separate example module 1432¢, so as to achieve a desired
functionality overall.

[0361] FIGS. 45A and 45B show how such different
example configurations can be applied to processors that are
configured to facilitate various processes as described herein.
In some embodiments, as shown in FIG. 45A, a processor
1440 can be configured to perform or facilitate performance
of one or more processes. In one embodiment, the example
processor 1440 can be incorporated into a single unit.
[0362] In some embodiments, as shown in FIG. 45B, a
processor 1450 may include a plurality of units 1452 that are
configured to provide certain functionalities, such that some
combination of such individual functionalities provides one
or more functionalities of the processor 1450. In one embodi-
ment, the example processor 1450 includes a plurality of
separate units.

[0363] In some embodiments, the example configurations
of FIGS. 45A and 45B can be combined in any manner. For
example, a processor functionality may be provided by one or
more first processors that are similar to that described above
in reference to FIG. 45A, and one or more second processors
that are similar to that described above in reference to FIG.
45B.

[0364] Any of the foregoing techniques, either individually
or in any combination, may be used for medical or non-
medical purpose. Moreover, in some embodiments, various
means for providing various functionalities described herein
can be achieved by various modules or components also
described herein. For example, FIGS. 43-45 show various
examples of modules or components that can be configured to
perform various techniques of the present disclosure.

[0365] Some embodiments of the present disclosure relate
to combinations and/or variations of some of the features
described above in reference to FIGS. 1-45. FIG. 46 shows an
example imaging situation where an acoustic energy
traverses a plurality of layer interfaces between a given trans-
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mitter and a voxel and/or between the voxel and a given
receiver. In some situations, one of such layers can be a
coupling medium between the transmitter/receiver array and
the skin of a tissue being imaged. The tissue can have one or
more layers (between the skin and the voxel) where acoustic
energy propagates at different speeds. It will be understood
that a “layer” is not limited to a planar volume as depicted in
FIG. 46, and can include any volume having an interface.
FIG. 47 shows an example imaging situation where a tissue
volume has a curvature. Human breast is a non-limiting
example of such a tissue volume.

[0366] In one embodiment, the calculation of propagation
time described above may be made by assuming a physical
arrangement of tissues and speeds of sound and then calcu-
lating wave travel times along the straight line paths between
the transducer elements and the voxel of interest. In another
embodiment, refraction may be taken into account. For an
assumed physical arrangement of tissues with substantially
clear boundaries between substantially homogeneous media
with different but constant speeds of sound, it is possible to
establish a ray from each transducer element to each voxel,
where the ray bends at each interface between two media
according to the well known Snell’s law as the sound traverses
it. While the sound wave front from any transmitter, or
reflected from any scatterer, propagates outward as a sphe-
roidal wave front, the sound traveling on a path between any
two points may be thought of as aray. These envisioned sound
rays will propagate through each of these layers on their way
from each transmitter to the point of interest, and the sound
rays will further propagate through the successive layers on
their way to any specified receiver. More specifically, the
bending of the ray at the interface can be calculated by mak-
ing the quantity (n)sin(theta) invariant across a boundary
where n is refractive index indicative of the speed of sound
and theta is the direction of the ray relative to a normal vector
through the surface. Once the correct ray and the velocities of
the media have been determined the travel time index for that
ray may be calculated.

[0367] Refraction can be particularly important in this type
of ultrasound imaging. In conventional ultrasound every
point in the tissue is insonified with a relatively closely spaced
group of transducer elements and thus the difference in angle
of the incident rays relative to any given interface is relatively
small. If significant refraction takes place an object of interest
behind the interface will be displaced but only slightly defo-
cused. In one embodiment of the present disclosure, some
parts of the tissue of interest are insonified by every trans-
ducer in an array with incident rays over a much larger range
of angles. Differences in refraction in the rays relative to each
other are thus much more significant. Compensating for this
refraction in the display can substantially improve the focus
and contrast of the image.

[0368] An assumed geometry need not be limited to homo-
geneous media but may in fact have speed of sound gradients.
The bending of the sound rays in a gradient medium can still
be estimated by Snell’s law.

[0369] This method of calculating bent rays can be applied
satisfactorily in a two dimensional image plane. A more gen-
eral case of three dimensions can also be used in which the
rays can bend in space. In this case the pixels are more
properly considered as 3-dimensional ‘voxels’.
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[0370] In one embodiment where improved image quality
desired, it is possible to use a priori knowledge of anatomy to
specify an algorithm for picking the preferred travel time
index.

[0371] The various parameters in the assumed configura-
tion (such as layer thicknesses and speeds of sound) may be
varied and optimized under operator and/or algorithmic con-
trol to improve the focus. Various measures of success could
be used to assess the relative improvement of one set of
parameters relative to another. One measure of success might
be contrast for example. Higher contrast in intensity over a
given range of pixels implies better focus. A measure of this
higher contrast might, for example, be a calculated standard
deviation of the brightness of a selected region containing a
bright area or areas and dark area or areas. An increase in
standard deviation implies improved focus. Another method
mightbe to maximize the intensity relative to the dimensional
extent of a brightness peak associated with a point reflector or
aboundary. Other methods of greater or lesser sophistication
may also be used to judge the quality of the focus and to
provide feedback to the optimization process.

[0372] FIG. 46 shows an example configuration 2300 hav-
ing three parallel layers of matter of different assumed sound
speeds. In this example a transmitter 2303 sends an essen-
tially spherical wave front of sound waves. A particular por-
tion of this wave front, depicted as a ray 2301, departs the
transmitter 2303 and is bent at interfaces 2305 and 2307 on its
way to a pixel 2309. A reflecting or scattering object located
at pixel position 2309 may reflect this ray specularly, or it may
break it up into another spherical wave front of backscattered
sound waves. In either case, a specific ray 2311 being con-
sidered as leaving the pixel 2309 is bent similarly by inter-
faces 2307 and 2305 on its way to a receiver 2313.

[0373] In order to improve the focus of the pixel 2309,
adjustments may be made in a number of ways. In one
method, the focus of the first layer boundary (2305 in FIG. 46)
may be improved by adjusting the speed of sound in the first
layer encountered until the layer’s focus is optimised. The
next layer boundary (2307 in FIG. 46) can be focused simi-
larly, using the above-obtained speed value for the first layer.
Subsequent layer boundary(ies) (if any) can also be focused
similarly in a successive manner.

[0374] For a specific example of such layering, when using
the described ultrasound system to observe the human liver,
there are distinct sequential layers of fat, muscle and other
known tissue, of known sound speed, and of roughly known
thicknesses and orientation to exist in a typical human body.
By proposing such a layered configuration, the variable
parameters of, for example, fat thickness may be varied to
improve the focus. The resulting improved sound speed times
for different paths may be stored in, for example, the time
index table to be used in assembling the display.

[0375] The liver is a good example of where an a priori
model of layers can be used. In this case the fat layer is well
known as a source of focusing errors in ultrasound, resulting
in alarge proportion of patients to be unsatisfactorily imaged.
Since the tissues and their order are known only the thick-
nesses need to be determined through a series of steps. In a
simplified case where only alayer of fat and a layer of liver are
considered, the thickness of the fat layer may be determined
by reconstructing the image while using a speed of sound (in
fat) assumption. Once the surface of the liver has been found
then a new speed for liver may be used beyond this interface



US 2011/0125017 Al

and refractions may be calculated in order to obtain improved
travel time indices for pixels within the liver.

[0376] There is no need for the layers to be flat as long as
there is enough information on the interface configuration in
order to allow refraction to be calculated.

[0377] Ifthere are layers present then the layer thicknesses
and speeds may be determined in a sequence starting with the
closest layer to the transducer using the focus criteria
described above. The standard deviation of the intensities
within the layer may be maximized for example. Or the con-
trast in the region of the furthest interface may be maximized.
More specifically a first interface may be found which defines
the posterior surface ofa first layer. The speed of sound in this
layer may then be varied in order to optimize the focus of the
posterior surface interface for example, or to optimize the
focus of point scatterers within the layer. Once the first layer
is determined then a speed of sound may be postulated for the
next layer and refracted rays can be calculated. This process
may be repeated as required.

[0378] By way of a further non-limiting example, the geo-
metrical configuration proposed may be of curved shape,
such as an ellipsoid shape, which may contain matter of
different sound speed from the surrounding media. This ellip-
soid may further have other structures within it. It will again
be seen that via calculations and/or estimations that may be
undertaken, the deviations of sound rays due to the intersec-
tion of the rays with such ellipsoid surfaces may be calculated
for various assumptions of size, location and speed compo-
sition of said ellipsoid.

[0379] FIG. 47 shows such an configuration 2400 in greater
detail. A refracted ray 2401 is bent by a sound speed interface
2403 on its way to a chosen pixel 2405, and a backscatter ray
2407 is in turn bent by a similar discontinuity on its way to a
receiver 2409.

[0380] As an example, a human breast suspending in cou-
pling medium may take on the appearance of an ellipsoid. In
order to improve the focus of a breast ultrasound image it is
possible to image the breast using a constant speed of sound
corresponding to the coupling medium. The surface of the
breast will be represented properly since the sound waves
scattered by it have traveled only through the medium. The
tissue within the breast will be somewhat defocused in this
image due to the lack of refraction compensation. Using this
first image the breast surface can be found either automati-
cally by one or more known techniques, or by using some
operator feedback. Once the surface of the breast has been
found then the travel time indices can be calculated using
refractive bending according to Snell’s law. Then the image
can be recalculated with more accuracy.

[0381] In another method, features may be extracted from
an image formed using a constant speed assumption. These
features such as interfaces may then be used to approximate
geometry which can then in turn be used to generate pre-
sumed refractive indices for better imaging of the objects
behind the interfaces with respect to the transducers.

[0382] For a specific example, when using the described
ultrasound system to observe a human breast, it may be
advantageous or necessary to suspend the breast ina vessel of
water at a known temperature, thus providing a set-back view,
and allowing a greater volume of the breast to be insonified
during a single acquisition. In this illustrative example, the
coupling medium, possibly water, in the vessel will have a
known speed of sound. This speed of sound may be measured
or taken from a published reference. An accurately placed
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image of the breast surface may then be formed in three
dimensions using this single, known speed of sound. Using
this accurately placed surface and an initial, assumed, speed
of sound in the breast, rays from each voxel located within the
breast may then be traced to each transmitter and each
receiver in an ultrasound transducer array taking account of
refraction through Snell’s Law at the accurately known,
curved surface. In one embodiment, tables of indices may
then be created using these calculated values. An image of the
breast and its constituent tissues may then be reconstructed
using these tables of indices that provide information about
corresponding propagation times. The focus of this image
may then be improved by varying the speed of sound for the
breast until an optimal focus is achieved. This limited
example which treats the breast as a medium with a single,
homogeneous speed of sound may be extended and further
improved by the identification of other regions within the
breast where the speed of sound may be varied.

[0383] In addition to finding layers, a similar but more
general approach is possible in which regions of interest are
detected by their boundaries. Examples include fat lobules or
cysts within a breast. The boundary closest to the transducer
may be generally imaged well while the far boundary is
generally distorted by the refraction and sound speed change
within the region of interest. By optimizing the focus within
the region of interest (for example, by varying speed of
sound) it is possible to correct the distortions and gain a better
image of the region of interest as well as the posterior bound-
ary and one or more regions behind it.

[0384] The optimization of the speed of sound may be
achieved using many approaches. For example, a fixed set of
values may be tried and the value giving the best focus
selected. As another example, the value for speed of sound
may be adjusted progressively until a peak in quality of focus
is passed or until the quality of focus is within an acceptable
tolerance.

[0385] It will be seen that it is possible to simplify the
solution for the three dimensional problem to a two dimen-
sional slice through the three dimensional data. This may be
done to conserve computational resources. It is understood
that using a two dimensional approximation for a three
dimensional image (when captured with a two dimensional
transducer) may be less accurate than the full three dimen-
sional model since an incident ray within the 2D viewing
plane may in fact be refracted out of the plane. Consequently,
while there will be a useful improvement of focus following
the above technique when limited to the two dimensional
case, there will be situations in which the focus improvement
will not be as good as for the three dimensional analysis.

[0386] For multiple layers, the progression of analysis can
be performed using the same or similar approach as described
elsewhere in this disclosure. Curved layers will be a general-
ized case of straight layers. For amorphous regions of differ-
ing sound speed, some insight into the location of the edges of
those regions can be imaged in the same or similar approach
as described above. Once these edges have been located,
optimizations for refraction can be made using, for example,
Snell’s Law. In some cases, regions of different sound speed
will be small enough that the difference in path can be ignored
for the purposes of creating a sufficient image. In other cases,
the difference in speed of sound and shape of the region will
be sufficient to create significant ray bending that should be
allowed for in the optimization.
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[0387] As is generally known in the field, it is possible to
simulate the emission of a single transducer element while
increasing the sound pressure amplitude of the emitted wave.
This can be accomplished by firing a sequence of transducer
elements at controlled times such that the leading edges of
their emission waves form a portion of a sphere with its center
at the virtual point source. This technique is known as virtual
point source. Thus, for the purpose of description herein, an
emission by a single transducer element can mean an emis-
sion from a physical transducer element, or a virtual point
source emission generated by a plurality of transducer ele-
ments.

[0388] Methods and apparatus as described herein may be
applied in various contexts and in combination with other
ultrasound methods and apparatus. The following sections
describe a number of example ways in which the ultrasound
technology as described herein may be applied.

Extended Applications of Spatial Offsets

[0389] As described above, ultrasound data may be
obtained by transmitting ultrasound from a transmitter and
detecting the ultrasound at a plurality of different receivers.
This may be repeated for different transmitters. The result is
a collection of sets of received data. Each set of received data
corresponds to a particular transmitter-receiver pair. Each set
of received data may comprise, for example, a sequence of
samples of'a signal received at a receiver detecting ultrasound
[0390] In the following discussion it is convenient to con-
sider the case where all of the data is acquired and stored and
then the stored data is processed to obtain images or other
desired information about the tissue or other medium being
studied. This is illustrated in FIGS. 48 and 48A. FIG. 48
shows ultrasound apparatus 3000 comprising a transducer
3001 comprising an array of elements 3002. Each element
3002 can function as a transmitter when driven by transmitter
circuitry 3004 or as a receiver when connected to receive
circuitry 3006.

[0391] In the illustrated embodiments, receive circuitry
3006 comprises a separate receiver 3007 for each element
3002 and each receiver 3007 provides a digital output that is
stored in a data structure 3009 in a memory 3010. In the FIG.
48 embodiment, a switching network 3012 allows any one of
elements 3002 to be connected to be driven by transmitter
circuitry 3004 while the remaining elements 3002 are con-
nected to the corresponding receiver 3007. Data characteriz-
ing a tissue or other medium may be acquired by selecting
each element 3002 in turn to be used as a transmitter and, in
each turn, receiving digitizing and storing the signals received
by each of the other elements.

[0392] FIG. 48 A shows ultrasound apparatus 3000A which
is similar to ultrasound apparatus 3000 except that apparatus
3000A has a transmitter 3004 which includes transmitter
circuitry 3004 A dedicated for each transducer element 3002
and apparatus 3000A does not have a switching network
3012. Apparatus 3000A may be operated to acquire data by
transmitting from one or elements 3002 using the correspond-
ing transmitter circuitry 3004A, and receiving and storing the
resulting signals at elements 3002 as described above for
apparatus 3000.

[0393] Itis not mandatory to obtain data from every avail-
able transmit-receive pair. Transmission of ultrasound may be
performed using a selected subset of the elements. Selected
subsets of the elements may be applied to receive signals
resulting from transmission from each of the transmit ele-

May 26,2011

ments. In some embodiments an element may be used as both
a transmit element and a receive element in the same turn.

[0394] In some embodiments, ultrasound is transmitted
into a medium by simultaneously operating two or more
transmit elements 3002. For example, a group of elements
3002 may be operated in a coordinated fashion to emit ultra-
sound having the characteristics of a point source. Operating
a plurality of transmit elements as a virtual point source is
known in the art and described, for example, in Lokke et al.
Multielement Synthetic Transmit Aperture Imaging Using
Temporal Encoding, IEEE Transactions on Medical Imaging,
Vol. 22, No. 4, April 2003, p. 552. The location of the virtual
point source may be changed by driving the plurality of
transmit elements using different driving signals and/or by
changing the members of the group of elements used to trans-
mit ultrasound as a virtual point source.

[0395] In some embodiments, signals are received by
groups of elements 3002. For example, as described above in
relation to FIG. 16, signals from a group of elements may be
combined so as to increase an effective sampling rate of
ultrasound echo signals.

[0396] FIGS. 48 and 48A show digitized data arranged in a
matrix in which columns correspond to the element 3002
used to transmit ultrasound into the medium and rows corre-
spond to the elements at which signals are received. For
example, the location at row 3, column 5 contains a sequence
S, of digital samples obtained by sampling the 5” element
for signals received in response to ultrasound transmitted
using the 3' element of the transducer. In an embodiment
where ultrasound signals are transmitted by a group of ele-
ments operating as a virtual point source the columns may
correspond to different locations of the virtual point source
instead of different individual transmitting elements.

[0397] Different transmitter-receiver pairs are separated by
different distances. For example, where the transmitters and
receivers are elements of a linear transducer array in which
the elements are equally spaced apart along the array, some
transmitter-receiver pairs may be spaced apart by one unit of
array spacing and other transmitter-receiver pairs may be
spaced apart by multiple units of the array spacing. The dif-
ferent separation distances between a transmitting element
and a receiving element (or between the location of a virtual
point source and a receiving element) are called ‘offsets’
above (for example, see FIGS. 20 to 24 and the accompanying
discussion). It is convenient but not mandatory that the ele-
ments of the transducer array are equally spaced apart.

[0398] Ultrasound data originating from transmitter-re-
ceiver pairs that are separated by different distances (i.e. data
corresponding to different offsets) may contain different
information regarding the nature of the medium. For
example, different offsets (i.e. different angles subtended by
the transmitter and receiver at a point in the medium) inter-
rogate different spatial frequencies in the medium. This effect
can be exploited to allow the formation of images with dif-
ferent spatial frequency balances. For example, one image
may be formed by selecting image data corresponding to a
first offset (or offsets in a first range) while another image is
formed by selecting image data corresponding to a second
offset (or a second range of offsets). The first image may be
enriched in lower spatial frequencies relative to the second
image while the second image is enriched in higher spatial
frequencies relative to the first image or vice versa, for
example.
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[0399] Thediagonal lines overlaid on data structure 3009 in
FIG. 48 each cross locations containing data characterized by
the same offset. These lines assume that the transducer ele-
ments are equally spaced apart along a line and are identified
by an index such that the element at one end of the transducer
array has the index 17, the next element has the index “2” and
SO on.

[0400] Images may be generated from the raw data in
memory 3010. Each image may be generated based on less
than all of the raw data in memory 3010 For example, the
images may be generated by one or more of:

[0401] selecting ultrasound data corresponding to a first
offset (or to a first set of selected offsets e.g. offsets ina
first range) and performing image processing operations
on the selected image data;

[0402] selecting a plurality of sets of ultrasound data
corresponding to a plurality of different offsets or sets of
selected offsets and preparing an image by performing
image processing operations on the different sets of
ultrasound data and combining the results of the image
processing operations. Different image processing
operations may be applied to the different sets of ultra-
sound data.

[0403] In one example embodiment, a first image that is
relatively enriched in low spatial frequencies is generated
from ultrasound data selected from transmitter-receiver pairs
having a first offset or range of offsets (e.g. transmitter-re-
ceiver pairs where the transmitter and receivers are separated
by smaller distances). A second image that is enriched in
higher spatial frequencies relative to the first image is gener-
ated from ultrasound data selected from transmitter-receiver
pairs having a second offset or range of offsets (e.g. transmit-
ter-receiver pairs where the transmitter and receivers are
separated by relatively larger distances). The first image may
be processed by low-pass spatial filtering. This can help to
make continuous anatomical borders appear continuous in
the image. The resulting low-pass spatial filtered image can
then be combined with the second image to yield an image for
display. The images may optionally be weighted before being
combined. In some embodiments, the second image may
comprise a B-mode image. The B-mode image may be
obtained using methods and apparatus as described herein or
using other B-mode imaging methods and apparatus. Com-
bining the first and second image may comprise determining
a sum or weighted sum of the first and second images for
example.

[0404] In other embodiments, more than two images are
combined to yield a final image. FIG. 49 schematically illus-
trates a case in which N offset criteria are applied to select N
subsets of the raw data. The offset criteria may, for example
comprise one or more of criteria which require that to be
selected, the data must have:

[0405] a specific offset value;
[0406] an offset value that is a member of a specific set of
offset values;
[0407] an offset value above a threshold,;
[0408] an offset value below a specified threshold;
[0409] an offset value in a specified range;
[0410] or the like.
[0411] Selection criteria may include other factors as well

as offsets. For example, selection criteria may include a cri-
terion which selects for signals received at a receive element
lying within a specified aperture.
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[0412] 1In FIG. 49, criteria 3020A through 3020E (collec-
tively criteria 3020) are respectively applied to select subsets
3022A through 3022E from raw data 3024. The data subsets
are respectively processed by image processing steps 3025A
through 3025F (collectively image processing steps 3025) to
vield intermediate images 3027A through 3027E. Images
3027 A through 3027F are weighted according to correspond-
ing weights 3028A through 3028E (collectively weights
3028) before they are combined by image summation stage
3029 to yield a final image 3030.

[0413] Image processing steps 3025 may, for example,
include one or more of:

[0414] low pass filtering;
[0415] Thigh pass filtering;
[0416] bandpass filtering;
[0417] texture analysis;
[0418] edge detection;
[0419] edge enhancement;
[0420] contrast adjustment;
[0421] coloration; and
[0422] pass through (no image processing).
[0423] In some embodiments some or all of criteria 3020,

image processing steps 3025 and weights 3028 are set accord-
ing to user input. This can permit a user to adjust these
parameters to obtain a final image 3030 of a desired quality.
Since raw data 3024 is stored, the user can experiment with a
wide range of settings to observe the resulting final images
3030 all based on the same raw data 3024. In some embodi-
ments, apparatus 3000 or 3000A provides a mechanism for
storing user-selected parameters such as weights and/or other
image processing parameters such that future images may be
processed using the same user-selected parameters. Some
embodiments provide a data store containing one or more
preset sets of parameters. Such embodiments may optionally
permit users to alter the parameters either arbitrarily or, in
some cases, only within a predetermined limited range of
manipulation.

[0424] In some embodiments, information from different
intermediate images (either alone or in combination with
other information) is used to make decisions about the display
of the final image. For example:

[0425] A spatial frequency image having a relatively
enhanced low spatial frequency content (e.g. an image
acquired from data from transmit-receive pairs sepa-
rated by smaller distances) may be used for detecting
borders and anatomical edges. In the final image, the
borders may be superimposed onto a B-mode ultrasound
image.

[0426] Theenergy content of an image may be measured
(either for the image as a whole or for one or more
selected spatial frequency bands in the image). A mea-
sure of energy may be obtained, for example, by sum-
ming pixel values (or a function of the pixel values such
as the square of the pixel values) over the image If the
energy of one intermediate image exceeds a threshold
then one or more other intermediate images may be not
included in the final images or may be weighted less in
the final image.

[0427] If the energy content of an intermediate image
having a lower spatial frequency content (or in a lower-
spatial frequency band within an intermediate image)
exceeds a threshold then a low-pass filter may be applied
to the final image so as to emphasize the lower spatial
frequency data.
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[0428] If the energy content of an intermediate image
having a higher spatial frequency content exceeds a
threshold then a high-pass filter may be applied to the
final image.

Thus, the characteristics of one or more intermediate images
may be measured and used in an automated process to deter-
mine the selection of which intermediate images are to be
included in the final image; determine weights used in com-
bining the intermediate images into the final image and/or
control properties of or determine whether or not a filtering
operation will be performed on the final image or on one or
more of the intermediate images.

[0429] It is not mandatory that the transmit and receive
elements be arranged in a linear array (or even that they be
arranged in a regular array). In some embodiments the trans-
mit and receive elements are arranged in a two-dimensional
array. This facilitates use of data3024 for volumetric imaging.
In the case of volumetric imaging, offsets (or equivalently
separation distances) can be determined for transmit-receive
pairs that are not on the same line. By selecting appropriate
transmit-receive pairs (i.e. transmit-receive pairs in which
transmitting and receiving elements have separations that
match selection criteria), volumetric images having different
spatial frequency contents may be obtained. Standard pro-
cessing can be applied to obtain 2D images for any plane
within the volumetric region of the medium being studied.
For example, from the volumetric image one can obtain
images lying in any of the planes in which a central axis of the
transducer lies (the central axis is normal to the transducer
and passes through the center of the transducer).

[0430] As in the case of the images described above, dif-
ferent volumetric images may be derived from data from
transmit-receive pairs for which the offsets satisfy different
selection criteria. These different volumetric images may be
subjected to different image processing steps and then option-
ally combined to yield a final image. The methods described
above can be directly extended to the volumetric case.

Spatial Compounding

[0431] As discussed above, a plurality of different images
may be obtained from raw data 3024 by selecting data based
at least in part on the offset for transmit-receive pairs. As
illustrated in FIG. 50, a system as described herein may be
applied to obtain different types of images from raw data. For
example, ultrasound may be transmitted into a medium using
elements belonging to a subset of the elements of a trans-
ducer. After each transmission, elements of the transducer
array are monitored to acquire signals resulting from the
interaction of the ultrasound with the medium. Therefore,
each transmission may result in a number of received signals
(up to one received signal for every transducer element).
These received signals may be stored in a suitable data struc-
ture as described above, for example.

[0432] A plurality of different images may be created from
different subsets of the received signals. In a particularly
useful embodiment, at least first and second images are gen-
erated. The first image is based on data received at transducer
elements lying within a first aperture and the second image is
based on data received at transducer elements lying within a
second aperture. The first and second apertures are preferably
non-overlapping. In some embodiments the set of elements
used to transmit the ultrasound lies between the first and
second apertures. This is illustrated in FIG. 50 which shows a
transducer 3040 having elements 3042. A first group of the
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elements lies within a first aperture 3045A. A second group of
the elements lies within a second aperture 3045B. A third
group of the elements lies within a third aperture 3045C. In
the illustrated embodiment, aperture 3045C lies between
apertures 3045A and 3045B.

[0433] A method of usetransmits ultrasound from elements
of one aperture (e.g. aperture 3025C) and receives signals at
elements of the other apertures. In some embodiments a plu-
rality of elements within aperture 3025C are operated in
concert as a virtual point source. This facilitates transmission
of higher power ultrasound pulses.

[0434] Separate images may be formed from data received
by elements within each of the other apertures. For example,
separate images may be created from the data received at
elements within apertures 3045A and 3045B.

[0435] Advantageously, images formed from signals
received at elements in different apertures tend to have dif-
ferent speckle patterns. Thus, speckle patterns may be de-
emphasized or eliminated by combining images formed from
signals received at elements in different apertures. It is most
convenient for the receive apertures to be equal in size such
that the images to be combined are equivalent. In embodi-
ments where the different apertures have different sizes then
the pixel dimensions of the images may be matched by
upsampling and/or downsampling before the images are
combined. The combining may comprise, for example, sum-
ming the images.

[0436] In some embodiments, the images to be combined
are each constructed from intermediate images as described
above with reference to FIG. 49.

[0437] Inthe illustrated embodiment, data from all receive
elements (i.e. N sets of data where N is the number of ele-
ments in transducer 3040) is accumulated in a data structure
3046. An image processor 3048 is configured to select subsets
of the data corresponding to at least first and second apertures
and to process each selected subset of the data to yield cor-
responding images 3049A, 3049B and to combine images
3049A and 30498 to yield a final image 3049C.

[0438] Image processing may comprise, for example, per-
forming detection by rectifying and low-pass filtering the
image data. Log compression and/or other image processing
steps may optionally be performed. The images may be sub-
sequently combined, for example by addition. With this type
of processing, spatial compounding may be achieved with
one firing.

[0439] Other allocations of transducer elements to transmit
and/or receive apertures are possible. For example the aper-
tures may overlap. Where receive data is available for all
transducer elements, images may be subsequently generated
for any apertures. It is desirable but not mandatory that the
apertures be the same size. In general, data from smaller
apertures provides images having poorer spatial resolution
than data from larger apertures. However, speckle patterns in
images from smaller apertures are more independent than
those in images obtained from data from larger apertures.
[0440] In some embodiments, images are generated auto-
matically for a plurality of different aperture sizes and/or
separations between the transmitting and receiving apertures.
In some such embodiments, a method comprises, construct-
ing images for apertures of a first size and comparing the
constructed images. The comparison may be performed for
example, by computing a correlation or other similarity mea-
sure between the images. If the comparison indicates that the
images are significantly different (e.g. a correlation value is
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less than some threshold) then the images are combined.
Otherwise, images are constructed for apertures of a second
size smaller than he first size and the resulting images are
compared. The process is iterated for smaller and smaller
apertures until either the comparison indicates that the images
are significantly different or predetermined maximum num-
ber of iterations has been completed.

Retrospective Processing

[0441] In embodiments in which raw data is acquired and
remains available, it is possible to process the same raw data
in different ways in an attempt to obtain images of optimal
quality. For different applications the meaning of ‘optimal’
may differ. The different processing may comprise one or
more of?

[0442] selecting different subsets of the raw image data
from which to generate images (selecting data corre-
sponding to transmit-receive pairs having different off-
sets is one example of this);

[0443] changing a parameter used in generating images
(one example of this is changing the assumed speed of
sound in the medium being investigated);

[0444] changing a parameter which alters the way in
which images are generated (for example a parameter
that determines the thickness or maximum number of
sub-layers in the method illustrated in FIG. 33, a param-
eter that controls the degree of focusing, or the like);

[0445] changing the nature of image processing applied
to generated images and/or changing parameters that
affect the image processing (examples are determining
whether or not a particular image will be filtered, what
type of filter will be applied to an image, changing
parameters that affect the operation of a filter, changing
a function used for apodization etc.)

Changes to these parameters may be performed under the
control of a user operating a suitable user interface or per-
formed automatically or semi-automatically. For example, in
some embodiments a user can identify a parameter to be
varied and the system is configured to generate images for a
plurality of different values of the parameter. Evaluation of
the images may be done by a user or automatically based on
suitable criteria.

[0446] Inanexample application, receive apodization may
be modified. An apodization function weights the contribu-
tion of signals to an image such that signals from elements
near the center of an aperture are weighted more heavily
while signals from elements near edges of the aperture are
weighted less heavily. The apodization function may com-
prise a series of values that correspond to positions of the
receiving elements in the array.

[0447] As is well known, uniform apodization (all signals
weighted equally) produces maximum main lobe resolution
but also produces high levels of side lobes. A Hamming or
Hanning apodization function reduces main lobe resolution
but beneficially decreases the levels of side lobes. Other
apodization functions include Bartlett, Blackman, cosine,
and Gaussian apodization functions.

[0448] In a system as described herein, different images
may be created using different apodization functions and
compared to identify the best image for the current applica-
tion. For example, in a method according to one embodiment,
a plurality of images are automatically created. A different
apodization function is applied to processing the raw data for
each of the plurality of images. The plurality of images are
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then compared to one another to identify a best one. In some
embodiments, comparison is done by a human observer. All
of the images are presented and the observer can select what
he or she considers to be the best one. In some embodiments,
a plurality of the images are presented simultaneously on one
or more displays so that the user can compare them directly.
[0449] An automatic selection mechanism may be imple-
mented to select the “best’ choice or choices of apodization
function according to a predetermined criterion. There are
several ways to pick the best apodization function automati-
cally

[0450] It is not necessary that the same apodization func-
tion be used throughout each image. Different apodization
functions may be applied for different locations or areas
within an image. Different apodization functions may even be
applied to different pixels or voxels in an image. For example,
in some embodiments, an apparatus is configured to analyze
image data for borders or edges. This may be achieved
through the application of standard image analysis algo-
rithms, for example, or through generating an image in which
lower spatial frequency content is emphasized as described
above. In the vicinity of borders or edges, better image quality
may be obtained by applying a non-uniform apodization
function (such as a Hamming or Hanning function) whereas
in image regions away from borders and edges a uniform
apodization function (all signals weighted the same) or an
apodization function that is closer to a uniform apodization
function may provide better results.

[0451] In some embodiments, a preliminary image is pre-
pared and image analysis is performed on the preliminary
image to identify areas for which different image processing
may be desired. For example, the image analysis may perform
a routine for identifying pixels that are in the vicinity of
borders or edges. In some such embodiments, generating the
preliminary image is performed using a first number of the
stored sampled signals and generating a further image in
which apodization functions are selected based on one or
more features identified in the preliminary image (e.g. bor-
ders or edges) is performed using a second number of the
stored sampled signals greater than the first number. Thus, the
identification of borders and edges may be performed with a
relatively low expenditure of computational resources.
[0452] Some embodiments implement image processing
methods which comprise: generating a first image from raw
data as described herein; identifying in the first image first
image regions that include borders or edges and second image
regions that do not include borders or edges (or have a
reduced content of borders and edges):; applying a first
apodization function to the raw data to obtain pixel values for
pixels in the first region; applying a second apodization func-
tion to the raw data to obtain pixel values for pixels in the
second region; and assembling a second image from the pixel
values for the first and second regions. In some embodiments,
the first image is obtained using one of the first and second
apodization functions and so the second image may be
assembled from pixel values from the first image in one of the
first and second regions and pixel values obtained from the
raw data using the other one of the first and second apodiza-
tion functions in the other one of the first and second regions.
[0453] As another example, in areas approaching pure
speckle, uniform apodization may provide the best results.
Such areas may be identified by statistical analysis. For
example one may compute a ratio of a mean pixel value for
the region to a variance of the pixel values in the region. This
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ratio tends to approach a value of 1.9 in regions approaching
pure speckle. One can select an apodization function to use in
a region based on this ratio. For example, uniform apodiza-
tion may be selected when the ratio exceeds a threshold for a
region or the deviation of an apodization function from uni-
form may be increased as the value of the ratio becomes more
different from 1.9.

[0454] Inanexample embodiment, a first image is obtained
by processing raw data as described herein. A statistical mea-
sure of speckle (e.g. mean/variance) is determined for each of
a plurality of different regions in the first image. An apodiza-
tion function is selected for each of the plurality of regions
based on the corresponding statistical measure. Pixel values
are then determined for each of the regions by processing the
raw data using the corresponding apodization function. A
second image is assembled by combining the pixel values for
the plurality of regions.

[0455] In some embodiments, apodization is optimized
individually for a number of different imaging regions.
Apodization may be optimized on a image pixel by image
pixel basis. Optimizing receive apodization as described
herein may be applied to volumetric imaging as well as to 2D
imaging.

[0456] It will be understood that while the present disclo-
sure is often described in the context of medical ultrasound
applications, various techniques and principles disclosed
herein can apply equally well to other fields where ultrasound
is used (for example, non destructive testing).

[0457] Although the above-disclosed embodiments have
shown, described, and pointed out the fundamental novel
features of the invention as applied to the above-disclosed
embodiments, it should be understood that various omissions,
substitutions, and changes in the form of the detail of the
devices, systems, and/or methods shown may be made by
those skilled in the art without departing from the scope of the
invention. Consequently, the scope of the invention should
not be limited to the foregoing description, but should be
defined by the appended claims.

What is claimed is:
1. An ultrasound imaging method comprising:
obtaining and storing ultrasound data by, for each of a
plurality of sources of ultrasound:
transmitting ultrasound into a medium from the source
of ultrasound;
receiving and sampling signals resulting from interac-
tion of the ultrasound with the medium at each of a
plurality of receiving elements; and
storing the sampled signals; and
processing the ultrasound data to provide an image by:
selecting a first subset of the stored sampled signals for
which a first criterion relating to a location of at least
one of the corresponding source and receiving ele-
ment is satisfied and generating a first image from the
first subset of the stored sampled signals; and
selecting a second subset of the stored sampled signals
forwhich a second criterion relating to alocation of at
least one of the corresponding source and receiving
element is satisfied and generating a second image
from the second subset of the stored sampled signals;
and
combining the first and second images to yield a display
image.
2. A method according to claim 1 wherein the first and
second criteria select the corresponding first and second sub-
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sets based on spatial separations between the corresponding
sources and receiving elements.

3. A method according to claim 2 wherein each of the
stored sampled signals is associated with an offset value
representing the spatial separation between the correspond-
ing source and receiving element and the first criterion com-
prises a first offset value or range of the offset values.

4. A method according to claim 3 wherein the second
criterion comprises a second offset value or range of the offset
values.

5. A method according to claim 4 wherein the first and
second subsets have no sampled signals in common.

6. A method according to claim 1 wherein one or more of
the sources of ultrasound comprises a virtual point source of
ultrasound.

7. A method according to claim 6 wherein each of the
stored sampled signals is associated with an offset value
representing the spatial separation between the correspond-
ing source and receiving element and a plurality of the
sources comprise virtual point sources at a corresponding
plurality of different locations.

8. A method according to claim 1 wherein processing the
ultrasound data to provide the first image comprises:

classifying pixels of the first image into a plurality of
regions, each of the regions having an associated
apodization function and, for each of a plurality ofpixels
of the first image:

for each of the plurality of sources of ultrasound energy:

selecting portions of the stored sampled signals corre-
sponding to the pixel;

weighting the selected portions of the stored sampled
signals according to corresponding values of an
apodization function, the apodization function corre-
sponding to the region into which the pixel is classi-
fied; and

combining the weighted selected portions of the stored
sampled signals.

9. An ultrasound imaging method according to claim 8
wherein the apodization functions corresponding to the
regions comprise two or more of a uniform function, a Han-
ning function, a Hamming function, a Bartlett function, a
Blackman function, a cosine function, and a Gaussian func-
tion.

10. An ultrasound imaging method according to claim 8
wherein classifying the pixels comprises determining
whether the pixels are in the vicinity of borders or edges.

11. An ultrasound imaging method according to claim 10
wherein determining whether the pixels are in the vicinity of
borders or edges comprises generating a preliminary image
from the ultrasound data and performing an image analysis on
the preliminary image.

12. An ultrasound imaging method according to claim 11
wherein generating the preliminary image is performed using
a first number of the stored sampled signals and generating
the first image is performed using a second number of the
stored sampled signals greater than the first number.

13. An ultrasound imaging method according to claim 8
wherein classifying the pixels comprises computing a statis-
tical measure of speckle for areas which include the pixels
and classifying the pixels based on a value of the statistical
measure of speckle.
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14. An ultrasound imaging method according to claim 13
wherein computing the statistical measure of speckle com-
prises computing a ratio of a mean pixel value to a variance of
pixel values for the area.

15. An ultrasound imaging method according to claim 14
wherein the apodization function corresponding to a region
for which the statistical measure of speckle exceeds a thresh-
old value is a uniform apodization function.

16. An ultrasound imaging method according to claim 1
wherein the first criterion limits the first subset to stored
signals corresponding receive elements lying within a first
aperture and the second criterion limits the second subset to
stored signals corresponding receive elements lying within a
second aperture.

17. An ultrasound imaging method according to claim 16
wherein the first and second apertures are non-overlapping.

18. An ultrasound imaging method according to claim 17
wherein the sources lie between the first and second aper-
tures.

19. An ultrasound imaging method according to claim 16
comprising automatically generating the first and second
images for each of a plurality of different aperture sizes.

20. An ultrasound imaging method according to claim 19
comptrising:

comparing the first and second images and, if the first and

second images differ by less than a predetermined
amount repeating

selecting the first subset of the stored sampled signals and

generating a first image from the first subset of the stored
sampled signals; and selecting a second subset of the
stored sampled signals and generating a second image
from the second subset of the stored sampled signals
using new first and second criteria corresponding to a
smaller aperture size.

21. A method according to claim 20 comprising iterating
generating new first and second images for successively
smaller apertures until the comparison indicates that the first
and second images differ by more than a predetermined
amount.

22. An ultrasound imaging method comprising:

obtaining and storing ultrasound data by, for each of a

plurality of sources of ultrasound energy:
transmitting ultrasound into a medium from the source
of ultrasound energy;
receiving and sampling signals resulting from interac-
tion of the ultrasound with the medium at a plurality of
receiving elements; and
storing the sampled signals;
processing the ultrasound data to provide a first image by,
for each of a plurality of pixels of the first image:
for each of the plurality of sources of ultrasound energy:
selecting portions of the stored sampled signals cor-
responding to the pixel,
weighting the selected portions of the stored sampled
signals according to corresponding values of a first
apodization function; and
combining the weighted selected portions of the
stored sampled signals;
processing the ultrasound data to provide a second image
by, for each of a plurality of pixels of the second image:
for each of the plurality of point sources of ultrasound
energy:
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selecting portions of the stored sampled signals cor-
responding to the pixel;
weighting the selected portions of the stored sampled
signals according to corresponding values of a sec-
ond apodization function; and
combining the weighted selected portions of the
stored sampled signals; and,
selecting one of the first and second images.
23. An ultrasound imaging method comprising:
obtaining and storing ultrasound data by, for each of a
plurality of sources of ultrasound:
transmitting ultrasound into a medium from the source
of ultrasound;
receiving and sampling signals resulting from interac-
tion of the ultrasound with the medium at each of a
plurality of receiving elements; and
storing the sampled signals; and
processing the ultrasound data to provide one or more
images by:
classifying pixels of the first image into a plurality of
regions, each of the regions having an associated
apodization function and, for each of a plurality of
pixels of the first image:
for each of the plurality of sources of ultrasound energy:
selecting portions of the stored sampled signals cor-
responding to the pixel,
weighting the selected portions of the stored sampled
signals according to corresponding values of an
apodization function, the apodization function cor-
responding to the region into which the pixel is
classified; and
combining the weighted selected portions of the
stored sampled signals.
24. An ultrasound imaging method comprising:
obtaining and storing ultrasound data by, for each of a
plurality of sources of ultrasound:
transmitting ultrasound into a medium from the source
of ultrasound;
receiving and sampling signals resulting from interac-
tion of the ultrasound with the medium at each of a
plurality of receiving elements; and
storing the sampled signals; and
processing the ultrasound data to provide one or more
images by:
selecting a first subset of the stored sampled signals for
which a first criterion relating to a location of at least
one of the corresponding source and receiving ele-
ment is satisfied, the first criterion limiting the first
subset to stored signals corresponding receive ele-
ments lying within a first aperture and generating a
first image from the first subset of the stored sampled
signals; and
selecting a second subset of the stored sampled signals
for which a second criterion relating to a location of at
least one of the corresponding source and receiving
element is satisfied, the second criterion limiting the
second subset to stored signals corresponding receive
elements lying within a second aperture and generat-
ing a second image from the second subset of the
stored sampled signals.
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