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DYNAMIC OPERATION FOR SUBARRAYS IN
MEDICAL DIAGNOSTIC ULTRASOUND
IMAGING

BACKGROUND

[0001] Thepresentinvention relates to dynamic focusing in
sub-arrays. In particular, relative delay or phase between ele-
ments for sub-array beamformation is provided.

[0002] Medical diagnostic ultrasound imaging systems
have a limited number of receive beamformer channels. To
maximize the number of elements used, partial beamforming
combines signals from multiple elements for processing by a
single receive beamformer channel. Signals from different
elements are summed together to form a partially beam-
formed sub-array signal. The subarray signal is responsive to
each of the plurality of elements and may be processed with a
single receive beamformer channel.

[0003] To focus the sub-array, relative phasing or delays
between elements is applied prior to summation. For
example, the relative phase relationships are slowly varying
for elements in close proximity or in a same sub-array. The
phase traversed over depth is not very large, such as a few
wavelengths. The relative phase for dynamic focusing is cal-
culated using Euclidian distances. Such calculations include
a square root and multiplication functions, so are computa-
tionally expensive, especially for multi-dimensional arrays
with lots of elements for which sub-arrays are typically used.
To avoid these problems, a fixed rather than dynamic phase
relationship may be used between elements of a sub-array.
The same relative phase is applied regardless of depth. For
larger sub-arrays, the fixed phasing may result in less focus or
resolution.

BRIEF SUMMARY

[0004] By way of introduction, the preferred embodiments
described below include systems, circuits, and methods for
dynamic operation in sub-array ultrasound imaging. Rather
than using fixed or Euclidian distance relative timing, an
approximation determines the relative timing. The dynamic
timing relationship is approximated with log(x), arctan(x),
1/x, or other relationships. Adders, registers, counters, com-
parators, or other simple circuitry is used to calculate the
timing relationship since cordic functions or multiplication
are not needed for the approximation. For example, a portion
of the circuit featuring a digital comparator and counter pro-
duces a reciprocal relationship.

[0005] In a first aspect, a circuit is provided for dynamic
operation in a sub-array of ultrasound imaging. A first adder
and a first register are operable to generate a second order
polynomial as a function of depth. A counter and a compara-
tor are operable to generate signals representing a reciprocal
of the second order polynomial. A second adder is operable to
generate a relative timing for an element from the reciprocal.
A sub-array beamformer is operable to delay or phase ultra-
sound signals for the element based on the relative timing,.

[0006] In a second aspect, a method is provided for
dynamic phase or delay calculation in a sub-array of ultra-
sound imaging. Dynamic timing relationships between ele-
ments of a sub-array are determined with a log(x), arctan(x),
or 1/x function, where x is time. Signals from the elements of
the sub-array are beamformed as a function of the dynamic
timing relationships.
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[0007] 1In a third aspect, a circuit is provided for dynamic
operation in a sub-array of ultrasound imaging. A comparator
is operable to produce areciprocal of a derivative. A sub-array
beamformer is operable to delay or phase ultrasound signals
for an element based on the reciprocal of the derivative.
[0008] The present invention is defined by the following
claims, and nothing in this section should be taken as a limi-
tation on those claims. The various aspects described above
may be used individually or in any possible combination.
Other aspects and advantages are discussed below in conjunc-
tion with the preferred embodiments. These further aspects
and advantages may be used independently of any of the
aspects described above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] 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 throughout
the different views.

[0010] FIG. 1 is a block diagram of one embodiment of a
system for sub-array beamforming;

[0011] FIG. 2illustrates example ideal relative phase/delay
curves offset to all start at zero;

[0012] FIG. 3 illustrates a first difference of the ideal phase
curves of FIG. 2;

[0013] FIG. 4 illustrates a reciprocal of the first differences
of FIG. 3;

[0014] FIG. 5 illustrates a difference of the reciprocals of
FIG. 4;

[0015] FIG. 6 shows one embodiment of a circuit for gen-

erating relative timing for an element of a sub-array;

[0016] FIG. 7 illustrates an example second order polyno-
mial;
[0017] FIG. 8 illustrates an example impulse chart repre-

senting a reciprocal of the second order polynomial of FIG. 7,
[0018] FIG. 9 illustrates an example relative phase accu-
mulated from the impulses of FIG. 8; and

[0019] FIG. 10 shows one embodiment of a method for
generating relative timing for an element of a sub-array and
sub-array beamforming.

DETAILED DESCRIPTION OF THE DRAWINGS
AND PRESENTLY PREFERRED
EMBODIMENTS

[0020] A simple circuit for generating the dynamic relative
phase or delay (i.e., timing) profile between nearby elements
is provided. For example, a few (e.g., 2-4) adders, one com-
parator, one counter, and a few storage registers (e.g.. 4-5) are
used for each element in sub-array focusing.

[0021] The circuit approximates the dynamic timing rela-
tionship over depth in a small sub-array with simple log(x),
arctan(x), 1/x, or similar functions with negative second
derivatives rather than calculating the ideal timing using
Euclidian distance. A sub-circuit featuring a comparator may
produce a reciprocal relationship to generate log(x), 1/x or
similar approximations with low complexity, gate count, and/
or clock rates. The registers of the circuit store static or initial
values for approximating the desired timing relationship.
Offline processes compute these circuit parameters for a line
of focus.

[0022] The number of elements per sub-array may be
increased as compared to sub-arrays applying static phase
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focusing given a fixed focal error. Since static timing may
limit the size of the sub-arrays, larger sub-arrays may be used
due to the timing approximation. As compared to static tim-
ing, better focusing and sensitivity may be provided.

[0023] The circuit may operate with slow clock rates, no
multipliers or dividers, and/or no cordic operations. Memory,
such as look-up table, and corresponding memory access,
such as RAM access, is limited since a complete table of ideal
timing relationships is not stored. There is low gate and bit
count due to the minimal configuration information per chan-
nel. The circuit operates independently after a line is set-up by
loading the registers. There is no accesses or loading of timing
during a receive phase.

[0024] FIG. 1 shows a system for ultrasound beamforming.
The system is a transducer 12 connected with a receive beam-
former 14. The connection is fixed or releasable. For example,
the transducer 12 and beamformer 14 are part of a medical
diagnostic ultrasound imaging system. A cart, handheld,
wearable, portable, briefcase, or other type of ultrasound
imaging system is used. Additional, different, or fewer com-
ponents may be provided. For example, detectors, scan con-
verters and/or filters for generating an image from the beam-
formed data are provided.

[0025] The transducer 12 is an array of elements 16 in a
housing. The housing is a handheld probe housing. In other
embodiments, the housing is cardiac catheter, indo-cavity
probe, intra-operative probe, or other transducer housing.
[0026] The transducer 12 is fixedly attached or releasably
attached to the beamformer 14. In one embodiment, the
beamformer 14 is a sub-array beamformer. The beamformer
14 operates on a fixed sub-set or a selectable sub-set of the
elements 16. Any size sub-array may be used, such as 32x32,
16x16, 4x4, 16x4, 88, 8x1, 4x3, or other arrangement. The
beamformer 14 is adjacent to the transducer 12. The beam-
former 14 is within the probe housing, but may be in other
positions, such as in an imaging system.

[0027] Outputs of the beamformer 14 are provided to
another beamformer for forming beamformed samples from
sub-array samples. A cable or coaxial cables provide the
sub-array beamformed samples to a beamformer of the imag-
ing system. Alternatively, the beamformer 14 beamforms
across the entire array rather than a sub-array.

[0028] The elements 16 are piezoelectric or capacitive
microelectromechanical ultrasound transducer (CMUT) ele-
ments. The elements 16 are distributed in a fully sampled
multi-dimensional grid as a multi-dimensional transducer
array. One-dimensional, 1.5D, sparse sampling or other grid
spacings of elements may be provided. Any now known or
later developed array of elements may be used. Any number
of elements 16 may be used, such as 164, 356, or thousands.
The array is divided or divisible by selection into any number
of sub-arrays. Each sub-array is a group of elements, such as
adjacent elements. The signals for elements in a sub-array are
combined by beamformation to reduce the number of cables
needed to transmit the received signals to the imaging system.
[0029] The beamformer 14 is provided for each sub-array.
A different or same beamformer 14 is used for each sub-array.
The number of sub-arrays matches a number of beamformer
channels in a system side beamformer. The number of sub-
arrays and corresponding number of sub-array beamformers
14 corresponds to the number of available cables connecting
the transducer 12 to the imaging system and/or the number of
receive beamformer channels in the diagnostic medical imag-
ing system.
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[0030] The sub-array beamformer 14 includes timing
devices 18 and a summer 20. Additional, different, or fewer
components may be provided. For example, an analog-to-
digital converter is provided. As another example, filters,
buffers, or other receive beamforming components are pro-
vided. In yet another example, a switching matrix or multi-
plexer selectably connects different elements 16 to different
timing devices 18.

[0031] The timing devices 18 are any now known or later
developed device for selecting signals based on travel time of
acoustic energy. Analog or digital delays, such as shift regis-
ters, may be used. A phase rotator or shifter may be used. The
phase shifter applies a phase shift of in-phase and quadrature
or radio frequency signals to rotate a phase of the ultrasound
signals by the relative timing. The signals from different
elements 16 are relatively delayed and/or phased to focus the
acoustic energy. The timing, either or both of delaying and
phasing, is along the azimuth, elevation, or both azimuth and
elevation directions. Different or the same amount of phase
shift, depending on the distance from the corresponding ele-
ments to the focal point, is applied. Since different elements
16 of the sub-array are different distances away from a given
depth along a scan line, different amounts of delay or phasing
are applied to identify the signals from the depth on the line.
As signals are received from different depths over time, dif-
ferent amounts of delay and/or phasing are applied to focus
signals from a given element.

[0032] The summer 20 is a single summer, but may be part
of a cascade of summers for the sub-array. The summer 20 is
an analog summer and combines the relatively timed signals
from the different elements 16 of the sub-array. In one
embodiment, the summer comprises an operational amplifier.
One input of the amplifier is grounded and the other input of
the amplifier connects to different element channels or timing
devices 18. The operational amplifier converts the current
output by each path to a combined voltage signal. The virtual
ground summation node of the operational amplifier provides
isolation between the channels and avoids problems with
parasitic capacity loading at the summation node, so a large
number of paths may be summed without limiting the circuit
bandwidth.

[0033] The output of the summer 20 is an output sub-aper-
ture signal. Other summers 20 output sub-aperture signals for
other sub-arrays. The sub-aperture signal is further beam-
formed by relative delaying and/or phasing and summing
with other sub-aperture signals.

[0034] FIG. 2 shows some representative relative phase
curves between elements in a subarray, and translated such
that the curves all start at zero so as to emphasize their com-
parative shapes rather than absolute values. The x-axis is time
or depth. Signals from different depths take different amounts
of time to reach the elements 16, so time and depth may be
used interchangeably. The y-axis gives the phase in degrees.
These curves are ideal, such as calculated using Fuclidian
distance (i.e., square root of a sum of squares) from the
elements to the focal points at different depths along a scan
line. The scan line represented in FIG. 2 is not orthogonal to
the sub-array, such as being steered at 10 degrees away from
orthogonal in azimuth. Other numbers of elements, scan line
positions, and/or phase curves may be used. In alternative
embodiments, the curves represent delay curves. The
examples below use phase, but the same embodiments may
use delays or a combination of delays and phasing.
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[0035] To avoid the relatively complex calculations to
derive the phase curves of FIG. 2, an approximation is used.
For example, the curves are approximated as log(x), 1/x, or
arctan(x) function, where x is depth. A curve approximating
ko, +k,/x may be used, where k is a constant or is part of a
sequence with values that vary by depth. Other functions may
be used to approximate timing. The approximation provides a
similar, even if not ideal, curve shape, where a greater change
in relative timing occurs at close depths and smaller change
occurs for farther depths.

[0036] To characterize the ideal phase curves for approxi-
mation, the curves are converted to find parameters. In one
approach, a first derivative of the curves is used. The change
in depth s a 1/x function such as -1/x*. FIG. 3 shows the first
derivative as a difference between the curves. The approxi-
mation includes a reciprocal function, so the reciprocal of the
first difference is determined, as shown in FIG. 4. The recip-
rocal is —x*. This function still represents a multiplication.
The change in depth d/dx of —x* is given by —2x. This is a
straight line. FIG. 5 shows lines determined by a difference
operation on the reciprocal. In inverse, the linear slope is
generated, integrated, reciprocated, and then integrated to
produce the desired approximation curve.

[0037] By determining timing based on characteristics of
the relative timing as represented by the linear slopes and
corresponding lines, the approximation characteristics to be
implemented by a circuit are determined. For example, accu-
mulation or integration over depth or time provides a straight
line. By scaling the accumulation and setting the inputs to be
accumulated, the desired curve is produced. The curve over
depth is an integral of x. For a higher order, the integration is
of the form kx-c. The line characteristics are used to provide
the desired curve shape that is then scaled and offset at a final
stage to desired phase values.

[0038] FIG. 6 shows one embodiment of a circuit for gen-
erating the timing. The relative timing for a given element is
generated dynamically. The timing changes over depth so that
the focus changes over time for a given receive line scan. By
changing the relative timing over depth, better focusing than
using static phase difference is provided. For a given phase
error tolerance, more elements may be used in a sub-array as
compared to using the static phase.

[0039] The amount of timing shift (e.g., amount of delay or
phase shift) is relative to a center element of the sub-aperture,
but may be relative to other elements in the sub-array.

[0040] The circuit is provided for each element or input
channel of the sub-array beamformer 14. Since there may be
hundreds or thousands of elements, the circuit is kept simple
to avoid generating heat by the transducer 12 and to use less
space. Based on clock inputs and loaded register values, the
circuit generates relative timing information used by the tim-
ing devices 18 of the sub-array beamformer 14. The circuit
operates on unsigned values until the scaling in a final stage,
but may operate with signed values in other embodiments.

[0041] The circuit of FIG. 6 includes five registers 30, 34,
38, 44, 48, three adders 32, 36, 46, one comparator 42 with a
latching stage, and one counter 40. Additional, different, or
fewer components may be provided. For example, the register
30 and adder 32 are not provided. Rather than generating a
second order polynomial, a first order polynomial is created.
As another example, additional components to weight, scale,
or otherwise alter the output, intermediary calculations, or
inputs are provided.
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[0042] The circuit does not include a multiplier, a divider,
nor a device for performing a cordic operation. Instead, the
circuit implements a polynomial function as a derivative and
takes a reciprocal of the derivative. A memory or look-up
table may be used to preload the registers for dynamic focus-
ing along a line, but no memory or RAM access is needed
during the dynamic focusing or during the calculation of the
relative timing. Since the registers are loaded with character-
istics for modeling an approximation, lower bit widths or
memory sizes are needed as compared to a table of relative
phases.

[0043] The circuit is implemented as discrete digital com-
ponents. In other embodiments, an application specific inte-
grated circuit (ASIC) includes or implements the compo-
nents. A circuit of transistors and other devices in an ASIC
may provide the functions without the component separation.
In an alternative embodiment, a digital signal or other pro-
cessor (e.g., field programmable gate array) implements the
circuit.

[0044] The circuit operates in response to clock signals.
The counter 40 operates based on the system or other clock,
but may operate at a slower rate. The adders 30, 34 operate at
a fraction of the clock signal. Any fractional value, repre-
sented by M in FIG. 6, may be used. For example, M=256. At
aclock rate of 20 MHz, the adders 30, 34 are operated at a rate
of just 100 kHz. Other rates of the clock or the fraction of the
clock may beused. The ratio of the clock to M sets a sampling
density for focusing along the scan line.

[0045] The adders 32, 36, and 46 are multiple bit adders.
For example, the adders add two multi bit values together.
Any now known or later developed adder may be used. Each
adder 32, 36, and 46 is of the same type, but may be different
types of adders. With a feed back of the output of the adder
through a register 34, 38, or 48, the adder 32, 36, 46 operates
as an accumulator or integrator. In an alternative embodi-
ment, adders 32, 36 running at the divided clock rate may be
a single adder shared using a time-multiplexing scheme.

[0046] The registers 30, 34, 38, and 48 are memories, buff-
ers, or other data storage. Any memory for storing a multi-bit
value may be used. Any now known or later developed reg-
ister may be used. The registers 30, 34, 38, and 48 are each the
same type or may be of different types of registers.

[0047] The registers 30, 34, 38, and 48 store respective
single values (e.g., multi-bit word), but may store multiple
values, such as in a first in first out configuration for register
30. For a given receive scan line, the registers 30, 34, 38, and
48 areloaded with initial values. Different scan lines result in
the same or different values. Registers for different elements
and a same scan line may have the same or different values.
The values depend on the position of the element relative to
the scan line and a reference phase or element.

[0048] The values initially loaded into the registers 30, 34,
38, and 48 are the same or different. Register 30 may be
loaded with a constant value for a given line. The value does
not change over depth or time. Other registers 34, 38, and 48
are loaded with initial values. The initial values are replaced
by sums determined by respective adders. For increasing
depths, the values in the registers 34, 38, and 48 change. One
or more depths may be associated with the same values.

[0049] The counter 40 is a shift register, adder, multiplexer,
memory, combinations thereof and/or other component for
incrementing a count in response to input clock signals. Any
now known or later developed counter may be used.
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[0050] The comparator 42 is a digital comparator that gen-
erates a non-zero output when the value of counter 40 is equal
to the value c[n] maintained in register 38. The comparator 40
may, alternatively, generate a non-zero output when c[n] is
greater than the counter value. Other comparators may be
used.

[0051] Overall, the circuit creates a sequence of signals
over time or depth approximating the ideal phase curve. The
sequence at the output is of relative timing representing 1/x,
log(x), arctan(x) or similar functions.

[0052] The circuit is conceptually divided into three por-
tions. In a first portion, a polynomial is created. The polyno-
mial is created using the divided clock rate. The registers 30,
34, and 38 and the adders 32 and 36 generate a sequence of
values as a function of depth. The sequence represents a
second order polynomial. Alternatively, a sequence repre-
senting a first order polynomial is created using one fewer
register and one fewer adder. The polynomial is created as a
function of depth.

[0053] By incrementing the clock, the adders 32 and 36 are
triggered to add a next value for anext depth. The registers 30,
34, and 38 provide the values to be added. For example, the
adder 32 adds the constant value from the register 30 with the
initial value or previous output of the adder 32 value from the
register 34. The result is stored in the register 34. The result
replaces the previous value or the initial value in the register
34. The values of the register 34 are a first order polynomial.
[0054] To create a second order polynomial, the adder 36
adds the value from the register 34 with the value from the
register 38. The output from the adder 36 is stored in the
register 38, replacing the initial value or a previous value
loaded into the register 38. The values of the register 38 are
the second order polynomial. At a given depth, as represented
by the divided clock inputs, a value of the second order
polynomial is provided. A sequence of such values is the
second order polynomial as a function of depth. As repre-
sented in FIG. 6, this portion of the circuit calculates c[n]=
(a/2)n*+(b,+a/2)n+c, where n is depth, a is a constant value,
b, is an initial value, and ¢, is another initial value. FIG. 7
shows an example second order polynomial for an element.
[0055] Another portion of the circuit creates areciprocal of
the second order polynomial. The counter 40 and the com-
parator 42 generate impulses at a rate proportional to the
reciprocal of the second order polynomial. The counter 40
counts clock cycles or divided clock cycles. The comparator
42 compares the clock cycle count from the counter 40 to the
second order polynomial c[n] from the register 38. The sec-
ond order polynomial changes values once every M clock
cycles. For lower valued portions of the polynomial curve
c[n], the count will more frequently exceed the polynomial
during a given depth cycle, resulting in a more rapidly chang-
ing phase/delay result. Conversely, as c[n] approaches a large
value, the count less frequently exceeds c[n], making the
delay/phase result change slowly and thus converge on a final
value.

[0056] The output of the comparator 42 is pulses. A pulse is
generated each time the count exceeds the current value of the
polynomial output by the register 38. The result is pulses
frequency modulated as a function of the depth where a
greater number of pulses are generated over time for shal-
lower depths. Each pulse resets the counter and causes load-
ing of a current value of the register 38 for comparison. The
value in the register 38 is the same value previously used until
a new divided clock cycle increments the polynomial value.
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The pulse train represents a reciprocal of the derivative or
second order polynomial (e.g.. 1/c[n]). The circuit converges
to a stable desired value at increasing depth due to the nature
of ever increasing impulse intervals produced by the com-
parator 42. FIG. 8 shows an example pulse train over depth.
[0057] The remaining portion of the circuit generates the
relative timing, such as phase, delay, or phase and delay as a
function of depth. The adder 46 and registers 44 and 48
generate the timing based on the output of the comparator 42.
The pulses trigger the adder 46 to add the scale value from the
register 44 with the timing value from register 48. Where
multiple pulses from the comparator 42 occur in one sample
period (e.g., clock rate divided by M), then multiple sums
occur to determine the timing value for the scan line sample.
The resulting sum from the adder 46 is stored in the register
48.

[0058] Theadder 46 accumulates or integrates based on the
pulses from the comparator 42, converting the pulses into the
desired phase or delay curve. FIG. 9 shows an example phase
curve of the timing values in the register 48 over time for a
scan line. The relative timing is created using the reciprocal.
The adder 46 integrates a signal proportional to 1/c[n] witha
configurable scaling and offset.

[0059] The scale value is a constant. The constant is the
same for the entire line, but different constants may be pro-
vided for different lines. The timing value stored in register 48
has an initial offset value that is replaced over time or depth
with accumulated values.

[0060] The values a, b, c and 8 for the registers 30, 34, 38,
and 48 are established using calculation or experimentation.
For example, let the initial values of a, b, ¢, and 8 for the
registers 30, 34, 38, and 48 are denoted a,, b, c,, and 0,. The
parameters a,, b, c,, Scale, and 8, for a given sub-array
element and straight-line progression of receive focusing may
be determined through a computational process. The compu-
tational process is executed on a microprocessor, FPGA, or
other device outside of the circuit itself, and the resulting
parameters are loaded into the circuit registers 30, 34, 38, and
48 prior to the receive phase of the ultrasound acquisition.
First, the process computes ideal relative delay/phase curves
over depth by evaluating differences in path lengths at each
consecutive point of focus using well known Fuclidean dis-
tance expressions (i.e., square-root of sum-of-squares of dif-
ferences in Cartesian coordinates over the path of receive
focus). Let this ideal relative delay/phase curve as a function
of discrete depths n be denoted 0,,__[n]. From 6,,,_,[n] the
process COmpULEs 0, [11=1/(8,70/[0, 110, n]). The
process sets ¢,=0,,,,[n] so that the circuit starts with the same
value for its computed c[n] as the ideal curve. Let N corre-
spond to the maximum computed focus depth. From the
circuit, it can be shown that c[N]=c +(N)b, +N(N+1)a,/2. The
process sets c[N]=0, ., IN] so that the circuits computed c[n]
will converge to the same value as the corresponding ideal
curve. The process then sets by=0,,,.,/11-6,..,10] so that the
initial slope (1*"-difference) of c[n] matches that of ¢, [n].
The process then solves for a,, which evaluates to: 2(c[N]-
co—(by)N)/(N(N+1)). The process then emulates the circuit
behavior over depth with provisional parameterization of
Scale o yisiongr ! N 05,0, 50nq-0 and previously computed
ag, by, ¢, values. The process thus generates outputs 0, ;. ..,
[N]. The process then determines non-provisional value of
Scale (register 44) as (0;0,N1=8,0, 0D/ (O, pzareal N1 -
0, puzarea O1)- Lastly, the process determines the non-provi-
sional value of 6, as: 0,,,,, [N]-Scalex0,,,,/.,..1N]. Other
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curve fitting approaches for deriving polynomial coefficients
ag, by, and ¢, may be possible.

[0061] Offline computations are performed to predeter-
mine the register values, constants and/or initial values. A
field programmable gate array, look-up table, or other device
provides the register values prior to dynamically receiving
along the scan line. For example, the values are loaded during
a period of delay for reverberation and/or during transmit
operations. Alternatively, real-time or as needed computation
is used.

[0062] Inother embodiments, different approximations are
made. The circuit may be altered or replaced with other por-
tions and/or components. Other reciprocal circuits, accumu-
lation circuits, and/or polynomial generating circuits may be
used. Other representations than pulses or curves over time
may be used.

[0063] FIG. 10 shows a method for dynamic phase or delay
calculation in a sub-array of ultrasound imaging. The method
is implemented by the system of FIG. 1, the circuit of FIG. 6,
or other systems and/or circuits. A processor, application
specific integrated circuit, field programmable gate array,
digital circuit, analog circuit, or combinations thereof is
designed, configured, or instructed to perform the acts of FIG.
10.

[0064] The acts are performed in the order shown or a
different order. Additional, different, or fewer acts may be
provided. For example, acts 62, 64, and 66 relate to one
approach for approximating the ideal phase curve without
multiplication or cordic functions. Other acts for other
approximations may be used. As another example, act 68 is
not performed. In yet another example, acts for further beam-
formation from beamformed sub-array samples and image
processing from the further beamformation output are pro-
vided. An image is generated using the sub-array signals for
which dynamic focus is provided through approximation of
the ideal delay or phase curve.

[0065] In act 60, the dynamic timing relationship is deter-
mined. The act is performed for all or some elements in a
sub-array. Similarly, the act is performed for each of a plural-
ity of sub-arrays. Depending on the location of the element
relative to the focal position, different delay and/or phasing
are needed. Since adjacent elements or elements in a contigu-
ous sub-array have more similar phasing or delay than ele-
ments spaced from the sub-array, the relative timing is deter-
mined. The sub-array beamforming for each sub-array is
concerned with relative timing amongst the elements of the
sub-array. To beamform for the sub-array, the signals from the
different elements are relatively timed based on the dynamic
timing relationship.

[0066] Dynamic focus is provided. For a given scan line,
the focus changes over time. Initially received signals are
from closer depths than later received signals. By varying the
focus over time, beamformed signals for different depths are
provided.

[0067] Rather than rely on an ideal timing curve or static
(single) focus, the dynamic timing relationships for the ele-
ments of a sub-array are determined with a log(x), arctan(x),
1/x or similar function, where x is time. An approximation is
used to determine the phase, delay, or phase and delay for
sub-array beamforming.

[0068] Acts 62, 64, and 66 represent one example approach
for approximating the timing curve. In act 62, a second order
polynomial is generated. The polynomial provides values as a
function of the time. For different sample locations along the
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scan line, a different value is provided. A same value may be
provided for some sample locations. The values follow the
polynomial curve.

[0069] Any approach for generating the values along a
polynomial curve may be used. For example, a constant value
is added with a previous result of the adding for each of
multiple increments in time. The result is used as the previous
result in a next increment. The result is also used for another
addition. This other addition adds the result with another
previous result from this other addition. This other result is
used for feed back to the other addition as well as represents
the polynomial curve as a derivative.

[0070] In act 64, a reciprocal of the second order polyno-
mial is determined. The reciprocal is over time. Any approach
may be used. In one embodiment, the reciprocal is produced
with a comparator. By comparing the derivative with a
counter, pulses modulated in frequency to represent the recip-
rocal are formed. Other representations may be used, such as
a curve or series of values.

[0071] Inact66,the dynamic timing relationship is created.
The reciprocal is integrated and scaled to provide the timing
for an element. In one embodiment, the scale is added to a
previous timing relationship (e.g., added to a phase or delay).
The addition occurs when triggered by the pulses of the
reciprocal. The number of pulses in a given sampling period
determines the amount of integration and resulting timing for
that sampling period.

[0072] The timing relationship over time is the approxima-
tion of the phase or delay curve for the element. Acts 62, 64,
and 66 are performed for other elements. Depending on the
position of the element relative to the focal location, different
relative timing is generated. Using different initial and/or
constant values, a different relative timing over depth is deter-
mined for the different elements.

[0073] Inact 68, the signals from elements of the sub-array
are beamformed. The signals from the different elements are
relatively delayed, phased, or delayed and phased. Using the
timing relationship, the timing of the signals is adjusted. The
relative timing across the elements of the sub-array focuses
the received signals. The signals received from a focal loca-
tion at a given depth are determined or selected by application
of the timing. The focal location changes over time, so dif-
ferent timing is used to find the signals for the focal location
at different times.

[0074] Azimuth, elevation, or azimuth and elevation elec-
tronic focusing is provided. By applying timing, electronic
focusing is used. Mechanical focus may be used for one
direction, such as elevation.

[0075] The relatively delayed or phased signals from the
different elements are combined. By summing the signals,
sub-array beamformed signals representing acoustic echoes
from a focal point that varies over time are provided. The
beamforming for this dynamic receive operation of the sub-
arrays is performed using the dynamic timing relationships.

[0076] Using the circuit described above in FIG. 6 or the
method of FIG. 10, the approximation ofthe ideal phase curve
(phase over depth) may introduce some error as compared to
the ideal phase curveitself. For example, ina scan line steered
at 45 degrees from orthogonal to the sub-array, the maximum
absolute phase error is 0.0408 wavelengths. The mean phase
error is 0.0128 wavelengths. In another example, in a scan
line steered at the orthogonal (i.e., 0 degrees), the maximum
absolute phase error is 0.0859 wavelengths, and the mean
phase error is 0.0184 wavelengths. These errors are better
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than using static focusing. Performance may be better, par-
ticularly in shallow regions, as compared to static focusing,.
[0077] Since the ideal phase curve is not used, complex
circuitry is avoided. Rather than multipliers or performing
cordic functions, simpler circuitry is used. With numerical
scaling used in simulation, each channel may be implemented
with about 500 gates. 46 bits of configuration may used per
channel. The parameter data may be compressed to exploit
correlation with adjacent channels. For example, some of the
same register values are used in adjacent elements. Other
numbers of gates, bit amounts, bit sizes of register values, or
combinations thereof may be used.

[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.

I (we) claim:

1. A circuit for dynamic operation in a sub-array of ultra-
sound imaging, the circuit comprising:

a first adder and first register to generate a second order

polynomial as a function of depth;

acounter and a comparator to generate signals representing

a reciprocal of the second order polynomial;

asecond adder to generate a relative timing for an element

from the reciprocal; and

a sub-array beamformer to delay or phase ultrasound sig-

nals for the element based on the relative timing.

2. The circuit of claim 1 wherein the second order polyno-
mial is generated by the first adder and a third adder, the first
adder adding a first value from the first register and a second
value from a second register and outputting a first sum to the
second register, the third adder adding the first sum from the
second register and a third value from a third register and
outputting a second sum to the second register, the second
sum comprising the second order polynomial at a first depth.

3. The circuit of claim 1 wherein the comparator compares
an output of the first register with an output of the counter, an
output of the comparator comprising the signals, the signals
comprising pulses modulated as a function of the depth.

4. The circuit of claim 1 wherein the second adder is trig-
gered by an output of the comparator to add a previous rela-
tive timing with a scale value, a sum from the second adder
comprising the relative timing.

5. The circuit of claim 1 wherein the sub-array beamformer
comprises a phase rotator, the phase rotator operable to rotate
a phase of the ultrasound signals by the relative timing.

6. The circuit of claim 1 wherein the first register is con-
figured to be loaded with a constant, the constant depending
on a position of the element relative to a scan line.

7. The circuit of claim 1 wherein the first register is con-
figured to be loaded with an initial value depending on a
position of the element relative to a scan line and to replace
the initial value for increasing depths.

8. The circuit of claim 1 wherein the relative timing is a
log(x), 1/%, or arctan(x), where x is depth.

9. The circuit of claim 1 wherein the signals generated by
the comparator comprise the reciprocal of a derivative, the
derivative comprising the second order polynomial.
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10. The circuit of claim 1 wherein the relative timing for the
element in the sub-array is generated without a multiplier,
without a divider, and without a cordic operation.

11. The circuit of claim 1 further comprising second, third,
and fourth registers, the first, second, third, and fourth regis-
ters loaded with initial values by scan line, the initial values
corresponding to acurve fit of Euclidian distance to the circuit
operation.

12. A method for dynamic phase or delay calculation in a
sub-array of ultrasound imaging, the method comprising:

determining dynamic timing relationships between ele-
ments of a sub-array with a log(x), arctan(x), or 1/x
function, where X is time; and

beamforming signals from the elements of the sub-array as
a function of the dynamic timing relationships.

13. The method of claim 12 wherein determining com-
prises determining the dynamic timing relationships as rela-
tive phases as a function of depth.

14. The method of claim 12 wherein determining com-
prises determining the dynamic timing relationships as rela-
tive delays as a function of depth.

15. The method of claim 12 wherein beamforming com-
prises:

relatively delaying or phasing signals from the elements as
a function of the dynamic timing relationships; and

summing the relatively delayed or phased signals from the
elements.

16. The method of claim 12 wherein determining com-
prises producing, with a comparator, a reciprocal of a deriva-
tive.

17. The method of claim 12 wherein determining com-
prises:

generating a second order polynomial as a function of the
time;

calculating a reciprocal of the second order polynomial;
and

integrating the reciprocal,

wherein a result of the integrating comprises a dynamic
timing relationship of one of the elements.

18. The method of claim 12 wherein determining com-

prises:

first adding a first value with a second value for each of
multiple increments in the time, a result of the first
adding comprising the second value for a next incre-
ment;

second adding the second value with a third value for each
of the multiple increments in the time, a result of the
second adding comprising the third value for the next
increment;

comparing the third value with a counter;

third adding a scale value to a previous dynamic timing
relationship when triggered by an output of the compar-
ing, a result of the third adding comprising a dynamic
timing relationship for one of the elements.

19. A circuit for dynamic operation in a sub-array of ultra-

sound imaging, the circuit comprising:

a comparator to produce a reciprocal of a derivative;

a sub-array beamformer to delay or phase ultrasound sig-
nals for an element based on the reciprocal of the deriva-
tive.

20. The circuit of claim 19 further comprising:

first adders and registers to generate the derivative as a
function of depth;
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a counter connected with the comparator, the comparator
operable to produce the reciprocal by comparison of an
output of the counter and the derivative; and

asecond adder to generate a relative timing for the element
from the reciprocal, the relative timing being the delay or
phase as a function of depth.

# % % k&
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