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ULTRASOUND BEAMFORMER-BASED
CHANNEL DATA COMPRESSION

BACKGROUND

[0001] The present embodiments relate to medical diag-
nostic ultrasound imaging. In particular, channel data com-
pression is provided for ultrasound imaging using software.
[0002] As computer processing power increases, ultra-
sound systems have been gradually transferring hardware
signal processing functionality into software. Software-
based signal processing is advantageous for flexible devel-
opment, better maintainability, cost, and quick experimen-
tation. The primary problem facing a software-based
ultrasound system is getting large amounts of single-ele-
ment, raw channel data from an ultrasound front-end into a
computer memory for processing. When the system channel
count is high (e.g., 128 elements or channels), transfer data
rates may be extremely high and challenge the maximum
data rates of even the most state of the art computer bus. To
deal with such large transfer rates, additional or custom
hardware may be used, but this defeats the primary purpose
of hardware reduction. The maximum acoustic frame rate
and/or the number of channels may be reduced, but this
results in decreased image quality.

BRIEF SUMMARY

[0003] By way of introduction, the preferred embodiments
described below include methods, computer readable media,
instructions, and systems for ultrasound imaging. To
increase the amount of data transferred, ultrasound beam-
former-based channel data compression is provided. A
beamformer is used to compress instead of or in addition to
traditional beamformation. The compression reduces the
data bandwidth while allowing reconstruction of the original
channel data.

[0004] Ina first aspect, a system is provided for ultrasound
imaging. A transmit beamformer is configured to transmit
first beams for a first imaging mode and second beams for
a second imaging mode. A transducer includes elements for
receiving acoustic echoes in response to the first and second
beams. A receive beamformer is configured to receive elec-
trical signals from the elements, to beamform samples from
the electrical signals responsive to the first beams, and to
compress the electrical signals responsive to the second
beams using a Fourier transform applied across the elements
for each time. A processor is configured to generate imaging
information for the first imaging mode from beamformed
samples and to generate imaging information for the second
imaging mode from the compressed electrical signals.
[0005] In a second aspect, a method is provided for
ultrasound beamformer-based channel data compression.
Channel data is received from elements of a transducer
array. The channel data is encoded laterally across the array
with a delay and sum beamformer with a set of basis
functions. The basis functions reduce the amount of data to
send over a computer bus and enable recovery of the channel
data from the output of a decoding operation. The basis set
encoding is repeated for new frames of channel data and the
output of the encoding is transmitted over the computer bus.
[0006] In a third aspect, a method is provided for ultra-
sound beamformer-based channel data compression. A plu-
rality of channels of element signals is sampled. A receive
beamformer transforms samples from the sampling domain
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into frequency data in a spatial frequency domain. The
frequency data is inverse transformed. A processor generates
an ultrasound image from an output of the inverse trans-
forming.

[0007] Further aspects and advantages of the invention are
discussed below in conjunction with the preferred embodi-
ments. The present invention is defined by the following
claims, and nothing in this section should be taken as a
limitation on those claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The components and the figures are not necessarily
to scale, emphasis instead being placed upon illustrating the
principles of the invention. Moreover, in the Figures, like
reference numerals designate corresponding parts through-
out the different views.

[0009] FIG. 1 is a block diagram of one embodiment of a
system for ultrasound imaging;

[0010] FIG. 2 is a block diagram of one embodiment of a
receive beamformer for ultrasound beamformer-based chan-
nel data compression;

[0011] FIG. 3 is an example graph of compression ratio for
Fourier transformation by a beamformer as a function of
steering angle and frequency;

[0012] FIG. 4 is an example process for frequency domain
beamforming with Fourier encoded channel data from a
beamformer; and

[0013] FIG. 5 is a flow chart diagram of one embodiment
of a method for ultrasound beamformer-based channel data
compression.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0014] Ultrasound raw channel data is compressed for
transmission to a processor or system for ultrasound imag-
ing. Any basis function set, such as a Fourier basis, may be
used. The compression is achieved in the lateral dimension
or across the array, allowing use of a conventional delay-
and-sum beamformer. When the number of frequency
domain ‘beams’ or amount of frequency domain data rep-
resenting the channel data is less than the number of
channels, an effective compression is achieved compared to
directly transferring raw channel data. Raw channel data
compression of 3:1 or more may be provided. Commonly
used hardware (i.e., a delay-and-sum beamformer) performs
lateral encoding of the raw channel data to reduce the total
amount of raw channel data sent over the PCIExpress or
other bus to a computer.

[0015] This re-use of existing hardware may keep devel-
opment time and costs low and/or allow the use of new
beamforming technologies, such as frequency domain
beamforming applied in software. For Fourier beamforming,
the beamformer-created Fourier data may be Fourier trans-
formed over time or depth, providing a two-dimensional
transform of the channel data. Beamformation may then be
provided in the two-dimensional Fourier domain.

[0016] In one embodiment, multiple channels of raw data
from a transmission event are sampled and sent to a hard-
ware delay-and-sum beamformer. The beamformer applies a
combination of complex apodization weights and/or lateral
delay profiles that allow the beamformer to form ‘beams’ in
the frequency space of the raw channel data, effectively
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Fourier encoding the data. Other apodization and/or delay
profiles may be used to implement other basis functions that
substantially enable recovery of channel information. Loss-
less or lossy recovery of the channel data may be used or the
data may be further transformed for beamforming from a
domain other than the spatial-temporal domain of the chan-
nel data.

[0017] Since a beamformer is used for compression, the
same beamformer may be used for conventional delay-and-
sum beamformation. The beamformer operates “on the fly”
to switch between encoding for compression (i.e., channel
basis function encoding) and conventional beamformation.
For example, data from one imaging mode (e.g., B-mode) is
Fourier encoded and compressed for high-quality, low-data
rate imaging to be provided while data from another imaging
mode (e.g., flow or color mode) is beamformed convention-
ally for typical image processing. Alternatively, in other
modes, the beamformer is bypassed completely, allowing
uncompressed raw channel data to be collected and pro-
cessed entirely using software-based beamformation.
[0018] FIG. 1 shows one embodiment of a system for
ultrasound imaging. The system performs the method
described below for FIG. 4 or 5 or a different method. The
system operates using both conventional beamformation and
compression of channel data by the receive beamformer 56.
In other embodiments, the system only operates using the
compression of channel data by the receive beamformer 56.
Alternatively, the system performs any beamforming with
the processor 62 and uses the receive beamformer 56 for
compression.

[0019] The ultrasound system includes a transmit beam-
former 52, a transducer 54, a receive beamformer 56, a
display 60, a processor 62, and a memory 64. Other systems
may be used. Additional, different or fewer components may
be provided. For example, a detector and/or scan converter
are provided. As another example, a user input device (e.g.,
mouse and/or keyboard) is provided for accepting user
selection of an imaging application (e.g., cardiac imaging)
and/or other configuration, such as a selection of imaging
parameters. In yet another example, the transmit beam-
former 52, transducer 54, and/or display 60 are not provided,
such as where raw channel data is provided from any source
for compression and transfer to the processor 62 with or
without more processing,

[0020] The system is a medical diagnostic ultrasound
imaging system. Imaging includes two-dimensional, three-
dimensional, B-mode, Doppler, color flow, spectral Doppler,
M-mode, strain, elasticity, harmonic, contrast, or other
imaging modalities now known or later developed. The
ultrasound system is a full size cart mounted system, a
smaller portable system, a hand-held system, or other now
known or later developed ultrasound imaging system. In
another embodiment, the processor 62 and memory 64 are
part of a separate system. For example, the processor 62 and
the memory 64 are a workstation or personal computer
operating independently of or connected with the beamform-
ers 52, 56.

[0021] The transmit beamformer 52 is one or more wave-
form generators, amplifiers, delays, phase rotators, multipli-
ers, summers, digital-to-analog converters, filters, combina-
tions thereof, and other now known or later developed
transmit beamformer components. The transmit beamformer
52 is configured into a plurality of channels for generating
transmit signals for each element of a transmit aperture. The
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transmit signals for each element are delayed and apodized
relative to each other for focusing acoustic energy along one
or more scan lines. Delay is implemented as a temporal
delay of a generated waveform, delay of generating a
waveform, and/or phase shift of a waveform in generating or
after being generated. Signals of the same or different
amplitudes, frequencies, bandwidths, delays, spectral energy
distributions or other characteristics are generated for one or
more elements 70 of the transducer 54 during a transmit
event.

[0022] The transmit beamformer 52 is configured to gen-
erate any number of beams. One or more beams may be
generated at a same time. Each beam is focused along a
transmit scan line to allow reception of a receive beam along
the same scan line. A sequence of beams steered in any
format (e.g., linear, Vector®, or sector) may be generated. A
broad beam may be generated for receiving along a plurality
of receive scan lines in response to the single transmit broad
beam. Plane wave, diverging wave, or infinite focus may be
used for the broad beam.

[0023] In one embodiment, the transmit beams are gener-
ated for each of multiple different imaging modes. For
example, color, flow or Doppler-mode imaging and corre-
sponding transmit beams are interleaved with B-mode imag-
ing and corresponding transmit beams. Beam, group of
beam, or frame interleaving may be used. During on-going
or continuous scanning of a patient, the transmit beams for
the different imaging modes are transmitted in an interleaved
sequence. One or more beams for one imaging mode may
also be used for the other imaging mode.

[0024] The transducer 54 is a one-dimensional, multi-
dimensional, or other now known or later developed array of
elements 70. Fach element 70 of the transducer 54 is a
piezoelectric, microelectromechanical, capacitive mem-
brane ultrasound transducer, or other now known or later
developed transduction element 70 for converting between
acoustic and electrical energy. Each of the transducer ele-
ments 70 connect to the beamformers 52, 56 for receiving
electrical energy from the transmit beamformer 52 and
providing electrical energy responsive to acoustic echoes to
the receive beamformer 56. In response to transmission of
the transmit beams, acoustic echoes are received by the
elements 70 and converted into electrical signals. These
electrical signals from any of the elements 70 in the receive
aperture are passed separately to the receive beamformer 56.
[0025] The receive beamformer 56 is configured to
acquire ultrasound data representing a region of a patient.
Electrical signals representing the acoustic echoes from a
transmit event are passed to the channels of the receive
beamformer 56. In one embodiment, the receive beam-
former 56 is formed from one or more application specific
integrated circuits, processors, controllers, or other inte-
grated circuits. The receive beamformer 56 includes a plu-
rality of channels for separately processing signals received
from different elements of the transducer 54. Each channel
may include delays, phase rotators, amplifiers, filters, mul-
tipliers, summers, analog-to-digital converters, control pro-
cessors, combinations thereof, or other now known or later
developed receive beamformer components. The receive
beamformer 56 also includes one or more summers for
combining signals from different channels into a beam-
formed signal. A subsequent filter may also be provided.
Other now known or later developed receive beamformers
may be used.
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[0026] FIG. 2 shows one embodiment of the receive
beamformer 56 connected with elements 70 of an array.
Fach channel of the receive beamformer 56 connects with
one element 70, but may connect with more than one
element 70 and/or different elements 70 through a multi-
plexer. Any number of channels is provided. Each channel
includes an amplifier 72 and a phase rotator 74. Other
amplification devices or circuits may be used. The delay for
the delay-and-sum beamformer 56 may be implemented
with other devices instead of or in addition to the phase
rotator, such as a delay or buffer. The phase rotators 74 may
be positioned prior to or after the amplifiers 72.

[0027] The amplifiers 72 are programmable to apply a
desired amount of amplification. An apodization profile 78
is provided by a processor, memory, or controller. The
apodization profile 78 provides for the same or different
amplification by the different amplifiers 72. Relative weight-
ing of one channel to the others is provided by the apodiza-
tion profile 78.

[0028] The phase rotators 74 are programmable to apply a
desired amount of phase shifting or other delay. A delay
profile 80 is provided by a processor, memory, or controller.
The delay profile 80 provides for the same or different phase
shift by the different phase rotators 74. Relative phase
rotation of one channel to the others is provided by the delay
profile 80.

[0029] The summer 76 sums information from the chan-
nels in a given receive aperture. The summer 76 is a digital
summer, but may be an analog summer. A single summer is
provided to sum outputs from all of the channels. Alterna-
tively, hierarchal summers or cascade of summers are used.
At a given time or clock cycle, each channel outputs data,
such as digital samples. The output data represents lateral
position along a one or multi-dimensional array for the given
time or clock cycle. The output data is relatively delayed and
apodized based on the delay profile 80 and apodization
profile 78. The summer 76 sums the outputs from the
channels at each of a sequence of times.

[0030] Referring to FIGS. 1 and 2, the receive beamformer
56 receives electrical signals from the elements 70. The
electrical signals are digitized or sampled. These samples are
provided as channel data for each channel from respected
elements 70. These samples are either beamformed or com-
pressed. For example, samples for one mode of imaging are
beamformed using conventional delay-and-sum beamfor-
mation based on the geometry of the elements 70 relative to
the location in the patient for which the echo response is
sampled. Samples for another mode of imaging are com-
pressed. Rather than using the geometry of elements 70 to
sample location, the apodization and/or delay profiles 78, 80
are based on basis function encoding for compression. A
channel encoding operation is performed by the beamformer
56.

[0031] The switching between the modes is dynamic or on
the fly. The switching may occur based on imaging condi-
tions and imaging requirements (e.g., achievable compres-
sion ratio) and/or to optimize system performance (e.g.,
reduce the computational load). In one example, a B-mode/
Color frame sequence is run on the ultrasound imaging
system. The B-mode image is formed using broad beam
transmissions (e.g. plane waves) to accomplish high-frame
rate imaging, while conventional focused beam transmis-
sions are used for the Color data to enhance imaging
signal-to-noise ratio. In this example, B-mode images are
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formed using frequency domain beamforming, so it is more
computationally efficient to Fourier encode the raw channel
data using the beamformer 56 operating in the channel-
encoding mode. While in the case of the color frame data,
the beamformer forms image lines close to the areas where
the focused transmissions are occurring. For these frames,
the beamformer is operates in the conventional delay-and-
sum operation. Other combinations of different modes may
be used. The color data may be encoded, and the B-mode
data may be conventionally beamformed. More than two
modes of imaging may be used at a time.

[0032] For conventional beamforming, the receive beam-
former 56 outputs in-phase and quadrature, radio frequency
or other data representing one or more locations in a scanned
region. The channel data is relatively weighted and delayed
based on geometric relationship of element location to
sample location in the patient. This weighting aligns the data
output by the channels so that the data represents the same
location in the patient. By summing the data, a beamformed
sample representing the received echo from that location is
formed. By repeating the process over time, a set of samples
representing a beam along a scan line is formed. The receive
beamformer 56 operates in the traditional delay-and-sum
beamforming operation (i.e. generating image “lines”).
[0033] For compression, the electrical signals responsive
to the transmit beam or beams are processed by the receive
beamformer 56. Instead of use array geometry and beam-
form focus location in the patient for the apodization and
delay profiles 78, 80, a basis function for compression or
encoding the channel data is applied with the profiles 78, 80.
Rather than delaying the data so that the output to the
summer 76 from each channel corresponds to echoes from
the same location in the patient, the delays and apodization
implement a basis function for compression or encode the
data in a recoverable way.

[0034] Any complete basis function set may be used, such
as a wavelet basis or a Fourier basis. The chosen basis
functions transform the channel data into a different domain
in which less data may represent the same or substantially
same information. Substantially is used to account for lossy
compression. By using basis function encoding, the channel
data may be recovered, such as by applying an inverse
transform operation.

[0035] In one embodiment, the receive beamformer 56
uses a Fourier transform applied across the elements for
each time. At a given clock cycle, each channel is processing
data received by the elements at a same time. Alternatively,
relative delay may have been applied. The Fourier transform
is applied to the channel data across channels or laterally.
The Fourier transform spatially encodes the channel data
between channels rather than over time (i.e., along depth).
[0036] The delay-and-sum beamforming operation is rep-
resented in a general form as:

bit) = fs(z = 7(x), x)alx)dx

where t is time, X is element position, s(t) is the raw channel
data, ©(x) is the lateral-dependent delay profile, a(x) is the
lateral apodization profile, and b(t) is the beamformed
signal. In order to achieve lateral Fourier compression of the
data using conventional delay-and-sum beamforming, the
lateral-dependent delay profile and/or lateral apodization
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profile implement the basis function encoding for compres-
sion. The phase rotators or other delay elements and ampli-
fiers with the summer implement the encoding. The resulting
summation output by the beamformer is compressed channel
data.

[0037] In one approach, the phase or delay profile for the
geometric relationship is zero. No relative shift between
elements is implemented based on the different distances or
other geometrical relationship of the elements to the location
in the patient. The apodization function is a complex
apodization function. To implement the complex apodiza-
tion, some phase shift may be applied by phase rotators or
other delay elements. The only delay profile used is to
implement the complex apodization function. Alternatively,
a shift based on geometrical relationship is included, but an
additional shift is provided for compression using the com-
plex apodization profile.

[0038] In this approach, the beamforming profiles 78 and
80 provide for complex apodization. The delay profile of
T(x)=0 is used, letting a(x)=¢”>"**, This results in a Fourier
transform across channels. The encoding is repeated for each
time. For a two-dimensional Fourier transform, a further
processor may transform along the temporal or depth direc-
tion, yielding:

B(i=] S(fx)e > dx=f,).

The spectrum of the beamformed or compressed data is
equal to a single Cartesian line (along f) in the two-
dimensional spectrum of the raw channel data. In other
embodiments, the Fourier transform is not applied in the
temporal or depth direction. Instead, the compressed data is
provided to a processor and inverse compression is applied
to reconstruct the channel data.

[0039] In another approach, a unity apodization function is
applied by the amplifiers. The phase rotators or delays
provide or add a linear delay profile for implementing
compression laterally across the channels and corresponding
elements 70. The linear delay profile is a function of the
lateral position of the elements 70 and the steering angle of
the receive beam and/or transmit beam. In this radial Fourier
sampling approach, the beamformer apodization is chosen to
be a(x)=1 and a linear delay profile of:

is used where 0, is the steering angle for the linear delay
profile. As discussed above for the first approach, the Fourier
transform is applied across the array. A further Fourier
transform may later be applied, such as by the processor 62.
Taking a Fourier transform in t (time or axially) gives:

B(f) = f SO, e I g s(f. f@)

The one-dimensional beamformed spectrum maps directly
onto a radial line in the two-dimensional spectrum of the raw
channel data. The slope of the line is directly related to the
received steering angle, but is not a 1:1 mapping as seen in
the conventional Fourier-slice theorem.

[0040] Other approaches may be used. For example, the
Fourier transform or other transform may use both the
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apodization and delay profile to implement the basis func-
tion encoding. The summation by the summer 76 completes
the data encoding and compression. After applving the
apodization and delay, the summation finishes the imple-
mentation of the basis function encoding.

[0041] The compression with eventual beamformation by
the processor 62 is used for all ultrasound imaging by the
system or only for some of the ultrasound imaging. In one
embodiment, the imaging parameters and/or conditions are
used to determine whether a given imaging mode uses
compression or conventional beamformation. For example,
the imaging mode with a higher imaging frequency, a greater
field of view, greater frame rate, or other characteristic uses
compression and other imaging mods use conventional
beamformation by the beamformer. For a given mode, the
compression ratio may be used to select between compres-
sion for transmission of data for software beamformation
and no compression for transmission of the channel data for
software beamformation.

[0042] The compression ratio indicates the effectiveness
of compression as compared to passing channel data to a
processor 62 for beamformation. Beamformation reduces
the amount of data, but limits the usefulness of the data. By
providing channel data to the processor 62, software-based
image formation may be used. The compression ratio of
uncompressed channel data to compressed channel data may
be used to select which form of channel data to pass on.
[0043]

as:

The compression ratio is, for example, represented

uncompressed size

compressed size

The Fourier compression is influenced primarily by the
imaging parameters and/or conditions. The potential com-
pression ratios may be calculated as a function of the main
imaging parameters, such as f#, imaging frequency, accep-
tance angle, steering angle, aperture size, or others. When
imaging with plane wave transmissions with a transmission
angle of 0,/0° and using a transducer of length L, the
maximum lateral spatial frequency is given as:

where 0 is the reception angle and A is the wavelength.
Using this expression plus the lateral frequency spacing of:

Af—l
=7

the number of frequency lines needed for Nyquist sampling
is given as:

2fx B 2Lsin6
Sl v
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The compression ratio is then calculated as:

Nenannets _ ANenannets

CR = =
Nlinex 2Lsing ?

showing that the compression is dependent upon the imag-
ing frequency, 1/A, and also upon the selected transducer
acceptance angle, 0.

[0044] As an example, FIG. 3 shows compression ratio as
a function of the acceptance angle of the transducer when
using typical transducer parameters for a mid/high fre-
quency linear transducer (e.g. 192 element transducer array
with a 200 um element pitch and center frequencies ranging
from 4-8 MHz). The compression ratio as a function of
acceptance angle is given for three different imaging fre-
quencies. These plots demonstrate that raw channel data
may be laterally Fourier compressed as compared with
directly transferring raw channel data with compression
ratios of greater than one, such as 2-3 (or higher). The
amount of compression is driven by selected imaging opti-
mization parameters. Where the ratio is close to or less than
1, then Fourier encoding is not as efficient as simply sending
the raw channel data directly to the computer. For compres-
sion ratios larger than 1, the Fourier encoding with the
beamformer effectively compresses the data and reduces the
amount of data to be sent. For example, a transducer with a
30-degree acceptance angle that operates with a center
frequency of 4 MHz is to be used. The compression ratio is
close to 2:1, so beamformer Fourier compression in this
situation would be optimal.

[0045] Where compression is used (e.g., Fourier encoded),
the compressed channel data is transferred to the processor
62 and/or the memory 64. For example, the transfer is to a
computer using a computer bus, such as a PCIExpress bus.
The processor 62 of the computer uses software to inverse
the Fourier transform to reconstruct the channel data to then
perform delay-and-sum beamforming using software or
applies temporal Fourier transformation for Fourier based
beamformation using software. The compressed channel
data may be used for any process by the processor 62.

[0046] The processor 62 is a control processor, filter,
general processor, application specific integrated circuit,
field programmable gate array, digital components, analog
components, hardware circuit, combinations thereof and
other now known or later developed devices for image
processing to enhance an image. The processor 62 is con-
figured, with computer code, firmware, and/or hardware, to
generate ultrasound image information from the compressed
and/or never compressed channel data.

[0047] In one embodiment, the processor 62 is part of a
computer for implementing any ultrasound imaging using
software. Beamformation, detection, scan conversion, map-
ping to display values, temporal filtering, spatial filtering,
image enhancement, graphics generation, combinations
thereof, and/or other ultrasound imaging process are per-
formed by the processor 62. In alternative embodiments,
separate components (e.g., beamformer, detector, filter, and/
or scan converter) are provided and operate with or as part
of the processor 62 for ultrasound imaging. The generated
image information is ultrasound information representing
the patient at any stage of processing (e.g., beamformed,
detected, scan converted, and/or mapped to display values).
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[0048] For dual-mode operation, the processor 62 is con-
figured to generate image information in one or more
imaging modes from channel data and/or beamformed data.
The processor 62 may control the receive beamformer 56 to
select between bypass, delay-and-sum beamformation, and/
or compression. Where the receive beamformer 56 operates
for conventional receive beamformation, the processor 62
receives the beamformed data and generates the image
information. Where the processor 62 instead receives chan-
nel data without compression (e.g., beamformer 56 is
bypassed), the processor 62 performs the beamforming from
the channel data to generate the imaging information.

[0049] Where the receive beamformer 56 compresses the
channel data, the processor 62 uses the compressed infor-
mation to generate the imaging information. For example,
electrical signals for one imaging mode are compressed by
the beamformer. The processor 62 uses those compressed
signals to generate imaging information.

[0050] Inone embodiment, the compressed channel data is
used for delay-and-sum beamformation. The compressed
channel data is decompressed to reconstruct the channel
data. An inverse Fourier transform is applied to the com-
pressed electrical signals to reconstruct in a lossy or lossless
manner the electrical signals from the elements. Using a set
of reconstructed electrical signals from the different ele-
ments 70 over time, the processor 62 then applies a delay
profile and an apodization profile to the reconstructed chan-
nel data and sums the results. Phasing or absolute delay may
be used to implement the delay profile. Once beamformed,
the processor 62 image processes the beamformed data, such
as detecting, scan converting, and/or display mapping.

[0051] In another embodiment, the compressed channel
data is used for other types of beamformation or image
formation. Rather than use delay-and-sum beamformation,
the echo return from different locations is derived using
another process, such as a process in the domain of the basis
fanction used to compress. For example, another Fourier
transform is applied as a function of time or depth to the
compressed channel data. Since the Fourier-based compres-
sion is lateral, the axial transform applied by the processor
62 results in a two-dimensional transformation. The two-
dimensional transformed channel data in the frequency
domain is used for beam or image formation, such as
disclosed in U.S. Pat. No. 6,685,641.

[0052] FIG. 4 shows one representation of beamformation
in the frequency domain. The compressed or Fourier
encoded channel data is further Fourier transformed in time.
The processor 62 multiplies the channel data in the fre-
quency domain with a focusing function and then interpo-
lates in the frequency domain from the results of the
multiplication. Any of various interpolations may be used,
such as a Stolt interpolation. The encoded data maps directly
into the k-space of the beamformed image using conven-
tional Stolt interpolation mappings. Where the encoding
uses a complex apodization, the Stolt interpolation mapping
is given by:

K=k

f;:%(um).
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Where the encoding uses a linear delay profile, a modified
Stolt interpolation is used, as represented by:

,  frand
=
c

fz’:f(1+\/1—tan205).

c

[0053] After the interpolation, the processor 62 generates
the imaging information by applying an inverse Fourier
transformation. An inverse two-dimensional transformation
is applied, resulting in beamformed values for each of
different locations in the patient.

[0054] Other Fourier beamforming may be used. Since the
data is in the frequency domain, any other k-space image
formation or filtering may be applied. For example, mag-
netic resonance or computed tomography image formation
or image filtering techniques using k-space data may be
applied by the processor 62.

[0055] The processor 62 uses the imaging information to
generate one or more ultrasound images. For example,
B-mode images are generated. M-mode, color or flow mode,
Doppler or spectral mode, or other modes of imaging may
be used. In one embodiment using dual-modes of imaging,
imaging from the different modes are combined into one
image, such as an overlay of color flow on B-mode. The
imaging information used for one mode is derived from
beamformer-compressed channel data, and the imaging
information used for another mode is derived from beam-
formed data or channel data received without compression
by the processor 62. Both or all modes of imaging may be
derived from beamformer-compressed channel data in other
embodiments.

[0056] The display 60 is a monitor, LCD, LED, plasma,
projector, printer, or other now known or later developed
display device. The processor 62 generates display signals
for the display 60. The display signals, such as RGB values,
are output by the processor 62 to the display 60 or to a
display buffer. The display 60 is configured to display an
image representing the scanned region of the patient, such as
a B-mode image. The image represents the scan region. The
image is generated from at least some data that was at one
point compressed by a delay-and-sum beamformer.

[0057] The memory 64 is a computer readable storage
medium having stored therein data representing instructions
executable by the programmed processor for ultrasound
imaging. The instructions for implementing the processes,
methods and/or techniques discussed herein are provided on
computer-readable storage media or memories, such as a
cache, buffer, RAM, removable media, hard drive or other
computer readable storage media. Computer readable stor-
age media include various types of volatile and nonvolatile
storage media. The functions, acts, or tasks illustrated in the
figures or described herein are executed in response to one
or more sets of instructions stored in or on computer
readable storage media. The functions, acts or tasks are
independent of the particular type of instructions set, storage
media, processor or processing strategy and may be per-
formed by software, hardware, integrated circuits, firmware,
micro code and the like, operating alone or in combination.
Likewise, processing strategies may include multiprocess-
ing, multitasking, parallel processing and the like. In one
embodiment, the instructions are stored on a removable
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media device for reading by local or remote systems. In
other embodiments, the instructions are stored in a remote
location for transfer through a computer network or over
telephone lines. In yet other embodiments, the instructions
are stored within a given computer, CPU, GPU or system.
[0058] The memory 64 alternatively or additionally stores
channel data, compressed channel data, reconstructed chan-
nel data, or other ultrasound data from any stage of pro-
cessing. For example, the memory 64 receives the beam-
former-compressed channel data from the receive
beamformer over a bus and stores the data for access by the
processor 62.

[0059] FIG. 5 shows one embodiment of a method for
ultrasound beamformer-based channel data compression.
Rather than using dedicated compression hardware for each
receive channel, a receive beamformer may be used to
laterally compress. The embodiment of FIG. 5 is directed to
compressing channel data with a beamformer for subsequent
beamformation after transfer of the compressed channel data
and alternatively performing beamformation on channel
data that is not compressed. In other embodiments, dual-
mode operation is not provided, so just compression with
subsequent image formation is performed.

[0060] Additional, different, or fewer acts may be pro-
vided. For example, act 18 is not provided. As another
example, act 20 is not provided. Acts for other imaging
operations, such as detection, filtering, scan conversion, and
display mapping, may be performed.

[0061] The acts are performed in the order shown or a
different order. For example, act 18 is interleaved with acts
14 and 16. Act 18 may be performed before, after, or in
parallel (simultaneously) with acts 14 and/or 16.

[0062] Inact12, a beamformer receives channel data from
elements of a transducer array. An ultrasound system
acquires ultrasound data from a scan of tissue, blood, or
other part of a patient. The ultrasound data represents the
patient. A medical diagnostic ultrasound system applies
electrical signals to a transducer, which then converts the
electrical energy to acoustic energy for scanning a region of
the patient. Waveforms at ultrasound frequencies are trans-
mitted. Echoes are received and converted into electrical
signals by elements of the transducer. Any type of scan, scan
format, or imaging mode may be used. For example, hat-
monic imaging is used with or without added contrast
agents. As another example, B-mode, color flow mode,
spectral Doppler mode, M-mode, Elastography or other
imaging mode is used.

[0063] Each element or group of elements outputs signals
in a respective channel. Any number of channels is provided,
such as 32, 64, 128, 256, or other number. The elements of
the receive aperture each output to a separate or independent
channel.

[0064] The channel signals may be amplified, such as with
depth gain compensation. The channel signals may be
converted from analog signals to digital samples. An analog-
to-digital converter of each channel samples the element
signals, creating channel data. The signals or samples may
be filtered and/or buffered. Additional, different, or fewer
processes may be applied, such as no conversion to digital
for an analog beamformer.

[0065] In act 14, the receive beamformer encodes the
channel data. Using the delay and apodization functions of
each channel of a delay-and-sum beamformer, the channel
data is encoded laterally across the array. Each channel
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contributes a sample to the encoding. The sample of each
channel is delayed (e.g., delayed or phased) relative to other
samples and apodized (e.g., changed in amplitude) relative
to other samples for that time. Rather than or in addition to
delay and apodization due to geometry of the element and
location of interest in the patient for that time, the apodiza-
tions and delays applied to the samples of the different
channels are based on a basis function for compression. The
apodized and delayed samples from each channel are
summed, providing for the lateral or across channel encod-
ing.

[0066] Any appropriate basis function set may be used for
encoding. For example, a wavelet or Fourier basis set is
used. The basis functions provide for lossless or lossy
recovery of the channel data. Delay-and-sum beamforma-
tion performed conventionally is not reversible. The channel
data cannot be recovered. By encoding with basis functions,
the channel data may be recovered or substantially recov-
ered from the summed output of the beamformer. Substan-
tially accounts for lossy compression, where 80% or more of
the channel data may be recovered. The amount of com-
pression loss is dependent on the number of basis functions
used to encode the data. In the example of Fourier com-
pression, the loss manifests itself in the form of poorer
lateral image resolution. By applying an inverse transform
or other basis function related inverse process, the channel
data may be reconstructed, if desired.

[0067] In one embodiment, the beamformer implements a
Fourier transform by encoding. The receive beamformer
transforms samples from the lateral sampling domain of the
channels into frequency data in the spatial frequency
domain. For example, the encoding uses an apodization
profile being unity and a linear delay profile. As another
example, the encoding uses a geometry-based delay profile
being zero and a complex apodization profile. The apodiza-
tion and/or delay profiles and subsequent summation pro-
vide the encoding in the frequency domain.

[0068] The encoding act 12 may be repeated. The encod-
ing is lateral across the array or channels for a given time.
Echoes are received by each element over time. The encod-
ing is performed for different times, encoding additional
channel data as the channel data is received. The result is a
set of laterally transformed data output over time by the
receive beamformer.

[0069] In act 16, the encoded channel data is transmitted.
The beamformer outputs the compressed data to a buffer,
memory, interface, or communications path. The output is
provided to a bus, cable, or other transmission line to a
computer, processor, or memory. Any transmission format or
packaging may be used, such as transmitting on a PCIEx-
press bus.

[0070] As the receive beamformer laterally encodes, the
resulting data is transmitted. The transmission occurs upon
each repetition over time. Alternatively, output data from
one or more times is buffered and packetized with output
data from a different time.

[0071] For software-based image processing, the com-
puter receives transmission of the encoded channel data. The
computer then performs any image processing. In one
embodiment, the computer applies an inverse transform,
such as an inverse Fourier transform, to recover the channel
data. Software-based beamforming is performed by the
processor using the recovered channel data. In another
embodiment, the processor of the computer performs Fou-
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rier beamforming. Instead of recovering the channel data, a
further Fourier transform is applied as a function of time.
Multiplication with a focusing function and interpolation in
frequency space are performed. The computer performs a
two-dimensional, spatial inverse Fourier transform to deter-
mine the intensity or echo return for each of different
locations in the patient distributed in one, two, or three
dimensions. In other embodiments, different processes are
applied by the computer to the compressed channel data.
[0072] The processor inverse transforms the frequency or
other encoded data into object or real space. The processor
generates an ultrasound image from an output of the inverse
transformation. Any image processing may be used, such as
beamformation, detection, estimation, filtering, scan conver-
sion, and/or display mapping. The channel data or beam-
formed data is used to create an ultrasound image repre-
senting the scanned patient.
[0073] Any of the software processes applied by the
processor may be easily changed without requiring a hard-
ware change. The use of a beamformer for compression
allows for use of a common component in ultrasound to
compress data for transfer into or access by the computer
and corresponding software-based image processing.
[0074] In act 18, the beamformer is provided for a dual-
mode of operation. For some channel data, such as for some
imaging modes, parameter settings, and/or imaging condi-
tions, the beamformer applies delay-and-sum beamforma-
tion in object or real space. Instead of compressing, con-
ventional beamformation is applied. The resulting
beamformed data is transmitted to the computer or other
image processor for generating an image. Alternatively, the
beamformer is not used and the channel data is transmitted
to the computer. The computer applies the beamformation
using a software-based approach and a general processor.
[0075] Where dual-mode operation is provided, the com-
pression by the beamformer and the beamforming or bypass
of the beamformer by the channel data are interleaved.
Channel data responsive to some transmissions is com-
pressed, and channel data responsive to other transmissions
is not compressed. The compression or no compression for
an imaging session are interleaved by line, groups of line, or
scan of a field of view basis.
[0076] In act 20, an image is generated. The processor or
ultrasound system generates the image from the ultrasound
data. The inverse transformed data and/or channel data not
subjected to compression are used to generate an image on
a display.
[0077] The generated image is a B-mode, color flow
mode, M-mode, pulsed wave Doppler, contrast agent, har-
monic, other ultrasound image, or combination thereof. The
image represents the patient ata given time or over time. The
image may represent one or more sample locations within
the patient, such as a planar or volume region.
[0078] While the invention has been described above by
reference to various embodiments, it should be understood
that many changes and modifications can be made without
departing from the scope of the invention. It is therefore
intended that the foregoing detailed description be regarded
as illustrative rather than limiting, and that it be understood
that it is the following claims, including all equivalents, that
are intended to define the spirit and scope of this invention.

1 (We) claim:

1. A system for ultrasound imaging, the system compris-
ing:
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a transmit beamformer configured to transmit first acous-
tic energy for a first imaging mode and second acoustic
energy for a second imaging mode;

a transducer comprising elements for receiving acoustic
echoes in response to the transmission of the first and
second acoustic energy;

a receive beamformer configured to receive electrical
signals from the elements, to beamform samples from
the electrical signals responsive to the first beams, and
to compress the electrical signals responsive to the
second beams using a Fourier transform applied across
the elements for each time; and

a processor configured to generate imaging information
for the first imaging mode from beamformed samples
and to generate imaging information for the second
imaging mode from the compressed electrical signals.

2. The system of claim 1 wherein the transmissions of the
first and second acoustic energy are interleaved in on-going
scanning of a patient and wherein the imaging information
for the first and second imaging modes are combined in an
image.

3. The system of claim 1 wherein the first imaging mode
comprises flow mode and the second imaging mode com-
prises B-mode.

4. The system of claim 1 wherein the processor is con-
figured to reconstruct the electrical signals from the ele-
ments responsive to the second beams from the compressed
electrical signals.

5. The system of claim 4 wherein the processor is con-
figured to reconstruct by applying an inverse Fourier trans-
form to the compressed electrical signals.

6. The system of claim 1 wherein the processor is con-
figured to apply another Fourier transform as a function of
time to the compressed electrical signals, interpolate in the
frequency domain, and generate the imaging information for
the second mode by two-dimensional inverse Fourier trans-
formation.

7. The system of claim 1 wherein the receive beamformer
comprises phase rotators and amplifiers in channels con-
nected to each of the elements, and wherein the receive
beamformer is configured to compress with a phase profile
for geometric relationship of zero across the elements and a
complex apodization function implemented by the phase
rotators and amplifiers.

8. The system of claim 1 wherein the receive beamformer
comprises phase rotators or delays and amplifiers in chan-
nels connected to each of the elements, and wherein the
receive beamformer is configured to compress with a unity
apodization function applied by the amplifiers and a linear
delay profile applied by the phase rotators or delays.

9. The system of claim 8 wherein the linear delay profile
applied by the phase rotators or delays is a function of lateral
position of the element and a steering angle.

Dec. 1, 2016

10. The system of claim 8 wherein the first imaging mode
has a higher imaging frequency or a greater field of view
than the second imaging mode.

11. A method for ultrasound beamformer-based channel
data compression, the method comprising:

receiving channel data from elements of a transducer

array;

encoding the channel data laterally across the array with

a delay and sum beamformer with a set of basis
functions, the basis functions substantially enabling
recovery of the channel data from an output of the
encoding;

repeating the encoding for additional channel data; and

transmitting the output of the encoding.

12. The method of claim 11 wherein encoding the channel
data laterally comprises encoding across channels such that
each channel contributes data in the encoding.

13. The method of claim 11 wherein encoding with the
delay and sum beamformer comprises encoding with an
apodization profile being unity and a linear delay profile.

14. The method of claim 11 wherein encoding with the
delay and sum beamformer comprises encoding with a
geometry-based delay profile being zero and a complex
apodization profile.

15. The method of claim 11 wherein encoding with the
basis functions comprises encoding with a Fourier transform
implemented by the delay and sum beamformer.

16. The method of claim 11 wherein encoding with the
basis functions comprises encoding for lossless or lossy
recovery of the channel data.

17. The method of claim 11 wherein transmitting com-
prises transmitting to a software-based image processing,
the software-based image processing including beamform-
ing.

18. The method of claim 17 wherein the beamforming
comprises Fourier beamforming, the Fourier beamforming
comprising transforming the output as a function of time,
interpolating, and inverse two-dimensional spatial Fourier
transforming.

19. The method of claim 11 further comprising:

using the delay and sum beamformer to beamform other

channel data, the use of the delay and sum beamformer
to beamform interleaved with encoding with the delay
and sum beamformer.

20. A method for ultrasound beamformer-based channel
data compression, the method comprising:

sampling a plurality of channels of element signals;

transforming, by a receive beamformer, samples from a

sampling domain into spatial frequency data in a fre-
quency domain;

inverse transforming the frequency data; and

generating, by a processor, an ultrasound image from an

output of the inverse transforming.
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