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METHOD AND APPARATUS FOR DISTRIBUTED,
AGILE CALCULATION OF BEAMFORMING
TIME DELAYS AND APODIZATION VALUES

FIELD OF THE INVENTION

This invention generally relates to coherent
imaging methods which apply a phased array antenna.
In particular, the invention relates to beamforming
techniques for use in ultrasound imaging systems.

BACKGROUND OF THE INVENTION

A medical ultrasound system forms an image by
acquiring individual ultrasound lines (or beams). The
lines are adjacent to each other and cover the target
area to be imaged. Each line is formed by transmit-
ting an ultrasonic pulse in a particular spatial
direction and receiving the reflected echoes from that
direction. The spatial characteristics of .the trans-
mitted wave and the characteristics of the receive
sensitivity determine the quality of the ultrasound
image. It is desirable that the ultrasound 1line
gathers target information only from the intended
direction and ignores targets at other directions.

Conventional ultrasound imaging systems comprise
an array of ultrasonic transducer elements which are
used to transmit an ultrasound beam and then receive
the reflected beam from the object being studied.
Such scanning comprises a series of measurements in
which the focused ultrasonic wave is transmitted, the
system switches to receive mode after a short time
interval, and the reflected ultrasonic wave is
received, beamformed and processed for display.
Typically, transmission and reception are focused in
the same direction during each measurement to acqguire
data from a series of points along an acoustic beam or
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scan line. The receiver is dynamically focused at a
succession of ranges along the scan 1line as the
reflected ultrasonic waves are received.

For ultrasound imaging, the array typically has
a multiplicity of transducer elements arranged in one
or more rows and driven with separate voltages. By"
selecting the time delay (or phase) and amplitude of
the applied voltages, the individual transducer
elements in a given row can be controlled to produce
ultrasonic waves which combine to form a net ultra-
sonic wave that travels along a preferred vector
direction and is focused in a selected zone along the
beam. The beamforming parameters of each of the
firings may be varied to provide a change in maximum
focus or otherwise change the content of the received
data for each firing, e.g., by transmitting successive
beams along the same scan line with the focal zone of
each beam being shifted relative to the focal zone of
the previous beam. In the case of a phased array, by
changing the time delays and amplitudes of the applied
voltages, the beam with its focal zone can be moved in
a plane to scan the object. 1In the case of a linear
array, a focused beam directed normal to the array is
scanned across the object by translating the aperture
across the array from one firing to the next.

The same principles apply when the transducer
probe is employed to receive the reflected sound in a
receive mode. The voltages produced at the receiving
transducer elements are summed so that the net signal
is indicative of the ultrasound reflected from a
single focal zone in the object. As with the trans-
mission mode, this focused reception of the ultrasonic
energy is achieved by imparting separate time delay
(and/or phase shifts) and gains to the signal from
each receiving transducer element. The time delays
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are adjusted with increasing depth of the returned
signal to provide dynamic focusing on receive.

In a typical ultrasound system the beamformer
control 1is a significant contributor to the per-
formance and cost of the systemn. Dynamic receive
delay and apodization control must be generated for -
each beam and channel at a high rate. Often as many
as 512 beam channels are required for a high-end
system with an update rate as high as 10 MHz.
Calculating delays and apodization for an ultrasound
beamformer during dynamic reception requires complex
calculations including transcendental functions.
Normally image quality is traded off for cost by using
second or third-order approximations for these func-
tions. Additionally large memories are frequently
used to store precalculated controls for predetermined
beam positions and parameters. Using stored precal-
culated values limits the ability of the system to
optimally readjust beam position or parameters depen-
dent on scanning situations. Thus image quality is
compromised to achieve faster control response times.

There are a wide variety of beamformer control
designs currently in use. All use some combination of
large parameter random access memories (RAMs), state

‘machines, complex calculations and approximations.

Thus they fall short in one or more areas: agility,
cost or precision.

- Agility means the ability to change the beamform-
ing setup for an entire imaging configuration in a
time much less than 1 sec, where the setup includes
vector phase center (aperture) positions, steering
angles, f-numbers, and focal positions, and the
imaging configuration includes all vectors (beams)
displayed on the imaging console. Agility also means
the ability to begin receive delay computation in mid-
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flight, i.e., immediately before a deep region of
interest.

The controllers described in many patents use
state machines. Unfortunately these state machines
must begin running immediately after transmit. They
cannot easily be reloaded for a different receive
focus significantly after transmission. For some
high-frame-rate applications, particularly for volu-
metric imaging, it is desirable to start reception
just before echoes from a deep region of interest are
received. 1In addition, at least one prior art method
uses parameters which are beam and element dependent.
This results in an extremely Iarge number of param-
eters, involving functions such as square root and
sine. This makes agility impossible.

Other systems include inherent approximation,
which 1limits the precision of the beamforming time
delays. This results in a loss in image quality, most
often manifested by poor contrast resolution, i.e.,
poor ability to detect very subtle differences in
tissue-reflected intensities, or in cystic clearing.

More accurate systems use complicated logic to
perform the required calculations. Since these cir-
cuits must be duplicated according to the number of
channels, they can become a significant portion of the
cost of high-channel-count systems.

There is a need for a new beamforming archi-
tecture which does not require large memories for
storing precalculated beamforming values, which works
equally well with transducer arrays of any geometry,
and which is agile, precise and low in cost.
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SUMMARY OF THE INVENTION

The present invention is an architecture for
calculating beamformer time delays and apodization
values in real-time by wusing a cordic rotator
(hereinafter "cordic"), a simple multiplier-less
device used for polar-Cartesian conversions. The use
of the cordic to directly calculate the root-sum-of-
squares without approximation or complex 1logic
provides ideal performance and flexibility at 1low
cost. The system may quickly re-optimize the beam
positions and parameters without the need to recal-
culate large pre-stored memories or use rough
approximations. -

In accordance with the preferred embodiments of
the invention, cordic rotators are utilized in a very
agile, efficient and precise method and means for
calculating ultrasonic beamforming apodization weight-
ings and time delays. Apodization weightings and time
delays are calculated in a real-time, distributed and
Pipelined manner without the need for large memories
or complex state machines. There are no inherent
approximations. Precision may be easily controlled to
be within the accuracy of the delay apparatus. When
a transducer array is attached to the ultrasonic
imaging system, the element positions are written into
relatively small distributed memories. The element
positions do not need to be reloaded except when the
array geometry is changed. While imaging, a small
number of parameters are broadcast before each trans-
mission and during each reception. These parameters
may include: focal position(s), multiplexer state(s),
aperture position(s), aperture size(s) and vector
angle(s). Simple logic, including cordics, combines
these parameters to pProduce beamforming time delays
and apodization. Focal position and apertures may be
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changed very quickly for an entire image, in milli-
seconds. The receive focal positions do not need to
start at the skin-line or follow a straight line, as
required by state machine approaches. Reception focus
can begin in mid-flight, and be warped to compensate
for parallel beamforming methods. In addition, the
array geometry may take any form; it is not restricted
to the conventional linear, convex and phase arrays.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing a conventional
ultrasound imaging system having a beamformer.

FIG. 2 is schematic showing the geometry of an
ultrasound transducer array.

FIG. 3 is a block diagram showing an agile delay
and apodization control architecture in accordance
with the preferred embodiments of the invention.

FIG. 4 is a schematic showing coordinate rotation
for hypotenuse calculation.

FIG. 5 is a schematic showing coordinate rotation
for apodization projection.

FIG. 6 is a block diagram showing an N-stage
cordic rotator.

FIG. 7 is a block diagram showing a stage of a
cordic rotator.

FIG. 8 is a block diagram in two parts (FIGS. 8-1
and 8-2) showing a delay calculator in accordance with
the preferred embodiment of the invention.

FIG. 9 is a block diagram showing a delay calcu-
lator arithmetic logic unit (ALU) in accordance with
the preferred embodiment.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention can be incorporated in any
ultrasound imaging system employing beamforming. One
example of the foregoing is a B-mode ultrasound
imaging system, which will be generally described
before disclosing in detail the preferred embodiment
of the invention.

A conventional B-mode ultrasound imaging system
is generally depicted in FIG. 1. The system comprises
a transducer array 2 consisting of a plurality of
separately driven transducer elements 34, each of
which produces a burst of ultrasonic enerqgy when
energized by a pulsed waveform.produced by a trans-
mitter 8 and sent through a set of transmit/receive
(T/R) switches 6 switched to a transmit state and
respective switches of a multiplexer 4 switched to a
MUX state. The ultrasonic energy reflected back to
transducer array 2 from the object under study is
converted to an electrical signal by each receiving
transducer element 34 and applied separately to a
receive beamformer 10 through the multiplexer switches
4 switched to the MUX state and the T/R switches 6
switched to a receive state. Transmitter 8 and
receive beamformer 10 are operated under control of a
host computer (master controller) 24. A complete scan
is performed by acquiring a series of echoes in which
transmitter 8 is gated ON momentarily to energize each
transducer element 34 in the transmit aperture, and
the subsequent echo signals produced by each trans-
ducer element 34 are applied to receive beamformer 10.
The receive beamformer 10 combines the separate echo
signals from each transducer element 34 to produce a
single echo signal which is used to produce a line in
an image on a display monitor 22.
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The receive beamformer’s signal inputs are the
low-level analog RF signals from the transducer
elements 34. The receive beamformer is responsible
for analog-to-digital conversion and for receive beam-
forming. In baseband imaging systems, the beamsummed
signal is output to a demodulator 12, which converts
the beamsummed signal into baseband in-phase I and
quadrature Q receive beanms. The I and Q acoustic daté
vectors from the demddulator 12 are sent to respective
FIR filters 14 which are programmed with filter coef-
ficients to pass a band of frequencies preferably
centered at the fundamental frequency_ﬂ,of the trans-
mit waveform or a (sub)harmonic‘frequency thereof.

In the case of a B-mode imaging system, vectors
of filtered I and Q acoustic data are sent to a B-mode
processor 16, which converts the T and Q acoustic data
into a log-compressed version of the signal envelope.
The B-mode function images the time-varying amplitude
of the envelope of the signal as a gray scale. The
envelope of a baseband signal is the magnitude of the
vector which I and ¢ represent. The I,Q phase angle
is not used in the B-mode display. The magnitude
(i.e., intensity) of the signal is the square root of
the sum of the Squares of the orthogonal components,
i.e., (17 + QY2

The B-mode amplitude data is output to a scan
converter 18 comprising an acoustic line memory
followed by an X-Y display memory. The acoustic line
memory accepts the processed vectors of amplitude data
and interpolates where necessary, and also performs
the coordinate transformation of the amplitude data
from polar coordinate (R—) sector format or Cartesian
coordinate linear format to appropriately scaled
Cartesian coordinate display pixel intensity data,
which is stored in the x-y display memory.
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The Scan-converted frames are passed to a video
Processor 20, which converts the pixel intensity data
to the video frame rate and then maps the pixel
intensity data to a gray-scale mapping for video
display. A conventional ultrasound imaging system
typically employs a variety of gray maps, which are
simple transfer functions of the raw intensity data to
display gray-scale levels. The gray-scale image
frames are then sent to the display monitor 22 for
display.

The ultrasound image produced by the systenm shown
in FIG. 1 is composed of multiple image scan lines.
A single scan line (or small loéalized group of scan
lines) is acquired by transmitting focused ultrasound
energy at a point in the region of interest, ang then
receiving the reflected €nergy over time. The focused
transmit enerqgy is referred to as a transmit beam.
During the time after transmit, one or more receive
beamformers coherently sum the energy received by each
channel, with dynamically changing phase rotation or
delays, to produce peak sensitivity along the desired
Scan lines at ranges proportional to the elapsed time.
The resulting focused sensitivity pattern is referred
to as a receive beam. A scan line’s resolution is a
result of the directivity of the associated transmit
and receive beanm pair.

The purpose of the beamformer is to provide
maximum transmitted intensity and receive sensitivity
at the desired focal point(s) in Space with minimunm
intensity/sensitivity away from the focal point(s).
To do this, a beamformer must Precisely calculate time
delays which correspond to the difference in the
Propagation time of sound between the focal point(s)
and elements of a transducer array. Typically the
receive beamforming time delays are adjusted dynam-
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ically during reception. This allows the focal points
to track the depth of the objects producing the
received echoes. This depth is proportional to the
time after transmission.

A typical transducer array geometry is shown in
FIG. 2. In this example the elements of the array and
the focal points all lie within a single plane in
three-dimensional space. Thus one can describe the
geometry in two dimensions: x and z, where the x axis
is tangential to the center of the array face and the
z axis is orthogonal to the x axis. The elements in
the array are indexed by the letter "i". The position
of each i-th element is indicated by its coordinates
in x (azimuthal) and z (axial): Elx;, and Elz,, respec-
tively. The vector along which the focal points lie
may be described by an angle 3, relative to the z
axis. The position of the focal point, as a function
of time, is indicated by coordinates Focx(t) and
Focz (t). According to the Pythagoras Theorem, the
propagation path length D,(t) is then:

D;(t) = hypot[(Elx;-Focx(t)), (Elz,-Focz(t))] (1)

where hypot(x,y) 1is a function that calculates the
hypotenuse of the two orthogonal lengths as defined
below:

hypot (x,y) = yx?+y? (2)

Some transducer arrays, referred to as 2D arrays, have
elements out of the x-z plane, in the elevational or
y direction. For these arrays the geometry must be
extended with a y axis orthogonal to the x-z plane,
with the positive direction pointing out of the plane
of FIG. 1. The element position needs the additional
coordinate of Ely,. In addition, some modern systems
acquire data in a 3D volume where focal points may
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generalized case, the propagation path length D,(t) is

D;(t) = hypotlhypot [(Elx,-Focx(t)), (Elz, -

Focz(t))],(Elyi-Focy(t))} (3)

When an ultrasound imaging system is scanning, the
receive focal point progresses from a point on the
array face, along a line through the volume being
imaged. This line is called a vector or beam. The
point on the array face, at the intersection of the
vector and the array, is called the vector phase
center. The distance from the phase center to the
focal point is r(t).

The beamformer delays the signals at each trans-
ducer element by a time T,(t) to compensate for the
differences in propagation times. The propagation
time is simply the propagation path distance divided
by the speed of sound ¢ (approximately 1.54 mm/usec in
tissue). Because the focal point is a function of
time in reception, the delays are also a function of
time. However, the delay at the phase center is kept
constant to ensure a linear relationship between the
depth of an object along the vector and the output of
the corresponding echo signal from the beamformer. In
addition, an offset delay is added to ensure the
applied beamforming time delays are positive, a
requirement to be causal. The beamforming delays are
thus:

r(t) __Dl(t)
c c

(4)

T; ( t) = Toffsec +

1

or
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D, (¢t)
Ti(t) Roffsec(t) *- lc (5)
where
r(t)
Roffset:'(t) = Toffset:+ <C (6)

In addition to delays, the beamformer must provide
apodization weightings or values which control the
size and shading of the array active aperture.
Apodization is applied according to the projection of
the array onto a plane orthogonal to the vector. The
apodization value for a particular element is deter-
mined by the projected distance from the center of the
aperture divided by the projected aperture size. The
aperture size and center may be controlled according
to desired effective f-numbers and acceptance angles.

A preferred embodiment of the invention, shown in
FIG. 3, includes a plurality of delay calculators 28
distributed throughout the beamformer. Each delay
calculator provides beamforming delays and apodization
for a plurality of channels (32) /elements (34) via a
channel control bus 30. The delay calculators are
initialized with element position coordinates. Then,
while imaging, focal coordinates and steering angles
are broadcast to all delay calculators. All param-
eters may be provided to the delay calculators over a
single beamformer control bus 26. The delay calcu-
lator uses a cordic to perform the aperture projec-
tions and carry out the hypot function. The cordic
provides a very efficient and accurate means of
performing the projection and calculating the hypot-
enuse. It performs successive coordinate transform-
ations, in two dimensions, using coefficients that are
simple powers of two. Thus it requires a small number
of bit shifts and adds. It is pipelined, allowing
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high throughput. The resulting apodization values and
time delays are then provided by a channel control bus
30 to a plurality of channels 32.

Referring to FIG. 4, a hypotenuse can be calcu-
lated by first taking the absolute value of the coor-~-
dinates, to put it in the first quadrant, then using-
the cordic to rotate it onto the x’ axis (aligned with
the hypotenuse to be calculated) and output the
resulting x’ value.

An apodization projection can be performed by
simply rotating the coordinate system (see FIG. 5)
about the origin by an angle -8, so that the z’ axis
is parallel with the vector. The transformed element
X coordinates, Elx’,, then provide the element position
in the projection plane.

The necessary calculation for apodization is the
distance of an element from the aperture center, ACx’,
in the projection. Referring to FIG. 5, this distance

is:
Apx; = ACx/+Elx, (7)

The aperture center ACx’ and the inverse aperture iAp
are other parameters broadcast to all delay calcula-
tors. The product of Apx;’ and the inverse aperture
iAp is used to index a window function comprising a
table of shading (apodization) values.

A hypotenuse in three dimensions may be calculat-
ed by two successive cordics. The first transforms x
and z to a rotated coordinate system, x’ and z’. The
second then rotates x’ and Y to x" and y". The first
cordic calculates the hypotenuse in the x-z plane by
rotating it onto x’, and the second cordic calculates
the three-dimensional hypotenuse, now in the x! -y
pPlane, by rotating it onto x". Similarly the apodiza-
tion projection may be provided by first rotating the
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X and z axes about the Y axes, and then rotating the
Y and x’ axes about the z axis.

A cordic is composed of N stages as seen in FIG.
6. Given a stage index k = 0 to N-1, the coordinate
transformation performed by each stage 36 of a cordic

is:
Xprs 1 s27K|x, (8)
Zre1 - Skz ~k 1 Zp

where s, = #1. This matrix multiplication is easily

implemented with two adder/subtracters, as shown in
FIG. 7. It produces a coordinate rotation of

8, = -s arctan(27%) (9)
and a magnification by
M, = hypot (1, 27%) (10)

The total rotation after N stages is

6=Ye, (11)

and the total magnification is

N-1
M= 1] M (12)

k=0

The cordic shown in FIG. 7 can perform two functions:
rotation of any’ input coordinates to the x’ axis and
rotation by a desired angle. The "rotate" control
signal in FIG. 7 selects which of the two functions is
performed.

When "rotate" is set to 1, the cordic rotates the
inputs by an angle corresponding to the N sign bits,
S, through s,,, provided at the input. This is used to
Project element positions onto a rotated axis for



WO 00/41162

10

15

20

25

30

PCT/US99/28652

- 15 -

apodization. The rotate sign bits may be calculated
according to the vector angle 8 prior to transmit and
broadcast, as AngS, to all delay calculators 28 via
the beamformer control bus 32 (see FIG. 3).

When "rotate" is zero, the cordic rotates the
coordinates to the x’ axis to provide the hypotenuse
as x’. This is done by setting the sign bit s, at each
stage to the sign bit of the input z. Thus the
direction of rotation is always toward the x’ axis.
With each successive stage the angle of rotation
becomes smaller and the hypotenuse asymptotically
approaches the x’ axis. The final x’ output will be
equal to the hypotenuse magnified by M, with the
maximum remaining error determined by the smallest

angle:
Eax = Bpaxx(1-cos(6,.,)) =h  x272¥1 (13)

where E,, is the maximum remaining error and h,, is the
maximum hypotenuse. Given a maximum hypotenuse of 200
psec and a maximum delay error of 6.25 nsec, an N = 8
stage cordic is sufficient. The magnification factor
is constant, independent of the angle of rotation;
prescaling the inputs by 1/M provides an output with
the correct scale.

This invention provides all of the advantages of
the prior art with none of the disadvantages. It is
agile, simple, and accurate. There are no vector- and
element-dependent parameters. Vector-dependent param-
eters are element independent. Element-dependent
parameters are vector independent. The resulting
small number of parameters allow for quick reprogram=-
ming. In addition, because there is no state machine,
delay computation may begin anywhere along the vector.
The cordic is inherently pipelined and extremely
simple. It requires only a small number of adds/sub-
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tracts. Its precision is determined by the number of
stages with no underlying approximation.

In accordance with the preferred embodiment shown
in FIG. 3, the delay calculators 28 receive all the
required parameters over a beamformer control bus 26.
This control bus requires at least 16 data bits, 13
address bits and a "Start" bit. The "Start" signal
resets the calculators for the beginning of a new
vector. Transducer array geometry parameters are
written before scanning, while vector parameters are
written synchronous with scanning. For dynamic
reception, this bus should run at 15 MHz. (For dual
parallel beam reception, a 30-MHz bus or separate 15-
MHz busses are required). Separate, but nearly
identical, control structures and busses may be used
for transmit and receive.

There are three element position parameters
required per element/channel combination, when a
transducer is activated: (Elx,, Elz,, Ely;). There are
eight vector parameters which are updated during
scanning: the focus position (FocX, FocZ, FocY), the
range offset (Ry,.), the aperture center (ACx’), the
inverse aperture size (iAp), the multiplexer state
(MUX State), and the vector angle sign bits (Angs) .
For dynamic receive beamforming, the first six are
updated during reception. If they are updated at a
2.5 MHz rate, then the resulting 2.5-MHz beamforming
delay output can be linearly interpolated with ade-
quate precision. This dictates the 15-MHz bus speed.

The MUX State is required when a multiplexer is
used to connect different physical element(s) to
individual channels. This is typical for large linear
or convex transducers where the number of elements
exceeds the number of beamforming channels. The
element position corresponding to each delay channel
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then depends on the MUX State.

Each delay calculator 28 outputs delay and
apodization information to a respective plurality of
beamformer channels 32 through a respective channel
control bus 30. For a l6-channel, single-beam delay
calculator, this bus should have 16 data bits, 5
address bits and a "Strt" signal. The delay calcu-
lator outputs delay and apodization data interleaved
by channel. Providing a 2.5 MHz update per channel,
for 16 channels, requires a 40-MHz bus. Four address
bits index the channels and one address bit indicates
delay or apodization. ,

A preferred embodiment of the delay calculator is
shown in composite FIG. 8 (consisting of FIGS. 8-1 and
8-2). This embodiment of the delay calculator pro-
vides delay and apodization for 16 channels. Four
relatively small random access memories (RAMs) are
used to store information about the activated array.
This delay calculator provides 256 possible MUX states
with a maximum of four physical elements associated
with each channel. A "MUX" RAM 64 stores a 2-bit
value to indicate which of the four available elements
is connected to each channel per MUX state. Three
"Chn" RAMs 66, 68 and 70 contain the coordinates for
each of the four associated physical elements per
channel. This two-step structure provides complete
flexibility for multiplexer designs without large
memories.

The delay calculator loops through 16 channels at
a 40 MHz rate so that delays for all channels may be
calculated at the required 2.5 MHz rate. This is done
with a 4-bit up counter 58 (see FIG. 8-1), initialized
with the "Start" signal. The "Start" signal is also
received by a delay circuit 60. The up counter 58
outputs a 4-bit channel index (labeled "Channel" in
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FIG. 8) to the "Chn" RAMs 66, 68 and 70 and to another
delay circuit 62. The delay circuits 60 and 62
respectively output delayed versions of the "Start"
and "Channel™" signals (labeled "Strt" and "Chn",
respectively, in FIG. 8-1). The "strt" and "Chn"
signals are output aligned with the corresponding
delay and apodization data.

The 4-bit channel index is combined with an 8-bit
MUX State signal to look up the element index from the
"MUX" RAM 64. The resulting two-bit element index is
combined with the 4-bit channel index to 1look up the
pPhysical element coordinates in the "Chn" RAMs 66, 68
and 70. ‘

The "Start" signal triggers a brief initializa-
tion, followed by the pipelined delay and apodization
calculation. The initialization pProvides for setup of
the "MUX" RAM 64 and an element projection ("PROJ")
RAM 92 (see FIG. 8-2).

The first loop through the 16 channels, after
"Start", is used to setup the element projection RAM
92 for apodization. During initialization the element
positions from "Chn" RAMs 66, 68 and 70 are passed
directly to the cordics via line B and multiplexer 110
(see FIG. 9) of the respective ALUs 78, 80 and 82, and
the controls for the cordics 84 and 86 are set to
perform a fixed-angle rotation according to AngS. The
results are stored in the projection RAM 92. A second
loop. through the 16 channels may be used to prepare
the pipes for dynamic calculations. The total initial-
ization time is less than 0.5 usec. Synchronizing the
cordic controls with the pipeline can eliminate the
need for the extra loop, reducing initialization to
0.25 usec.

After initialization the delay calculator begins
updating the dynamic parameters and producing dynamic
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delays and apodization. For delay (see FIG. 8-1), the
focus coordinates from registers 72 and 74 are respec-~
tively subtracted in ALUs 78 and 80 from the element
coordinates from "ChnX" RAM 66 and "ChnZ" RAM 68 and
the absolute values of the coordinate differences x
and z are fed to cordic 84, and the focus coordinates
from register 76 are subtracted in ALU 82 from the
element coordinates_from "ChnY" RAM 70 and the abso-
lute value of the difference Y is fed to cordic 88,
along with the output of cordic 84. These operations
performed by each ALU are depicted in FIG. 9 by adder/
subtractor 106 and absolute value block 108. The
adder/subtracter 106 receives the focus coordinate via
line A and the element position coordinate via line B.
The multiplexer 110 is switched to pass the absolute
value to the respective cordic.

The first cordic 84 transforms x and z to a
rotated coordinate system, x’ and z’. The second
cordic 86 then rotates x’ and Y to x" and y". The
first cordic 84 calculates the hypotenuse in the x-z
plane by rotating it onto X', and the second cordic 8s
calculates the three-dimensional hypotenuse, now in
the x’-y plane, by rotating it onto x". The calcu-
lated hypotenuse corresponds to the propagation time.
The range offset time (Ro) from register 88 is
subtracted from the output of cordic 86 in adder 90 to
produce the delay.

For apodization, the aperture center (Apx’) from
register 94 is subtracted in adder 96 from the element
positions read from the projection RAM 92, in accor-
dance with Eq. (7). The absolute value (block 98) of
the resulting distance .Apx/ is multiplied by the
inverse aperture size (1AP) from register 100 by
multiplier. 102. The resulting product is used to
index a window function table in "window" RaAM 104,
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which produces an 8-bit shading (i.e., apodization)
value. The "window" RAM 104 preferably stores a bank
of window function tables, with one table be selected
by the input "BANK".

The focus and element coordinates should all be
expressed in 6.25 nsec units, pre-scaled by 1/M.
Providing additional fractional bits can help maintain
precision. The Ry, is not prescaled by 1/M since it
is after the cordics.

Although the preferred embodiment has been dis-
closed in the context of a receive beamformer, it will
be readily appreciated that the invention also has
application in transmit beamfdrming. To generally
depict a transmit beamformer in accordance with
another preferred embodiment of the invention, one
need merely substitute pulsing circuits for the
receive channels shown in FIG. 3.

The foregoing preferred embodiments have been
disclosed for the purpose of illustration. Variations
and modifications of the basic concept of the inven-
tion will be readily apparent to those skilled in the
art. All such variations and modifications are
intended to be encompassed by the claims set forth
hereinafter.

The phrase "as a function of", as used in the
claims, is not to be construed to mean "as a function
of only" what follows. For example, in accordance
with the foregoing definition, the phrase "determine
Y as a function of x" would read on all cases where y
was determined as a function of x alone or as a func-
tion of x and one or more other variables, e.g., z.
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1. A beamforming system comprising:

a transducer array comprising a multiplicity of
transducer elements arranged in a plane having x and
Z coordinate axes; and

a beamformer comprising a multiplicity of receive
channels respectively operatively coupled to said
multiplicity of trénsducer elements, first memory
storing x and z coordinates of a focal position,
second memory storing respective sets of coordinates
of respective positions of said multiplicity of
transducer elements, each coordinate set comprising an
X coordinate and a z coordinate, a first adding/sub-~
tracting circuit connected to said first and second
memories for forming respective x coordinate differ-
ences between said x coordinate of said focal position
and respective x coordinates of said element posi-
tions, a second adding/subtracting circuit connected
to said first and second memories for forming respec-
tive z coordinate differences between said z coordi-~
nate of said focal position and respective z coor-
dinates of said element positions, a cordic rotator
connected to said first and second adding/subtracting
circuits for performing coordinate transformations of
the outputs of said first and second adding/subtract-
ing circuits, and a time delay generator for applying
respective time delays to respective receive channels,
each time delay being a function of a respective
output of said cordic rotator.

2. The beamforming system as recited in claim 1,
wherein said cordic rotator calculates a respective
hypotenuse as a function of respective x and =z
coordinate differences and respective sign bits of
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respective z coordinates when said cordic rotator is
in a first state.

3. The beamforming system as rec1ted in claim 1,
wherein said cordic rotator performs a respective
apodization projection as a function of respective x
and z element positions and respective rotate sign
bits which are a function of a vector angle f when
said cordic rotator is in a second state.

4. The beamforming system as recited in claim 2,
wherein said time delay generator applies time delays
which are a function of respectlve hypotenuses and a

range offset.

5. The beamforming system as recited in claim 3,
further comprising an apodization value generator for
applying respective apodization values to respective
receive channels, each apodization wvalue being a
function of a respective apodization projection, an
aperture center and an inverse aperture size.

6. The beamforming system as recited in claim 5,
wherein said apodization value generator comprising
third memory storing at least one window function
table.

7. The beamforming system as recited in claim 1,
further comprising a counter for reading said respec-
tive sets of x and z element position coordinates out

of said second memory in succession.

8. The beamforming system as recited in claim 1,
wherein said cordic rotator comprises a plurality of
successive stages, each stage performing a coordinate
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transformation that rotates the inputs to that stage,
the angle of rotation becoming smaller for each
successive stage.

9. The beamforming system as recited in claim 8,
wherein the number of stages in said cordic rotator is
N, and given a stage index X = 0 to N - 1, each stage
performs the coordinate transformation:

Xpor 1 527k |x,
Zrey B -skZ“‘ 1 Zp
where s, = *1.
10. The beamforming system as recited in claim

1, further comprising a multiplexer comprising a
multiplicity of multiplexing switches having switching
states determined by a MUX state, wherein said beam-
former further comprises third memory for storing said
MUX state, said second memory having inputs operative-
ly coupled to outputs from said third memory.

11. A beamforming system comprising:

a transducer array comprising a multiplicity of
transducer elements arranged in a thfee-dimensional
space having x, y and z coordinate axes; and

a beamformer comprising a multiplicity of receive
channels respectively operatively coupled to said
multiplicity of transducer elements, first memory
storing x, y and z coordinates representing a focal
position, second memory storing respective sets of
coordinates representing the respective positions of
said multiplicity of transducer elements, each coor-
dinate set comprising an x coordinate, a Y coordinate
and a z coordinate, a first adding/subtracting circuit
connected to said first and second memories for form-
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ing respective x coordinate differences between said
X coordinate of said focal position and respective x
coordinates of said element positions, a second
adding/subtracting circuit connected to said first and
second memories for forming respective-y coordinate
differences between said y coordinate of said focal
position and respective Y coordinates of said element
positions, a third adding/subtracting circuit con-
nected to said first and second memories for forming
respective z coordinate differences between said z
coordinate of said focal position and respective z
coordinates of said element positions, a first cordic
rotator connected to said first and second adding/sub-
tracting circuits for performing coordinate trans-
formations of the outputs of said first and second
adding/subtracting circuits, a second cordic rotator
connected to said first cordic rotator and to said
third adding/subtracting circuits for performing
coordinate transformations of the outputs of said
first cordic rotator and said third adding/subtracting
circuit, and a time delay generator for applying
respective time delays to respective receive channels,
each time delay being a function of a respective
output of said second cordic rotator.

12. The beamforming system as recited in claim
11, further comprising an apodization value generator
for applying ' respective apodization values to
respective receive channels, each apodization value
being a function of a respective output of said second
cordic rotator.

13. A beamforming system comprising:
a transducer array comprising a multiplicity of
transducer elements arranged in a plane having x and



WO 00/41162

10

15

20

25

PCT/US99/28652

_25—

z coordinate axes; and

a beamformer comprising a multiplicity of pulsing
circuits respectively operatively coupled to said
multiplicity of transducer elements, first memory
storing x and 2z coordinates of a focal position,
second memory storing respective sets of coordinates
of respective positions of said multiplicity of
transducer elements, each coordinate set comprising an
X coordinate and a z coordinate, a first adding/sub-
tracting circuit connected to said first and second
memories for forming respective x coordinate differ-
ences between said x coordinate of said focal position
and respective x coordinates of said element posi-
tions, a second adding/subtracting circuit connected
to said first and second memories for forming respec-
tive z coordinate differences between said z coordi-
nate of said focal position and respective z coor-
dinates of said element positions, a cordic rotator
connected to said first and second adding/subtracting
circuits for perfofming coordinate transformations of
the outputs of said first and second adding/subtract-
ing circuits, and a time delay generator for applying
respective time delays to respective pulsing circuits,
each time delay being a function of a respective

output of said cordic rotator.

14. The beamforming system as recited in claim
13, further comprising an apodization value generator
for applying respective apodization values to
respective pulsing circuits, each apodization value
being a function of a respective output of said cordic

rotator.
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15. A beamforming system comprising:

a transducer array comprising a multiplicity of
transducer elements arranged in a three-dimensional
Space having x, y and z coordinate axes; and

a beamformer comprising a multiplicity of pulsing
circuits respectively operatively coupled to said
multiplicity of transducer elements, first memory
storing x, y and :z coordinates representing a focal
position, second mémory storing respective sets of
coordinates representing the respective positions of
said multiplicity of transducer elements, each coor-
dinate set comprising an x coordinate, a Y coordinate
and a z coordinate, a first adding/subtracting circuit
connected to said first and second memories for form-
ing respective x coordinate differences between said
X coordinate of said focal position and respective x
coordinates of said element positions, a second
adding/subtracting circuit connected to said first and
second memories for forming respective Y coordinate
differences between said y coordinate of said focal
pPosition and respective Y coordinates of said element
positions, a third adding/subtracting circuit con-
nected to said first and second memories for forming
respective z coordinate differences between said =z
coordinate of said focal position and respective gz
coordinates of said element positions, a first cordic
rotator connected to said first and second adding/sub-
tracting circuits for performing coordinate trans-
formations of the outputs of said first and second
adding/subtracting circuits, a second cordic rotator
connected to said first cordic rotator and to said
third adding/subtracting Circuits for performing
coordinate transformations of the outputs of saigq
first cordic rotator and said third adding/subtracting
circuit, and a time delay generator for applying
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respective time delays to respective pulsing circuits,
each time delay being a function of a respective
output of said second cordic rotator.

16. The beamforming system as recited in claim
11, further comprising an apodization value generator
for applying respective apodization values to
respective pulsing circuits, each apodization value
being a function of a respective output of said second
cordic rotator.

17. An imaging system comprising:

a transducer array compriéing a multiplicity of
transducer elements arranged in a plane having x and
Z coordinate axes;

a first delay calculator for calculating a first
set of respective receive time delays as a function of
a focal position and respective positions of a first
set of said transducer elements;

a transmit beamformer programmed to activate saidq
transducer array to transmit a focused ultrasound
beam;

a receive beamformer comprising a first set of
receive channels for converting respective analog
signals from said first set of transducer elements
into respective vectors of digital samples, a first
channel control bus for applying said first set of
respective receive time delays to said respective
vectors of digital samples in said first set of
receive channels, and a beamsummer for summing at
least said time- -delayed vectors of digital samples
from said first set of receive channels to produce a
net receive signal;

@ processor for deriving an image signal from
said net receive signal; and
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a display device for displaying an image having
an image portion which is a function of said image
signal,

wherein said first delay calculator comprises a
first cordic rotator for calculating respective
hypotenuses as a function of said focal position and
said respective positions of said first set of
transducer elements in a first cordic rotator state,
and a first time delay generator for outputting said
first set of respective receive time delays to said
first channel control bus, each receive time delay of
said first set being a function of a respective
hypotenuse output by said first cordic rotator.

18. The imaging system as recited in claim 17,
further comprising a second delay calculator for
calculating a second set of respective receive time
delays as a function of said focal position and
respective positions of a second set of said trans-
ducer elements, wherein said receive beamformer
further comprises a second set of receive channels for
converting respective analog signals from said second
set of transducer elements into respective vectors of
digital samples, and a second channel control bus for
applying said second set of respective receive time
delays to said respective vectors of digital samples
in said second set of receive channels, and said
second delay calculator comprises a second cordic
rotator for calculating respective hypotenuses as a
function of said focal position and said respective
positions of said second set of transducer elements,
and a second time delay generator for outputting said
second set of respective receive time delays to said
second channel control bus, each receive time delay of
said second set being a function of a respective
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hypotenuse output by said second cordic rotator.

19. The imaging system as recited in claim 18,
further comprising a computer for generating a set of
vector parameters, and a beamformer control bus for
distributing said set of vector parameters to said
first and second time delay calculators, said first

set of respective receive channels, each receive
apodization value being a function of a respective
apodization projection.

21. An imaging system comprising:

a transducer array comprising a multiplicity of
transducer elements arranged in a three-dimensiona}
Space having x, Y and z coordinate axes; and

set of respective receive time delays as a function of
a focal position and respective positions of a first
set of said transducer elements;

a receive beamformer comprising a first set of
receive channels for converting respective analog
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signals from said first set of transducer elements
into respective vectors of digital samples, a first
channel control bus for applying said first set of
respective receive time delays to said respective
vectors of digital samples in said first set of
receive channels, and a beamsummer for summing at
least said time-delayed vectors of digital samples
from said first set of receive channels to produce a
net receive signal;

& processor for deriving an image signal from
said net receive signal; and

a display device for displaying an image having
an image portion which is a function of said image
signal,

wherein said first delay calculator comprises
first and second cordic rotators connected in series
for calculating respective hypotenuses as a function
of said focal position and said respective positions
of said first set of transducer elements in a first
cordic rotator state, and a first time delay generator
for applying said first set of respective receive time
delays to said first channel control bus, each receive
time delay of said first set being a function of a
respective hypotenuse output by said second cordic
rotator.

22. The imaging system as recited in claim 21,
further comprising a second delay calculator for
calculating a second set of respective receive time
delays as a function of said focal position and
respective positions of a second set of said trans-
ducer elements, wherein said receive beamformer fur-
ther comprises a second set of receive channels for
converting respective analog signals from said second
set of transducer elements into respective vectors of
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digital samples, and a second channel control bus for
applying said second set of respective receive time
delays to said respective vectors of digital samples
in said second set of receive channels, and said
second delay calculator comprises a second cordic
rotator for calculating respective hypotenuses as a
function of said focal position and said respective
positions of said second set of transducer elements,
and a second time delay generator for outputting said
second set of respective receive time delays to said
second channel control bus, each receive time delay of
said second set being a function of a respective
hypotenuse output by said second cordic rotator.

23. The imaging system as recited in claim 22,
further comprising a computer for generating a set of
vector parameters, and a beamformer control bus for
distributing said set of vector parameters to said
first and second time delay calculators, said first
and second sets of receive time delays being a func-

tion of said vector parameters.

24. The imaging system as recited in claim 21,
wherein said first cordic rotator performs respective
apodization projections as a function of said focal
position and said respective positions of said first
set of transducer elements in a second cordic rotator
state, and said first delay calculator further com-
prises an apodization value generator for applying
respective receive apodization values to said first
channel control bus, each receive apodization value
being a function of a respective apodization
projection.
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25. An imaging system comprising:

a transducer array comprising a multiplicity of
transducer elements arranged in a plane having x and
Z coordinate axes;

a delay calculator for calculatihg a set of
respective transmit time delays as a function of a
focal position and respective positions of said
transducer elements;

a transmit beamformer programmed with transmit
time delays to activate said transducer array to
transmit an ultrasound beam focused at said focal
position, said transmit beamformer comprising a
multiplicity of pulsing circuits for activating
respective transducer elements, and a channel control
bus for applying said set of respective transmit time
delays to respective pulsing circuits;

a receive beamformer comprising a multiplicity of
receive channels for converting respective analog
signals from respective transducer elements into
respective vectors of digital samples and applying
respective time delays to respective vectors, and a
beamsummer for summing said time-delayed vectors of
digital samples from said multiplicity of receive
channels to produce a net receive signal;

a processor for deriving an image signal from
said net receive signal; and

a display device for displaying an image having
an image portion which is a function of said image
signal,

wherein said delay calculator comprises a cordic
rotator for calculating respective hypotenuses as a
function of said focal position and said respective
positions of said transducer elements in a first
cordic rotator state, and a time delay generator for
outputting said set of respective transmit time delays
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to said channel control bus, each transmit time delay
being a function of a respective hypotenuse output by
said cordic rotator.

26. The imaging system as recited in claim 25,
wherein said cordic rotator performs respective .
apodization projections as a function of said focal
position and said respective positions of said trans-
ducer elements in a Second cordic rotator state, and
said delay calculator further comprises an apodization
value generator for applying respective transmit apod-
ization values to said channel control bus, each
transmit apodization value being a function of a
respective apodization projection.

27. An imaging system comprising:

a transducer array comprising a multiplicity of
transducer elements arranged in a three-dimensional
space having x, y and z coordinate axes; and

a delay calculator for calculating a set of
respective transmit time delays as a function of a
focal position and respective positions of said
transducer elements;

a transmit beamformer programmed with transmit
time delays to activate said transducer array to
transmit an ultrasound beam focused at said focal
position, said transmit beamformer comprising a
multiplicity of pulsing circuits for activating
respective transducer elements, and a channel control
bus for applying said set of respective transmit time
delays to respective pulsing circuits;

a receive beamformer comprising a multiplicity of
receive channels for converting respective analog
signals from respective transducer elements into
respective vectors of digital samples and applying
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respective time delays to respective vectors, and a
beamsummer for summing said time-delayed vectors of
digital samples from said multiplicity of receive
channels to produce a net receive signal;

a processor for deriving an image'signal from
said net receive signal; and

a display device for displaying an image having
an image portion which is a function of said image
signal, '

wherein said delay calculator comprises first and
second cordic rotators connected in series for
calculating respective hypotenuses as a function of
said focal position and said respective positions of
said transducer elements in a first cordic rotator
state, and a time delay generator for outputting said
set of respective transmit time delays to said channel
control bus, each transmit time delay being a function
of a respective hypotenuse output by said second
cordic rotator.

28. The imaging system as recited in claim 27,
wherein said first and second cordic rotators perform
respective apodization projections as a function of
said focal position and said respective positions of
said transducer elements in a second cordic rotator
state, and said delay calculator further comprises an
apodization value generator for applying respective
transmit apodization values to said channel control
bus, each transmit apodization value being a function
of a respective apodization projection.

29. A beamforming system comprising:

a transducer array comprising a multiplicity of
transducer elements arranged in a plane having x and
Z coordinate axes; and
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a delay calculator for calculating a set of
respective time delays as a function of a focal
position and respective positions of said transducer
elements; and

a beamformer comprising a multiplicity of
channels operatively coupled to said multiplicity of
transducer elements and a channel control bus for
applying said set of respective time delays to signals
in said respective channels;

wherein said delay calculator comprises a cordic
rotator for calculating respective hypotenuses as a
function of said focal position and said respective
positions of said transducer elements in a first
cordic rotator state, and a time delay generator for
outputting said set of respective time delays to said
channel control bus, each time delay being a function
of a respective hypotenuse output by said cordic

rotator.

30. The beamforming system as recited in claim
29, wherein said cordic rotator performs respective
apodization projections as a function of said focal
position and said respective positions of said trans-
ducer elements in a second cordic rotator state, and
said delay calculator further comprises an apodization
value generator for applying respective apodization
values to said channel control bus, each apodization
value being a function of a respective apodization

projection.

31. A beamforming system comprising:
a transducer array comprising a multiplicity of
transducer elements arranged in a three-dimensional

space having x, y and z coordinate axes; and
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a delay calculator for calculating a set of
respective time delays as a function of a focal
position and respective positions of saig transducer
elements; and

a beamformer comprising a multiplicity of
channels operatively coupled to said multiplicity of
transducer elements and a channel control bus for
applying said set of respective time delays to signals
in said respective channels;

wherein said delay calculator comprises first and
second cordic rotators connected in series for
calculating respective hypotenuses as a function of
said focal position and said respective positions of
said transducer elements in a first cordic rotator
state, and a time delay generator for outputting said
set of respective time delays to said channel control
bus, each time delay being a function of a respective
hypotenuse output by said second cordic rotator.

32. The beamforming system as recited in claim
31, wherein said first and second cordic rotators
perform respective apodization projections as a
function of said focal position and said respective
positions of said transducer elements in a second
cordic rotator state, and said delay calculator
further comprises an apodization value generator for
applying respective apodization values to said channel
control bus, each apodization value being a function
of a respective apodization projection.

33. A method for ultrasound beamforming,
comprising the steps of:

storing geometry parameters of a transducer array
having a multiplicity of transducer elements;
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storing vector parameters for forming a focused
beam having a focal position;

calculating respective hypotenuses representing
the distances from said focal position to said
respective transducer elements as a function of said
geometry parameters and said vector parameters using
multiple stages of cordic rotation to derive each
hypotenuse;

generating respective time delays as a function
of said respective calculated hypotenuses; and

forming a beam using said respective time delays.

34. The method as recited in claim 33, further
comprising the steps of:

performing respective apodization projections for
said respective transducer elements as a function of
said geometry parameters and said vector parameters
using multiple stages of cordic rotation to perform
each projection;

generating respective shading values as a func-
tion of said respective apodization projections; and

using said respective shading values during
forming of said beam.

35. The method as recited in claim 33, wherein
each stage of cordic rotation comprises bit shifts and
additions.

36. The method as recited in claim 33, wherein
each stage of cordic rotation comprises a coordinate
transformation using coefficients which are powers of
two.
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37. A method for wultrasound apodization,
comprising the steps of:

storing geometry parameters of a transducer array
having a multiplicity of transducer elements;

storing vector parameters for formiﬁg a focused
beam having a focal positidn;

performing respective apodization projections for
said respective transducer elements as a function of
said geometry parameters and said vector parameters
using multiple stages of cordic rotation to perform
each projection;

generating respective shading values as a func-
tion of said respective apodization projections; and

applying said respective shading values to
respective signals in respective channels of a

beamformer.

38. The method as recited in claim 37, wherein
each stage of cordic rotation comprises a coordinate
transformation using coefficients which are powers of

two.
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