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ACQUISITION AND PROCESSING OF V-WAVE ULTRASOUND DATA USING A
LINEAR OR CURVED ARRAY TRANSDUCER

This application claims priority to US Provisional Patent Application No. 63184174,
filed on May 4, 2021, which is incorporated by reference for all purposes as if fully set forth
herein.

FIELD OF THE INVENTION

[0001] The present invention relates to an ultrasound system that includes a V-wave
ultrasound data acquisition and a method for beamforming and processing V-wave ultrasound
beam data.

BACKGROUND OF THE INVENTION

[0002] Medical ultrasound imaging for diagnosis has advantages, such as reasonable
cost, real-time imaging, portability, and its harmless effect, over computerized tomography
(CT) and magnetic resonance imaging (MRI) [1, 2]. However, the resolution of the
ultrasound imaging system is usually lower than that of CT and MRI systems [3]. Ultrasound
imaging technology is progressing towards high quality and sharp resolution, thanks to better
data acquisition hardware and sophisticated processing software [4].

[0003] Commonly used ultrasound transducers include linear array transducers,
curved array transducers, and phased array transducers. Ultrasound images of a linear array
transducer have a rectangular shape. Since the linear array is normally used for precise
imaging, its operating frequency is high. In contrast, the convex array is used to acquire a
wide and deep ultrasound image at the cost of the resolution. For this reason, the elements of
the convex array are arranged in a curved fashion along the azimuthal direction. The method
of acquiring an image using a convex array is the same as that when using a linear array but
the ultrasound image of the convex array has a fan shape. In the case of a target object being
behind obstacles it is difficult to obtain an ultrasound image using the linear array or the
convex array. For this case, a phased array can be used by steering the ultrasound beams at
oblique angles. Ultrasound images of a phased array have a circular cone shape. Recently
concave ultrasound transducers are also proposed for 3D arrays [5]. 3D ultrasound imaging
systems are in actively development and a lot of innovations are happening in that space [6].

[0004] Commonly used ultrasound data acquisition for medical applications includes
focused beams, divergent beams, and planewave beams [7-10]. Single element transmission
is seldom used in medical ultrasound imaging because it is time consuming for data

collection and poor in signal to noise ratio. In ultrasound data acquisition using focused
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beams the time delay of each transmitter is electronically controlled in such a way that, at the
focal point of a beam which is in front of the transducer and inside the image domain,
transmitters employed by this beam emit waves that arrive at the focal point at the same time.
The in-sonification at the focal point is very strong and it rapidly dies down away from the
focal point. In ultrasound data acquisition using divergent beams the time advance of each
transmitter is electronically controlled in such a way that, at the focal point of a given beam
which is behind the transducer and outside the image domain, transmitters employed by this
beam virtually emit waves from the focal point at the same time. The in-sonification in the
image domain is weak and divergent out. In ultrasound data acquisition using planewave
beams the time advance of each transmitter is similar to that of a divergent beam except the
virtual focal point is far away behind the transducer. All transmitters participate in the
excitation of each planewave beam. The in-sonification of a planewave beam in the image
domain is weak and uniform [1,7]. Most commercial ultrasound scanners employ a focused
beam data acquisition because the signal to noise ratio is much higher in the final image,
thanks to the focusing ability. The downside of focused beam data acquisitions is much
reduced frame rate compared to the planewave modality [9-10].

[0005] The present invention relates to acquisition and processing of ultrasound data
for medical applications. In particular, the invention addresses two urgent needs in medical
diagnostic imaging: (1) faster frame rate for imaging blood flows and a beating heart (2)
accurate detection of the speed and direction of tissue movements [7-10]. The present
invention uses the term V-wave beam data acquisition and processing, or V-wave
beamforming. The two terminologies are used interchangeably. The V-wave beamforming is
2x faster than planewave beamforming. It also has higher signal to noise ratio in the center
part of its image domain where a physician is mostly interested, thanks to its ability to direct
energies towards the center. The ability to rapidly illuminate a large volume of tissues with
ultrasound in-sonification, especially at the center part with some focusing capability, and
properly image all echoes reflected from acoustic contrasts in the tissues makes the V-wave
beamforming a very useful tool for diagnosing cardiovascular diseases, heart diseases, blood
blockages, malignant cancers where blood flows are faster and plenty, to name a few.

SUMMARY OF THE INVENTION

[0006] In one embodiment, the present application discloses an ultrasound system
that includes: a V-wave ultrasound data acquisition with a transducer that includes an array of
transducer elements, the array of transducer elements including a first sub-array and a second

sub-array; a V-wave ultrasound beamformer to receive ultrasound beams from the V-wave
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ultrasound data acquisition and generate ultrasound images; and an ultrasound image display
to render the ultrasound images locally or transmit the images over internet. The first sub-
array transmits first planar wave ultrasound beams in a plural of inward directions, and the
first planar wave ultrasound beams have a plural of first flex angle o1, the first flex angle o1
being an angle of the local wave front of the first planar wave ultrasound beam and the first
sub-array; the second sub-array transmits second planar wave ultrasound beams in a plural of
conjugate directions at a same time, and the second planar wave ultrasound beams have a
plural of second flex angle o, the second flex angle o being an angle of the local wave front
of the second planar wave ultrasound beam and the second sub-array; the inward direction
and the conjugate direction are opposing each other; and the local wave front of the first
planar wave ultrasound beam and the local wave front of the second planar wave ultrasound
beam form a V-shaped pattern.

[0007] In another embodiment, the array of transducer elements is a linear array.

[0008] In another embodiment, the array of transducer elements is a curved array.

[0009] In another embodiment, the first flex angle o is identical to the second flex
angle o.

[0010] In another embodiment, the first flex angle a1 and the second flex angle o are
each larger than 0° but less than 90°.

[0011] In another embodiment, the first flex angle a1 and the second flex angle o are
each larger than 0° but less than 45°.

[0012] In another embodiment, the first sub-array and the second sub-array connect
continuously to form the array of transducer elements and have a mirror symmetry in
transmission.

[0013] In another embodiment, the first sub-array starts to transmit the first planar
wave ultrasound beams from an edge thereof to a mirror symmetry center with each time
slope a function of the first flex angle ou1.

[0014] In another embodiment, the second sub-array starts to transmit the second
planar wave ultrasound beams from an edge thereof to a mirror symmetry center with each
time slope a function of the second flex angle o.

[0015] In another embodiment, the present application discloses a method for
beamforming and processing V-wave ultrasound beam data that includes: (i) taking an input
trace from the V-wave ultrasound beam data; (ii) spraying the V-wave ultrasound beam data

along impulse response curves; (iii) accumulating contributions at each image location; (iv)
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repeating steps (i) — (iii) for all data traces in all input beams; and (v) performing post
processing and coherent compounding to obtain the final image.

[0016] In another embodiment, the method further includes performing frequency
filtering to protect the V-wave ultrasound beam data from aliasing or excessive wavelet
distortion during beamforming.

[0017] In another embodiment, the method further includes forming partial image
volumes for generation of common image point gathers.

[0018] In another embodiment, the impulse response curves are calculated using

equations (4a), (4b), 6(a) and (6b):

t(xp,x,z) + tlxg,x,z) =t + Atg(xg) (4a)
at(;c;,;x,z) _ aAgi(sxs) (4b)
Atg(xg) = @ sin « g(%) (6a)
0= 7 (2 m(22) 1) o

[0019] C is a sound speed, a is a flex angle, the center of a transducer is at xc, a
transmitter is at xs, a receiver is at Xr, an output image point is at (x, z), 7 is an observed time,
Aty is a transmitter time delay, t(x,,x, z) is a travel time from xr to (x, z), and t(x,,x, z) is a
travel time from xs to (x, z), Ax is a pitch size of the transducer, a coefficient y is used to scale
the value of function g(x) to 1 at the farthest edge of a probe, a parameter k is used to control
the linearity of function g(x).

[0020] In another embodiment, other choices of function Aty are used as long as their
first derivatives are continuous at xs = Xc.

[0021] In another embodiment, the method further includes: performing frequency
filtering to protect the V-wave ultrasound beam data from aliasing or excessive wavelet
distortion during beamforming.

[0022] In another embodiment, the method further includes: forming partial image
volumes for generation of common image point gathers.

[0023] It is to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory and are intended to provide
further explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS
[0024] The accompanying drawings, which are included to provide a further

understanding of the invention and are incorporated in and constitute a part of this
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specification, illustrate embodiments of the invention and together with the description serve
to explain the principles of the invention.

[0025] In the drawings:

[0026] Figure 1 shows V-wave ultrasound data acquisition for a 128-element linear
array transducer. Two conjugate wavefronts are propagating simultaneously inside image
domain, illuminating target objects from both sides. The flex angle is the angle between a
local wavefront and the array. The larger the flex angle, the more juxtaposed are the two
wavefronts.

[0027] Figure 2 illustrates a transmission pattern for V-wave ultrasound beam data
acquisition for a 128-element linear array transducer placed vertically. Half of the elements
are used to transmit a local coherent wave in one direction and the other half of the elements
are used to transmit another local coherent wave in the conjugate direction. The flex angle is
the angle between the local wavefront and the array. TO is the time ADC recording is
activated. tO is the time the transmitter on one of the edges is activated. The Tx delay is
approximately a linear function of the transmitter coordinate with respect to the probe center
(PC). TO can be less than, equal to, or great than t0.

[0028] Figure 3 illustrates a reception pattern for V-wave ultrasound beam data
acquisition for a 128-element linear array transducer placed vertically. Half of the elements
are used to transmit a local coherent wave in one direction and the other half of the elements
are used to transmit another local coherent wave in the conjugate direction. The receiving
elements are activated with a fixed time delay after activation of the corresponding
transmitting elements.

[0029] Figure 4 shows the formation of envelope of a set of ellipses. Each ellipse is a
spatial impulse response of a single data sample for a single transmitter and receiver pair.
The beam impulse response (thick curve) is a stationary spatial impulse response of a single
data sample for all transmitters and a single receiver.

[0030] Figure S is a workflow diagram of our V-wave beamformer. Each trace of a
V-wave beam data is beamformed by spraying all samples onto their impulse response
curves, contributing to partial image volumes in accordance with values of an attribute
associated with each point on the impulse response curves. The partial image volumes are
sorted into common image point gathers. The final image is formed by summing the
common image point gathers at all output locations.

[0031] Figure 6 shows a phantom model: white dots are point scatters and white lines

are reflectors in the phantom model.
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[0032] Figure 7 shows comparisons of planewave beam raw data and V-wave beam
raw data: Leftis a planewave beam data with +5° tilt angle. Middle is another planewave
beam data with -5° tilt angle. Right is a V-wave beam data with a flex angle of 5°.

[0033] Figure 8 shows comparisons of a planewave image and a V-wave image: Left
is the final image of 74 planewaves from -32 degree to + 32 degree. Right is the final image
of 37 V-waves with the maximum flex angle of 32 degree. All displays are shown in 60 dB.

[0034] Figure 9 shows one data trace (time series) of raw beam data (top) and the
same data trace with random noises added whose maximum amplitude is -30 dB lower than
the maximum amplitude of signals in the beam data (bottom). The random noises are additive
and have the same bandwidth as the signals. The vertical axis is amplitude and the horizontal
axis is sample index.

[0035] Figure 10 shows an image of 37 V-waves synthetic beam data without noises
(left) and the same image with -30dB random noises added to the synthetic beam data (right).
All displays are shown in 60 dB.

[0036] Figure 11 shows the system architecture of modern ultrasound scanners using
focused beams: Time delays of transmitters in a subarray are set in such a way that all
excitations arrive at the focal point at the same time. Reflection echoes are received,
amplified, anti-aliasing filtered, and converted into digital signals in the reception stage.
Channel data memory is used to store the beam data. Upon completion of a frame the data in
memory are feed into a pixel-based beamformer to generate an image. The image is then sent
to a post processor for signal enhancement, envelope computation, and logarithm conversion
prior to final display and delivery.

[0037] Figure 12 shows the system architecture of modern ultrasound scanners using
divergent beams: Time advances of transmitters in a subarray are set in such a way that all
excitations are originated from a virtual source behind the transducer. Reflection echoes are
received, amplified, anti-aliasing filtered, and converted into digital signals in the reception
stage. Channel data memory is used to store the beam data. Upon completion of a frame the
data in memory are feed into a pixel-based beamformer to generate an image. The image is
then sent to a post processor for signal enhancement, envelope computation, and logarithm
conversion prior to final display and delivery.

[0038] Figure 13 shows the system architecture of modern ultrasound scanners using
planewave beams: All transmitters are used in the excitation of a plane wave. The time delay

is proportional to the signed distance between an element and the probe center. It is also
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proportional to the sine of the tilt angle. Reflection echoes are received, amplified, anti-
aliasing filtered, and converted into digital signals in the reception stage. Channel data
memory is used to store the beam data. Upon completion of a frame the data in memory are
feed into a pixel-based beamformer to generate an image. The image is then sent to a post
processor for signal enhancement, envelope computation, and logarithm conversion prior to
final display and delivery.

[0039] Figure 14 shows the system architecture of a new ultrasound system according
to the present invention: The first half sub-array excites a local planar wave traveling
towards the center. At the same time, the second half sub-array excites another local planar
wave traveling in the conjugate direction (also towards the center). Reflection echoes are
received, amplified, anti-aliasing filtered, and converted into digital signals in the reception
stage. Immediately after acquiring a V-wave beam, the data are feed into a pixel-based
beamformer to generate a partial image. Partial image memory is used to store the partial
images. Upon completion of a frame the data in partial image memory are sorted into
common image point gathers. The gathers are processed further and coherently compounded
to form a complete image. The image is then sent to a post processor for signal enhancement,
envelope computation, and logarithm conversion prior to final display and delivery.

DETAILED DESCRIPTION OF THE ILLUSTRATED EMBODIMENTS

[0040] Reference will now be made in detail to embodiments of the present invention,
example of which is illustrated in the accompanying drawings.

[0041] A novel set of ultrasound data is collected with a novel design of transmission
pattern of a transducer whose elements are arranged in a linear or curved array. In this design
half of the elements on the transducer are used to transmit a local coherent wave in one
inward direction and the other half of elements are used to transmit another local coherent
wave in a conjugate direction. The two propagation directions are opposing each other and
are symmetric with respect to the normal to the transducer at the center. Transmitters at both
edges are fired earlier than the center one with a time slope a function of the flex-angle o
(measured with respect to the array). If one holds the transducer horizontally, the left half of
transmitters will illuminate the center and the right portion of the image domain, and the right
half of transmitters will illuminate the center and left portion of the image domain. Compared
to a planewave data acquisition only half the number of beams is required in V-wave data
acquisition to achieve comparable image quality and resolution at the center of the image

domain, effectively doubling the frame rate of a conventional planewave ultrasound scanner.
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[0042] To properly beamform V-wave ultrasound beam data we devise the following
special processing steps: (1) take one input trace from a V-wave ultrasound beam data; (ii)
optionally perform frequency filtering to protect the data from aliasing or excessive wavelet
distortion during beamforming; (ii1) spray the data along impulse response curves calculated
using equations disclosed in this invention; (iv) accumulate contributions at each image
location, optionally form partial image volumes for generation of common image point
gathers; (v) repeat steps (1) — (iv) for all data traces in all input beams; (vi) perform post
processing and coherent compounding to obtain the final image.

[0043] The V-wave data beamforming will be 2x faster than the conventional
planewave data beamforming. Ultrasound scanners configured with V-wave beam data
acquisition and processing are particularly suitable for imaging tissues in motion such as a
beating heart and micro vibration of nerves. They are also suitable for imaging flowing
objects such as gas bubbles in a blood stream and rapid blood flows around a malignant
cancerous lesion. A V-wave ultrasound scanner is not only 2x faster than a planewave
ultrasound scanner but also better in image quality and SNR. The V-wave ultrasound scanner
is ideal for imaging and characterization of fast-moving tissues and organs such as blood
flow, blood vessel vibration, and heart tissues, to name a few.

[0044] Technical Description

[0045] Focused ultrasound beams are widely used in commercial B-mode diagnostic
imaging of tissues and organs [1, 3]. Less common are divergent ultrasound beams and
planewave ultrasound beams. Planewave ultrasound beams are particularly promising for its
high frame rate and uniform illumination [7 - 8]. A high frame rate data acquisition is
necessary for imaging objects in motion, such as blood flows, beating hearts, and micro
vibrations inside tissues. We propose a new data acquisition method that can achieve
approximately twice the frame rate of planewave beam data acquisition without any loss of
resolution and image quality.

[0046] Part I: V-Wave Beam Data Acquisition

[0047] 1.1 Definition of V-Wave Beams

[0048] A V-wave ultrasound beam data is collected with a novel design of
transmission pattern of a transducer whose elements are arranged in a linear or curved array.
In this design of transmission pattern half of the elements on the transducer are used to
transmit a local coherent wave in one inward direction and the other half of elements are used
to transmit another local coherent wave in a conjugate direction. The two propagation

directions are opposing each other and are symmetric with respect to the normal direction to
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the transducer at the center (Figure 1). The transmitter time advance (negative of time delay)
is minimal (or zero) at the center and increases towards both edges with a time slope that is a
function of the sine of the flex-angle o (measured with respect to the array). If one holds the
transducer horizontally, the left half of transmitters will illuminate the center and the right
portion of the image domain, and the right half of transmitters will illuminate the center and
left portion of the image domain. Compared to planewave beam data acquisition only half of
beams are required in V-wave beam data acquisition to achieve comparable image quality
and resolution at the center of the image domain, effectively doubling the frame rate of an
ultrasound scanner.

[0049] 1.2 V-Wave Transmission Design

[0050] Figure 2 shows the transmission design for acquisition of V-wave ultrasound
beam data. The horizontal axis is lapsing time and the vertical axis is element position. We
use a linear array of 128 elements as an example. The design equally applies to other array
configurations, such as linear arrays with more than or less than 128 elements, curved arrays
with arbitrary number of elements, or phased arrays with arbitrary number of elements. In
Figure 2 the transducer is placed vertically at the left. Acoustic waves propagate from left to
right into human tissues in various tilted angles. The initial delay is set by the acquisition
system. The Tx delay pattern is V-shaped, with the top half in a mirror symmetry with the
bottom half. The total delay for a transmitter is the initial delay minus the Tx delay. The flex
angle a varies from O to a pre-defined maximum angle. The Tx delay values are computed
using a pre-defined formula that is a function of the flex angle and the distance between a
transmitter and the probe center. The formula is given in Part II of this publication. Other
formula can also be used. In general, as the flex angle increases the Tx delays at both edges
of the transducer increase.

[0051] 1.3 V-Wave Reception Design

[0052] Figure 3 shows the reception design for acquisition of V-wave ultrasound
beam data. The horizontal axis is lapsing time and the vertical axis is element position. We
use a linear array of 128 elements as an example. Other array configurations work equally
well. The receivers are activated after a fixed time delay from activations of the
corresponding transmitters. The fixed time delay is also called a source excitation window.
Of course one can also vary this time delay for individual element. In this design the ADC
electronics is turned on at time TO so that we can record source signatures when some

transmitters are still in activation. One can also activate the ADC electronics at some other



WO 2022/235646 PCT/US2022/027440

time if he/she is not interested in recording the source signatures. In Figure 3, time tO is the
start of the first transmission and time t1 is the start of the first reception.

[0053] Part II: V-Wave Data Processing

[0054] Traditional beamforming of ultrasound data utilizes dynamic focusing method
or pixel-based beamformers for focused beams, divergent beams, or planewaves [12-17].
There is no known method existed for V-wave beam data. In this section we disclose a method
for performing beamforming for V-wave ultrasound data.

[0055] 2.1 Beamforming Formulation of V-Wave Data

[0056] An input data sample at time 7 and at receiver location xr can be originated from
a scatter at an unknown position (x, z) illuminated by an incident wave from a transmitter at
location xs. The travel time satisfies the following equation:

t(x,,x,2z) + tlxg,x,z) =t + Atg(xy) (1)

[0057] where 7 is the observed time of a reflection signal at the receiver x» on a given
beam. Aty is a transmitter time delay for this beam at location xs. (¥, z) is the image (or scatter)
position. t(x,,x, z) is the travel time from xr to (x, z), and t(x,, x,z) is the travel time from
xs to (x, z).

[0058] The above equation defines an ellipse in the image domain, which is sometime
called an impulse response curve for a transmitter and a receiver [18]. As the transmitter
position xs moves away from the beam center location xc the transmitter time delay Aty
increases in V-wave data. That is, as xs changes, the ellipse in equation (1) changes in both
position and radius. The envelope of all the ellipses forms an impulse response curve for an
input data sample on a V-wave beam (Figure 4, thick curve). Please recall the input sample is
collected when many transmitters are emitting simultaneously with certain time delays. The
impulse response curve represents all possible spatial locations where one sample on one input
beam data contributes to the image formation. Summation of all impulse responses for all time
samples in all V-wave beam data yields the final image. This is the key concept of our method.

[0059] Figure 4 illustrates the formation of a beam impulse response (thick curve) from
a collection of single transmitter impulse responses for a given receiver. Each single transmitter
impulse response is a trajectory in image domain on which Equation (1) is satisfied. The
envelope of these single transmitter impulse responses is a trajectory in image domain where a
data sample in an ultrasound beam effectively contributes to. This concept applies to all types
of ultrasound beam data: focused beam, divergent beam, planewave beam, and any other beam

configurations.

10
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[0060] The key to our method is to find the envelope of all the ellipses as the transmitter
position changes (while holding all other parameters fixed). We define the family of ellipses

as:
fl,z;xs) = tlx,,x,2) + tlxg,x,z) —t— Atg(xg) (2)

[0061] Its envelope, by definition, is given by:
fo,z;x5) =0 (3a)
:—Ji(x,z;xs) =0 (3b)
[0062] The solution for (¥, z) is then given by:

t(xp,x,z) + tlxg,x,z) =t + Atg(xg) (4a)

dt(xsxz) _ btp(xs)

(4b)

axs axs

[0063] Equation (4) gives a general formula for construction of an impulse response

curve for one sample of an ultrasound beam data, including the V-wave beam data. The only

requirement is that the transmitter delay function Atz (x,) be differentiable. We will use V-

wave beam data as an example, but our method equally applies to other type of ultrasound
beam data.

[0064] For V-wave beam data acquisition we devise the following family of functions

for the transmitter delay:

Bts(x) = f (B, a) )
[0065] where C is a sound speed used in setting the transmitter delay, which may be
different from the sound speed used in beamforming, and « is the flex angle of the V delay
profile. The center of the transducer is assumed to be at xc. The following function is used in

our data examples:

Atg(xg) = @ sina g (%) (6a)
where
0= 7 (2 n(=2) 1) @

[0066] Equation (6b) is chosen to avoid discontinuity in derivative of Atp(x,) atxg =
x. and at the same time to approximately maintain the linearity of Atz(x;) with respect to
distance from the probe center. In equation (6b) the requirement is kx > 1 for x > 1. Here
Ax is the pitch size of the transducer. The coefficient y is used to scale the value of the function
g(x) to 1 at the farthest edge of the probe. In the example below we set k= 1.

[0067] 2.2 Implementation Details

11
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[0068] The recommended implementation includes the following steps:

1. Take one input time series (or data trace) of a V-wave beam data at a receiver position
Xxr,

2. Perform necessary frequency filtering to protect the data from aliasing or wavelet
distortion during beamforming, if desired,

3. Spray the data along the impulse response curves calculated using equations (4), (5)
and (6). Also compute necessary attributes such as transmitter-receiver offset on the
transducer, reflection angle at image point, wavelet stretch, anti-aliasing frequencies
etc,
4. Accumulate image contributions, with options to form partial images for common

image point gather generation,

5. Perform amplitude normalization for true reflection amplitude preservation, if required,
6. Repeat steps (1) — (5) for all input data traces and all V-wave beams,
7. Perform post processing and coherent compounding to obtain the final image.

[0069] The implementation method disclosed herein is robust and fast when analytical
functions exist for both travel time calculation and time delay calculation. In the case where
tissue sound speed varies spatially the method still yields quality images but requires a
numerical solution to equation (4).

[0070] In the workflow diagram of the V-wave beamformer (Figure 5) we have
included the generation of partial image volumes and common image point gathers. The
Common image point gathers are very useful for estimation of spatially varying effective sound
speed values in order to produce the best ultrasound images. They are also useful for estimation
of impedance and Poisson ratio properties from analysis of amplitude variation with reflection
angles. They are even more useful for optimal compounding or stacking post beamforming.
We have separate patent applications to cover all these aspects.

[0071] Part III: Example

[0072] 3.1 Echo Data Simulation

[0073] We use a modified version of Fresnel Simulator from Ultrasound Toolbox
(USTB, https://www.ustb.co) for generation of numerical ultrasound beam data. The use of
this simulator is subject to the citation rule. We sincerely thank the authors for making it
available in the public domain [11]. The simulator is based on Fresnel approximation of
diffraction of acoustic waves for rectangular transducers in a linear time invariant (LTI) system.
Inputs to the simulator include a phantom model specification, a transducer specification, and

a waveform specification. The phantom model used in this simulation contains: two
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rectangular boxes with a depth range between 7 - 9mm; 4 flat continuous reflectors at 20mm,
40mm, 60mm and 80mm depth; a hyperechoic target with 8mm radius at 70mm depth and a
second hyperechoic target with 6 mm radius at 50mm depth; a row of scatter points at 30mm
depth and a column of scatter points at the center of the model.

[0074] Figure 6 is a depict of the phantom model. The transducer is a linear array
transducer with 192 elements (0.3 mm in pitch size) and each element has a width of 0.27 mm
and a height of 5 mm. The central frequency of the simulated echo data is 3 MHz with 80%
useful bandwidth and sampling frequency was 24 MHz.

[0075] We have simulated 37 V-wave beams with flex angles ranging from 0 to 32
degree as well as 74 planewave beams with tilt angles from -32 to 32 degree. The simulation
time for a V-wave beam is exactly the same as a planewave beam. Figure 7 shows two
planewaves beams with tilt angles of -5 degree and +5 degree respectively, and a V-wave beam
with a flex angle of 5 degree. Please note that one V-wave beam has similar illumination
coverage as two planewave beams in the central portion.

[0076] 3.2 Resolution Test

[0077] Figure 8 shows a comparison of an image of the 74 planewave beams (left) and
another image of the 37 V-wave beams (right). We see similar resolution and image quality. In
the central portion of the image domain the V-wave image is stronger because of the enhanced
focusing effect of V-wave beams.

[0078] 3.3 Signal-to-Noise Ratio Test

[0079] To test the impact of random data noises on image quality we add additive
random noises whose maximum amplitudes are set at 30 dB while the maximum amplitudes
of the original simulation data are scaled to 60 dB. Figure 9 shows a representative trace before
and after the noise addition.

[0080] Figure 10 shows a comparison of an image of the 37 V-wave beams with no
additive noises (left) and an image of the same 37 V-wave beams with additive noises (right).
Some speckles in the image can be seen when noises are added to the input data but they
almost have no impact on image quality and resolution. The speckles become stronger and
plenty when the noise level is increased.

[0081] Part IV: Remarks

[0082] Figure 11 shows the system architecture of modern ultrasound scanners using
focused beams: Time delays of transmitters in a subarray are set in such a way that all
excitations arrive at the focal point at the same time. Reflection echoes are received,

amplified, anti-aliasing filtered, and converted into digital signals in the reception stage.
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Channel data memory is used to store the beam data. Upon completion of a frame the data in
memory are feed into a pixel-based beamformer to generate an image. The image is then sent
to a post processor for signal enhancement, envelope computation, and logarithm conversion
prior to final display and delivery.

[0083] Figure 12 shows the system architecture of modern ultrasound scanners using
divergent beams: Time advances of transmitters in a subarray are set in such a way that all
excitations are originated from a virtual source behind the transducer. Reflection echoes are
received, amplified, anti-aliasing filtered, and converted into digital signals in the reception
stage. Channel data memory is used to store the beam data. Upon completion of a frame the
data in memory are feed into a pixel-based beamformer to generate an image. The image is
then sent to a post processor for signal enhancement, envelope computation, and logarithm
conversion prior to final display and delivery.

[0084] Figure 13 shows the system architecture of modern ultrasound scanners using
planewave beams: All transmitters are used in the excitation of a plane wave. The time delay
is proportional to the signed distance between an element and the probe center. It is also
proportional to the sine of the tilt angle. Reflection echoes are received, amplified, anti-
aliasing filtered, and converted into digital signals in the reception stage. Channel data
memory is used to store the beam data. Upon completion of a frame the data in memory are
feed into a pixel-based beamformer to generate an image. The image is then sent to a post
processor for signal enhancement, envelope computation, and logarithm conversion prior to
final display and delivery.

[0085] Figure 14 shows the system architecture of a new ultrasound system according
to the present invention: The first half sub-array excites a local planar wave traveling
towards the center. At the same time, the second half sub-array excites another local planar
wave traveling in the conjugate direction (also towards the center). Reflection echoes are
received, amplified, anti-aliasing filtered, and converted into digital signals in the reception
stage. Immediately after completion of acquiring a V-wave beam, the data are feed into a
pixel-based beamformer to generate a partial image. Partial image memory is used to store
the partial images. Upon completion of a frame the image data in partial image memory are
sorted into common image point gathers. The gathers are processed further and stacked to
form a complete image. The image is then sent to a post processor for signal enhancement,
envelope computation, and logarithm conversion prior to final display and delivery.

[0086] It will be apparent to those skilled in the art that various modifications and

variations can be made in the present invention without departing from the spirit or scope of
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the invention. Thus, it is intended that the present invention cover the modifications and
variations of this invention provided they come within the scope of the appended claims and
their equivalents.
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WHAT IS CLAIMED IS:

1. An ultrasound system comprising:

a V-wave ultrasound data acquisition with a transducer that includes an array of
transducer elements, the array of transducer elements including a first sub-array and a second
sub-array;

a V-wave ultrasound beamformer to receive ultrasound beams from the V-wave
ultrasound data acquisition and generate ultrasound images; and

an ultrasound image display to render the ultrasound images locally or transmit the
images over internet,

wherein the first sub-array transmits first planar wave ultrasound beams in a plural of
inward directions, and the first planar wave ultrasound beams have a plural of first flex angle
o1, the first flex angle o1 being an angle of the local wave front of the first planar wave
ultrasound beam and the first sub-array;

wherein the second sub-array transmits second planar wave ultrasound beams in a
plural of conjugate directions at a same time, and the second planar wave ultrasound beams
have a plural of second flex angle o, the second flex angle o, being an angle of the local
wave front of the second planar wave ultrasound beam and the second sub-array;

wherein the inward directions and the conjugate directions are opposing each other;
and

wherein the local wave front of the first planar wave ultrasound beam and the local

wave front of the second planar wave ultrasound beam form a V-shaped pattern.

2. The ultrasound system of claim 1, wherein the array of transducer elements is

a linear array.

3. The ultrasound system of claim 1, wherein the array of transducer elements is

a curved array.

4. The ultrasound system of claim 1, wherein the first flex angle o1 is identical to

the second flex angle ..
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5. The ultrasound system of claim 1, wherein the first flex angle o1 and the

second flex angle o, are each larger than 0° but less than 90°.

6. The ultrasound system of claim 5, wherein the first flex angle o1 and the

second flex angle o, are each larger than 0° but less than 45°.

7. The ultrasound system of claim 1, wherein the first sub-array and the second
sub-array connect continuously to form the array of transducer elements and have a mirror

symmetry in transmission.

8. The ultrasound system of claim 7, wherein the first sub-array starts to transmit
the first planar wave ultrasound beams from an edge thereof to a mirror symmetry center with

each time slope a function of the first flex angle ot1.

0. The ultrasound system of claim 7, wherein the second sub-array starts to
transmit the second planar wave ultrasound beams from an edge thereof to a mirror symmetry

center with each time slope a function of the second flex angle a.

10. A method for beamforming and processing V-wave ultrasound beam data
comprising:

(1) taking an input trace from the V-wave ultrasound beam data;

(11) spraying the V-wave ultrasound beam data along impulse response curves;

(1i1) accumulating contributions at each image location,

(iv) repeating steps (i) — (iii) for all data traces in all input beams; and

(v) performing post processing and coherent compounding to obtain the final image.
1. The method of claim 10, further comprising:
performing frequency filtering to protect the V-wave ultrasound beam data from

aliasing or excessive wavelet distortion during beamforming.

12. The method of claim 10, further comprising:

forming partial image volumes for generation of common image point gathers.
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13. The method of claim 10, wherein the impulse response curves are calculated
using equations (4a), (4b), 6(a) and (6b):

t(xp,x,z) + tlxg,x,z) =t + Atg(xg) (4a)
ot(xgx,z) _ 0Atp(xs)

axs | o (4b)
Atg(xs) = @ sina g (%) (6a)

2 14+ekx

o= 7 (1 () ) o

where C is a sound speed, « is a flex angle, the center of a transducer is at xc, a transmitter is
at xs, a receiver is at xr, an output image point is at (x, z), 7 is an observed time, Atz is a
transmitter time delay, t(x,, x, z) is a travel time from xr to (x, z), and t(x,, x, z) is a travel time
from xs to (x, z), Ax is a pitch size of the transducer, a coefficient y is used to scale the value
of function g(x) to 1 at the farthest edge of a probe, a parameter k is used to control the linearity

of function g(x).

14. The method of claim of 13, where other choices of function Aty are used as long as

their first derivatives are continuous at xs = xc.
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