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METHODS AND SYSTEMS FOR
ULTRASOUND IMAGING

FIELD

[0001] Embodiments of the subject matter disclosed herein
relate to ultrasound imaging techniques, and more particu-
larly, to adaptively controlling an analog time gain compen-
sation.

BACKGROUND

[0002] Modern ultrasound imaging systems employ digital
beamforming based on digitized echo signals from an array of
transducers to generate two- or three-dimensional B-mode
images of tissue in which the brightness of a pixel or voxel is
based on the intensity of the echo signals. To that end, such
systems include analog-digital (A/D) converters to convert
analog echo signals to digital echo signals for digital beam-
forming. However, the dynamic range of A/D converters may
be much lower than that of the analog echo signals, so the A/D
converters may be preceded by an analog stage with time-
varying gain. This gain correction process 1s often referred to
as analog time gain compensation (ATGC). Backscattered
ultrasound signals, or echo signals, attenuate with depth, so
ATGC in modern ultrasound imaging systems may comprise
applying an analog gain that increases linearly in dB with
depth, or time.

[0003] However, excessive analog gain may lead to satura-
tion of the A/D converters. In some modes of operation,
saturation may adversely affect the final ultrasound image.
For example, signal clipping may cause significant 3’7 har-
monic distortion, as well as 5, 7%, and so on, which may
cause blooming of strong echoes in 2" harmonic B-mode
imaging. Conversely, analog gain that is too low may lead to
loss of signal sensitivity and excessive noise.

BRIEF DESCRIPTION

[0004] In one embodiment, a method for ultrasound imag-
ing comprises applying an analog gain to a first echo signal
based on a depth and a direction of the first echo signal,
wherein the analog gain is automatically adjusted based on a
peak amplitude of a second echo signal in a preceding ultra-
sound frame. In this way, a signal-to-noise ratio of echo
signals may be optimized without saturating A/D converters,
thereby improving the quality of ultrasound images generated
from the echo signals.

[0005] Tt should be understood that the brief description
above is provided to introduce in simplified form a selection
of concepts that are further described in the detailed descrip-
tion. It is not meant to identify key or essential features of the
claimed subject matter, the scope of which is defined uniquely
by the claims that follow the detailed description. Further-
more, the claimed subject matter is not limited to implemen-
tations that solve any disadvantages noted above or in any part
of this disclosure.

BRIEF DESCRIPTION OF THE FIGURES

[0006] The present invention will be better understood
from reading the following description of non-limiting
embodiments, with reference to the attached drawings,
wherein below:

[0007] FIG.1 shows an ultrasound imaging system accord-
ing to an embodiment of the invention.
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[0008] FIG. 2 shows a high-level block diagram illustrating
anultrasound imaging system according to an embodiment of
the invention.

[0009] FIG. 3 shows a high-level block diagram illustrating
an analog time gain compensation controller according to an
embodiment of the invention.

[0010] FIG. 4 shows an example graphical model of control
points for updating an analog time gain compensation profile
according to an embodiment of the invention.

[0011] FIG. 5 shows a high-level flow chart illustrating an
example method for adjusting an analog time gain compen-
sation profile for a given ultrasound frame according to an
embodiment of the invention.

[0012] FIG. 6 shows a graph illustrating example analog
time gain compensation limits according to an embodiment
of the invention.

[0013] FIG. 7 shows a high-level flow chart illustrating an
example method for actively controlling an analog time gain
compensation during an ultrasound scanning session accord-
ing to an embodiment of the invention.

DETAILED DESCRIPTION

[0014] The following description relates to various
embodiments of ultrasound imaging techniques. In particu-
lar, methods and systems for automatically adjusting an ana-
log time gain compensation (ATGC) profile are provided that
improve control of the ATGC in order to improve signal-to-
noise ratio (SNR) of echo signals while balancing other
issues. An ultrasound imaging system such as the system
shown in FIGS. 1 and 2 may include an ATGC controller, such
as the controller shown in FIG. 3, configured to apply an
analog gain to echo signals. The analog gain may compensate
for attenuation of the echo signals caused by tissue and strong
scatterers, as well as diffraction effects. The peak amplitudes
of gain-compensated echo signals originating from control
points, such as those depicted in F1G. 4, may be used to adjust
the analog gain for subsequent ultrasound frames using the
method shown in FIG. 5. Adjustments to the analog gain may
be limited by a maximum and minimum threshold, such as the
thresholds depicted in FIG. 6, in order to prevent saturation of
A/D converters and maintain a baseline SNR. A method for
generating ultrasound images with dynamically-adjusted
gain compensation is shown in FIG. 7.

[0015] FIG. 1 is a schematic diagram of an ultrasound
imaging system 100 in accordance with an embodiment of the
invention. The ultrasound imaging system 100 includes a
transmit beamformer 101 and a transmitter 102 that drive
elements 104 of a transducer array, possibly located inside a
probe, 106 to emit pulsed ultrasonic signals into a body (not
shown). According to an embodiment, the transducer array
104 may be a one-dimensional array. However, in some
embodiments, the transducer array 104 may be a two-dimen-
sional matrix array. Still referring to FI1G. 1, the pulsed ultra-
sonic signals are back-scattered from structures in the body,
like blood cells or muscular tissue, to produce echoes that
return to the elements of the array 104. The echoes are con-
verted into electrical signals, or ultrasound data, by the ele-
ments of the array 104 and the electrical signals are received
by a receiver 108. The electrical signals representing the
received echoes are passed through a receive beamformer 110
that outputs ultrasound data. According to some embodi-
ments, the probe 106 may contain electronic circuitry to do all
or part of the transmit and/or the receive beamforming. For
example, all or part of the transmit beamformer 101, the
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transmitter 102, the receiver 108, and the receive beamformer
110 may be situated within the probe 106. The terms “scan”
or “scanning” may also be used in this disclosure to refer to
acquiring data through the process of transmitting and receiv-
ing ultrasonic signals. The term “data” may be used in this
disclosure to refer to either one or more datasets acquired with
an ultrasound imaging system. A user interface 115 may be
used to control operation of the ultrasound imaging system
100, including to control the input of patient data, to change a
scanning or display parameter, and the like. The user interface
115 may include one or more of the following: a rotary, a
mouse, a keyboard, a trackball, hard keys linked to specific
actions, soft keys that may be configured to control different
functions, and a graphical user interface displayed on the
display device 118.

[0016] The ultrasound imaging system 100 also includes a
processor 116 to control the transmit beamformer 101, the
transmitter 102, the receiver 108, and the receive beamformer
110. The processer 116 may be a digital processor coupled
with memory and may be in electronic communication with
the probe 106. For purposes of this disclosure, the term “elec-
tronic communication” may be defined to include both wired
and wireless communications. The processor 116 may con-
trol the probe 106 to acquire data. The processor 116 controls
which of the elements 104 are active and the shape of abeam
emitted from the probe 106. The processor 116 is also in
electronic communication with a display device 118, and the
processor 116 may process the data into images for display on
the display device 118. The processor 116 may include a
central processor (CPU) according to an embodiment.
According to other embodiments, the processor 116 may
include other electronic components capable of carrying out
processing functions, such as a digital signal processor, a
field-programmable gate array (FPGA), or a graphic board.
According to other embodiments, the processor 116 may
include multiple electronic components capable of carrying
out processing functions. For example, the processor 116 may
include two or more electronic components selected from a
list of electronic components including: a central processor, a
digital signal processor, a field-programmable gate array, and
a graphic board. According to another embodiment, the pro-
cessor 116 may also include a complex demodulator (not
shown) that demodulates the RF data and generates raw data.
In another embodiment, the demodulation can be carried out
earlier in the processing chain. The processor 116 is adapted
to perform one or more processing operations according to a
plurality of selectable ultrasound modalities on the data. The
data may be processed in real-time during a scanning session
as the echo signals are received. For the purposes of this
disclosure, the term “real-time” is defined to include a proce-
dure that is performed without any intentional delay. For
example, an embodiment may acquire images at a real-time
rate of 7-20 volumes/sec. The ultrasound imaging system 100
may acquire 2D data of one or more planes at a significantly
faster rate. However, it should be understood that the real-
time volume-rate may be dependent on the length of time that
it takes to acquire each volume of data for display. Accord-
ingly, when acquiring a relatively large volume of data, the
real-time volume-rate may be slower. Thus, some embodi-
ments may have real-time volume-rates that are considerably
faster than 20 volumes/sec while other embodiments may
have real-time volume-rates slower than 7 volumes/sec. The
data may be stored temporarily in a buffer (not shown) during
a scanning session and processed in less than real-time in a
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live or off-line operation. Some embodiments of the invention
may include multiple processors (not shown) to handle the
processing tasks that are handled by processor 116 according
to the exemplary embodiment described hereinabove. For
example, a first processor may be utilized to demodulate and
decimate the RF signal while a second processor may be used
to further process the data prior to displaying an image. Tt
should be appreciated that other embodiments may use a
different arrangement of processors.

[0017] The ultrasound imaging system 100 may continu-
ously acquire data at a volume-rate of, for example, 10 Hz to
30 Hz. Images generated from the data may be refreshed at a
similar frame-rate. Other embodiments may acquire and dis-
play data at different rates. For example, some embodiments
may acquire data at a volume-rate ofless than 10 Hz or greater
than 30 Hz depending on the size of the volume and the
intended application. A memory 120 is included for storing
processed volumes of acquired data. In an exemplary embodi-
ment, the memory 120 is of sufficient capacity to store at least
several seconds worth of volumes of ultrasound data. The
volumes of data are stored in a manner to facilitate retrieval
thereof according to its order or time of acquisition. The
memory 120 may comprise any known data storage medium.
For the purposes of this disclosure, an ultrasound image may
refer to an ultrasound frame for two dimensions or an ultra-
sound volume (comprising a set of frames) for three dimen-
sions.

[0018] Optionally, embodiments of the present invention
may be implemented utilizing contrast agents. Contrast imag-
ing generates enhanced images of anatomical structures and
blood flow in a body when using ultrasound contrast agents
including microbubbles. After acquiring data while using a
contrast agent, the image analysis includes separating har-
monic and linear components, enhancing the harmonic com-
ponent and generating an ultrasound image by utilizing the
enhanced harmonic component. Separation of harmonic
components from the received signals is performed using
suitable filters. The use of contrast agents for ultrasound
imaging is well-known by those skilled in the art and will
therefore not be described in further detail.

[0019] In various embodiments of the present invention,
data may be processed by other or different mode-related
modules by the processor 116 (e.g., B-mode, Color Doppler,
M-mode, Color M-mode, spectral Doppler, Elastography,
TVI, strain, strain rate, and the like) to form 2D or 3D data.
For example, one or more modules may generate B-mode,
color Doppler, M-mode, color M-mode, spectral Doppler,
Elastography, TVI, strain, strain rate, and combinations
thereof, and the like. The image lines and/or volumes are
stored and timing information indicating a time at which the
data was acquired in memory may be recorded. The modules
may include, for example, a scan conversion module to per-
form scan conversion operations to convert the image vol-
umes from beam space coordinates to display space coordi-
nates. A video processor module may be provided that reads
the image volumes from a memory and displays an image in
real time while a procedure is being carried out on a patient.
A video processor module may store the images in an image
memory, from which the images are read and displayed.

[0020] In one embodiment, the processor 116 may be con-
figured to adaptively adjust an analog time gain compensation
(ATGC) profile applied to an echo signal to maximize a SNR
of the echo signal without saturating an A/D converter. An
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ultrasound imaging system configured to adjust an ATGC
profile is described further herein and with regard to FIG. 2.
[0021] FIG.2 shows ahigh-level block diagram illustrating
the acquisition part of an example ultrasound imaging system
200 in accordance with the present disclosure. In particular,
ultrasound imaging system 200 may adjust an analog gain
applied to echo signals received during an ultrasound scan-
ning session. Ultrasound imaging system 200 may include N
identical analog channels, however for simplicity only chan-
nel 1 (chl) and channel N (chN) are explicitly depicted while
the additional identical channels 2 through N-1 are referenced
by 205.

[0022] Processor 234 may command an ultrasound scan via
scan controller 210. In one embodiment this may be a stan-
dalone computer, such as a Graphical Processor Unit (GPU)
communicating with the processor 116. In another embodi-
ment this could be the same computer as the processor 116.
Scan controller 210 may in turn command transmit beam-
former 101 to prepare one or more ultrasound beams based on
operator input received via user interface 115. Transmit
beamformer 101 may determine a delay pattern and pulse
train that sets a desired transmit beam focal point. The outputs
of the transmit beamformer 101 may be amplified by a trans-
mit amplifier (TXA) 212. TXA 212 may comprise a high-
voltage transmit amplifier that drives the transducer elements
104 ofthe probe 106. Transmit beams in each channel, such as
chl and chN, may be directed to the transducer 106 by trans-
mit/receive (T/R) switches 215 and 216. T/R switches 215
and 216 may comprise, for example, a diode bridge that
blocks the high-voltage transmit pulses from damaging the
receiver components. Multiplexer (MPX) 250 may optionally
be included in ultrasound imaging system 200 to direct trans-
mit signals to different transducer elements 104 and/or the
echo signals from the different transducer elements 104 to the
appropriate channel. Transmit and receive signals communi-
cated between MPX 250 and transducer 106 are shown by e11
and e1M, where M may be significantly larger number than
N. Examples are M=192 and N=128, however in some
examples M and N may comprise different numbers than 192
and 128, respectively.

[0023] After ultrasonic transmit beams are emitted into the
subject and corresponding echoes are received by transducer
106, the echo signals produced by transducer elements 104
pass through the T/R switches 215 and 216 to enter an ampli-
fication stage. In particular, echo signals may pass through
low-noise amplifiers (LNA) 217 and 218 and programmable
gain amplifiers (PGA) 225 and 226 which apply a constant
gain. As a non-limiting example, LNAs 217 through 218 and
PGAs 225 through 226 may implement apodization func-
tions, or spatial windowing to reduce sidelobes in the beam
(not shown in FIG. 2). In another example this function may
be performed in the digital domain.

[0024] Furthermore, an analog time gain may be applied to
the echo signals. The ultrasound waves are attenuated in
proportion to the distance that the sound waves travel to reach
a reflector, plus the distance that the resulting echoes travel
back to reach the transducer 106. Thus, the deeper the pen-
etration of the ultrasound waves, the greater the attenuation.
Consequently, the strength of received echoes becomes
weaker with increased depth and time of travel. In order to
compensate for the decreased strength of echo signals caused
by attenuation and beam diffraction, ATGC controller 220
may supply a gain signal atgc to each channel to compensate
for attenuation. Specifically, the gain signal atgc may increase
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as echoes are received from deeper tissues or equivalently
with time. Signal atge may be multiplied by each individual
channel, for example, at multiplicative junctions 221, 222,
and 223. The multipliers” response to the control signal atgc
may have an exponential characteristic, i.e. the gain of the
channel signals increases exponentially with a linear increase
of the control atgc. In this way, the dynamic range over which
the echoes may be heard may be increased.

[0025] Inaddition to attenuation due to travel time through
the tissue, the amplitude of the ultrasound data coming from
the array elements will vary depending on the presence of
scatterers in the body. Strong scatterers will give a stronger
echo relative to weak scatterers at the same depth. ATGC
controller 220 may adjust the gain signal atge to account for
such variations in signal amplitude. In particular, the gain
signal labeled atge in FIG. 2 may be automatically decreased
for directions and depths containing strong scatterers, and
increased for directions and depths without strong scatterers.
In this way, signal-to-noise ratio for echo signals containing
weak scatterers may be increased, without associated clip-
ping of signals from strong scatterers, thereby improving the
quality of the final ultrasound image. A method for automati-
cally adjusting an ATGC profile to account for the presence or
absence of strong scatterers is described further herein and
with regard to FIG. 5.

[0026] After the gain amplification stage, the amplified
analog echo signals may be converted into digital echo sig-
nals via A/D converters 227 and 228. Complex demodulator/
decimator (cDem/dec) 231 and 232 may be optionally
included in ultrasound imaging system 200 for data reduction
and extracting phase and amplitude information from the
digitized channel data.

[0027] After conversion and optional demodulation/deci-
mation, data packing and communication module 240 may
prepare the digital channels e(1) through e(N) for digital
receive beamforming by processor 234. Processor 234 may
comprise, for example, a GPU or a CPU configured to per-
form digital (e.g., software) receive beamforming, and deliv-
ers its beamformed output data to the processor 116.

[0028] Inoneembodiment, the processor 234 monitors the
digitized outputs e(1) through e(N). For each point in space,
the processor 234 may maximize the gain signal atge while
avoiding saturation of the A/D converters 227 and 228. This is
accomplished via a feedback loop between processor 234 and
ATGC controller 220, which may be updated for each new
ultrasound frame as described further herein with regard to
FIG. 5.

[0029] The channel output from individual A/D converters
may be individually monitored and/or processed by processor
234. In one embodiment, processor 234 may multiply chan-
nel data such as e(1) and e(N) by a number inversely propor-
tional to the instantaneous gain of the analog gain stages for
each channel, where the gain stage for channel 1, for example,
may include the LNA 218, atgc at 222, and the PGA 226. In
this way, no further downstream gain compensations may be
applied when the ATGC matrix changes dynamically in time
or across the imaged field or volume.

[0030] FIG. 3 shows a high-level block diagram illustrating
an example analog time gain compensation (ATGC) control-
ler 220 in accordance with the present invention. As shown,
ATGC controller 220 may comprise a memory 310 and a
counter 315. In embodiments where the output atge 305 from
ATGC controller 220 may comprise an analog signal, ATGC
controller 220 may further include a digital-analog (ID/A)
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converter 330 to convert the digital signal into an analog
signal. ATGC controller 220 may be included in the systems
depicted in FIGS. 1 and 2.

[0031] Memory 310 may store an ATGC matrix comprising
an ATGC curve for every range and transmit vector. Memory
310 may comprise, for example, a RAM, however in some
embodiments memory 310 may comprise any suitable data
storage medium. Memory 310 may receive input from
counter 315 as well as a vector number 319 from scan con-
troller 210, and memory 310 may output a gain value based on
the counter 315 output and the vector number 319. In this way,
memory 310 may provide an analog time gain compensation
for a scanning session, where the gain applied to a particular
echo signal may depend on the depth and direction ofthe echo
signal.

[0032] Counter 315 may provide a register of the time of
flight of ultrasound waves during scanning, referred to herein
as the range of an echo signal. To that end, counter 315 may
be coupled to a clock 316 and may receive input from scan
controller 310 in the form of a counter control signal 317.
[0033] In one embodiment, memory 310 may be updated
by the processor 234 in real time during scanning. For
example, the processor 234 may monitor the digital channel
output and determine if the gain output by ATGC controller
220 may be increased or reduced based on the digital channel
output. The processor 234 may then update the ATGC value in
memory 310 such that the SNR of the subsequently processed
signal is maximized.

[0034] In some examples, the processor 234 may process
each point of the scanned region to update the memory 310. In
other examples, processor 234 may process, or sample, a
subset of scan points to obtain updated ATGC values for those
scan points, and may use interpolation to obtain updated
ATGC values for unprocessed scan points. FIG. 4 shows a
graphical illustration of an example configuration 400 of
control points 405 for adjusting an ATGC matrix stored in
memory 310. The ATGC may be adaptively controlled for
these control points 305, and a higher resolution ATGC pro-
file may be generated through linear interpolation. The inter-
polation may be carried out by the processor 234. In an
alternative embodiment, the interpolation may be carried out
by a dedicated hardware structure that performs the interpo-
lation in real time.

[0035] Each control point 405 may correspond to a pair of
indices, such as a lateral transmit beam index n and a range
index r. For example, the lateral index and range index of
control point 410 may equal zero, where control point 410
may comprise a point in the tissue closest to the transducer
106. The indices may increase as illustrated by the subset 420
of control points. For example, the lateral index n may
increase by one for each transmit beam direction, while the
range index r may increase based on the distance of a control
point from control point 410. As such, the lateral index n may
correspond to specified transmit vector numbers, while the
range index r may correspond to a depth or time of travel of an
echo signal.

[0036] FIG. 5 shows a flow chart illustrating an example
method 500 for updating an ATGC profile for a given frame in
accordance with the current disclosure. Method 500 may be
carried out by processor 234 in combination with one or more
hardware components and may be stored as executable
instructions in memory 235. In some embodiments the
memory 235 may be the same as memory 120. The processor
234 may perform a peak detection of the maximum echo
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amplitude across participating channels and the spatial neigh-
borhood (over transmit vectors and range samples) that
belong to control points of interest, possibly in combination
with hardware, such as the various hardware components
described herein.

[0037] Method 500 may begin at 505. At 505, method 500
may include receiving a new ultrasound frame. The ultra-
sound frame may comprise, for example, a plurality of echo
signals. Continuing at 510, method 500 may include incre-
menting the frame number k by one, or setting k-k+1.
[0038] At 515, method 500 may include determining the
maximum peak amplitude of each echo signal based on the
origin of each echo signal, for example based on the lateral
index n and the range index r of each echo signal. As
described above with regard to FIG. 4, in one embodiment
method 500 may include calculating the peak amplitude for a
subset of echo signals originating from a set of control points
405, thereby reducing the computational expense of step 515.
The peak amplitude P(n,rk) may be set to the maximum
absolute value of the channel signal e(.), or P(n,r.k)=max(abs
(e(.))), where the dot in e(.) corresponds to a particular chan-
nel.

[0039] At 520, method 500 may include calculating an
adjusted ATGC for a next ultrasound frame, or atge(n,r,k+1),
based on the peak amplitude. In particular, the ATGC for the
next ultrasound frame atgc(n,r,k+1) may be set to the ATGC
for the current frame atge(n,r.k) minus a difference between
the peak amplitude P(n,r,k) and a reference peak value Pref,
where the difference is scaled by a constant C. The constant C
may be selected to control the speed of adaptation. In this
way, if the amplitude P(n,r.k) exceeds the reference value
Pref, the analog gain will be reduced for the next frame.
[0040] At 525, method 500 may include ensuring that the
updated analog time gain compensation for the next ultra-
sound frame is greater than or equal to a minimum limit or
threshold. For example, the updated analog time gain com-
pensation calculated at 520, or atge(n,r.k+1), may be com-
pared to a minimum value atgcMin(r). A function max( ) may
return the larger value of the two values. In this way, if the
updated analog time gain compensation calculated at 520 is
below a minimum threshold set by atgeMin(r), a minimum
value may be selected instead of the value calculated at 520.
Otherwise, the updated analog time gain compensation may
remain equal to the value calculated at 520.

[0041] At 530, method 500 may include ensuring that the
updated analog time gain compensation for the next frame is
less than or equal to a maximum limit or threshold. For
example, the updated analog time gain compensation calcu-
lated at 525 may be compared to a maximum value atgcMax
(r). A function min( ) may return the smaller value of the two
values. In this way, if the updated analog time gain compen-
sation atge(n,r,k+1) calculated at 525 is larger than a maxi-
mum threshold set by atgcMax(r), a maximum value may be
selected instead of the value calculated at 525. Otherwise, the
updated analog time gain compensation may remain equal to
the value calculated at 525.

[0042] At 535, method 500 may include outputting the
updated ATGC values calculated at 530 for each echo signal
for the next frame. The updated ATGC values may be output,
for example, to memory 310. In this way, the gain of the
analog signal chain may be maximized under the constraint of
avoiding signal saturation, so that the SNR of echo signals in
subsequent ultrasound frames may be optimized. In some
examples, method 500 may further include interpolating
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ATGC values for echo signals not originating from the control
points 405, and such interpolated ATGC values may also be
output at 535. Method 500 may then end.

[0043] As discussed herein above with regard to steps 525
and 530, functions atgeMin(r) and atgcMax(r) may set limits
on the minimum and maximum gain provided to echo signals
based on the distance given by the index r. In this way, exces-
sive control is avoided by a preset maximum and minimum
gain for each given range. FIG. 6 shows a graph 600 illustrat-
ing example maximum and mininum gain limits in accor-
dance with the current disclosure. Graph 600 includes plots
610 and 620, where plot 610 corresponds to a maximum gain
limit atgeMax(r) and plot 620 corresponds to a minimum gain
limit atgeMin(r). As depicted, the preset gain limits may be a
combination of linear segments. In some examples, however,
dependent of the transfer function from control to gain, the
gain limits may be exponential. Furthermore, as shown by
plots 610 and 620, the gain limits may increase over a range
of rvalues and may remain constant outside of that range. Plot
615 shows an example of what an actual gain profile may look
like for a vector.

[0044] FIG. 7 shows a high-level flow chart illustrating an
example method 700 for adaptively controlling an analog
time gain compensation (ATGC) in accordance with the cur-
rent disclosure. In particular, method 700 relates to adjusting
an analog time gain compensation applied to echo signals
based on a depth and direction of the echo signals to maxi-
mize a signal-to-noise ratio without saturating an analog-
digital converter. The adjustment may occur from frame to
frame during an ultrasound scan. Method 700 may be carried
out by the systems and components depicted in FIGS. 1
through 3, however the method may be applied to other sys-
tems without departing from the scope of the current disclo-
sure.

[0045] Method 700 may begin at 705. At 705, method 700
may include receiving a set of echo signals. At 710, method
700 may include applying an ATGC to each echo signal based
on the origin of the echo signal, that is, where the ultrasonic
transmit wave reflected within the subject, or the depth and
angle ofthe echo signal. In some examples, the ATGC applied
to a particular echo signal may be adjusted based on a peak
amplitude of a previous echo signal from the same origin. At
715, method 700 may include digitizing the gain-compen-
sated echo signals, for example using the A/D converters 227
and 228.

[0046] At 720, method 700 may include updating an ATGC
profile based on the digital echo signals. As a non-limiting
example, the ATGC profile may be updated as described
herein above with regard to FIG. 5. For example, the maxi-
mum absolute value, or peak amplitude, of each echo signal
may be used to determine anupdated ATGC value that may be
applied to a subsequent echo signal from the same origin
place, where such an ATGC value may be stored, for example,
in memory 310 of ATGC controller 220. The updated ATGC
value may then be compared to maximum and minimum
limits, such as those depicted by plots 610 and 620 in FIG. 6,
where the maximum and minimum limits are specified based
on the limitations of the A/D converters responsible for con-
verting the analog echo signals into digital echo signals.

[0047] Thus, updating an ATGC profile based on the digital
echo signals may comprise recording an adjusted ATGC
value in memory 310 for subsequent application to succeed-
ing echo signals. In this way, the SNR of subsequently
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received echo signals, and therefore the image quality of
subsequently generated ultrasound images, may be automati-
cally optimized

[0048] Continuing at 725, method 700 may include multi-
plying the digital echo signals with a gain proportional to the
instantaneous gain of analog gain stages preceding the A/D
converter. In this way, additional downstream compensations
for adjusted gains may not be necessary. At 730, method 700
may include generating an ultrasound image using digital
beamforming techniques from the gain-adjusted digital echo
signals. At 735, method 700 may include recording the ultra-
sound image in memory, such as memory 120, and displaying
the ultrasound image, for example using the display 118.
Method 700 may then end.

[0049] As a non-limiting illustrative example, consider a
single ultrasound scanning session, or scan in accordance
with the current disclosure. In particular, in order to generate
a single ultrasound frame, or image, during such a scan, a
plurality of ultrasonic transmit waves may be emitted from
transducer elements of a transducer probe into a patient. The
plurality of ultrasonic transmit waves travel through the body
of the patient, and eventually each of the ultrasonic transmit
waves reflects at different locations of one or more structures
within the patient. The reflected ultrasonic waves, or echoes,
travel back to the transducer probe. As the echoes reach the
transducer elements of the transducer probe, the transducer
elements convert the ultrasonic echoes into analog electrical
signals, or echo signals. A different analog gain may be
applied to each echo signal to account for different amounts
of attenuation due to the different amounts of distance (and
therefore, time) traveled by each echo. Initially, the analog
gain applied to each echo signal may comprise a feed-forward
analog gain initially stored as an analog gain matrix in the
memory of an analog time gain compensation controller con-
figured to apply the analog gain to the echo signals. This gain
profile could, for example, be the minimum limit 620. The
gain-compensated echo signals may then be digitized by A/D
converters and the digital echo signals may be sent to a pro-
cessor. The processor may evaluate each of the digital echo
signals to determine if the analog gain may be increased or
reduced. In one example, the processor may process a subset
of the digital echo signals, where each digital echo signal in
the subset reflected at a pre-specified control point within the
patient, to compute an adjusted analog gain for each echo
signal in the subset based on the signal strength of each echo
signal and the limitations of the A/D converters. The proces-
sor may then interpolate adjusted analog gains for the
complement of the subset. The processor may then update the
analog gain matrix with the adjusted analog gains, including
the directly computed adjusted analog gains and the interpo-
lated analog gains. In some examples, the processor may
apply small gain adjustments to the digital echo signals based
on theinstantaneous analog gain, thereby taking into account,
to some extent, any substantial adjustments to the analog gain
matrix. The processor may then use digital beamforming
techniques to generate and output to memory and/or a display
asingleultrasound frame from the digital echo signals. Mean-
while, the transducer probe may emit a second plurality of
ultrasonic transmit waves in order to form a second ultra-
sound frame as just described. A second set of echo signals
produced by this second plurality of ultrasonic transmit
waves may then undergo analog time gain compensation
using the adjusted analog gains of the updated analog gain
matrix. The second set of gain-compensated echo signals may
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feature an improved signal-to-noise ratio compared to the first
set of gain-compensated echo signals due to the adaptive
control of the analog time gain compensation. After digital
conversion and digital beamforming, the processor may gen-
erate and output a second ultrasound frame. This second
ultrasound frame may feature an improved image quality with
areduced number of artifacts compared to the first ultrasound
frame due to the improved signal-to-noise ratio of the digital
echo signals. Furthermore, the processor may evaluate the
second set of digital echo signals to determine additional
adjustments to the analog gain matrix as described above. As
a result, a third ultrasound frame may feature an improved
image quality with a reduced number of artifacts compared to
the second ultrasound frame, and/or compensating for new
changing positions of the scatterers within the image frame
caused by probe motion and/or motion of the target itself,
such as in the case of a beating heart. This process may repeat
throughout the ultrasound scan. In this way, the signal-to-
noise ratio of echo signals may kept at an optimal level
throughout an ultrasound scan. As a result, the image quality
of each ultrasound frame may improve. Furthermore, the
system continuously adapts to any changes during the scan.

[0050] Thetechnical effect of the disclosure may include an
automatic adjustment of analog time gain compensation
applied to ultrasound echo signals based on the signal
strength of preceding ultrasound echo signals. Another tech-
nical effect of the disclosure may include an improved signal-
to-noise ratio of echo signals. Yet another technical effect of
the disclosure may include an increased dynamic range of the
digitized echo signal strength. Another technical effect of the
disclosure may include the generation of ultrasound images
with improved image quality.

[0051] In one embodiment, a method for ultrasound imag-
ing comprises applying an analog gain to a first echo signal
based on a depth and a direction of the first echo signal,
wherein the analog gain is automatically adjusted based on a
peak amplitude of a second echo signal in a preceding ultra-
sound image. In one example, the second echo signal origi-
nates from the same depth and direction and covers a same
spatial neighborhood as the first echo signal. The method
further comprises generating an ultrasound image based on
the first echo signal and displaying the ultrasound image on a
display.

[0052] Inoneexample, adjusting the analog gain based on
the peak amplitude comprises calculating a difference
between the peak amplitude and a reference amplitude, and
subtracting a value proportional to the difference from an
analog gain applied to the second echo signal. In another
example, the analog gain is further adjusted based on limits of
an analog-digital converter configured to digitize the first
echo signal. For example, adjusting the analog gain based on
the limits comprises setting the analog gain to a maximum
limit if the analog gain is above the maximum limit, and
setting the analog gain to a minimum limit if the analog gain
is below the minimum limit.

[0053] The method further comprises multiplying the sec-
ond echo signal by a value proportional to an instantaneous
gain applied to the first echo signal.

[0054] In another embodiment, a method for ultrasound
imaging comprises applying a first analog gain to a first echo
signal based on the depth and direction of the first echo signal,
measuring a peak amplitude of the first echo signal, adjusting
asecond analog gain applied to a second echo signal based on
the peak amplitude, generating a first ultrasound image based
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on the first echo signal and a second ultrasound image based
on the second echo signal, and displaying the first ultrasound
image and the second ultrasound image in succession.
[0055] In one example, measuring the peak amplitude is
performed responsive to the first echo signal originating from
aspecified control point. The method further comprises inter-
polating a third analog gain applied to a third echo signal
based on the adjusted second analog gain.

[0056] In oneexample, the first echo signal is converted to
a first digital echo signal after applying the first analog gain
and prior to measuring the peak amplitude. In another
example, the second echo signal is converted to a second
digital echo signal after applying the second analog gain and
prior to generating the second ultrasound image.

[0057] Inyetanother example, generating the first and sec-
ond ultrasound images comprises applying digital beam-
forming techniques respectively to the first echo signal and
the second echo signal. In another example, displaying the
ultrasound images comprises transmitting the ultrasound
images to a display device.

[0058] The method further comprises multiplying the first
echo signal by a value proportional to an instantaneous gain
applied to the second echo signal prior to generating the first
ultrasound image.

[0059] In yet another embodiment, an ultrasound imaging
system comprises: a transducer array including a plurality of
array elements, the transducer array adapted to transmit a
plurality of ultrasound waves and receive a plurality of ech-
oes; a display device configured to display an ultrasound
image; a gain controller comprising a memory, the memory
configured with an analog gain matrix, the gain controller
configured to apply an analog gain output by the memory to
each of the plurality of echoes; and a processor configured
with computer-readable instructions in non-transitory
memory that when executed cause the processor to update the
analog gain matrix based on a peak amplitude of each of the
plurality of echoes and generate the ultrasound image based
on the plurality of echoes.

[0060] Inoneexample, the analog gain matrix comprises a
table of analog time gain compensation values, wherein each
of the analog time gain compensation values corresponds to a
particular range and vector number.

[0061] Inanother example, the gain controller further com-
prises a counter configured to provide a range of each of the
plurality of echoes to the memory, and the analog gain applied
to each of the plurality of echoes is based on the range of each
of the plurality of echoes. In yet another example, the gain
controller further comprises a digital-analog converter con-
figured to convert a digital gain value from the memory into
the analog gain.

[0062] In one example, the processor is further configured
with computer-readable instructions in the non-transitory
memory that when executed cause the processor to compute
a first adjusted analog gain based on a specified echo and
interpolate a second adjusted analog gain based on the first
adjusted analog gain. In such an example, updating the analog
gain matrix comprises recording the first adjusted analog gain
and the second adjusted analog gain to the memory.

[0063] Other modifications may be added to enhance the
functionality of the adaptive analog atge control. For
example, it may be advantageous to low-pass filter the atgc
gain matrix in 2D (radial/lateral) space, to avoid discontinui-
ties in the noise background of the image. In this case the gain
of a spatial point will depend not only on the amplitude of the
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echoes from its own history, but also on the echo history of'its
spatial neighborhood. It is also straightforward for someone
skilled in the art to extend the method to volumetric acquisi-
tion of ultrasound data. This can be done by adding an extra
spatial dimension to the ATGC control.

[0064] As used herein, an element or step recited in the
singular and proceeded with the word “a” or “an” should be
understood as not excluding plural of said elements or steps,
unless such exclusion is explicitly stated. Furthermore, refer-
ences to “one embodiment” of the present invention are not
intended to be interpreted as excluding the existence of addi-
tional embodiments that also incorporate the recited features.
Moreover, unless explicitly stated to the contrary, embodi-
ments “comprising,” “including,” or “having” an element or a
plurality of elements having a particular property may
include additional such elements not having that property.
The terms “including” and “in which” are used as the plain-
language equivalents of the respective terms “comprising”
and “wherein.” Moreover, the terms “first,” “second,” and
“third,” etc. are used merely as labels, and are not intended to
impose numerical requirements or a particular positional
order on their objects.

[0065] This written description uses examples to disclose
the invention, including the best mode, and also to enable a
person of ordinary skill in the relevant art to practice the
invention, including making and using any devices or systems
and performing any incorporated methods. The patentable
scope of the invention is defined by the claims, and may
include other examples that occur to those of ordinary skill in
the art. Such other examples are intended to be within the
scopeofthe claims ifthey have structural elements that do not
differ from the literal language ofthe claims, or if they include
equivalent structural elements with insubstantial differences
from the literal languages of the claims.

1. A method for ultrasound imaging, comprising:

applying an analog gain to a first echo signal based on a
depth and a direction of the first echo signal, wherein the
analog gain is automatically adjusted based on a peak
amplitude of a second echo signal in a preceding ultra-
sound image.

2. The method of claim 1, wherein the second echo signal
originates from the same depth and direction and covers a
same spatial neighborhood as the first echo signal.

3. The method of claim 1, further comprising generating an
ultrasound image based on the first echo signal and displaying
the ultrasound image on a display.

4. The method of claim 1, wherein adjusting the analog
gain based on the peak amplitude comprises calculating a
difference, via a digital processor, between the peak ampli-
tude and a reference amplitude, and subtracting a value pro-
portional to the difference from an analog gain applied to the
second echo signal.

5. The method of claim 1, wherein the analog gain is further
adjusted based on limits of an analog-digital converter con-
figured to digitize the first echo signal.

6. The method of claim 5, wherein adjusting the analog
gain based on the limits comprises setting the analog gain to
a maximum limit if the analog gain is above the maximum
limit, and setting the analog gain to a minimum limit if the
analog gain is below the minimum limit.

7. The method of claim 1, further comprising multiplying
the second echo signal by a value inversely proportional to an
instantaneous gain applied to the first echo signal.
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8. A method for ultrasound imaging, comprising:

applying a first analog gain to a first echo signal based on
the depth and direction of the first echo signal;

measuring a peak amplitude of the first echo signal;
adjusting a second analog gain applied to a second echo
signal based on the peak amplitude;

generating a first ultrasound image based on the first echo
signal and a second ultrasound image based on the sec-
ond echo signal; and

displaying the first ultrasound image and the second ultra-
sound image in succession.

9. The method of claim 8, wherein measuring the peak
amplitude is performed responsive to the first echo signal
originating from a specified control point.

10. The method of claim 9, further comprising interpolat-
ing a third analog gain applied to a third echo signal based on
the adjusted second analog gain.

11. The method of claim 8, wherein the first echo signal is
converted to a first digital echo signal after applying the first
analog gain and prior to measuring the peak amplitude.

12. The method of claim 8, wherein the second echo signal
1s converted to a second digital echo signal after applying the
second analog gain and prior to generating the second ultra-
sound image.

13. The method of claim 8, wherein generating the first and
second ultrasound images comprises applying digital beam-
forming techniques respectively to the first echo signal and
the second echo signal.

14. The method of claim 8, wherein displaying the ultra-
sound images comprises transmitting the ultrasound images
to a display device.

15. The method of claim 8, further comprising multiplying
the first echo signal by a value inversely proportional to an
instantaneous gain applied to the second echo signal prior to
generating the first ultrasound image.

16. An ultrasound imaging system, comprising:

a transducer array including a plurality of array elements,
the transducer array adapted to transmit a plurality of
ultrasound waves and receive a plurality of echoes;

adisplay device configured to display an ultrasound image;

a gain controller comprising a memory, the memory con-
figured with an analog gain matrix, the gain controller
configured to apply an analog gain output by the
memory to each of the plurality of echoes; and

a processor configured with computer-readable instruc-
tions in non-transitory memory that when executed
cause the processor to update the analog gain matrix
based on a peak amplitude of each of the plurality of
echoes and generate the ultrasound image based on the
plurality of echoes.

17. The system of claim 16, wherein the analog gain matrix
comprises a table of analog time gain compensation values,
wherein each of the analog time gain compensation values
corresponds to a particular range and vector number.

18. The system of claim 17, wherein the gain controller
further comprises a counter configured to provide a range of
each of the plurality of echoes to the memory, and wherein the
analog gain applied to each of the plurality of echoes is based
on the range of each of the plurality of echoes.

19. The system of claim 16, wherein the gain controller
further comprises a digital-analog converter configured to
convert a digital gain value from the memory into the analog
gain.
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20. The system of claim 16, wherein the processor is fur-
ther configured with computer-readable instructions in the
non-transitory memory that when executed cause the proces-
sor to compute a first adjusted analog gain based on a speci-
fied echo and interpolate a second adjusted analog gain based
on the first adjusted analog gain, and wherein updating the
analog gain matrix comprises recording the first adjusted
analog gain and the second adjusted analog gain to the
memory.
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