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(57) Abstract: Systems and methods are disclosed for
improving the resolution and quality of an image formed
by signals from an array (130) of receivers (144). Mul-
tiple receivers (144) 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 op-
eration. Thus, multiple receivers (144) allow sampling
of fine features of reflected signals that would be consid-
ered beyond the resolution associated with the operating
signal. Use of multiple receivers (144) also provides an
effective sampling rate that is greater than the sampling
rate of an individual receiver. Similar advantages can
be obtained using multiple transmitters (142). Such ad-
vantageous features can be used to obtain high resolution
images of objects in a medium (132) in applications such
as ultrasound imaging.
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SYSTEMS AND METHODS FOR IMPROVED IMAGING

Background
Field
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.

Description of the Related Art

Imaging devices such as ultrasound devices transmit 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
location of the feature with respect to the imaging device, and in particular, to a location of
a receiving element of the device.

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
transmitted and reflected signals to and from the feature. A propagation time ¢ can be
calculated as 7=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 element 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.

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 and obtaining an image from the device
is subject to the intrinsic resolution of the transmitter-receiver pair, as well as the sampling
criteria for yielding a meaningful result.

The intrinsic resolution of a detector can be expressed as depending on the ratio of
the operating wavelength 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
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detector by either changing the wavelength and/or the effective dimension of the detector.
For example, reducing the wavelength (increasing 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 example, an increased frequency signal has a
smaller penetration depth in ultrasound applications.

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 frequency of the operating
signal to yield a meaningful result.

Because of the foregoing challenges and limitations, there is an ongoing need to
improve the manner in which imaging devices are designed and operated.

Summary

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 provides an effective sampling rate that is greater than the sampling rate of an
individual receiver. Similar advantages can be obtained using multiple transmitters. Such
advantageous features can be used to obtain high resolution images of objects in a medium
in applications such as ultrasound imaging.

In some embodiments, the present teachings relate to a method of imaging an object
in a medium with ultrasound. 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. Such sampling
produces 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
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plurality of digital echo signals. . The method further includes producing an image pixel of
the object from the combined digital signal.

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 average 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 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, or 10 dB less than a maximum intensity of the spectral
frequency components of one of the sampled analog echo signals.

In one embodiment of the method, the step of combining 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 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.

In one embodiment of the method, the step of combining the plurality of digital
echo 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 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 combinations.

In one embodiment of the method, the step of combining the plurality of digital
echo signals further includes splitting a parent layer into two or more sublayers and
performing 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
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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 combined digital signal of the parent
layer of the final sublayers to the scanline. -

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
successively starting from a layer closest to the receiver.

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 transmitter Tx(i). The method further
includes transmitting ulirasound 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+j) that was transmitted from transmitter Tx(i), where j represents a
relative positional offset from i, 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+j). The method further includes combining the plurality of signals so
as to produce an image of the object.

In one embodiment the method, the value of j is one. In one embodiment, the
method further includes receiving scattered energy at every receiver Rx(i+k) that was
transmitted from transmitter Tx(i), where k represents a relative positional offset from 1,
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.

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 apparatus further includes a
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processor that causes sampling of the analog echo signals at a frequency of F, where each of
the sampled analog echo signals include substantial spectral frequency components above a
frequency of F/2. The sampling produces a respective plurality of digital echo signals. The
processor further causes 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 causes
production of an image pixel of the object from the combined digital signal.

In one embodiment of the apparatus, the processor further causes 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 approximately 100 micrometers when the acoustic energy has a central
peak frequency of approximately 3.5 MHz.

Tn one 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
frequency components of one of the sampled analog echo signals.

In one embodiment of the apparatus, the processor causes combining of the plurality
of digital echo signals by a process 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.

In one embodiment of the apparatus, the process 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 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.
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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.

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 determinations of the particular
qualities of the combinations are performed successively starting from a layer closest to the
receiver.

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 of receiver
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 assembly. The apparatus further includes a processor
configured to sample the plurality of signals to produce a plurality of corresponding digital
echo signals. The processor is further configured to combine the plurality of digital echo
signals to generate an image having a spatial resolution limit that is equal to or better than 0
= (0.25)A /D, where 6 is the minimum resolvable angular separation of two objects in the
medium.

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 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 combinations of the first di gital echo signal with one or more digital
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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.

In one embodiment of the apparatus, the process 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 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 combinations.

In one embodiment of the apparatus, the process further includes splitting a parent
Jayer 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
of a parent layer of the final sublayers.

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 combinations are performed successively starting from a layer
closest to the receiver.

In some embodiments, the present teachings relate to a method of imaging with
ultrasound. The method includes transmitting ultrasound energy, having a wavelength A
corresponding to a central 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 generated from the scattered energies so as to produce an image
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having a spatial resolution limit that is equal to or better than 0 = (0.25)A /D, where 0 is the
minimum resolvable angular separation of two objects in the medium.

In one embodiment of the method, the spatial resolution 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 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 combinations has a quality value
indicative of a quality of the combination.

In one embodiment of the method, the step of digitally 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 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
combinations.

In one embodiment, the method further includes splitting a parent layer into two or
more sublayers, and performing 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 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 method
further includes 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 method further includes assigning a
combined digital signal of the parent layer of the final sublayers to the scanline.

Tn 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

successively starting from a layer closest to the receiver.
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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
information includes a spectral frequency distribution having frequency components above
a frequency F/2. The method includes digitally sampling the waveform energy at a
temporal frequency of less than F to obtain sampled data. The method further includes
producing a replica of the information 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.

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.

Brief Description of the Drawings

Figure 1 shows a block diagram of one embodiment of an imaging system that
images a defined volume in a medium;

Figure 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;

Figure 3 shows a wave representation of an example array of transducers, where a
transmitted signal from one example transducer is shown to reflect from an example target
object such that the reflected wave can be detected by a plurality of receivers;

Figure 4 shows how an image volume can be mapped into a plurality of pixels with
respect to a plurality of transducers;

Figure 5 shows an example of how a position of a pixel relative to a transmitter and
a receiver can be stored independently as time-dependent indices based on their respective
distances and wave propagation speed;

Figure 6 shows how the indices can be used to selectively sample a signal received
by a receiver;

Figure 7 shows a process for obtaining a set of indices separately for transmitters
and receivers for a given an array of pixels;

Figure 8 shows a process for using the indices to selectively sample signals obtained

by one or more receivers;
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Figure 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;

Figure 10 shows a process that separately determines indices corresponding to
various position-defined transmitter-pixel and receiver-pixel combinations;

Figure 11 shows a process that uses the transmitter-pixel and receiver-pixel indices
to image selected pixels using selected transmitters and selected receivers;

Figure 12 shows an example process that images a pixel array by transmitting from
one selected transmitter and sampling from substantially all receivers;

Figure 13 shows an example process that images a pixel array by transmitting from
substantially all transmitters and sampling from one receiver;

Figure 14 shows a ray representation of an example 32-transducer device being
operated in a single-transmitter/all-receiver mode;

Figure 15 shows a ray representation of the 32-transducer device being operated in
an all-transmitter/single-receiver mode;

Figure 16 shows how use of multiple receivers can allow sampling of fine
perturbation features that are significantly smaller than that of a carrier signal,

Figure 17 shows how signals from the multiples receivers can be combined to
enhance a fine perturbation feature of interest;

Figure 18A shows by example how a plurality of signals from receivers that are
offset by one from their respective transmitters can be combined;

Figure 18B shows by example how a plurality of signals from receivers that are
offset by two from their respective transmitters can be combined;

Figure 19 shows a process for transmitting from one or more transmitters and
receiving from a plurality of receivers to allow combination of resulting signals;

Figure 20 shows how the received signals from the plurality of receivers can be
grouped according to the receivers’ respective offsets from transmitters;

Figure 21 shows how selected groups of data based on the receiver offset can be
combined;

Figure 22 shows an example of one embodiment of an array of transmitter-receiver
pairs where the transmitters are triggered in sequence;

Figures 23A and B show a simplified depiction of example signal traces obtained
from the example array of Figure 22;
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Figures 24A-F show a simplified depiction of example digitized data trace from the
example signal traces of Figures 23A and B;

Figure 24G shows an example of a combination of digitized data associated with
receivers that are offset by one from their respective transmitters;

Figures 25A-F show a simplified depiction of example digitized data trace from the
example signal traces of Figures 23A and B;

Figure 25G shows an example of a combination of digitized data associated with
receivers that are offset by two from their respective transmitters;

Figure 26 shows how a signal from a given receiver can be 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;

Figure 27 shows a plurality of scanlines intersecting with a layer such that the
plurality of scanlines can be focused to that layer, and wherein the layer can be split into
one or more thinner layers so as to allow finer focusing of the plurality of scanlines;

Figure 28A shows an example of features located along different scanlines and in
different layers;

Figure 28B shows an examplé of measured signal traces having components
associated with the example features of Figure 28A;

Figures 28C-E show by example “in-focus” combinations at various layers for the
signals traces to form the scanline associated with the first example receiver;

Figure 29A shows an example of features located along different scanlines and in
different layers;

Figure 29B shows an example of measured signal traces having components
associated with the example features of Figure 29A;

Figures 29C-E show by example “in-focus™ combinations at various layers for the
signals traces to form the scanline associated with the second example receiver;

Figure 30A shows an example of features located along different scanlines and in
different layers;

Figure 30B shows an example of measured signal traces having components
associated with the example features of Figure 30A;

Figures 30C-E show by example “in-focus” combinations at various layers for the

signals traces to form the scanline associated with the third example receiver;
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Figures 31A-C show that in one embodiment, a scanline can be focused from the
layer closest to the receiver, and that a given layer can be split into finer layers for finer
focusing;

Figure 32 shows a process for focusing a plurality of scanlines in a plurality of
layers, such that a given layer can be split for finer focusing if advantageous to do so;

Figure 33 shows a more specific example of the process of Figure 32;

Figures 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; |

Figures 35A and B show by way of example one embodiment of a signal processing
system that combines signals from the plurality of receivers;

Figure 36A shows a photograph of an example of an actual image obtained using
multiple receivers and combining signals therefrom in a manner described herein; and

Figure 36B shows a negative image of the photograph of Figure 36A.

These and other aspects, advantages, and novel features of the present teachings will
become apparent upon reading the following detailed description and upon reference to the
accompanying drawings. In the drawings, similar elements have similar reference
numerals.

Detailed Description of Some Embodiments

The present teachings generally relate to systems and methods for forming an image
of a portion of a medium. Figure 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.

As shown in Figure 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 processor 116 can
operate the imaging device 100 in a manner that improves the resolution of the obtained

image.
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As shown in Figure 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.

As shown in Figure 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
provides 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 representation 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 factors such as the medium, the type of signal being
used, and the properties of the imaging device.

Tt will also be understood that the imaging device, such as the device 100 of Figure
1, may include both longitudinal-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.

Figure 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 134a-h. Within the volume 132 is shown an example'elernental volume 136 (also
referred to as a pixel and/or voxel herein). A plurality of such pixels 136 make up the
volume 132. Tt will be understood that the terms pixel (picture element) and voxel (volume
element) are used interchangeably throughout the description.

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
a pixel can be 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.
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Thus as shown in Figure 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.

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.

Figure 3 shows an example wavefront representation 150 of one embodiment of an
array.of transducers 154a-e 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 wavefront 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 154c. The same wavefront 164 would then be received by other transducers
154a, b, d, e at later times. Rays representing the reflected wave propagation towards the
transducers 154a-e are indicated by dashed arrows 162a-e.

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 Figure 3 shows a single-transmitter and multiple-receiver operation, it will be
understood that any other combinations 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 combinations. One aspect of
the present teachings relates to performing synchronization and combination of transmitters
and/or receivers to improve the performance of the imaging device.

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 Figure 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.

Figure 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 Figure 4 depicts the pixels as squares for the purpose of description, it will be
understood that the pixels can be of any definable shape. Furthermore, the overall shape of

the image plane 170 need not be rectangular shaped. Moreover, the image plane 170 is
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referred to as a “plane” for the purpose of description, and is not intended to limit the scope
of the present teachings.

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.

Figure 4 shows L elements arranged along a line to form the array 172. It will be
understood that the line arrangement of the transducer elements is for the purpose of
description 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.

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

As shown in Figure 5, the pixel 186 is positioned relative to the transmitter 182 by a
distance dry (as indicated by arrow 188). Similarly, the pixel 186 is positioned relative to
the receiver 184 by a distance dgy (as indicated by arrow 190). The distance drx can be used
to determine when a signal from the transmitter 182 can be expected to reach the pixel 186.
Similarly, the distance drx can be used to determine when a possibly-reflected signal from
the pixel 186 can be expected to reach the receiver 184. Such expectation information can
be used to effectively combine signals associated with different transmitter-pixel and/or
receiver-pixel combinations.

The expectation arrival information for the transmitter-pixel combination depends
on the distance dry, 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 associated with the transmitter may cause the signal to be
transmitted after a delay from some start time. Thus, an index data 194 corresponding to
the distance drx may also include such other factors.

Similarly, the expectation arrival information for the receiver-pixel combination
depends on the distance dgx, 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.
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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 on the receiver. Thus, an
index data 192 corresponding to the distance drx may also include such other factors.

As shown in Figure 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.

Figure 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.

As further shown in Figure 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
transmitter-pixel and receiver-pixel indices. Some possible forms of the indices are
described below in greater detail.

Figures 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 transducers. 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.

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 performed 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.

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

-16-



10

15

20

25

30

WO 2006/033017 PCT/IB2005/003147

relative to the transmitter/receiver array. An example array definition is described below in
greater detail.

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.

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

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.

As shown in Figure 8, an image generation process 240 determines the measured
signals associated with some or all of the pixels using the previously determined alignment
set 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.

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

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
combinations. An example of selected transmitting and sampling is described below in
greater detail.

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.

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.

Figures 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. Figure 9 shows an example configuration 260 of array of pixels 264

-17-



10

15

20

25

30

WO 2006/033017 PCT/IB2005/003147

relative to an array of transducers 262. It will be understood that use of four example
transducers 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.

In one embodiment, 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.

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.

Once the 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.

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
determination can be achieved by simple geometry calculation based on the chosen
coordinate system. As an example, if the coordinates of the pixel and the transducer can be
represented by (Xp,YpZp) and (X,¥iz0) respectively, the distance d between the two points
can be calculated as square root of the quantity (xt~xp)2 + (ytnyp)2 + (zt—zp)z.

The distance d obtained in the foregoing manner can then be used to determine the
propagation time ¢ between the transducer and the pixel as ¢ = 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 # can further be expressed as a sample number iggmpre for situations
where the received signal is sampled at a sampling rate. In one embodiment, the sample
number can be represented as sample = (t)(sample rate). As previously described, the actual

time between some “start” time and sampling time may include time(s) in addition to the
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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.

From the foregoing description of the sample number 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 disclosed method, can be
used to obtain and store the indices associated with the transmitter-pixel and receiver-pixel
combinations.

Figure 10 now shows one implementation of a detailed process 270 for determining
an alignment set for a given pixel array with respect to 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.

In a process block 282, the process 270 defines an image plane by determining
positions of two opposing corners 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.

In a process 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.

As shown by a loop 292 (with end-loop 308), the process 270 loops through the
transmitters. For each transmitter, the process 270 loops through the pixels (loop 294, with
end-loop 306). Thus for each combination of the transmitter 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 (¢ = d/v). In a process block 302, an index corresponding to the propagation time
is 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 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.

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 a process block 3 16, the distance between the
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receiver and the pixel is determined. In a process block 318, propagation time between the
pixel and the receiver is determined based on the distance and signal velocity (z = d/v). Ina
process block 320, an index corresponding to the propagation time is 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 corresponding 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.

As previously described, the alignment set generation, 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.

Figure 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
configuration defines the numbers and positions of the transmitters, 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 defaul.

In a process block 336, the process 330 obtains a set of indices corresponding to the
transmitter-pixel combinations of the operating configuration. In a process block 338, a set
of indices corresponding to the receiver-pixel combinations of the operating configuration
is obtained.

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.

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
abouf 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 transmitter-pixel and receiver-pixel indices, such
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correlated sampling, as well as other variations of operation of the imager, can be
performed more efficiently.

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 transmitters, 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 initialized 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 combination of the nested loops 344, 348, 350, the process 330 in a
process 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.

As shown in Figure 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.

Figures 12 and 13 now show two specific examples of using selected transmitter(s)
and selected receiver(s) to obtain an improved image quality. In Figure 12 an example
process 370 is shown where a single selected transmitter and a plurality of selected
receivers are used. In Figure 13, an example process 400 is shown where a plurality of
selected transmitters and a single selected receiver are used.

As shown in Figure 12, the example process 370 in a process block 372 transmits a
signal from a selected transmitter and begins sampling. Such a beginning of sampling can
be at a predetermined time relative to the time when the transmitted signal begin
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
ity for the current transmitter-pixel combination in a process block 378.

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
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S from the current receiver. Tn a process block 384, the index for the current pixel-receiver
combination irx is obtained. In a process block 386, the current pixel’s intensity value is
adjusted as I =1+ S(itx + iry).

As shown in Figure 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.

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

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 ipx for the current
receiver-pixel combination in a process block 408.

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 ity is obtained. In a process block 416, the current pixel’s intensity
value is adjusted as [ =1+ S(itx + irx)-

In one embodiment as shown in Figure 14, an imaging device includes 32 elements.
In particular, Figure 14 shows a ray representation 500 of the embodiment where one
transmitter (transmitter 16) transmits a signal 506 to an object 504, resulting in a reflected
wave 510 that is detected by 32 receivers (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.
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For the example embodiment 500, the index irx 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.

TIn one embodiment as shown in Figure 15, an imaging device includes 32 elements.

‘In particular, Figure 15 shows a ray representation 520 of the embodiment where all 32

transmitters 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 irx representative of
the reflected signal 528 is common to all of the sampling indices associated with the 32
receivers.

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 (assuming that

‘all signals are transmitted simultaneously). Thus, the samplirig 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.

As previously described in reference to Figure 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
transmission is to begin transmission at the transmitter 16, followed at a 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.

Figure 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
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requirement. The transmission signal 606 can be of any waveform having some time-
characterizable feature. For example, if the transmission signal 606 is a single pulse, it may
be characterized by it temporal width.

The example operating configuration 600 further includes a plurality of receivers 610
that receive respective 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. It will
be understood that simultaneous sampling of the receiver signals is not a requirement.

Also for the purpose of description, the common sampling is shown to have a period
Tsampling that is approximately half of the transmission signal period Tsignat.  As such, the
sampling frequency in such a situation is approximately twice the transmission signal
frequency. In general, a sampling 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.

As shown in Figure 16, the example signals 614 output 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 plurality of perturbations about the carrier signal structure. Such
perturbations can be the result of the interaction of the transmission 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.

When a plurality of receivers are used, the receivers may be arranges so that reflected
energies arrive at the receivers at different times. Such arrival time differences can be caused
by differences in propagation times due to the pathlength differences and/or velocity
differences caused by medium anisotropy. In Figure 16, such an arrival difference is depicted
as AT for the receivers 610a and 610b. For a given pair of receivers, the arrival difference AT
can be made substantially smaller than the sampling period Tmpiing OF the transmission signal
period Tiignal.

With an array of receivers, successive arrival differences can be introduced to the

receivers. Then, a common sampling of the receivers can have an effect of having the
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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 614c
(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 614b to be sampled
at a temporal part of the carrier structure at a time approximately equal to the arrival
difference between the receivers 610b and 610c. Similarly, sampling at time t1 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 610b. When the
samplings from the receivers 610a, b, and ¢ are combined, the resulting measurement can be
équivalent to sampling at intervals of arrival difference AT that is substantially smaller than
the common sampling interval of Tsampiing.

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
sampling intervals (for example, between common sampling times t1 and t2 in Figure 16).
Thus, with proper configuration, an array of receivers can be used to sample the received
signals at a frequency that is greater than the common sampling frequency, thereby be able to
resolve higher frequency (than the transmission signal frequency) perturbation signal
components that are “riding” on the carrier signal structure.

To be able to extract the higher frequency perturbation 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 perturbations.

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.

Figure 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 structures since the signal is representative of a path that is different from other
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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 interaction of interest in
the medium, and are likely correlated among the signals.

As described above in reference to Figure 16, such relatively fine-featured
perturbations, whether a legitimate signal or noise, are more likely to be Asampled with the
effective sampling rate that can be substantially greater than that of the common sampling
frequency. Thus, an example of a plurality of such effective samplings are depicted as dashed
lines 624. It should be understood that the effective sampling lines 624 in Figure 17 are
shown only for the purpose of demonstrating 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.

It should also be understood that the perturbation of interest 626 in Figure 17 is
depicted as being sampled near the peak for the purpose of description. Because the arrival
differences (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 achievable by the effectively increased sampling.

In one embodiment, properly correlated analog signals 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.

In one embodiment, the raw signals from the selected receivers are digitized during
the common samplings. The plurality of receivers and their associated sampling electronics
are then effectively sampling and digitizing different temporal portions of their respective
signals. As shown in Figure 17, the digitized results are shown to be correlated 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
combine to generally cancel each other on average, or combine in a manner that is less than
that of the correlated perturbation value 630.

In principle, the combining of the signals can be performed with any receivers in the

array. However, Applicant’s experiences have shown that correlating and combining signals
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from some combinations of transmitter and receivers yield better results in the quality of
images.

Figures 18A and 18B show two examples of such transmitter-receiver combinations.
In Figure 18A, an example operating configuration 640 has an i-th transmitter 642a
transmitting an energy 646, and a receiver (i+1) 644b 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) 642b 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 substantially
“head-on” type of probing of the arbitrary point 658 in the medium.

In Figure 18B, an example operating configuration 660 has the i-th transmitter 642a
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) 642b 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. ‘

One can see that such offset pairing of the transmitter 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.

Figures 19-21 now show various processes that perform the sampling and combining
of signals from different transmitter-receiver offsets. Figure 19 shows one embodiment of a
process 680 that transmits from selected transmitters in a sequential manner. In one
embodiment, a master time reference is designated in a process block 682. Such a master
time can be used for referencing subsequent time-related operations. The process 680 then
loops through the selected transmitters (begin loop 684, and end loop 694). In a process block
686, the process 680 induces the current transmitter to transmit energy into the medium. Ina
process block 688, the return signals are received from selected receivers. In one
embodiment, 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.
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Figure 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 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 Niax, 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.

Figure 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 combines the selected page(s) to characterize the medium. In one embodiment,
characterization of the medium includes formation of an image of the medium.

Figures 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 transmitter-receiver assemblies 732
are shown in Figure 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.

In one embodiment, each transmitter-receiver assembly includes a transmitter (Tx)
and a receiver (R) positioned 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.

Also shown in Figure 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.

Figures 23A and 23B now show examples of simplified raw analog traces from the six
example receivers of Figure 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.
Tt should be understood that there will likely be other perturbation features in the traces, as

described above in reference to Figures 16 and 17.
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Figure 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 Figure 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.

Figure 23B shows example traces 760 associated with transmission from an i-th
transmitter Tx(i). 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 Figure 23A.
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.

From Figures 23A and 23B, one can see that signal traces (raw or digitized) from
different “sets” associated with different trahsmitters 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
marmer allows enhancement of the perturbation signal while generally maintaining a similar
“perspective” with respect to the transmitters.

Figures 24 and 25 now show examples of specific possible combinations of offset-one
and offset-two data associated with the example operating configuration of Figure 22. For the
purpose of describing the combinations of traces associated with different transmitters, the
traces are depicted in a simplified manner as to have already been digitized. Thus, the spikes
in the traces represent the digitized values of the sampled perturbation signals (of Figures 23A
and B).
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Figures 24A-F show sampled data traces from the receivers associated with each of
the six example transmitters. Figures 25A-F show the same sampled data traces.

Figures 24A-F and G show possible combinations of offset-one data, and Figures
25A-F and G show possible combinations 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 Figures 24 and 25.

As shown in Figure 24A where transmitter Tx1 is used, R2 is the offset-one receiver.
As shown in Figure 24B where transmitter Tx2 is used, R1 and R3 are offset-one recetvers;
thus, data from either or both receivers can be used. Similar offset-one receivers
corresponding to other transmitters are shown in Figures 24C to 24F.

Figure 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.

Figures 25A-F and G show possible combinations of offset-two data. As shown in
Figure 25A where transmitter Tx1 is used, R3 is the offset-two receiver. As shown in Figure
25B where transmitter Tx2 is used, R4 is the offset-two receiver. As shown in Figure 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 corresponding to other transmitters
are shown in Figures 25D to 25F.

Figure 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
include an enhanced peak 784 that corresponds to a feature of interest. A method for
performing such combination is described below in greater detail.

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.

Figures 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.

Figure 26 shows that a given receiver 792 can output an example signal 796 having

fine perturbations 798 as described above in reference to Figures 16 and 17. The receiver
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signal Such a receiver signal 796 can result from return signals 802 impinging on the receiver
792 from a plurality of directions, including a direction substantially directly in front of it. An
imaginary line 790 that extends substantially directly front of the receiver is shown in Figure
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.

In one embodiment, receiver signals are combined so as to enhance or “focus” on
perturbation features positioned generally along the line 790 and within the layer 794. Such
“focused” combination of signals from a pluraiity 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 scanlines.

Figure 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 equivalent to a “pixel.” In some
applications, the size of a pixel essentially places a limit on the resolution of the image
generated therefrom, whether or not the detector is capable of better resolution.

In Figure 27, an example area 818 is defined as an intersection area defined by the
scanline 812b 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.

Tn 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
able to. Thus, as shown in Figure 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 thinner layer.

Figures 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 Figures 28A, 29A, and 30A. Associated

with the receivers 810a-c are imaginary lines 812a-c that extend therefrom respectively. For
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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 812a and the layer 822b:- A second feature of interest
826 is shown to be located generally in an area defined by the line 812b and the layer 822a. A
third feature of interest 828 is shown to be located generally in an area defined by the line
812c 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.

Figures 28B, 29B, and 30B are also common, showing 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 associated with
the receiver 810a shows, the receiver 810a will likely receive a return signal from the triangle
824 first, followed by the receiver 810b, which in turn is followed by the receiver 810c.
Similarly, the circle 826 is generally in front of and closest to the receiver 810b.
Consequently, as the data trace 830b shows, the receiver 810b will likely receive a return .
signal from the circle 826 first, and the receivers 810a and 810c after that.

As shown in Figures 28A, 29A, and 30A, the receivers 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 cohcept 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 situations, 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 description.

Figure 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
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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 Figures 28-30, the scanlines are depicted as being brought into focus.

Similarly, Figure 28D shows an example focused layer 838b 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.

Similarly, Figure 28E shows an example focused layer 838c 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.

In Figure 28D, one can see that the focused layer 838b 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 scanline is in focus in a given layer.
Such determination is described below in greater detail.

Also note that for the line 812a associated with the receiver 810a, the first and third
layers 822a and 822c 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 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 processed 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 838c can form focus areas having
substantially null images.

Figure 29C shows an example focused layer 848a for a scanline associated with the
receiver 810b. 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.

Similarly, Figure 29D shows an example focused layer 848b for the scanline
associated with the receiver 810b. Depicted along with the scanline are relative peak heights

associated with the combined return signals from the three features 824, 826, and 828 when
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the scanline is in focus. Relative shifting of return signal traces to achieve the focus is shown
as a set 852 of shifted traces.

Similarly, Figure 29E shows an example focused layer 848c for the scanline
associated with the receiver 810b. 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.

In Figure 29C, one can see that the focused layer 848a results in an enhance 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 812b and
the layer 848a.

Figure 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.

Similarly, Figure 30D shows an example focused layer 858b for the scanline
associated with the receiver 810c. Depicted along with the scanline are relative peak heights
aschiated 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.

Similarly, Figure 30E shows an example focused layer 858c 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.

In Figure 29E, one can see that the focused layer 858c results in an enhanced peak 860
corresponding to the aligning (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.

In one embodiment, a layer closest to a given receiver is focused first, followed by
successive layers therefrom. Focusing of a given layer allows determination of propagation

time within that layer, since the amount of shifting of various data traces depends on how
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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).

In one embodiment, 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 corresponding 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 centrally, thereby providing more “working”
room in the shifting of data traces.

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 successively outward away from the
receiver.

Tt 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 estimation 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.

Figures 31A-C show such a successive layer characterization method. In Figure 31A,
an arrow 872 directed away from a receiver indicates the order of layer characterization. Also
in Figure 31A, an example layer 866 is shown. If that layer is to be split for finer focusing,
such as layers 868a and 868b in Figure 31B, characterization of those sub-layers can be

characterized successively beginning from the sub-layer closest to the receiver (as indicated
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by an arrow 874). Similarly, each of 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).

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 departing from
the scope of the present teachings.

Figures 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 Figure 32-33, a prior
knowledge of velocity is not necessary.

Figure 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 provides 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 Figure 33.

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 Z 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.

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.
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The process 880 in a process 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.

In one embodiment, the current layer is initially split into sub-layers in a process block
894, and focusing is performed 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.

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 whether the current sub-layer focus is an improvement. In one 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.

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 na
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.

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

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 embodiment, that maximum number
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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 a process block 930, a seedpoint (such as a value
representative of a lowest expected velocity) is 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.

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.

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 layei’. 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.

The process 920 then loops through the newly created sub-layers (if any) in the
process block 946 in a loop 950 (end loop 954). For each sub-layer, the process 920 in a
process block 952 loops through the velocity range and determines 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 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.

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 determined 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.
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In the description herein in respect to. Figures 26-33, various references are made
about focusing, degree of focus, and the like. Figures 34A and B now show by example how
a focus can be achieved by determining a parameter representative 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 contrasts 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.

In one embodiment, the splitting of layers can provide a substantial advantage in how
effectively a given volume can be imaged. As an example, suppose that a volume includes a
relatively small group of features of interest localized 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 inhomogeneous region can be characterized better
by the splitting method, thereby allowing improved characterization of the volume.

Figure 34A shows the shifted data trace set 840 corresponding to “in focus”
configuration as described above in reference to Figure 28D. Figure 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 838b and
extend beyond. In one embodiment, the window may be defined as temporally substantially
similar to the boundaries corresponding to the focus layer 838b.

In one embodiment, the running averages are formed by a plurality of partially
overlapping averaging intervals 970. Average values 972 associated with the intervals 970
are depicted at the approximate centers of the intervals 970.

Figure 34B show a shified data trace set 980 corresponding to “almost in focus”
configuration. In particular, the combination 980 has the second trace (990 in Figure 34B) not
shifted as much as that of Figure 34A. Average values 982 associated with the running

average intervals are also shown.
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In one embodiment, a best degree of focus can be determined by looking for the
greatest change in the running average value. Thus in fhe example scanlines shown in Figures
34A and B, a change in average denoted as 974 is has the greatest slope (i.e., the greatest
“contrast”) within the window. 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).

In another embodiment, a best degree of focus can be determined by looking for the
greatest sum of average values within the window. In Figures 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).

One can see that there are many other ways of determining the best degree of focus.
Thus, it will be understood that the two examples described above in refereﬁce to Figures 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 quality
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 a value
having the smallest value, or any value that represents a particular combination having the
desired property for the purpose of assigning to a scanline.

Figures 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
obtaining data traces from receivers, digitally sampling, and combining the digitally sampled
data). As shown in Figure 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 corresponding 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 amplitudes and time information of samplings of the data traces.

As shown in Figure 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 digital
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

Figure 35A) so as to allow timely processing of relatively large amount of data.
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In one embodiment, each stream of data in the channel 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 velocity information for the receivers.

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 Figure
35A, such combined data can form a “page” of data, and such pages of data can be further
combined by a page combiner 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 pixel, by using the transmitter-pixel and piﬁ(el-receiver geometries. 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 select a “best” scanline for the receiver.

As shown in Figure 35A, an output from the page combiner 1108 can be stored ina
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.

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 Figure 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 built into a frame of image in a frame buffer
1114, and be displayed via a display 1116.

Figure 35B now shows one embodiment of each of the data channel 1104 described
above in reference to Figure 35A. The data channel 1104 is shown to include an optional
multiplexer 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.

As shown in Figure 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
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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.

As shown in Figure 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 Figure 35A. The
output from the data memory 1142 is then sent to the data combiner (1106 in Figure 35A).

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 computation of such a task can be
achieved, in one embodiment, by parallel processing.

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 a known 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 velocity 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.

Figures 36A and B now show an example image obtained using some of the imaging
methods described herein. Figure 36A shows a black-and-white photograph of the image.
Figure 36B shows a negative image of the photograph of Figure 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).

To obtain such an image, 32 receivers were used to receive echo signals that resulted

from sequenced transmission 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. O
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One can readily see from Figures 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.

In terms of Nyquist sampling criteria, the example 3.5 MHz signal would require
sampling at a rate of approximately 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 frequency
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).

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
/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.

One can reduce the value of 8 (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 individual 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 ultrasound 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 yields an angular resolution that is equivalent to using a wavelength that is less than a
quarter of the operating wavelength for a given detector size D. That is, the resolution is
better than 6 = (0.25)A/D in one embodiment.

From the description herein it is also apparent that the sampling frequency can be less

than the frequencies associated with perturbation features that “ride” on the “carrier-wave”
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echo of the transmission. energy. . One way to characterize such performance is by way of
Niyquist criteria that essentially states that a signal needs to be sampled at a frequency 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.

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 frequency f in the range F/2 to F becomes {” that
can be expressed as |{-F|.

From the description herein, it is apparent that in one embodiment (that produces the
example image of Figures 36A and B, for example), the sampling frequency can be less than
twice the frequency associated with the size feature of interest. For example, the feature size
of the wires in Figures 36A and B is approximately 100 micrometers, and its corresponding
“frequency” can be represented as approximately (1540 m/s)/( 100 micrometers) = 15.4 MHz.
From the results obtained by sampling at approximately 20 MHz (which is 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.

Tt should be noted that for the purpose of description, 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. Ifthe
signal is a perturbation feature having a peak structure, then the frequency corresponds to that
peak.

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 frequency
components. If a given echo signal has a maximum intensity value, then the resolvable
spectral frequency components above the Nyquist frequency of F/2 can include higher
frequency components having intensities that are above a predetermined value. Such a
predetermined value can be set at different values, such as 50 dB, 40 dB, 30 dB, 20 dB, 10
dB, or 10 dB less than the maximum intensity value the echo signals.

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
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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.
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WHAT IS CLAIMED IS

1. An ultrasound imaging apparatus, comprising:

a plurality of transmitters configured to transmit acoustic energy to one or
more objects in a medium such that said acoustic energy becomes scattered;

a plurality of receivers configured to receive said scattered energy and in
response produce respective analog echo signals;

a processor that causes sampling of said analog echo signals at a frequency
of F, each of said sampled analog echo signals comprising substantial spectral
frequency components above a frequency of F/2, said sampling producing a
respective plurality of digital echo signals, said processor further causing combining
of said plurality of digital echo signals, each of said digital echo signals being offset
by time with respect to another of said digital echo signals, so as to produce a
combined digital signal that is selected from a plurality of different combinations of
said plurality of digital echo signals, said processor further causing production of an
image pixel of said object from said combined digital signal.

2. The apparatus of Claim 1, wherein said processor further causes production
of a plurality of image pixels from said plurality of different combinations of said plurality
of digital echo signals, said plurality of pixels distinctly depicting two objects in said
medium that are closer together than 4F divided into an average velocity of sound in the
medium.

3. The apparatus of Claim 2, wherein said two objects in said medium are
closer together than approximately 100 micrometers when said acoustic energy has a
central peak frequency of approximately 3.5 MHz.

4. The apparatus of Claim 1, wherein said substantial spectral frequency
components above a frequency of F/2 comprise a higher frequency having an intensity that
is above a predetermined value.

5. The apparatus of Claim 4, wherein said predetermined value is 50 dB less
than a maximum intensity of the spectral frequency components of one of said sampled
analog echo signals.

6. The apparatus of Claim 4, wherein said predetermined value is 40 dB less
than a maximum intensity of the spectral frequency components of one of said sampled

analog echo signals.
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7. The apparatus of Claim 4, wherein said predetermined value is 30 dB less
than a maximum intensity of the spectral frequency components of one of said sampled
analog echo signals.

8. The apparatus of Claim 4, wherein said predetermined value is 20 dB less
than a maximum intensity of the spectral frequency components of one of said sampled
analog echo signals.

9. The apparatus of Claim 4, wherein said predetermined value is 10 dB less
than a maximum intensity of the spectral frequency components of one of said sampled
analog echo signals.

10.  The apparatus of Claim 4, wherein said predetermined value is 5 dB less
than a maximum intensity of the spectral frequency components of one of said sampled
analog echo signals.

11.  The apparatus of Claim 1, wherein said processor causes combining of said
plurality of digital echo signals by a process that comprises:

selecting a first digital echo signal associated with a first receiver; and

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, wherein each of said
plurality of combinations has a quality value indicative of a quality of said
combination.

12.  The apparatus of Claim 11, wherein said process further comprises assigning
one of said plurality of combinations having a particular quality value to a scanline for said
first receiver.

13.  The apparatus of Claim 12, wherein said selected time window corresponds
to a layer having a first thickness along said scanline.

14.  The apparatus of Claim 13, wherein said particular quality value comprises a
running average of an amplitude of said one of said plurality of combinations.

15.  The apparatus of Claim 13, wherein said particular quality value comprises a
slope of a running average of an amplitude with respect to time of said one of said plurality
of combinations.

16.  The apparatus of Claim 13, wherein said process further comprises:

splitting a parent layer into two or more sublayers;

performing time-shift combinations on each of said sublayers;
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determining a best quality value for each of said sublayers;

comparing a best quality value of said parent layer to said best quality value
of each of said sublayers;

if said best quality value of said parent layer is substantially less than said
best quality value of each of said sublayers, then continuing to divide each of said
sublayers into final sublayers, wherein each of the best quality values of said final
sublayers is less than the best quality value of a parent layer of said final sublayers.
17.  The apparatus of Claim 16, wherein said process further comprises assigning

a combined digital signal of said parent layer of said final sublayers to the scanline.

18.  The apparatus of Claim 13, wherein the scanline is divided into a plurality of
Jayers, and wherein determinations of the particular qualities of said combinations are
performed successively starting from a layer closest to the receiver.

19.  Anultrasound imaging apparatus, comprising:

a transducer assembly having a plurality of transmitting elements and a
plurality of receiving elements; wherein said plurality of transmitting elements are
configured to transmit ultrasound energy, having a wavelength A corresponding to a
central peak frequency of said ultrasound energy, toward a region in a medium,
wherein said plurality of receiver elements generate a plurality of signals in
response to scattered energy from said region; and

wherein an aperture size D of the transducer assembly is the maximum
distance between any two receiving elements in the transducer assembly; and

a processor configured to sample said plurality of signals to produce a
plurality of corresponding digital echo signals, said processor further configured to
combine said plurality of digital echo signals to generate an image having a spatial
resolution limit that is equal to or better than 6 = (0.25)\ /D, where 0 is the
minimum resolvable angular separation of two objects in said medium.

20.  The apparatus of Claim 19, wherein said spatial resolution limit allows
resolving of two objects in said medium that are closer together than approximately 100
micrometers when said ultrasound energy has a central peak frequency of approximately
3.5 MHz.

21.  The apparatus of Claim 19, wherein said processor combines said plurality
of digital echo signals by a process that comprises:

selecting a first digital echo signal associated with a first receiver;
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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, wherein each of said
plurality of combinations has a quality value indicative of a quality of said
combination.

22.  The apparatus of Claim 21, wherein said process further comprises assigning
one of said plurality of combinations having a particular quality value to a scanline for said
first receiver.

23.  The apparatus of Claim 22, wherein said selected time window corresponds
to a layer having a first thickness along said scanline.

24,  The apparatus of Claim 23, wherein said particular quality value comprises a
running average of an amplitude of said one of said plurality of combinations.

25.  The apparatus of Claim 23, wherein said particular quality value comprises a
slope of a running average of an amplitude with respect to time of said one of said plurality
of combinations.

26.  The apparatus of Claim 23, wherein said process further comprising:

splitting a parent layer into two or more sublayers;

performing time-shift combinations on each of said sublayers;

determining a best quality value for each of said sublayers;

comparing a best quality value of said parent layer to said best quality value
of each of said sublayers;

if said best quality value of said parent layer is substantially less than said
best quality value of each of said sublayers, then continuing to divide each of said
sublayers into final sublayers, wherein each of the best quality values of said final
sublayers is less than the best quality value of a parent layer of said final sublayers.

27.  The apparatus of Claim 26, wherein said process further comprises assigning
a combined digital signal of said parent layer of said final sublayers to the scanline.

28.  The apparatus of Claim 23, wherein the scanline is divided into a plurality of
Jayers, and wherein determinations of the particular qualities of said combinations are
performed successively starting from a layer closest to the receiver.

29. A method of imaging an object in a medium with ultrasound, the method

comprising:
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transmitting acoustic energy from a transmitter to the object such that said
acoustic energy becomes scattered;

receiving said scattered energy at a plurality of receivers so as to produce
respective analog echo signals;

sampling said analog echo signals at a frequency of F, each of said sampled

analog echo signals comprising substantial spectral frequency components above a

frequency of F/2, said sampling producing a respective plurality of digital echo

signals;

combining said plurality of digital echo signals, each of said digital echo
signals being offset by time with respect to another of said digital echo signals, so as
to produce a combined digital signal that is selected from a plurality of different
combinations of said plurality of digital echo signals; and

producing an image pixel of said object from said combined digital signal.

30. The method of Claim 29, further comprising producing a plurality of image
pixels from said plurality of different combinations of said plurality of digital echo signals,
said plurality of pixels distinctly depicting two objects in said medium that are closer
together than 4F divided into an average velocity of sound in the medium.

31.  The method of Claim 30, wherein said two objects in said medium are closer
together than approximately 100 micrometers when said acoustic energy has a central peak
frequency of approximately 3.5 MHz.

32.  The method of Claim 29, wherein said substantial spectral frequency
components above a frequency of F/2 comprise a higher frequency having an intensity that
is above a predetermined value.

33, The method of Claim 32, wherein said predetermined value is 50 dB less
than a maximum intensity of the spectral frequency components of one of said sampled
analog echo signals.

34.  The method of Claim 32, wherein said predetermined value is 40 dB less
than a maximum intensity of the spectral frequency components of one of said sampled
analog echo signals.

35.  The method of Claim 32, wherein said predetermined value is 30 dB less
than a maximum intensity of the spectral frequency components of one of said sampled

analog echo signals.
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36. The method of Claim 32, wherein said predetermined value is 20 dB less
than a maximum intensity of the spectral frequency components of one of said sampled
analog echo signals.

37.  The method of Claim 32, wherein said predetermined value is 10 dB less
than a maximum intensity of the spectral frequency components of one of said sampled
analog echo signals.

38. The method of Claim 32, wherein said predetermined value is 5 dB less than
a maximum intensity of the spectral frequency components of one of said sampled analog
echo signals.

39.  The method of Claim 29, wherein combining said plurality of digital echo
signals comprises:

selecting a first digital echo signal associated with a first receiver;

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, wherein each of said
plurality of combinations has a quality value indicative of a quality of said
combination.

40.  The method of Claim 39, further comprising assigning one of said plurality
of combinations having a particular quality value to a scanline for said first receiver.

4]. The method of Claim 40, wherein said selected time window corresponds to
a layer having a first thickness along said scanline.

42. The method of Claim 41, wherein said particular quality value comprises a
running average of an amplitude of said one of said plurality of combinations.

43.  The method of Claim 41, wherein said particular quality value comprises a
slope of a running average of an amplitude with respect to time of said one of said plurality
of combinations.

44.  The method of Claim 41, further comprising:

splitting a parent layer into two or more sublayers;

performing time-shift combinations on each of said sublayers;

determining a best quality value for each of said sublayers;

comparing a best quality value of said parent layer to said best quality value

of each of said sublayers;
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if said best quality value of said parent layer is substantially less than said
best quality value of each of said sublayers, then continuing to divide each of said
sublayers into final sublayers, wherein each of the best quality values of said final
sublayers is less than the best quality value of a parent layer of said final sublayers.

45.  The method of Claim 44, further comprising assigning a combined digital
signal of said parent layer of said final sublayers to the scanline.

46.  The method of Claim 41, wherein the scanline is divided into a plurality of
layers, and wherein determinations of the particular qualities of said combinations are
performed successively starting from a layer closest to the receiver.

47. A method of imaging an object with ultrasound, the method comprising:

providing an array of transmitters Tx(i), where i represents a relative

positional index that ranges from 1 to N, where N is greater than or equal to 2;

providing an array of receivers Rx(i), each of said receivers Rx(i) associated
with a respective transmitter Tx(1);

transmitting ultrasound energy from said transmitters to the object such that
said ultrasound energy is scattered;

receiving scattered energy at every receiver Rx(itj) that was transmitted
from transmitter Tx(i), where j represents a relative positional offset from i, where
is greater than zero;

generating a first plurality of signals in response to said scattered energies
received at said every receiver Rx(i+j); and

combining said plurality of signals so as to produce an image of said object.
48.  The method of Claim 47, wherein j = 1.
49.  The method of Claim 47, further comprising:

receiving scattered energy at every receiver Rx(i+k) that was transmitted
from transmitter Tx(i), where k represents a relative positional offset from i, where

k is greater than zero and is not equal to j;

generating a second plurality of signals in response to said scattered energies
received at said every receiver Rx(i+j) and Rx(i+k); and

combining said first and second pluralities of signals so as to produce an
image of said object.

50. A method of imaging with ultrasound, the method comprising:

-52-



10

15

20

25

30

WO 2006/033017 PCT/IB2005/003147

transmitting ultrasound energy, having a wavelength A corresponding to a
central peak frequency of said ultrasound energy, from a plurality of transmitters in

a transducer assembly into a medium such that said transmission energy is scattered;

wherein an aperture size D of said transducer assembly is the maximum
distance between any two transmitters in said transducer assembly;

receiving scattered energies from said medium at a plurality of receivers;

digitally bombining signals ggnerated from said scattered energies so as to
produce an image having a spatial resolution limit that is equal to or better than

0 = (0.25)\ /D, where 0 is the minimum resolvable angular separation of two objects

in said medium.

51.  The method of Claim 50, wherein said spatial resolution limit allows
resolving of said two objects in said medium that are closer together than approximately
100 micrometers when said ultrasound energy has a central peak frequency of
approximately 3.5 MHz.

52.  The method of Claim 50, wherein said digitally combining said signals
comprises:

digitally sampling said signals so as to produce a plurality of digital echo
signals;

selecting a first digital echo signal associated with a first receiver; and

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, wherein each of said
plurality of combinations has a quality value indicative of a quality of said
combination.

53.  The method of Claim 52, further comprising assigning one of said plurality
of combinations having a particular quality value to a scanline for said first receiver.

54.  The method of Claim 53, wherein said selected time window corresponds to
a layer having a first thickness along said scanline.

55.  The method of Claim 54, wherein said particular quality value comprises a
running average of an amplitude of said one of said plurality of combinations.

56.  The method of Claim 54, wherein said particular quality value comprises a
slope of a running average of an amplitude with respect to time of said one of said plurality

of combinations.
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57.  The method of Claim 54, further comprising:

splitting a parent layer into two or more sublayers;

performing time-shift combinations on each of said sublayers;

determining a best quality value for each of said sublayers;

comparing a best quality value of said parent layer to said best quality value
of each of said sublayers;

if said best quality value of said parent layer is substantially less than said
best quality value of each of said sublayers, then continuing to divide each of said
sublayers into final sublayers, wherein each of the best quality values of said final
sublayers is less than the best quality value of a parent layer of said final sublayers.

58. The method of Claim 57, further comprising assigning a combined digital
signal of said parent layer of said final sublayers to the scanline.

59.  The method of Claim 54, wherein the scanline is divided into a plurality of
layers, and wherein determinations of the particular qualities of said combinations are
performed successively starting from a layer closest to the receiver.

60. A method of replicating information from a waveform energy emanating
from an object over time, said information comprising a spectral frequency distribution
including frequency components above a frequency F/2, the method comprising:

digitally sampling the waveform energy at a temporal frequency of less than
F to obtain sampled data;

producing a replica of said information from said sampled data, said replica
comprising a spectral frequency. distribution substantially matching said spectral

frequency distribution ina range below the frequency F/2;

wherein said energy is emitted from a plurality of emitters and is reflected
from said object.

61.  The method of Claim 60, wherein said energy is sampled with a plurality of
detectors.

62.  The method of Claim 60, wherein said energy is acoustic energy.

63.  The method of Claim 60, wherein said energy is electromagnetic energy.
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