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Description
FIELD OF THE INVENTION

[0001] The present invention relates to ultrasound imaging and, more particularly, relates to the focusing of received
ultrasound beams for ultrasound imaging.

BACKGROUND OF THE INVENTION

[0002] In ultrasound imaging, a transducer is used to transmit ultrasound beams into the medium to be examined, for
example, aregion of the human body; receive the ultrasound echoes reflected from various discontinuities in the medium;
and, transform the reflected ultrasound echoes into electrical signals. The electrical signals then undergo a number of
processing steps and are eventually transformed into an image which can be displayed on a device such as a cathode
ray tube or printed in order to be examined by a physician.

[0003] Ultrasound transducers typically consist of arrays of small rectangular piezoelectric elements. A subset of such
elements used to transmit or receive an ultrasound beam is called a transmit or receive aperture, respectively. Typically,
the geometrical centers of transmit and receive apertures coincide, and the ultrasound beam(s) are represented as
linear beam axes originating at the center of the apertures.

[0004] The receive operation is performed by a multi-channel receive beamformer. The multi-channel receive beam-
former applies delays and weights to the signals received by various receive aperture elements and sums them to obtain
focused signals along the desired beam axis. The purpose of the delays is to compensate for the difference in arrival
time caused by difference in propagation paths from the point of interest of the medium to the different elements of the
aperture. In order to obtain ultrasound beams focused at multiple depths along the beam axis, the receive delays are
varied with depth such that all the signals which are summed to obtain the echo from a point on the beam axis arrive
from that same point. This is called dynamic receive focus, and the image quality is critically dependent on the accuracy
of the dynamic receive delays or equivalently of the echo arrival time. It is known in the art that a delay accuracy of
1/32F is desirable, where F_ is the center frequency of the transducer’s frequency characteristic.

[0005] The received signals can be delayed by various methods, for example, analog and digital, but in all cases a
delay, or arrival time, controller has to produce the desired delay control signals. Practical beamformers use circuits
which calculate the dynamic delays in real time starting from a small number of pre-calculated initialization parameters.
One such circuit is based on a computer graphics algorithm introduced in an article by Van Aken entitled, "An efficient
ellipse-drawing algorithm", IEEE Computer Graphics and Applications Magazine, vol. 4, no. 9, pp. 24-35 (Sept. 1984),
and adapted to ultrasound imaging as described in an article by Ki Jeon et al., "An efficient real-time focusing delay
calculation in ultrasonic imaging systems", Ultrasonic Imaging, 16, pp. 231-248 (1994). Variants of and improvements
to this delay generation method are described in U.S. Patent No. 5,669,384 to Park et al. entitled, "Real time digital
reception focusing method and apparatus adopting the same"; U.S. Patent No. 5,836,881 to Bae entitled "Focusing
delay calculation method for real-time digital focusing and apparatus adopting the same"; "Low power delay calculation
for digital beamforming in handheld ultrasound systems", H. Feldkamper et. al., Proc. IEEE Ultrason. Symp. 2, pp.
1763-1766 (2000); "Delay generation methods with reduced memory requirements"”, B. Tomov and J. Jensen, Proc.
SPIE, Vol. 5035, pp. 491-500 (2003); and U.S. Patent No. 5,724,972 to J. Petrofsky, entitled "Method and apparatus
for distributed focus control with slope tracking”. In general these methods calculate the desired quantity (arrival time/de-
lay) iteratively from one depth to the next by adding/subtracting to/from the quantity either a non-zero or a zero value
depending on the sign of a decision quantity which is also calculated iteratively.

[0006] A first shortcoming of these prior art delay generation methods is their limited accuracy. The original method’s
error may be up to one half of the sampling period T=1/F, where F is the sampling frequency. In ultrasound imaging F
is typically four times the center frequency (F = 4F ). This results in accuracy of 1/8F, 4 times worse than the desired
1/32F . The prior art methods mentioned above attempt to improve on this result by combining, for example, increasing
the sampling rate and increasing the algorithm complexity (and therefore the circuit complexity), both of which are
undesirable as is recognized by one of ordinary skill in the art.

[0007] A second shortcoming of these prior art methods is the relatively large number of initialization parameters, that
is, at least 2 parameters for each array element and each beam direction. For a typical phased array with 128 elements,
256 initialization parameters are required per beam direction.

[0008] Therefore, a method and circuit for calculating the delay or the arrival time with an accuracy of at least 1/32F
at a sampling rate 4F, and with a reduced number of initialization parameters is required.

SUMMARY OF THE INVENTION

[0009] In accordance one aspect of the present invention, in an ultrasound imaging system broadly comprising an
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ultrasound transducer having an array of elements and a beam origin located between two adjacent elements, each
element for converting received energy into an echo signal, a process for calculating a timing function, the process
broadly comprising the steps of calculating for a first left element and a first right element a distance (d,,) at integer-
valued depth (n), said distance (d,) measured from said beam origin to a point on a beam axis of an ultrasound beam;
estimating a distance (21,,) measured from a center of the first left element and the first right element to the point on the
beam axis; adding the distance (21,,) to the integer-valued depth (n) to generate an arrival time; subtracting the distance
(cA:In) from the integer-valued depth (n) to generate a delay; adding a constant (C,) to the arrival time; and adding a
constant (C,) to the delay.

[0010] In accordance with another aspect of the present invention, an ultrasound system broadly comprising an ultra-
sound transducer comprising an array of elements and a beam origin located between two adjacent elements, each of
the elements for converting received energy into an echo signal; and a beamformer broadly comprising an initialization
controller including initialization controller circuitry for calculating initialization parameters; at least one channel including
a delay circuit and a delay controller for calculating a timing function according to the process of claims 1-7; and a
summer for summing phase-aligned signals to form a beamformed signal.

[0011] In accordance with yet another aspect of the present invention, in an ultrasound imaging system broadly
comprising an ultrasound transducer having an array of elements and a beam origin located between two adjacent
elements, each element for converting received energy into an echo signal, a process for calculating initialization pa-
rameters from a reduced parameter table, the process broadly comprising the steps of setting at least one increment
value for at least one initialization parameter for a first left element located to the left of the beam origin and a first right
element located to the right of the beam origin; storing in a memory storage device the at least one increment for the
first left element and the first right element; calculating the at least one initialization parameter for at least one beam
steering angle for the first left element and for the first right element; storing in the memory storage device the at least
one initialization parameter for the first left element and the first right element; and calculating at least one additional
initialization parameter for the at least one beam steering angle for at least one next left element located to the left of
the first left element and for at least one next right element located to the right of the first right element based upon the
stored at least one initialization parameter for the first left element and the first right element.

[0012] In accordance with yet another aspect of the present invention, an ultrasound system broadly comprises an
ultrasound transducer broadly comprising an array of elements and a beam origin located between two adjacent elements,
each of the elements for converting received energy into an echo signal; and a beamformer broadly comprising an
initialization controller including initialization controller circuitry for calculating initialization parameters according to the
process of claims 15-23; at least one channel including a delay circuit and a delay controller; and a summer for summing
phase-aligned signals to form a beamformed signal.

[0013] The details of one or more embodiments of the invention are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages of the invention will be apparent from the description and
drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014]
Figure 1 illustrates the geometry used to calculate the echo arrival time in phased array imaging;
Figure 2 shows the relationship between depth along the beam axis and distance from the point on the beam axis
to the center of the receiving element for the center element and an element situated away from the center of the
aperture;
Figure 3 shows the block diagram of a typical receive beamformer;

Figure 3a show the general block diagram of a beamformer channel;

Figure 4 shows a circuit which calculates the distance from points on the beam axis to the center of an element
according to the method of the invention;

Figure 5 shows the block diagram of a delay controller incorporating the method of the invention;
Figure 6 shows the geometry at the initial depth for several array elements; and

Figure 7 shows a circuit which calculates the initialization parameters according to the method of the invention.
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[0015] Like reference numbers and designations in the various drawings indicate like elements.
DETAILED DESCRIPTION OF THE INVENTION

[0016] It has been discovered using simulation that for most imaging geometries used in medical ultrasound imaging,
when the focus point moves by a distance A down the beam axis, the distance from the focus point to an aperture
element increases by anywhere from (1-1/2) A to A, where i is an integer in the range 2 to 4. This finding leads to
algorithms which calculate the echo arrival time or the delay for each depth position iteratively, adding one of the two
constants (1-1/27) A or A depending on a decision criterion which is also iteratively calculated. The delay error or arrival
time error of the method of the present invention is less than 1/8 of the sampling period. The algorithm of the present
invention involves only simple mathematical operations, that is, additions and subtractions. Variants of the method of
the present invention that produce even greater accuracy and no increase, or a small increase, in complexity are also
described herein.

[0017] The initialization parameters of the proposed method(s) of the present invention are proportional with the
distance of each element to the center of the array. This allows generating the initialization parameters for all elements
using simple mathematical calculations starting from a reduced number of only 4 parameters for each beam direction.
[0018] Referring now to Figure 1, a phased array 10 may contain a center element 12 and at least one element 11 to
the left and to the right of the center element 12. Each element 11 includes a center 14 located at a distance x from the
center element 12. Since phased arrays typically possess an even number of elements and the true center falls between
two elements 11, the center element 12 is theoretical for purposes of explanation. A vertical axis 13 is shown for the
purpose of providing a frame of reference, e.g., a Cartesian coordinate system. Theoretically, an ultrasound beam may
originate from an aperture (not shown) of the array center 12 and travel a distance r to a point P as shown in Figure 1.
The ultrasound beam may then reflect off a media (not shown) and travel a distance d to the center 14 of an element
11. The center 14 of element 11 may be situated at a coordinate x relative to the vertical axis 13. The ultrasound beam
from array center 12 to point P may be referred to as a beam axis 16. The beam axis 16 may be steered at an angle 6
relative to the vertical axis 13. In this example, the value of x would be negative. Using the distances r and d and the
angle 0, the arrival time of an echo from point P on the beam axis 16 to element 11 of the phased array 10 may be
calculated by one of ordinary skill in the art.

[0019] Thetotaltraveltime, or the arrival time, of the ultrasound beam through the media is shown below in Equation (1):

t=(r+d)c 1)

where t is the total travel time of the ultrasound beam; r is the distance from the array center aperture to Point P; d is
the distance from Point P to an element center; and, ¢ is the velocity of the ultrasound beam.

[0020] For beamforming applications, t has to be evaluated for discrete values of r at intervals Ar using an Equation
(2) provided below:

Ar=cT/2 )

where Ar is the 2-way travel time along the beam axis 16 between two sampling times; T is a unit of time; and, c is the
velocity of the ultrasound beam.

[0021] We choose T = 1/F as a unit of time and cT/2 as a unit of distance the ultrasound beam travels in two directions,
i.e., forward and reflection, in an amount of time T. With these units r takes integer values n = 0, 1, ... and t takes the
values as shown below in Equations (3) and (4):

th=(o+dy)/2 3

where
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do= Vn? + x* —2nxsin@ (4)

wherein t, is the arrival time; n is the distance from the array center aperture to Point P as measured as an integer value;
d, is the distance from Point P to an element center; and, x is the distance from the center of the element to the center
of the aperture measured in units of cT/2.

[0022] One of ordinary skill in the art will recognize that n may be calculated in real time by a simple counter. Therefore,
to obtain the arrival time t,,, a method is necessary to calculate d,,. However, direct calculation of d,, using formula (4) is
not practical due to the multiplication and square root operations involved.

[0023] Referring now to Figure 2, the graph shows the relationship between the depth n along the beam axis and the
distance d,, for two elements of the phased array 10. The dashed line corresponds to an element at the center 12 of the
aperture. The continuous line corresponds to an element 11 at a position located away from the center 12 of the phased
array 10. For the center element represented by the dashed line, d, = n varies linearly with n with slope S=1, whereby
d, increases by 1 when n increases by 1. For the element 11 located away from the center of the aperture, d,, has initially
a slope less than 1, and the slope gradually increases with depth approaching 1. As is known to one of ordinary skill in
the art, it is common in ultrasound imaging to begin adding an element’s contribution to the ultrasound beam starting
from a non-zero depth n&= 2f|x|, where the value of f is typically selected in the range 1 to 3 and |x| is the element’s
distance to the element of the center 12 of the aperture.

[0024] It has been discovered that for many array geometries commonly utilized in ultrasound imaging and for a value
of f greater than or equal to 1, the slope of the d,, vs. n curve is at least 7/8 = 1-1/23. This minimum slope value may be
used advantageously in the present invention to provide both high accuracy and a simple algorithm for estimating d.
[0025] A slope range of 7/8 to 1 may produce the following first algorithm of Formula 5 for estimating d,,.4 when d,, is
known and n > n;. We denote by 21,, the estimate of d,,.

First Algorithm 3
Initialization (at n = nf)

n=nr

[0026] Update (for any n > ny)

ifd,>=d thenS= lelse S= 7/8

~ ~

d, =d,+S

n+l n

n=n+1

[0027] When the d estimate grows by 1 from one depth value n to the next it may exceed the exact value of d; however,
since the exact value of d may also increase by at least 7/8, the error will not be larger than the difference 1-7/8 =1/8.
Conversely, when the estimate grows by 7/8, the estimate may be less than the exact value of d, however since the
exact value of d may not increase by more than 1 the absolute value of the error again will be less than 1/8. This results
in a maximum absolute timing error less than T/16 = 1/64F ; and exceeds the accuracy requirements of typical ultrasound
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imaging systems.

[0028] Note that the first algorithm of Formula (5) differs from the prior art in which the choice of the slope (increment)
S was between zero and a (constant or depth-dependent) non-zero value. The first algorithm of the present invention
uses one of two non-zero slope (increment) S values for the iterative calculation of distance d,,.

[0029] The first algorithm of Formula (5) described above relies on the availability of the exact value d,, at each depth
n, which is precisely the problem we were trying to first solve. To overcome this we apply a technique known to one of
ordinary skill in the art, rather than decide the slope S based on comparing the exact and estimated values of d we
compare the squares of the exact and estimated values of d. However, differently than the prior art, the decision quantity
(difference of the squares of the exact and estimated values) may be calculated as shown in the Equation (8) and the
second algorithm of Formula (10) shown below.

[0030] By squaring both sides of equation (4) mentioned above, replacing n by n+1 and regrouping the terms we find
that the square of the exact value of d can be calculated iteratively in Equation (6) as follows:

dZ

a+l

=d?+2n+K (©6)

where

K =1-2xsin8 (dl)

is a constant for a given beam and element.
[0031] The square of the estimate can also be calculated iteratively in Equation (7) as follows:

~

=d?+28d,+8* (7)

where S is the slope =7/8 or 1, as selected in the first algorithm of Formula (5).

[0032] Since we use the 2 squared variables in Equations (6) and (7) only for decision purposes, we are only interested
in iteratively calculating their difference. By conveniently grouping terms and using the equations (6) and (7), we obtain
the Equation (8) as follows:

2
dn+l

d:, =(d?-d)+Q(n-d,)+K)+sd, 14~S* ®

where:

ifd,>=d_ thens=0,S= 1

elses=1,S= 7/8

where s is the sign bit of the difference evaluated at a depth n.

[0033] In arriving at equatlon (8) we made use of the fact that subtracting 2Sd when S =7/8 is equivalent to subtracting
2d and adding back d /4, operations involving only arithmetic shifts but no multiplications.

[0034] We introduce the notations:

D,=d}-d; (d2)
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A, =2(n-d)+K (d3)
and note that A, can be updated iteratively at Equation (9) as follows:

Ay =4,+21-S5) &)

where S is 7/8 or 1 as described above. .
[0035] Withthese modifications and notations the second algorithm for calculating d,, becomes Equation (10) as follows:

Second Algorithm: ' (10)
1. Initialization (at n = ny)

n=n¢

d,=d,

A, =2n-d,)+K

D, =0

2. Update (n > ny) |

IfD,20
D, =D, +A,+d,/4-49/64
An+l =An
én+l = dhu+ l
Dn+l =Dn +An _l
A.,=A4,+1/4
d,, =d +7/8

n=n+1

[0036] For purposes of example, the second algorithm was explained based on a minimum slope of 7/8. However,
one of ordinary skill in the art recognizes that one can easily modify the algorithm to operate with other minimum slope
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values of the form 1-1/2/ where i = 0, 1, 2 ..., and preferably i = 3. For example, the modifications may involve changes
in the constants used in the second algorithm. Thus, if values of f greater than 1.4 are acceptable then a minimum slope
of 15/16 may be used and provide further the benefit of reduced error. In the alternative, a minimum slope value of 3%
may also produce adequately small errors and allow smaller values of f. Minimum slopes of form other than 1-1/2/ may
also be used; however, alternative minimum slopes may complicate the implementation of the second algorithm. It is
also noted that the maximum error is proportional with T and therefore can be further reduced by increasing the sampling
frequency F.

[0037] Referring now to Figure 4, a circuit 200 for implementing the second algorithm is shown. The figure is a simplified
representation of a circuit, showing only the data path and omitting the timing and control signals as known to one of
ordinary skill in the art. One of ordinary skill in the art will also recognize that overall circuit complexity may be simplified
as some of the multiplexers may be incorporated in the same physical circuit as the arithmetic units they feed, for
example, when the circuit is implemented with look-up table field programmable gate arrays. Before the start of a beam,
multiplexers 212 and 221 may be controlled to pass the initialization values A;and an respectively (where n = n;) and
adders 213 and 223 may be controlled to pass these initialization values unmodified to the registers 214 and 224,
respectively. At the same time, register 236 may be cleared initializing the decision quantity D, to 0. The circuit may
then estimate d,, at the sampling clock speed, that is, one estimate per clock, for all depths larger than n;.

[0038] During execution of the second algorithm using circuit 200, the most significant (sign) bit of D, may be used in
the control logic (not shown) to select the slope S as specified by the second algorithm. For example when that bit is 0
the gates 211 are disabled; the multiplexer 222 is controlled to pass the slope value 1; the gates 233 are disabled; and,
the multiplexer 232 is controlled to pass the squared slope (S2) value 1. The division 2/,7/4 is an arithmetic shift achieved
simply by the wiring of output bits of register 224 to the inputs of the gates 233. The logic format used in circuit 200 may
be integer(s), with the decimal part of the numbers represented by the least significant bits of the integers. Preferably,
three (3) least significant bits are used to represent the decimal part, but a larger number of bits may be used depending
on the application and accuracy requirements as is understood by one of ordinary skill in the art. The number of most
significant bits, representing the integer part of the various quantities, varies depending upon the maximum number of
depth positions. Preferably, typical medical ultrasound systems component 211 has 1 bit (with all other bits hard-wired),
components 212, 213 and 214 each have 14 bits, component 222 has 4 bits (with all other bits hard-wired), component
232 has 4 bits (with all other bits hard-wired), and the other components each have 16 bits, and for all these components
the least significant three (3) bits represent the decimal part of the respective quantities.

[0039] While the circuit 200 of Figure 4 was described as the preferred embodiment of the second algorithm, it will be
obvious to one of ordinary skill in the art that the second algorithm may be implemented by other circuits or as a program
executed on a computer embedded in a medical ultrasound system . In particular, if the circuit 200 is operated at clock
frequencies greater than the ultrasound sampling rate, then fewer arithmetic units than those shown in Figure 4 may be
used in a time-multiplexed fashion, with at least one arithmetic unit performing more than one of the arithmetic operations
of the algorithm as is recognized and understood by one of ordinary skill in the art.

[0040] Tothispointonly method(s)forestimatingthe distance d of Figure 1 has been described. However, the method(s)
of the present invention may be employed in ultrasound receive beamformers. Referring now to Figure 3, a block diagram
of a typical receive beamformer 30 is shown. Receive beamformer 30 may comprise multiple channels 31, a summer
32 and an initialization controller 33. Referring now to Figure 3a, the general structure of a channel of Figure 3 is shown.
The channel 31 may comprise a delay block 36 and a delay controller 38. Prior to beam transmission, the initialization
controller 33 initializes each channel’s delay controller according to the beam characteristics, e.g., steering angle, array
geometry and position in aperture of the element connected to the channel. After beam transmission occurs, echoes
may begin arriving at the array elements. The echoes may be converted into electrical signals, preprocessed, e.g.,
amplified and filtered, and the preprocessed electrical signals may be fed into the inputs of the beamformer channels
31. The delay blocks 36 may further process and delay the signals under the control of delay controllers 38, such that
the signals arrive phase-aligned at the inputs of the summer 32, where the signals are summed to form the beamformed
signal.

[0041] The second algorithm of the present invention may be incorporated by means, for example, of circuit 200 or a
variant of circuit 200 as recognized by one of ordinary skill in the art, in the delay controller 38, where the second algorithm
may be used in a manner dependent on the particular method of implementing the delay block 36 as known to one of
ordinary skill in the art. For example, the delay block 36 may comprise an arrangement of analog delay lines and analog
multiplexers to provide a coarse delay, or may be combined with analog mixers to provide fine phase delay. In another
example of an implementation of the method of the present invention, the delay block 36 may contain an analog to digital
converter (not shown) to convert the electrical signal into its numerical representation, a memory storage unit (not shown)
which provides coarse delay at the resolution of the sampling period, and an interpolator (not shown) to provide fine
delay, e.g., subsample. In yet another implementation of the method of the present invention, an analog to digital
converter’s clock may be phase-modulated to provide the fine delay and the digital signals may then be written to a
memory storage unit (not shown) which provides the coarse delay. Such converters, memory storage units and inter-
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polators are well known to those of ordinary skill in the art and are well described in both technical literature and numerous
patents. The control signals generated by delay controller 38 may generally be one of three types: delay (3), arrival time
(t), or the sign of the decision quantity D,,. The sign of the decision quantity D, may be obtained directly from the execution
of the second algorithm using circuit 200. The calculation of the other control signals, that is, delay (8) and arrival time
(), will now be explained in greater detail.

[0042] Referring again to Figure 1, the delay & of the echo to a lateral element relative to the center of the aperture is
shown in Equation (11):

S=(d-r)lc (11)

or, with the time and distance units defined before, as shown in Equation (12):

8, =(d, -n)2 (12)

[0043] To compensate the delays, the negative values of the delays may be applied to the signals, and may be offset
by a constant C, applied to all channels in order to make the physical delays positive. The delay controller 38 therefore
has to generate the control signal shown in Equation (13):

del, =C,—d, /2+n/2 (13)

[0044] This can be obtained with a delay controller 58 of Figure 5. The delay controller 58 may comprise the circuit
200 of Figure 4 that implements the second algorithm of the present invention, a depth counter 51, a subtractor 52 and
a timing/control block (not shown). The depth counter 51 is preset to 2C, before the start of the beam and then increments
at each sampling clock. The divisions by 2 of equation (13) are performed by selecting the appropriate bits. The circuit
may be further simplified by using a single depth counter 51 for multiple delay controllers 38. The arrival time calculation
is shown in the aforementioned Equation (3) described above. For implementation reasons sometimes a constant C,
may be added to Equation (13), and the implementation of the delay controller 38 of Figure 3a may be similar to the
delay controller 58 shown in Figure 5 and described above except that the subtractor block 52 may be replaced with an
adder as understood by one of ordinary skill in the art.

[0045] As described above, the beamformer 30 operation may begin with an initialization performed by initialization
controller 33. Each channel’s delay controller 38 may require an initial value for the variables A, and 21,7 as well as the
initial depth value n; at which the channel 31 may be activated. For a 128-element phased array and 128 steering angles
this requires 64 X3X 128 parameters, where the symmetry of the steering angles was used to reduce the number of
parameters by a factor of 2. Rounding up to a power of 2 results in a memory requirement of 32 KWords per probe. This
memory requirement may represent a considerable cost especially in low-end portable ultrasound systems or in other
compact ultrasound system designs where space and power are scarce. Other disadvantages are present such as long
dead time when switching from one transducer probe to another which requires loading new parameter tables.

[0046] Referring now to Figure 6, to reduce the number of parameters we may take advantage of the geometry at
depth n = nfor various elements. Figure 6 shows the first 3 elements to the left (and their centers L; where i=0, 1,...)
and the first 3 elements to the right (and their centers R; where i=0, 1,...) of a center 110 (hereinafter referred to as the
capital letter "O") of a phased array 100, including a beam axis 112 and at least one point N; indicating a depth n;. The
points indicating depths n;; are equivalent for the elements which are symmetrical versus the center of the aperture by
the definition of ng as indicated in Equation (14):

n;=2f*OL;=2f*OR;=0N;  (14)

[0047] Referring again to Figure 1 and definitions described above, the following Equations (15), (16) and (17) may
be observed for an elementi (i= 0, 1, ...) to the left of the array center 110 as follows:
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0L;=xi (15)

ONi =ng= 2ﬂxi|= 2f*OLi (16)

LN; =d,g an

[0048] Triangles OL;N; and OLJ-NJ- have the angle O in common and by equations (15) and (16) OLi/OLJ- = ONi/Onj =
xi/x;; therefore, the two triangles are similar; and, therefore from Equation (17) d,s/dg = LiN/L)N; = Xi/x;. Therefore, both
n; and d,,; grow proportionally to their distance |x;| from the origin of the beam. This now provides a method to calculate
the two parameters ng and d; for each left element starting from their value for the left element 0 (n; and d,zg) and their
increments An; and Ad,; from element to element. In order to guarantee integer sampling positions, ng is rounded
(causing small departures of f from the exact specified value) and considering that x; is half of the distance, that is, the
pitch, between elements we have Equations (18) and (19):

Anc=2np (18)

Adpr=dpn —dup  (19)

where d¢4 and d, are calculated in Equations (20) and (21) according to Equation (4).

n;=np+ixAng (20)

dnsi = dnfO'*_' i x Adnr (21)

[0049] The expression K;, according to its definition (d1) of Equation (6), varies proportionally with the signed value
of x; and can be calculated in a similar manner according to Equation (22):

Ki=Ko—ixAK (22)

where AK = 2 x pitch x sin6

[0050] A,;is then obtained by its definition (d3) from ng, d,5 and K;.

[0051] The same methods may apply to the elements to the right of the array, that is, R; where i=0, 1,.... It should be
noted that for the symmetrical aperture described herein ngy and An; are the same on the left and right sides of the phase
array 100, but d sy and Ad,; are different when the steering angle is a value other than 0. It should also be noted that
that for the right side Ky and AK are the same as for the left side. However, when implementing the right side K, and
AK, Equation (22) takes on a slightly different form as Equation (22):

Ki=Ko+(i+1)xAK (22)

10
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[0052] Therefore, only eight (8) parameters are needed for each steering direction irrespective of the number of
elements present in the phase array. For the previous example of the 128-element phased array and 128 steering angles
this results in a total memory size of 64 X 8 = 0.5 Kword. Due to symmetry only 128/2 = 64 sets of parameters are
required. Therefore, a 64-fold reduction in memory at the expense of an additional arithmetic circuit is recognized. The
implementation of the second algorithm in ultrasound receive beamformers is advantageous when the initialization
controller is implemented with a technology such as a field programmable gate array, where logic and arithmetic units
are readily available and inexpensive but memory is relatively scarce.

[0053] The parameter table size can be further reduced by taking advantage of the fact that the pitch (Ax) is equivalent
to double the distance x; for the first left/right elements. Considering that, as shown before, the parameters of interest
vary from element to element in proportion to the element’s position x, it follows that the initial parameter values may
be calculated from the increments shown in Equations (23)-(25) as follows:

np = Ang2 (23)
dno = Adng/2 (24)
Ko=1-AK/2 25)

[0054] Note that for the elements on the right side of the phase array 100, Ad,; may be different than for the elements
on the left side, and K, may be calculated with an adder instead of a subtractor as shown in Equation (25°) as follows:

Ko=1+AK/2 (25%)

[0055] Therefore, only the increments are needed in the initialization tables, reducing the memory requirement by
another factor of 2 to 256 words or a total reduction by a factor of 128.

[0056] In some implementations of the initialization algorithm, that is the second algorithm, of the present invention,
multipliers are readily available and the calculation of initialization parameters may be performed using equations (20),
(21), (22) directly. Multipliers however are generally expensive. In order to avoid calculations involving multiplication,
equations (20), (21) and (22) may be replaced with a third algorithm of Formula (26) which calculates the initialization
parameters iteratively, by repeatedly adding the increments An;, Ad,;, AK to the respective parameters:

1"
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Third Algorithm: (26)
1. Set up for first left element
Load incrgment registers Ang, Adne, AK

Load accumulators with first left element values

ng = Ang/2
dni = Adnp/2
Ki=1-AK/2

Calculate first left value of An
Ans = 2(ng — dnp) + Ki

2. Iterative calculation for all left elements after first

ng =ng + Ang
dnsi = dnsi + Adys
Ki=Ki- AK

Ani =2(ng — dng) + K

3. Set up for first right element
Load increment registers Ang, Adys, AK

Load accumulators with first right element values
ng = Ang/2

dns = Adpp/2

Ki=1+AK/2

Calculate first left value of An
Ansi = 2(ng — dng) + K

Calculate first left value of An
[0058] Ang=2(ng-dnp)*K;

12
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4, Tterative calculation for all right elements
ng =ng + Ang

dafi = dnfi + Adns

Ki=Ki+AK

Ans = 2(ng — dag) + K

[0059] While the method of calculating initialization parameters has been explained by means of equations (20), (21),
(22) and the iterative initialization algorithm, that is, the third algorithm, of Formula (26) above, it will be obvious to one
skilled in the art that alternative formulations based on the proportionality principle of the present invention may be
conceived and practiced.

[0060] Referring now to Figure 7, a circuit 70 is shown which may implement the iterative initialization algorithm of
Formula (26). Circuit 70 represents a simplified schematic diagram showing only the parameter memory, registers and
arithmetic units and omitting the timing and control circuits and signals as recognized by understood by one of ordinary
skill in the art. During the setup phases 1 and 3 of the iterative initialization algorithm of Formula (26), the increments
may be read from a parameter memory 71 and loaded into a plurality of shift registers 72, 73 and 74. At the same time,
accumulator registers 78 and 79 may be reset to 0 and accumulator register 80 may be preset to 1. Next, shift registers
72, 73 and 74 may downshift by one bit to divide the increments by 2 and then the initial values of the accumulator
registers 78, 79, 80 may be calculated according to equations (23), (24), (25) and (25’) respectively. Afterwards, the
shift registers may shift up by one bit to restore the increment values. The circuit 70 may then proceed to perform the
iterative calculation phases 2 and 4 of the iterative initialization algorithm of Formula (26). Arithmetic units 75, 76 and
77 may perform the first three (3) operations of steps 2 and 4 of the initialization algorithm. Arithmetic units 75, 76 may
comprise adders, and arithmetic unit 77 may comprise an adder/subtractor. For example, adder 75 repeatedly adds An;
to the value of ng to obtain the respective value for the next element further away from the center of the aperture.
Subtractor 81 and adder 82 may calculate the A, quantity. While this circuit is particularly suitable for implementation in
a field programmable gate array integrated circuit, it will be obvious to one skilled in the art that the iterative initialization
algorithm of the present invention may be implemented with other circuits known to one of ordinary skill in the art or as
a computer implemented program executed on a computer separate from or embedded within an ultrasound system,
ultrasound system component, e.g., an ultrasound scanner, and the like.

[0061] The arrival time/delay calculation algorithm and initialization algorithm of the present invention have been
described for a 1D (one-dimensional) phased array transducer, and for a scanning geometry in which the beam axis
originates from the center of the aperture. However the algorithms may be extended to other configurations as understood
by one of ordinary skill in the art, some of which will be briefly discussed below.

[0062] In some situations it is desirable to produce beams whose axis originates at different positions on the aperture
than its center. In such cases, the value x of the position of the various elements has to be measured against the origin
of the beam instead of the center of the aperture, but the equations used in this disclosure except (18), (23), (24), (25),
(25’) remain valid. Therefore, the delay/arrival time algorithms remain valid. The initialization algorithm based on pro-
portionality also remains valid except for the portions dependent on the beam origin being halfway between two elements.
Thus, if the origin of the beam is not exactly halfway between two elements then ny, will take different values to the left
and right of the origin of the beam, therefore one extra initialization parameter will be needed. Likewise the calculation
of the first left/right parameters from the increments is no longer so simple and it may be more convenient to increase
the size of the table to include both the first left/right values and the increments. If the distance from the beam origin to
the closest element center is of the form pitch/2i then the initialization algorithm and its implementation with circuit 70
can still be used with small modifications which will be obvious to one skilled in the art.

[0063] The arrival time/delay calculation algorithm based on second algorithm also applies to convex, e.g., curvilinear,
arrays when the steering angle 0 is 0, that is, no steering, with the following modification of definition (d1) which does
not affect the second algorithm formulation:

Kconvex = 1 + 2R(1 - cos) (d1-convex)

where R is the radius of the convex array and ¢ is the angular position of the element’s center relative to the beam axis.
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[0064] For the convex array initialization parameters are calculated based on the array’s curvilinear geometry, and
the method to derive all elements’ parameters from initial values and increments no longer applies.

[0065] Finally, second algorithm may be extended to include 1.5-dimensional, 1.75-dimensional and 2-dimensional
arrays. Indeed, consider an element in the plane of the array and a beam steered at some azimuth and elevation angles
and with the origin in the plane of the array. If we construct a plane containing the beam axis and the center of the
element, then the beam origin and the beam axis will exhibit the same geometric relationships in that plane as the
geometry shown in Figure 1 and may also be used to derive the arrival time/delay calculation algorithms using the second
algorithm of the present invention. Initialization parameters may then have to be calculated differently than described
for the phased array as will be recognized by one of ordinary skill in the art.

[0066] One or more embodiments of the present invention have been described. Nevertheless, it will be understood
that various modifications may be made without departing from the scope of the invention. Accordingly, other embodi-
ments are within the scope of the following claims.

Claims

1. In an ultrasound imaging system comprising an ultrasound transducer having an array of elements and a beam
origin, each element for converting received energy into an echo signal, a process comprising the steps of:

calculating an integer-valued depth (n), said depth (n) measured from said beam origin to a point on a beam
axis of an ultrasound beam;

estimating a distance (21,,) representative of the exact distance (d,) measured from a center of an element to
said point on said beam axis; said estimated distance at depth n being determined iteratively by adding (1 -
1/2/) or 1 to an estimated distance at a previous depth n-1, where i is an integer >0 depending on a decision
criterion which is also iteratively calculated;

adding said estimated distance (Ad,,) to said integer-valued depth (n) to generate an arrival time control signal
or subtracting said estimated distance (Ad,,) from said integer-valued depth (n) to generate a delay control signal;;
and

processing an echo signal associated with said element based on the arrival time control signal or the delay
control signal.

2. Theprocess of claim 1, wherein the calculation step compArises comparing a square of an exact value of said distance
(d,) to a square of an estimated value of said distance (d,,) according to an equation:

d2, -d%, =(d?-d>)+@2n-d,)+K)+sd, 14— S"

wherein (n) is said depth from said beam origin to a point along said beam axis, wherein K =1- 2x sin 8, wherein 6
is a steering angle of said beam axis relative to a vertical axis of said array, wherein S is a slope of said distance
with respect to said depth (n), and wherein s is a sign bit of a difference shown in the equation, evaluated at said
depth (n).

3. The process of claim 2, wherein the comparison step comprises:

determining that said exact value of said distance (d,) is greater than or equal to said estimated value of said
distance (21,,);

based on the determination, setting said s equal to a value of zero; and

based on the determination, setting said slope S equal to a value of one.

4. The process of claim 2, wherein the comparison step comprises:

determining whether said exact value of said distance is greater than or equal to said estimated value of said
distance;

determining that said exact value of said distance (d,) is less than said estimated value of said distance (8n);
based on the determination, setting said s equal to a value of one; and

based on the determination, setting said slope S equal to a value of 7.
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The process of claim 1, wherein the calculation step comprises comparing a square of an exact value of said distance
(dy,) to a square of an estimated value of said distance (d,,) according to an equation:

di, —d2, =(d}-d)+Qn-d)+K)+sd, /27 -8

wherein (n) is said depth from said beam origin to a point along said beam axis, wherein K =1- 2xsinf, wherein 0 is
a steering angle of said beam axis relative to a vertical axis of said array, wherein S is a slope having a value
according to an equation 1-1/ /2!, and wherein s is equal to a value of one.

The process of claim 5, wherein the comparison step comprises:

determining that said exact value of said distance (d,,) is less than said estimated value of said distance (21,7); and
based on the determination, setting said s to said value of one and said slope S to said value according to said
equation 1-1/21,

The process of either claim 1 or claim 2, wherein said transducer is a curvilinear array and the calculation step
further comprises comparing a square of an exact value of said distance (d,;) to a square of an estimated value of
said distance (d,,) according to an equation:

42, —d2, =(d? -d>)+@(n-d,)+K)+sd,14-S>

wherein (n) is said depth from said beam origin to a point along said beam axis, wherein S is said slope, wherein s
is a sign bit, wherein K=1 + 2R(1 - coso), wherein R is a radius of a convex array, ¢ is an angular position of said
center of said element relative to said beam axis and a steering angle 6=0.

An ultrasound system, comprising:

an ultrasound transducer comprising an array of elements and a beam origin, each of said elements for converting
received energy into an echo signal; and
a beamformer comprising:

an initialization controller including initialization controller circuitry for calculating initialization parameters;
at least one channel including a delay circuit and a delay controller for:

calculating an integer-valued depth (n), said depth (n) measured from said beam origin to a point on
a beam axis of an ultrasound beam;

estimating a distance (8’,,) representative of the exact distance (d,,) measured from a center of an
element to said point on said beam axis, said estimated distance at depth n being determined iteratively
by adding (1 - 1/2) or 1 to an estimated distance at a previous depth n-1, where i is an integer > 0
depending on a decision criterion which is also iteratively calculated;

adding said estimated distance (Ad,,) to said integer-valued depth (n) to generate an arrival time control
signal or subtracting said estimated distance (an) from said integer-valued depth (n) to generate a delay
control signal; and

processing an echo signal associated with said element based on the arrival time control signal or the
delay control signal calculating a timing function according to the process of claims 1-7; and

a summer for summing processed echo signals to form a beamformed signal.

The ultrasound system of claim 8, wherein said delay controller includes delay controller circuitry for estimating the
distance (d,,) at a sampling clock speed, said delay controller circuitry comprising:

a first gate and at least one first multiplexer for receiving and passing at least one initialization value to at least

one first adder;
at least one first register for receiving and passing said at least one initialization value to a second adder;
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at least one second register for receiving and passing said at least one initialization value through a second
gate to an adder/subtractor;

at least one second multiplexer for passing a squared slope value to said adder/subtractor;

at least one third adder for receiving said at least one initialization value from said second adder and said
adder/subtractor; and

at least one third register for receiving said at least one initialization value.

The ultrasound system of claim 9, wherein said at least one first muItip/I\exer comprises a multiplexer for passing an
A initialization value, a multiplexer for passing an estimated depth d,,, and a multiplexer for passing a slope S
initialization value.

The ultrasound system of claim 9, wherein said at least one first register comprises aregister to pass an A, initialization
value and a register to pass a d,, initialization value.

The ultrasound system of claim 9, wherein said delay computation circuitry comprises means for updating a previous
delay computed for a previous depth by at least one update value.

The ultrasound system of claim 8, wherein said delay is an estimated delay with respect to a reference delay of an
echo signal from an array center element.

The ultrasound system of claim 8, wherein said ultrasound transducer comprises an array selected from the group
consisting of a phased array, a linear array, a two-dimensional array, and a curvilinear array.

Patentanspriiche

1.

2,

3.

Prozess, in einem Ultraschall-Abbildungssystem, umfassend einen Ultraschallwandler mit einer Anordnung von
Elementen und einem Strahlenursprung, wobei jedes Element empfangene Energie in ein Echosignal umwandelt,
der folgende Schritte umfasst:

Berechnen einer ganzzahligen Tiefe (n), wobei die Tiefe (n) von dem Strahlenursprung zu einem Punkt auf
einer Strahlenachse eines Ultraschallstrahls gemessen wird;

Schatzen einer Distanz (21,,), die die exakte Distanz (d,,) représentiert, gemessen von einer Mitte eines Elements
zu dem Punkt auf der Strahlenachse; wobei die geschétzte Distanz an der Tiefe n durch Addieren von (1 -1/2)
oder 1 zu einer geschatzten Distanz an einer vorherigen Tiefe n-1, wobei i eine ganze Zahl > 0 ist, in Abh&angigkeit
von einem Entscheidungskriterium, das ebenfalls iterativ berechnet wird, iterativ bestimmt wird;

Addieren der geschéatzten Distanz (3’,,) zu der ganzzahligen Tiefe (n), um ein Eintreffzeit-Steuersignal zu er-
zeugen, oder Subtrahieren der geschéatzten Distanz (?1,1) von der ganzzahligen Tiefe (n), um ein Verzégerungs-
Steuersignal zu erzeugen; und

Verarbeiten eines mit dem Element assoziierten Echosignals basierend auf dem Eintreffzeit-Steuersignal oder
dem Verzdgerungs-Steuersignal.

Prozess nach Anspruch 1, wobei der Berechnungsschritt unj\fasst, ein Quadrat eines exakten Werts der Distanz
(d,) mit einem Quadrat eines geschéatzten Werts der Distanz (d,;) gemaR einer folgenden Gleichung zu vergleichen:

d?, ~d%, =(d>-d)+@n-d,)+K)+sd,/4-S"

wobei (n) die Tiefe von dem Strahlenursprung zu einem Punkt entlang der Strahlenachse ist, wobei K = 1 - 2x sin
0 ist, wobei 6 ein Lenkwinkel der Strahlenachse relativ zu einer vertikalen Achse der Anordnung ist, wobei S eine
Neigung der Distanz in Bezug auf die Tiefe (n) ist und wobei s ein Vorzeichenbit einer in der Gleichung gezeigten
Differenz ist, bewertet bei der Tiefe (n).

Prozess nach Anspruch 2, wobei der Vergleichsschritt umfasst:

Bestimmen, dass der exakte Wert der Distanz (d,;) gréRer als der oder gleich dem geschétzten Wert der Distanz
(dp) ist;
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basierend auf der Bestimmung, Setzen von s gleich einem Wert von null; und
basierend auf der Bestimmung, Setzen der Neigung S gleich einem Wert von eins.

Prozess nach Anspruch 2, wobei der Vergleichsschritt umfasst:

Bestimmen, ob der exakte Wert der Distanz grofer als der oder gleich dem geschéatzten Wert der Distanz ist;
Bestimmen, dass der exakte Wert der Distanz (d,,) kleiner als der geschétzte Wert der Distanz (2!,,) ist;
basierend auf der Bestimmung, Setzen von s gleich einem Wert von eins; und

basierend auf der Bestimmung, Setzen der Neigung S gleich einem Wert von 7/8.

Prozess nach Anspruch 1, wobei der Berechnungsschritt unj\fasst, ein Quadrat eines exakten Werts der Distanz
(d,,) mit einem Quadrat eines geschatzten Werts der Distanz (d,;) gemaR einer folgenden Gleichung zu vergleichen:

di, —d%, =(d}-d)+2n-d,)+K)+sd, 127 - §*

wobei (n) die Tiefe von dem Strahlenursprung zu einem Punkt entlang der Strahlenachse ist, wobei K = 1 - 2x sin
0 ist, wobei 6 ein Lenkwinkel der Strahlenachse relativ zu einer vertikalen Achse der Anordnung ist, wobei S eine
Neigung ist, die einen Wert gemaR einer Gleichung 1 - 1/2/ aufweist, und wobei s gleich einem Wert von eins ist.

Prozess nach Anspruch 5, wobei der Vergleichsschritt umfasst:

Bestimmen, dass der exakte Wert der Distanz (d,;) kleiner als der geschétzte Wert der Distanz (2!,7) ist; und
basierend auf der Bestimmung, Setzen von s gleich einem Wert von eins und der Neigung S auf den Wert
gemal der Gleichung 1 - 1/2i,

Prozess von entweder Anspruch 1 oder Anspruch 2, wobei der Wandler eine bogenférmige Anordnung ist und der
Berechnungsschritt ferner umfaﬁst, ein Quadrat eines exakten Werts der Distanz (d,;) mit einem Quadrat eines
geschéatzten Werts der Distanz (d,,) gemaf einer folgenden Gleichung zu vergleichen:

d2, —d2, =(d>-d)+Q(n—-d )+ K)+sd,/4-S*

wobei (n) die Tiefe von dem Strahlenursprung zu einem Punkt entlang der Strahlenachse ist, wobei S die Neigung
ist, wobei s ein Vorzeichenbit ist, wobei K = 1 + 2R(1 - coso) ist, wobei R ein Radius einer konvexen Anordnung ist,
¢ eine Winkelposition der Mitte des Elements relativ zu der Strahlenachse ist und ein Lenkwinkel 6=0 ist.

Ultraschallsystem, umfassend:

einen Ultraschallwandler, umfassend eine Anordnung von Elementen und einen Strahlenursprung, jedes der
Elemente zum Umwandeln empfangener Energie in ein Echosignal; und
eine Strahlenformungsvorrichtung, umfassend:

eine Initialisierungssteuerung, enthaltend Initialisierungssteuerungsschaltungen zum Berechnen von Initi-
alisierungsparametern;

mindestens einen Kanal, der eine Verzégerungsschaltung und eine Verzdégerungssteuerung fir Folgendes
enthalt:

Berechnen einer ganzzahligen Tiefe (n), wobei die Tiefe (n) von dem Strahlenursprung zu einem Punkt
auf einer Strahlenachse eines Ultraschallstrahls gemessen wird;

Schatzen einer Distanz (Adn), die die exakte Distanz (d,,) reprasentiert, gemessen von einer Mitte eines
Elements zu dem Punkt auf der Strahlenachse; wobei die geschéatzte Distanz an der Tiefe n durch
Addieren von (1 -1/2%) oder 1 zu einer geschatzten Distanz an einer vorherigen Tiefe n-1, wobei i eine
ganze Zahl > 0 ist, in Abh&ngigkeit von einem Entscheidungskriterium, das ebenfalls iterativ berechnet
wird, iterativ bestimmt wird;

Addieren der geschatzten Distanz (Adn) zu der ganzzahligen Tiefe (n), um ein Eintreffzeit-Steuersignal

17



15

20

25

30

35

40

45

50

55

9.

10.

1.

12.

13.

14.

EP 1998 676 B1

zu erzeugen, oder Subtrahieren der geschatzten Distanz (Gln) von der ganzzahligen Tiefe (n), um ein
Verzdgerungs-Steuersignal zu erzeugen; und

Verarbeiten eines mit dem Element assoziierten Echosignals basierend auf dem Eintreffzeit-Steuersi-
gnal oder dem Verzégerungs-Steuersignal, wodurch eine Taktungsfunktion gemal dem Prozess der
Anspriiche 1-7 berechnet wird; und

einen Summierer zum Summieren verarbeiteter Echosignale, um ein strahlengeformtes Signal zu formen.

Ultraschallsystem nach I/\Anspruch 8, wobei die Verzoégerungssteuerung Verzdgerungssteuerungsschaltungen zum
Schéatzen der Distanz (d,;) bei einer Abtasttaktgeschwindigkeit enthalt, die Verzdgerungssteuerungsschaltungen
umfassend:

ein erstes Gatter und mindestens einen ersten Multiplexer zum Empfangen und Durchlassen mindestens eines
Initialisierungswerts zu mindestens einem ersten Addierer;

mindestens ein erstes Register zum Empfangen und Durchlassen des mindestens einen Initialisierungswerts
zu einem zweiten Addierer;

mindestens ein zweites Register zum Empfangen und Durchlassen des mindestens einen Initialisierungswerts
durch ein zweites Gatter zu einem Addierer/Subtrahierer;

mindestens einen zweiten Multiplexer zum Durchlassen eines quadrierten Neigungswerts zu dem Addierer/Sub-
trahierer;

mindestens einen dritten Addierer zum Empfangen des mindestens einen Initialisierungswerts von dem zweiten
Addierer und zweiten Addierer/Subtrahierer; und

mindestens ein drittes Register zum Empfangen des mindestens einen Initialisierungswerts.

Ultraschallsystem nach Anspruch 9, wobei der mindestens eine erste Multiplexer einen Multiplexer zum Durchlassen
eines Initialisierungswerts A, einen Multiplexer zum Durchlassen einer geschéatzten Tiefe d,, und einen Multiplexer
zum Durchlassen eines Initialisierungswerts der Neigung S umfasst.

Ultraschallsystem nach Anspruch 9, wobei das mindestens eine erste Register ein Register zum Durchlassen eines
Initialisierungswerts A, und ein Register zum Durchlassen eines Initialisierungswerts d,, umfasst.

Ultraschallsystem nach Anspruch 9, wobei die Verzdgerungsberechnungsschaltungen Mittel zum Aktualisieren
einer flir eine vorherige Tiefe berechneten vorherigen Verzégerung um mindestens einen Aktualisierungswert um-
fasst.

Ultraschallsystem nach Anspruch 8, wobei die Verzégerung eine geschatzte Verzégerung in Bezug auf eine Refe-
renzverzdgerung eines Echosignals von einem Anordnungsmittenelement ist.

Ultraschallsystem nach Anspruch 8, wobei der Ultraschallwandler eine Anordnung umfasst, ausgewabhlt aus der
Gruppe, bestehend aus einer phasengesteuerten Anordnung, einer linearen Anordnung, einer zweidimensionalen
Anordnung und einer bogenférmigen Anordnung.

Revendications

1.

Dans un systéme d’imagerie par ultrasons comprenant un transducteur a ultrasons comportant un réseau d’éléments
et une origine de faisceau, chaque élément étant destiné a convertir 'énergie recue en un signal d’écho, un procédé
comprenant les étapes consistant a:

calculer une profondeur a valeur de nombre entier (n), ladite profondeur (n) étant mesurée de ladite origine de
faisceau a un point sur un axe d’un faisceau d’ultrasons ;

estimer une distance (Ad,,) représentative de la distance exacte (d,) mesurée d’un centre d’'un élément audit
point sur ledit axe de faisceau ; ladite distance estimée a la profondeur n étant déterminée de maniére itérative
en ajoutant (1 a 1/2’) ou 1 a une distance estimée a une profondeur précédente n-1, ou i est un nombre entier
> 0 en fonction d’un critere de décision qui est également calculé de maniére itérative ;

ajouter ladite distance estimée (Ad,,) de ladite profondeur a valeur de nombre entier (n), pour générer un signal
de contréle de moment d’arrivée, ou soustraire ladite distance estimée (2*/,7) de ladite profondeur a valeur de
nombre entier (n), pour générer un signal de controle de retard ; et
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traiter un signal d’écho associé audit élément sur base du signal de contréle de moment d’arrivée ou du signal
de contrdle de retard.

Procédé selon la revendication 1, dans lequel I'étape de calcul comprend le fait de comparer un carré d’'une valeur
A
exacte de ladite distance (d,;) avec un carré d’une valeur estimée de ladite distance (d,;) selon une équation :

sdy,

3 —di,, :(ﬂ{%—#§)+(2(ri.—£n)+,ﬁ)-§r =5

ou (n) est ladite profondeur de ladite origine de faisceau a un point le long dudit axe de faisceau, ou K = 1-2x sin
0, ou 6 est un angle de direction dudit axe de faisceau par rapport a un axe vertical dudit réseau, ou S est une pente
de ladite distance par rapport a ladite profondeur (n), et ou s est un bit de signe d’'une différence montrée dans
I'équation, évaluée a ladite profondeur (n).

Procédé selon la revendication 2, dans lequel I'étape de comparaison comprend le fait de :

déterminer que ladite valeur exacte de ladite distance (d,,) est supérieure ou égale a ladite valeur estimée de
ladite distance (21,,) ;

sur base de la détermination, régler ledit s égal a une valeur de zéro ; et

sur base de la détermination, régler ladite pente S égale a une valeur de 1.

Procédé selon la revendication 2, dans lequel I'étape de comparaison comprend le fait de :

déterminer si ladite valeur exacte de ladite distance est supérieure ou égale a ladite valeur estimée de ladite
distance ;

dAéterminer que ladite valeur exacte de ladite distance (d,,) estinférieure aladite valeur estimée de ladite distance
(dn);

sur base de la détermination, régler ledit s égal a une valeur de 1 ; et

sur base de la détermination, régler ladite pente S égale a une valeur de 7.

Procédé selon la revendication 1, dans lequel I'étape de calcul comprend le fait de comparer un carré d’'une valeur
A
exacte de ladite distance (d,) avec un carré d’une valeur estimée de ladite distance (d,,) selon une équation :

- __ TR
2i—1 S

di,, —di, =(di-d3)+(2(n—dy)+ K)+

ou (n) est ladite profondeur de ladite origine de faisceau a un point le long dudit axe de faisceau, ou K= 1 - 2x sin
0, ou 6 est un angle de direction dudit axe de faisceau par rapport a un axe vertical dudit réseau, ou S est une pente
ayant une valeur selon une équation 1-1/2}, et ou s est égal & une valeur de 1.

Procédé selon la revendication 5, dans lequel I'étape de comparaison comprend le fait de:

déterminer que ladite valeur exacte de ladite distance (d,,) estinférieure a ladite valeur estimée de ladite distance
@) ; et

sur base de la détermination, régler ledit s a ladite valeur de 1 et ladite pente S a ladite valeur selon ladite
équation 1-1/21.

Procédé selon la revendication 1 ou la revendication 2, dans lequel ledit transducteur est un réseau curviligne et

I'étape de calcul comprend par ailleurs le fait de comparer un carré d’une valeur exacte de ladite distance (d,,) avec
A
un carré d’une valeur estimée de ladite distance (d,,) selon une équation :
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EG

di, —di, =(d-d2)+ (2(n—dn)+ K)+ - 57

ou (n) est ladite profondeur de ladite origine de faisceau a un point le long dudit axe de faisceau, ou S est ladite
pente, ou s est un bit de signe, ou K =1+ 2R (1 - cose), ou R est un rayon d’'un réseau convexe, ¢ est une position
angulaire dudit centre dudit élément par rapport audit axe de faisceau et un angle de direction 6 = 0.

8. Systéme a ultrasons, comprenant:

un transducteur a ultrasons comprenant un réseau d’éléments et une origine de faisceau, chacun desdits
éléments étant destiné a convertir I'énergie recue en un signal d’écho ; et
un générateur de faisceau comprenant :

un dispositif de commande d'’initialisation comprenant des circuits de commande d'initialisation destinés a
calculer les paramétres d'initialisation ;
au moins un canal comportant un circuit de temporisation et un dispositif de controle de retard destiné a :

calculer une profondeur a valeur de nombre entier (n), ladite profondeur (n) étant mesurée de ladite
origine du faisceau a un point sur un axe d’'un faisceau d’ultrasons ;

estimer une distance (Ad,,) représentative de la distance exacte (d,,) mesurée d’un centre d’un élément
audit point sur ledit axe de faisceau, ladite distance estimée a la profondeur n étant déterminée de
maniére itérative en ajoutant (1-1/2) ou 1 a une distance estimée a une profondeur précédente n-1,
ou j est un nombre entier > 0 en fonction d’un critére de décision qui est également calculé de maniére
itérative ;

ajouter ladite distance estimée (?d,,) a ladite profondeur a valeur de nombre entier (n), pour générer un
signal de contréle de moment d’arrivée ou soustraire ladite distance estimée (?:In) de ladite profondeur
a valeur de nombre entier (n), pour générer un signal de contrdle de retard ; et

traiter un signal d’écho associé audit élément sur base du signal de contréle de moment d’arrivée ou
du signal de contréle de retard en calculant une fonction de synchronisation selon le procédé des
revendications 1 a7 ; et

un additionneur destiné a additionner les signaux d’écho traités, pour former un signal de faisceau généré.

9. Systéme a ultrasons selon la revendication 8, dans quAueI ledit dispositif de contréle de retard comprend des circuits
de contréle de retard destinés a estimer la distance (d,,) & une vitesse d’horloge d’échantillonnage, lesdits circuits
de controle de retard comprenant :

une premiére porte et au moins un premier multiplexeur destiné a recevoir et a passer au moins une valeur
d’initialisation vers au moins un premier additionneur ;

au moins un premier registre destiné a recevoir et a passer ladite au moins une valeur d’initialisation vers un
deuxiéme additionneur ;

au moins un deuxieme registre destiné a recevoir et a passer ladite au moins une valeur d’initialisation via une
deuxiéme porte vers un additionneur/soustracteur ;

au moins un deuxiéme multiplexeur destiné a passer une valeur de pente au carré vers ledit
additionneur/soustracteur ;

au moins un troisi€me additionneur destiné a recevoir ladite au moins une valeur d’initialisation dudit deuxiéme
additionneur et dudit additionneur/soustracteur ; et

au moins un troisiéeme registre destiné a recevoir ladite au moins une valeur d'’initialisation.

10. Systéme a ultrasons selon la revendication 9, dans lequel ledit au moins un premier multiplexeur comprend un
multiplexeur destiné a passer une valeur d'initialisation A, un multiplexeur destiné a passer une profondeur estimée

an, et un multiplexeur pour passer une valeur d’initialisation de pente S.

11. Systéme a ultrasons selon larevendication 9, dans lequel au moins un premier registre comprend un registre destiné
A
a passer une valeur d'initialisation A, et un registre destiné a passer une valeur d'initialisation d,,.
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Systeme a ultrasons selon la revendication 9, dans lequel lesdits circuits de calcul de retard comprennent un moyen
destiné a mettre a jour un retard précédent calculé pour une profondeur précédente d’au moins une valeur de mise
ajour.

Systeme a ultrasons selon la revendication 8, dans lequel ledit retard est un retard estimé par rapport a un retard
de référence d’un signal d’écho d’'un élément central de réseau.

Systeme a ultrasons selon la revendication 8, dans lequel ledit transducteur ultrasonore comprend un réseau choisi
parmi le groupe composé d’un réseau a commande de phase, un réseau linéaire, un réseau bidimensionnel, et un
réseau curviligne.
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