a9y United States

US 20090171213A1

12) Patent Application Publication (o) Pub. No.: US 2009/0171213 Al

Savord (43) Pub. Date: Jul. 2, 2009
(54) LINEAR ARRAY ULTRASOUND Related U.S. Application Data
TRANSDUCER WITH VARIABLE PATCH
BOUNDARIES (60) Provisional application No. 60/777,831, filed on Mar.
1, 2006.
(75) Inventor: Bernard Savord, Andover, MA
(Us) Publication Classification
Correspondence Address: (1) 11411;1308 14 2006.01
PHILIPS INTELLECTUAL PROPERTY & ( D)
STANDARDS GOIN 29/22 (2006.01)
P.0. BOX 3001 (52) US.CL o 600/447; 73/626
Briareliff Manor, NY 10510-8001 (US)
(73) Assignee: KONINKLIJKE PHILIPS (7) ABSTRACT
ELECTRONICS, N.V., An ultrasonic diagnostic imaging system has a two dimen-
EINDHOVEN (NL) sional array arranged in multiple patches of multiple trans-
. ducer elements. Each patch of transducer elements is coupled
(21) Appl. No: 12/280,127 to a group of microbeamformer delay lines having outputs
(22) PCT Filed: Feb. 20. 2007 which can be coupled to a selected channel of a system
’ beamformer, which beamforms the partially summed beams
(86) PCT No.: PCT/IB2007/050544 of each patch into a final beamformed signal. The ability to
directa delayed signal from a transducer element to a selected
§ 371 (c)(1), beamformer channel enables the patch boundaries to be
(2), (4) Date: Aug. 26, 2008 changed as the aperture is translated across the array.
1 16 2 _ 30
% A\f_{_/ 2
12 u BF system | SIGNAL,
5 —— SO >  IMAGE
PROCESSOR
A 3

CONTROLLER [~ 26




Patent Application Publication Jul. 2,2009 Sheet 1 of 10 US 2009/0171213 A1

o
137
o
LS &
=B N
SsSO
CT)_O
oC ( o
o L
7'y =
S I«
]__
-
3
N )
N’\, L% Y
= L -
o
g &S
Ll
©
-—
W
o
-:r/"‘// =
- ~
\o
e

12



US 2009/0171213 A1

Jul. 2,2009 Sheet 2 of 10

Patent Application Publication

40SS3304d
TVN3IIS OL

7

¢

/4

(244

¢ 9l

——JG1

0l
\I\
—_—
1~
n- IIIIII 1
Y _ N
€10 | —pel
v
——_ L 271
P “
MNS " ™~ qzl
“ i
P |
-~ez|
M:o _



=

& ZHD 48 IHD 49 o

= NIVWOL  NIVIWOL I
m 4 4

z a9l Bg|

Jul. 2,2009 Sheet 3 of 10

0F9|GE3| ¥E9| €68 |CE3[1€9| 063 (623 |82e| 23| 9¢ (523 |ved | 28| ¢dd (128|023 | 613813 3o Q13| GIolpls (€19 (I8 L3 |018| 68 {88 | L3 (98 [ [¥3 | €3 [d3 | 13} 1Y

¢y

€Y

o~ , JYNLYHIdY

Patent Application Publication



Patent Application Publication Jul. 2,2009 Sheet 4 of 10 US 2009/0171213 A1

' 62

WR POINTER 64 66 UD POINTER
roo
T3 10
! I — t I
60~ o | T N .
|

1 | ] I
Lo T — ol

?\56 ] ENABLED DISABLED
n

=
en ——l >_IN Oﬁg
68 -16n

— DELAY LINE

FIG. 5

76

N DAY LN | ouT

4

F6.§



Patent Application Publication Jul. 2,2009 Sheet S of 10 US 2009/0171213 A1

AL BUFFER 12
————rn =
o
e |
‘1"1".*-- e |
i Nl e
r4/// \\(;4' _ICV/ \C; ’
Cq Y
bn
16n
TO MAIN
BF CH F|G7
~Ez‘ BUFL AL
- -~ —~
.A_P§ Ap4 > AH
P3 _fP4
: 3 }BUFH
| !
LrApD :
| ad i Ap2
| - ] -
P1 I_‘_ __________________ : /P2
bm;f\—bng bnp —~ 1—~bng

i FIG. 8



US 2009/0171213 A1

018 -99

%
E(Df
3 \ND mz

@ w_u_ | .mmowrmm ommwﬁog mvowﬁ:m

e me WTOS .E(Om:
6q bq £q

Jul. 2,2009 Sheet 6 of 10

Patent Application Publication

STAYIHLO 0L «—F [ —3 m i ﬂ
A.):\\Sw
_—_—— ~1d
Ll L1 | 1]
e0a|aa| 150 jogo[628|828 | L2a| 9a[cza [vza|eza|2za | 120 |0za (618 [B13] 21| 913 [S1e|pla|cLa|zia[ LI (01| 69 | g8 | 28 [ |G |10 |88 |z | 19| HH
1 ] ] ] 1
" H " " ' 2
] ] ] ] ]
] ] ] ] 1
3 m ! m m
! 801 -~ 901 b0} —~— 201 e
1 1 1 1 1 _
1 1 1 1 1 .HN_.




Patent Application Publication Jul. 2,2009 Sheet 7 of 10 US 2009/0171213 A1

0~
FROM j—» TOBUSX
DL o— TOBUS Y

FG.10

124
=\
ROM 4{_:/:0 » 70 BUS X
DL o——»TOBUSY

126

FIG. 11



US 2009/0171213 A1

Jul. 2,2009 Sheet 8 of 10

Patent Application Publication

N_‘ G_m vwmwﬁomm meﬁmB

. E(m.ﬁ
5q

$70 Y3HL0 01 «—4¢ ﬁ

D)

_M(S_
¥

vi9-018

%

991

e

i

69 - G3

t
N

1/

|

0 I

ogasea|vealees|zen] 8 (0o |628|82e| L2a| 9ze{Saa |vze |sze|zza 128 |oza 619 (818 ] 1o at8|GIe|p (g 18]z Lie |0ie| 6o [ 80 | Lo | 0 |Go 1R (€8 |3 | 18| Hd
" | “ “ "
“ | | “ ! 2y
| ' o \ ] M 1 ! |
m —~— 0} m _— 801 m 901 m ~— 01 m 201 el
oL 801~ 901 oL~ 01— ]
| 1 ! 1 1 /l N_.



US 2009/0171213 A1

Jul. 2,2009 Sheet 9 of 10

Patent Application Publication

¢l 9l

$10 43H10 OL «—¢

kee-LI9

1

D{g
GQ

i

X

918 -¢le

1

g

i

P9l
vq

Lo - /3

ﬂ

E(QS
) _¢q

i

I I I I |
FE3[£E3| 60| 169|069 |6¢° |82 L2°| c8 |G |hea [E8|Cid] 1@ |02 612 | Bla| 18| 91aSIa|bLo[Ele]ZiafLIa|0la] 69 | 8@ | /2 (€929 18] LY
| | 1 ) | |
| | | | | |
| | 1 | |
. 1 ) | . | \ | . | .
0L _—80l g0l | ~— 0L 201 o
L] — ) — ] — ] — ] — 1
..O—._v\).\ “ :wc—'\/l “ :wo—.l\l “ ._.VO—‘\J(. “ :NO—')\. “ ..OO—vI/! -
1 | 1 1 1 HN—.



US 2009/0171213 A1

Jul. 2,2009 Sheet 10 of 10

Patent Application Publication

vl 9N

)

$710 43H10 01l «—1

¢¢3-819

#

i

99}
5q

[19-€13

%

QSF
¥q

i

¢l9-89

! 9
N

i

969060 0 o 169 0 62 20] 0 22| 20| 12 0B 40 1a{ua| o csefeia| e ok 62 [ 69 | 12| 8 @ [0 | 0|22 |13 | 1
i _ " : | . " _ “ .
| | | v ] |«
mw(O: | mr\;ws_ m)\me_ w/lé_ mw(s_ _ o

on] doe] ] jwon] fen] o ]



US 2009/0171213 Al

LINEAR ARRAY ULTRASOUND
TRANSDUCER WITH VARIABLE PATCH
BOUNDARIES

[0001] This invention relates to medical diagnostic ultra-
sound systems and, in particular, to two dimensional array
ultrasound transducers for linear array scanning with variable
array patch boundaries.

[0002] Ultrasonic array transducers use beamformers to
receive and appropriately delay the ultrasonic echo signals
received from elements of the transducer array. The delays are
chosen in consideration of the direction (steering) and focus-
ing of the beams to be formed by the beamformer. After the
signal from each element has been properly delayed by a
channel of the beamformer, the delayed signals are combined
to form a beam of properly steered and focused coherent echo
signals. The choice of delays are known to be determinable
from the geometry of the array elements and of the image field
being interrogated by the beams. In a traditional ultrasound
system the array transducer is located in a probe which is
placed against the body of the patient during imaging and
contains some electronic components such as tuning ele-
ments, switches, and amplification devices. The delaying and
signal combining is performed by the beamformer which is
contained in the ultrasound system mainframe, to which the
probe is connected by a cable.

[0003] The foregoing system architecture for an array
transducer and a beamformer suffices quite well for a one
dimensional (1D) transducer array, where the number of
transducer elements and the number of beamformer channels
are approximately the same. When the number of transducer
elements exceeds the number of beamformer channels, mul-
tiplexing is generally employed and only a subset of the total
number of elements of the transducer can be connected to the
beamformer at any point in time. The number of elements in
a 1D array can range from less than one hundred to several
hundred and the typical beamformer has 128 beamformer
channels. This system architecture solution became unten-
able with the advent of two dimensional (2D) array transduc-
ers for three dimensional (3D) imaging. That is because 2D
array transducers steer and focus beams in both azimuth and
elevation over a volumetric region. The number of transducer
elements needed for this beam formation is usually in the
thousands. The crux of the problem then becomes the cable
that connects the probe to the system mainframe where the
beamformer is located. A cable of several thousand conduc-
tors of even the finest conductive filaments becomes thick and
unwieldy, making manipulation of the probe cumbersome if
not impossible.

[0004] A solution to this problem is to perform atleast some
of the beamforming in the probe itself, as described in U.S.
Pat. No. 5,229,933 (Larson, III). In the ultrasound system
shown in this patent, the beamforming is partitioned between
the probe and the system mainframe. Initial beamforming of
groups of elements is done in the probe, where partially
beamformed sums are produced. These partially beamformed
sums, being fewer in number than the number of transducer
elements, are coupled to the system mainframe through a
cable of reasonable dimensions, where the beamforming pro-
cess is completed and the final beam produced. The partial
beamforming in the probe is done by what Larson, 11T refers
to as an intragroup processor, or microbeamformer in the
form of microelectronics attached to the array transducer. See
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also U.S. Pat. No. 5,997,479 (Savord et al.}; U.S. Pat. No.
6,013,032 (Savord); U.S. Pat. No. 6,126,602 (Savord et al.),
and U.S. Pat. No. 6,375,617 (Fraser). The thousands of con-
nections between the 2D transducer array and the micro-
beamformer is done at the tiny dimensions of the microcir-
cuitry and the array pitch, while the cable connections
between the microbeamformer and the beamformer of the
system mainframe are done by more conventional cable tech-
nologies. Various planar and curved array formats can be used
with microbeamformers such as the curved arrays shown in
U.S. patent applications 60/706,190 (Kunkel) and 60/706,
208 (Davidsen).

[0005] The microbeamformers shown in the above patents
operate by forming partially delayed sum signals from con-
tiguous element groups referred to as “patches.” The signals
received by all of the elements of a patch are appropriately
individually delayed, then combined into the partial sum sig-
nal. A ramification of the patch approach is that aperture
design is based upon the number, size and shape of the array
patches. This works very well for a 2D phased array trans-
ducer, where the full array aperture is used during echo recep-
tion. But for linear array operation, where the active array
aperture is translated across the 2D array, the patch size and
dimensions can place constraints on aperture translation. The
stepping of the active aperture is generally required to be done
in patch-sized increments, for example, as shown in the afore-
mentioned U.S. Pat. No. 6,013,032 (Savord). Accordingly it
is desirable for a 2D array to be operable for aperture trans-
lation in lesser increments than the size of a full patch. It
would further be desirable to be able to operate the same
microbeamformer for either linear array or phased array
operation.

[0006] In accordance with the principles of the present
invention, a two dimensional array and microbeamformer are
operated for linear array scanning of a volumetric region. The
active array aperture is stepped across the array in increments
smaller than the dimensions of an element patch, which can
be as small as a single transducer element.

[0007] The partial sum signals from more than one patch
can be coupled over the same conductor to the system main-
frame beamformer by use of patch and aperture configura-
tions which do not place conflicting signals on the same
conductor at the same time. Thus, the number of patches can
exceed the number of cable conductors and mainframe beam-
former channels, even for unmirrored (asymmetrical) aper-
tures. In addition, the patch boundaries are variable, enabling
the maintenance of an equal number of signal components for
each partial sum signal. An embodiment of the present inven-
tion can allow arrays with very large numbers of elements to
be used with a conventionally sized mainframe beamformer.
An embodiment of the present invention may be configured
for use in either linear or phased array mode of operation.
[0008] In the drawings:

[0009] FIG. 1illustrates in block diagram form a 2D curved
array transducer and microbeamformer probe of the present
invention.

[0010] FIG. 2 is a block diagram illustrating the concept of
a partial beamsum microbeamformer.

[0011] FIG. 3 is a block diagram of one example of a 2D
array transducer and microbeamformer constructed in accor-
dance with the principles of the present invention.

[0012] FIGS. 4, 5, and 6 illustrate detailed examples of a
microbeamformer delay line.
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[0013] FIG.7 is a second example of a 2D array transducer
and microbeamformer constructed in accordance with the
principles of the present invention.

[0014] FIG. 8 is a third example of a 2D array transducer
and microbeamformer constructed in accordance with the
principles of the present invention.

[0015] FIGS. 9,12, 13, and 14 illustrate a further example
of the present invention in which the boundaries ofa patch are
made arbitrary.

[0016] FIGS. 10 and 11 illustrate switch configurations
suitable for use in the examples of FIGS. 9, 12, 13, and 14.
[0017] Referring first to FIG. 1, an ultrasound system con-
structed in accordance with the principles of the present
invention is shown in block diagram form. A probe 10 has a
two dimensional array transducer 12 which is curved in the
elevation dimension as shown in the aforementioned David-
sen patent application. The elements of the array are coupled
to a microbeamformer 14 located in the probe behind the
transducer array. The microbeamformer applies timed trans-
mit pulses to elements of the array to transmit beams in the
desired directions and to the desired focal points in the three
dimensional image field in front of the array. Echoes from the
transmitted beams are received by the array elements and
coupled to channels of the microbeamformer 14 where they
are individually delayed. The delayed signals from a contigu-
ous patch of transducer elements are combined to form a
partial sum signal for the patch. In the examples below com-
bining is done by coupling the delayed signals from the ele-
ments of the patch to a common bus, obviating the need for
summing circuits or other complex circuitry. The bus of each
patch is coupled to a conductor of a cable 16, which conducts
the partial sum patch signals to the system mainframe. In the
system mainframe the partial sum signals are digitized and
coupled to channels of a system beamformer 22, which
appropriately delays each partial sum signal. The delayed
partial sum signals are then combined to form a coherent
steered and focused receive beam. The beam signals from the
3D image field are processed by a signal and image processor
24 to produce 2D or 3D images for display on an image
display 30. Control of ultrasound system parameters such as
probe selection, beam steering and focusing, and signal and
image processing is done under control of a controller 26
which is coupled to various modules of the system. In the case
of the probe 10 some of this control information is provided
from the system mainframe over data lines of the cable 16.
The user controls these operating parameters by means of a
control panel 20.

[0018] FIG. 2illustrates the concept of a partially summing
microbeamformer. The drawing of FIG. 2 is sectioned into
three areas by dashed lines 32 and 34. Components of the
probe 10 are shown to the left of line 32, components of the
system mainframe are shown to the right of line 34. and the
cable 16 is shown between the two lines. The two dimensional
array 12 of the probe is divided into patches of contiguous
transducer elements. Five of the patches of the array 12 are
shown in the drawing, each including nine neighboring ele-
ments. The microbeamformer channels for patches 124, 12c,
and 12¢ are shown in the drawing. The nine elements of patch
12a are coupled to nine delay lines of the microbeamformer
indicated at DL1. Similarly the nine elements of patches 12¢
and 12e are coupled to the delay lines indicated at DL.2 and
DL3. The delays imparted by these delay lines are a function
of numerous variables such as the size of the array, the ele-
ment pitch, the spacing and dimensions of the patch, the range

Jul. 2, 2009

of beam steering, and others. The delay line groups DL1,
DL2, and DL3 each delay the signals from the elements of
their respective patch to a common time reference for the
patch. The nine delayed signals from each group of delay
lines are then combined by a respective summer X to form a
partial sum signal of the array from the patch of elements.
Each partial sum signal is put on a separate bus 15a, 155, and
15¢, each of which is coupled to a conductor of the cable 16,
which conducts the partial sum signals to the system main-
frame. In the system mainframe each partial sum signal is
applied to a delay line 22a, 225, 22¢ of the system beam-
former 22. These delay lines focus the partial sum signals into
a common beam at the output of the system beamformer
summer 22s. The fully formed beam is then forwarded to the
signal and image processor for further processing and display.
While the example of FIG. 2 is shown with 9-element
patches, it will be appreciated that a constructed microbeam-
former system will generally have patches with larger num-
bers of elements such as 12, 20, 48, or 70 elements or more.
The elements of a patch can be adjacent to each other, be
spaced apart, or even intermingled in a checkerboard pattern,
with “odd” numbered elements combined in one patch and
“even” numbered elements combined in another. The patches
can be square, rectangular, diamond-shaped, hexagonal, or
any other desired shape.

[0019] FIG. 3 shows another example of a two dimensional
array transducer and microbeamformer of the present inven-
tion. This drawing shows three rows R1, R2, and R3 of a two
dimensional array transducer 12. In this example a patch of
elements consists of four elements: elements el-e4 form one
patch, elements e5-e8 form another patch, elements €9-e12
form a further patch, and so on. The elements of each patch
are coupled to the delay lines of a group of microbeamformer
delay lines. For example, elements e1-e4 are coupled to the
four delay lines of delay line group DL1, elements e5-e8 are
coupled to the delay lines of delay line group DL2, and so on.
The delayed signals from a delay line group are combined on
an output bus which connects the delay line outputs together.
For example the four delay line outputs of group DL1 are all
tied to bus b1, the four delay line outputs of group DL2 are
connected to bus b2, and so on. Each bus is connected to an
individual conductor of the cable 16. Bus b1 is connected to
conductor 164 of the cable, and bus b2 is connected to cable
conductor 165, and so on. Each cable conductor leads to a
channel of the system mainframe beamformer.

[0020] During transmit a group of elements of the array are
activated to transmit the desired beam in the desired direction.
The group chosen for transmit will generally be small for a
near field focused beam, and can be as large as the entire array
for a far field beam. The elements activated for the transmit
beam, referred to as the transmit aperture, can occupy any
shape or pattern of elements on the array. A zone focusing
scheme, which focuses at progressively deeper focal zones,
can use progressively larger transmit apertures for each
deeper zone, for instance. A transmit beam can be steered
straight ahead (normal to the surface of the array), or be
steered at an angle to the array surface. In the probe shown in
the Davidsen patent application, the beams are steered
straight ahead at the interior of the array, and at outward
canted angles around the periphery of the array to create a
wider field of view.

[0021] The transducer array and microbeamformer of FIG.
3 can be operated as a linear array or as a phased array. Linear
array operation is done by transmitting beams from apertures
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which are moved along the surface of the array and receiving
the echoes from these beams at receive apertures which are
also moved along the surface of the array. In the example
shown in the drawing a receive aperture size is bracketed at
the top of the drawing and in this example is seen to be three
patches (twelve elements) wide. In this example the receive
aperture is illustrated as being a single row (R1) high, but it
could alternatively be multiple rows high. A first receive beam
is received by elements el-el12 in this example. Since this
receive aperture includes the first three patches in row R1 of
the array, the delay lines DL1, DL2, and DL3 (not shown) of
these first three groups in the microbeamformer are enabled
for this beam. The delay lines are enabled in this example by
enable lines En connected to each delay line as indicated at
42,44, and 46. The four delayed signals from elements e1-c4
and delay line group DL1 are connected to bus b1 where they
are combined to form a partial sum signal from the first patch.
Similarly, the four delayed signals from elements e5-¢8 and
delay line group DL 2 are combined on bus b2 and the four
delayed signals from elements €9-e12 and delay line group
DL3 are combined on bus b3 (not shown). The busses are
operated as summing nodes for the formation of the partial
sum signals in this example. The three buses and cable con-
ductors conduct these partially beamformed signals to three
channels of the main beamformer, where the beamformation
of the beam is completed.

[0022] The next beam is acquired by stepping the receive
aperture to the right in this example. The beam could be
stepped by an entire patch by use of, for example, multiplex-
ers in the cable connector or ultrasound system mainframe,
resulting in the next beam being acquired by a receive aper-
ture consisting of elements e5-e16. However this translation
of an entire patch width would result in a coarse beam spacing
across the image field. In this example finely spaced beams
are acquired by stepping the receive aperture by less than the
dimension of a full patch, and preferably by a single element
width. The next beam is thus acquired by elements e2-¢13.
Since the signal from element el does not contribute to this
beam, the enable line to the microbeamformer delay line for
this element disables this delay line from contributing to this
next beam. Only the delayed signals from elements e2-e4 are
combined on bus b1. Since the signal from element el3 is
contributing to this beam, the microbeamformer delay line for
this element is enabled and the delayed signal placed on the
bus b4 (not shown) for that delay line group. The partial sum
signals on four buses are coupled to the main beamformer for
completion of the beamformation process: three combined
signals on bus b1 from elements e2-e4, four combined signals
on buses b2 and b3, and the signal from element e13 on bus
b4. Apodization weighting is employed in the main beam-
former to account for the unequal signal weighting on the
different buses.

[0023] The stepping of the receive aperture across the array
continues in this manner. The next beam uses elements
e3-el4 for the receive aperture, the following beam uses
elements e4-el5, and the subsequent beam uses elements
e5-e16 for reception. As this stepping occurs it is seen that the
delay lines of the first patch DL1 are progressively disabled
while the delay lines of the fourth patch which are connected
to elements el13-el6 are progressively enabled. The last of
these beams is seen to use no elements from the first patch.
With the next beam step to an aperture of elements e6-e17 it
is seen that the first delay line of delay line group DLS5 is
enabled. The outputs of this fifth delay line group are in this
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example connected to bus b1, for it is seen that the aperture at
no time uses elements from both the first and fifth patches for
the same beam. Thus, as the delay lines of the first patch
become fully disabled, the delay lines of the fifth delay line
group DL3 begin using the same bus b1 previously used by
delay line group DL1. These two groups cannot use the same
bus at the same time because their partial sum signals require
different delays for beamformation in the main beamformer.
If these partial sum signals were combined on a common bus,
they could not be subjected to the necessary delay difference
in their processing. Thus, by considering the apertures used
by the array, multiple patches can be connected to the same
cable conductors to the main beamformer, which means that
the number of patches can exceed the number of conductors
in the cable. A greater number of array patches can therefore
be accommodated by a given cable and system beamformer.
With the ability to increase the number of patches for a given
array, the size of the patches can be decreased, thereby reduc-
ing the delay lengths needed in the microbeamformer.

[0024] In this example it is seen that the delay line group
DL9 for the patch at the right side of the array can also be
connected to bus bl. The delay line group DL5 is progres-
sively disabled as the delay line group for elements e29-e32
are progressively enabled. After delay line group DL5 is fully
disabled, the aperture progresses to the right as the delay lines
of group DL6 are progressively disabled and the delay lines of
group DL9 are progressively enabled. Since both groups DL1
and DL5 are disabled during this later stepping of the aper-
ture, delay line group DL9 can be connected to and is free to
use bus bl at this time.

[0025] The receive aperture will continue to step across the
array in this manner which, in this example, will acquire
twenty-five different beams at twenty-five different beam
locations before the aperture reaches the right side of the
array. This stepping process can then be repeated across the
second row R2 of the array and then the third row R3. In this
manner a volumetric field in front of the array is scanned for
3D imaging. Variations to the illustrated aperture will readily
occur to those skilled in the art. For instance, an aperture can
be more than a single row high. An aperture could begin with
elements el-e12 of the first row R1 and the first twelve ele-
ments of row R2. This twenty-four element aperture can be
stepped across the array, then stepped up by one row. The next
translation would begin with the first twelve elements of each
of rows R2 and R3 as the active aperture, which would then
step across the array. Various aperture translation patterns can
also be employed. For instance, the active aperture can begin
at the bottom of the array and step to the top, then across and
back down the array, and so on in this manner. A translation
sequence which steps the aperture across and up in a roughly
diagonal direction can also be employed. Aperture translation
patterns can be chosen to minimize motion artifacts in regions
of the image field, for instance.

[0026] The delay lines of a system of the present invention
can be either digital or analog delay lines, depending upon
whether the signals are digitized prior to the delay lines. A
preferred analog delay line is shown in FIG. 4. This delay line
is formed by coupling successive signals from a transducer
element to capacitors of a capacitor bank. Three capacitors
52,54, 56 of such a capacitor bank are shown in FIG. 4. The
number of capacitors in the capacitor bank is chosen in con-
sideration of the maximum length of delay needed and the
sampling rate used. A longer delay and/or finer resolution
(e.g., to satisfy the Nyquist criterion) requires a greater num-
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ber of capacitors. The time delay of the delay line is effected
by writing a voltage sample from the transducer element e,
onto a capacitor at an earlier time, then reading the voltage
sample from the capacitor at a later time, the incremental time
between writing and reading providing the delay time. The
capacitor bank can be arranged in a parallel configuration as
shown in FIG. 4, or in a serial configuration in the manner of
a CCD charge bucket brigade as discussed in U.S. Pat. No.
6,126,602 (Savord et al.)

[0027] Inthe configuration of FIG. 4 the echo signals from
a transducer element e, are applied by way of a buffer ampli-
fier 68 to the inputs of'a bank of input switches 64. The closure
of each switch is controlled by a control signal from a write
pointer 60. For instance, a first signal sample may be stored on
capacitor 52 by momentary closure of its input switch, a
second sample is stored on capacitor 54, a third sample is
stored on capacitor 56 and so on. At a later time determined by
the desired delay time the samples are read from the capaci-
tors in sequence determined by control signals from a read
pointer 62 which control an output bank of switches 66. In the
illustrated example an echo signal sample is being written to
capacitor 52 while and echo signal sample is being read from
capacitor 54. As an output switch is closed the signal sample
on the capacitor is applied to the output bus bn which con-
ducts the signal to the cable conductor 16r. While samples
from the delay line of FIG. 4 are being applied to the output
bus b, samples from other delay lines of the patch delay line
group are simultaneously being applied to the same bus bn.
The simultaneous application of the signals thus results in a
summation of the delayed samples from the elements of the
patch.

[0028] In accordance with the principles of the present
invention, in the example of FIG. 4 the read pointer 62 may be
set with all zeroes as shown on the right side of the read
pointer. With this setting the delay line is disabled, since no
signal samples from the element e, are applied to the output
bus bn. Other techniques may alternatively be employed to
prevent signals from an array element from being put on the
bus. In the example of FIG. 5 a single switch 72 such as a
passgate is used at the output of the delay line. This configu-
ration is suitable for use for either a parallel or serial config-
ured delay line. Another technique shown in FIG. 6 is to use
a tristate buffer 74. The tristate buffer 74 is controlled by a
control line 76 to either transmit the input signal from the
delay line to the tristate buffer output, or set the tristate buffer
to exhibit a high output impedance. In one setting of the
control line 76 the tristate buffer will produce a high or low
voltage or current signal as determined by the echo signal, or
a high (e.g., open circuit) impedance output. Passgates and
tristate buffers may be readily implemented in microcircuitry
suitable for use in a microbeamformer.

[0029] FIG. 7 illustrates a design for a two dimensional
array and microbeamformer combination of the present
invention which has two patches bussed to the same main
beamformer channel. In this example the microbeamformer
delay channels of two patches, P, and P,, are coupled to a
common bus bn, which is coupled by acable conductor 16x to
a channel of the mainframe beamformer. FIG. 7 is a top plan
view of the two dimensional array, with the microbeam-
former attached to the bottom of the array and not visible in
this drawing. Each patch in this example comprises sixteen
elements arrangedina 4 row (r,-r,) by 4 column (¢, -c, ) patch.
Thus, thirty-two transducer elements are connected to the
same main beamformer channel in this example. Since
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patches P, and P, share the same beamformer channel, the
elements of only one of these two patches can use bus bn at
any given time. This means that a “buffer” of elements of the
length of three columns of elements must separate the maxi-
mum aperture length from the second interconnected patch
P, as shown by the bracket marked “buffer.” The maximum
receive aperture size will thus have a maximum length of A,
and a maximum height of A,, as shown in the drawing. For
instance, an initial receive aperture can include the elements
of patch P, and all of the elements of the patches up to the left
side of the buffer region. As this aperture is stepped to the
right, columns ¢, to C, of patch P, are successively disabled
with each step as the corresponding four columns of the
elements in the buffer region are successively enabled. At the
end of the third step of this four-beam step, only the elements
of column C, of patch P, will be enabled and all three columns
of elements of the buffer region will be enabled and contrib-
uting to the active aperture. With the next rightward step of the
aperture, the last column C, of patch P, will be turned off and
the first column ¢, of patch P, will be turned on. The active
aperture at this moment will thus consist of all of the elements
to the right of patch P, and through and including the first
column of patch P,,. Thus, there is never a time when elements
from both commonly bussed patches are using the bus at the
same time. The design rule for this example is that the size of
the buffer region is at least equal to the number of columns of
a patch minus one.

[0030] In this example patches in the height dimension do
not share the same bus. Thus, there is no restraint on the
maximum size of the active aperture in the height dimension.
The maximum aperture size in the height dimension, A, may
thus be equal to the full height dimension of the two dimen-
sional array.

[0031] FIG. 8 illustrates a design for a two dimensional
array in which four patches share the same main beamformer
channel. As in FIG. 7, the two dimensional array 12 of F1G. 8
is shown in a top plan view with the microbeamformer located
beneath the array. Four patches P, P,, P;, and P, are all
coupled to bus bn by buses bn,, bn,, bn,, and bn,, respec-
tively. Simultaneously present signals are summed on the bus
and coupled to a channel of the main beamformer by conduc-
tor 16n of the cable 16. The maximum receive aperture of the
array exhibits dimensions of A; and A,,. The maximum aper-
ture is shown when positioned at the corners of the array as
apertures Apl, Ap2, Ap3, and Ap4. The maximum aperture
positions are separated by a buffer region of buf; in the length
dimension and a buffer region of buf}; in the height dimen-
sion. The horizontal length of the buf; region is one element
less than the horizontal length of a patch and the vertical
height of the bufy, region is one element less than the vertical
height of apatch. In a case where the patches and the elements
are square these regions will be of the same size. In a case
where the patch dimensions and/or the element dimensions
are not square these region sizes will differ. In the example of
FIG. 8 it is seen that, as the receive aperture starts from
position Apl and is stepped to the right, columns of the P,
patch (and all patches above it in the aperture) are succes-
sively disabled as columns of elements in the buf; region are
successively enabled. As the aperture is stepped fully to the
right of patch P, and the entire patch is disabled, the leftmost
column of the commonly bussed patch P, is enabled. The
active aperture continues to be stepped to the right in this
manner, with the final aperture location as shown by Ap2.
Thus, there is never atime when elements from patches P, and
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P, are enabled at the same time. Commonly bussed patches P,
and P, are disabled at this time since the uppermost extent of
the active aperture is below these patches. While the maxi-
mum height of the active aperture is shown as A, in this
example, it will be realized that this dimension can be
increased by the height of the buf, region in the case where
the aperture is being stepped to the right.

[0032] Thereafter, or alternatively, the aperture may be
stepped upward from the Apl position. As the aperture is
stepped up a patch row at atime, the rows of elements of patch
P, are successively disabled from the bottom to the top, and
rows of elements in the buf}, region above the aperture area
Ap]1 are successively enabled in correspondence. After (m-1)
such steps only the upper row of patch P, (and all patches to
the right of patch P, in the aperture) will be enabled and all
(m-1) rows of elements in the buf,, region above the aperture
area Ap1 will be enabled. With the next aperture step (bring-
ing the step total to m), all m rows of patch P, will be disabled
and the first row of patch P; will be enabled, along with all of
the rows of the buf, region in the aperture. Thus, there is never
a time when elements from both patches P, and P, are con-
tributing to the beam. Upward stepping of the aperture con-
tinues in this manner until the aperture reaches its upper limit
oflocation Ap3. As in the case ofhorizontal translation, it will
be realized that the length of the aperture in this situation
could be equal to A; plus the length of buf,.

[0033] Allowing for a buffer region in both the horizontal
and vertical (height and length) dimensions allows translation
of the maximum aperture in any direction, including diagonal
translation. For example, the aperture may be stepped diago-
nally from position Ap1 by simultaneously moving the aper-
ture to the right and up one element in each step. The aperture
can continue to be moved diagonally in this manner to a final
aperture position Ap4. As indicated by the dashed aperture
outline ApD, with a maximum aperture size of A, by A, and
buffer regions as shown, only elements from a single patch
will contribute to the signals on bus bn at any point in time
during this aperture translation. The dashed outline ApD
shows the aperture just after leaving the location where only
the upper right corner element of patch P, of the four com-
monly bussed patches, contributed to the signals on bus bn,
and now located at a location where only the lower left corner
element of patch P, contributes to the signals on bus bn. The
example of FIG. 8 enables horizontal, vertical, and diagonal
stepping of a maximum receive aperture in a two dimensional
microbeamformed array in which the number of patches is
(with the exception of the buffer dimensions) four times the
number of cable conductors and main beamformer channels.
The 4:1 pattern of patches to main beamformer channels can
be extended symmetrically throughout the two dimensional
array of FIG. 8. With even larger ratios of array size to maxi-
mum aperture size, greater numbers of patches can be inter-
connected, as shown by the common connection of three
patches in the horizontal dimension in the example of FIG. 3.

[0034] The switching elements shown in FIGS. 4, 5, and 6
are functionally equivalent to single pole, single throw
switches. The following examples of the present invention
use the functional equivalent of single pole, double throw
switches to shift the receive aperture. These examples provide
the benefit that the patch boundaries are effectively reposi-
tioned as the aperture is shifted. A further benefit of the
following examples is that an identical number of element
signals canbe maintained for each main beamformer channel,
obviating the need to perform apodization weighting adjust-
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ment for channels with different numbers of signals. FIG. 9
shows one such example, using the same two dimensional
array configuration as FIG. 3. The delay lines DL for each
element in row R1 are shown attached to the respective ele-
ments of row R1. A single pole, double throw switching
element Sw is connected at the output of each delay line DL.
The outputs of these switching elements connect the delay
lines to one of two possible busses, cable conductors, and
main beamformer channels, depending upon the setting ofthe
switch arm. In this example each patch consists of five ele-
ments, and when the switches Sw are set as shown in FIG. 9
it is seen that the delay lines for elements e6-¢10 are all
coupled to bus b2 which sums the signals from those five
elements. The patch of these five elements is indicated by
dashed lines 102, 104 extending across the two dimensional
array 12. The summed signal on bus b2 is coupled by cable
conductor 165 to a channel of the main beamformer for the
completion of beam formation. Similarly, the patch consist-
ing of elements ell-e15 between dashed lines 104, 106 has its
received signals coupled to and summed on bus b3, then
coupled by cable conductor b3 to a main beamformer chan-
nel. In like manner five-element patch signals are summed on
busses b4 (e16-e20) and b5 (e21-e25) and coupled over con-
ductors 164 and 16e to main beamformer channels. The
arrows below the busses indicate connections to the delay
lines from other patches which share the same busses and
main beamformer channels at other times in the aperture
shifting. It is seen in this example that each bus is summing
the signals from a full complement of five elements, the size
of a patch used in this example.

[0035] The switching elements Sw are functionally equiva-
lent to single pole, double throw switches. That is, the output
ofadelay line is coupled to one of two output busses and main
beamformer channels, depending upon the setting of the
switch. This arrangement makes the boundaries of a patch
entirely arbitrary, depending upon the setting of a switch.
FIG. 10 illustrates a basic form of a single pole, double throw
switch 120, with the arm 122 determining whether the signal
from a delay line DL is coupled to bus x or bus y. FIG. 11
illustrates another example, in which the function of a single
pole, double throw switch is provided by two parallel single
pole, single pole switches 124 and 126. In the example of FIG.
9 a full complement of elements equal to the number of
elements forming a full patch, five in this example, are
coupled to each main beamformer channel. The setting of the
switch Sw for a particular element determines the main beam-
former channel to which the element is coupled and hence the
patch group of which the element is a contributor at a given
point in time.

[0036] FIG. 12 illustrates the configuration of F1G. 9 after
the aperture has been shifted one element to the left, as indi-
cated by the dashed lines 102', 104", etc. in relation to the
original patch boundary lines 102, 104, etc. The switch Sw for
delay line 5 has been reset to its alternate setting, coupling the
signal from delay line 5 to conductor 165. The switch Sw
from delay line 10 has also been reset, redirecting the signal
from delay line 10 from conductor 165 to conductor 16¢.
Similarly, the switches Sw for each fifth delay line, including
illustrated delay lines 15 and 20, have been reset to their
alternate settings. These switch settings combine the signals
from elements e5-e9 on conductor 16, the signals from
elements el0-e14 on conductor 16¢, the signals from ele-
ments el5-e19 on conductor 164, and so forth. Compared to
the signals on the conductors in FIG. 9, it is seen that the
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element groupings on each conductor have been shifted to the
left by one element and hence the entire aperture has been
shifted to the left by one array element.

[0037] InFIG. 13 the aperture is shifted one element to the
right in relation to its starting position in FIG. 9, as indicated
by patch boundaries 100", 102", 104", 106", etc. Only illus-
trated switches Sw for delay lines 6, 11, 16, and 21 are in their
original settings; all of the other switches have been reset.
This resetting causes the signals from delay lines 7, 8, and 9
to be coupled to the extension b3' of bus b3 instead of their
previous coupling to bus b2. As a result, the signals from
elements €7-e11 are now combined on bus b3 and coupled to
a main beamformer channel by way of conductor 16¢. Simi-
larly, the signals from elements e2-e6 are coupled to conduc-
tor 164, the signals from elements e12-el16 are coupled to
conductor 164, and so forth. It may be seen that each patch
grouping on a conductor has been shifted to the right by one
element compared to the original settings, and hence the
entire aperture has been shifted to the right by one element.
[0038] FIG. 14 illustrates the switch Sw settings when the
aperture is shifted another element to the right in relation to
FIG. 13. The switch Sw positions of FIG. 14 differ from those
of FIG. 13 in that the switches for delay lines 7, 12,17, and 22
have been reset to their alternate settings. This causes the
signals from elements e3-e7 to be directed to conductor 165,
the signals from elements e8-e12 to be directed to conductor
16¢, the signals from elements e13-e17 to be directed to
conductor 164, and so forth. The entire aperture has been
shifted to the right by another element as indicated by dashed
lines 100™, 102™, 104", and so on.

[0039] By setting the switches Sw from delay lines 8, 13,
18, and 23 in the next iteration, it will be seen that the aperture
is shifted to the right by a further element. The aperture can be
shifted across the array in this manner. In every case it is seen
that, with the exception of the physical edges of the array, an
equal complement of element signals is always present at
each main beamformer channel at each aperture position.
This technique can be used with a one dimensional array for
which the aperture is to be shifted in only one direction, the
azimuth direction. The technique can be employed to addi-
tionally shift the aperture in the orthogonal (elevation) direc-
tion on a two dimensional array by, for instance, adding an
orthogonally configured single pole, double throw switch
parallel to the first one, or using a single pole, 3-throw switch
or its equivalent for each element. To accommodate diagonal
translation in addition to azimuth and elevation translations, a
single pole, 4-throw switch or its equivalent can be used to
connect an element to any one of four possible cables and
main beamformer channels. Each output of the single pole,
n-throw switch is connected to a different cable conductor
and hence a different main beamformer channel.

[0040] Inmany linear array implementations the beams are
always (or most of the time) steered straight ahead, normal to
the surface of the array. When there is no off-axis steering in
such a straight-ahead beam steering implementation the aper-
ture delays can be symmetrical about the center of the aper-
ture. This means that patches at an equal distance on either
side of the aperture center use the same main beamformer
delay and hence can be coupled to the same main beamformer
channel. One skilled in the art will realize that such an imple-
mentation does not need to use the buffer regions discussed
above due to such symmetry. The coupling of separated
patches to the same main beamformer channel should be done
in consideration also of the phased array requirements for the
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system, as the steering of beams in three dimensions requires
continuous delay differentiation across the phased array apet-
ture.

[0041] Various applications and modifications of the above
principles of the present invention will readily occur to those
skilled in the art. As previously mentioned, the 2D array
transducer can be planar (flat), or bent or curved in one or
several dimensions. Digitizing of the echo signals can be
performed in the probe or in the system mainframe. Ampli-
fication can be employed in either the probe, the system
mainframe, or both. The microbeamformer circuitry shown
above for echo reception can also be used in part for transmit
beamforming. Additional modification are within the scope
of the present invention.

What is claimed is:

1. An ultrasonic diagnostic imaging system for imaging a
volumetric region with a sequence of translated receive aper-
tures comprising:

an array of transducer elements, local groups of which can

comprise patches of elements having one or more sizes;
amulti-channel beamformer producing a beamformed out-
put signal; and
a microbeamformer including a plurality of delay lines,
each delay line having an input coupled to an array
element and an output producing a delayed signal which
may be directed to a selected one of a plurality of chan-
nels of the multi-channel beamformer; and
a source of control signals, coupled to the microbeam-
former, which act to control the direction of delay line
outputs to channels of the multi-channel beamformer,

wherein a receive aperture formed by the elements of mul-
tiple patches may be stepped from one aperture location
of the transducer array for one beam to another aperture
location of the transducer array for another beam while
maintaining the same patch size or sizes.

2. The ultrasonic diagnostic imaging system of claim 1,
wherein the outputs of delay lines coupled to elements of
different patches are coupled to a common channel of the
multi-channel beamformer.

3. The ultrasonic diagnostic imaging system of claim 1,
wherein the outputs of the delay lines are coupled to selected
channels of the multi-channel beamformer by the functional
equivalent of switches.

4. The ultrasonic diagnostic imaging system of claim 3,
wherein the outputs of the delay lines are coupled to selected
channels of the multi-channel beamformer by the functional
equivalent of single pole, double throw switches.

5. The ultrasonic diagnostic imaging system of claim 1,
wherein the delayed signals from the elements of a given
patch are directed to a common beamformer channel.

6. The ultrasonic diagnostic imaging system of claim 1,
whereina receive aperture formed by the elements of multiple
patches may be stepped from one aperture location of the two
dimensional array for one beam to another aperture location
of the two dimensional array for another beam in a step
increment of less than the size of the largest patch size.

7. The ultrasonic diagnostic imaging system of claim 6,
whereina receive aperture formed by the elements of multiple
patches may be stepped from one aperture location of the
transducer array for one beam to another aperture location of
the transducer array for another beam in a step increment of
the size of one element.

8. A method of translating a receive aperture of an array of
ultrasonic transducer elements, the aperture being a group of
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elements, the elements ofthe aperture being arranged in local
groups of patches with a patch having defined boundaries, the
signals of the elements of a patch being summed to form a
partial sum signal, and each partial sum signal being coupled
to a different channel of a multi-channel beamformer com-
prising:

receiving signals from the elements of an aperture includ-

ing a given number of patches of one or more predeter-
mined sizes which is located in a first location on the
transducer array;

forming partial sum signals from the signals of the ele-

ments of each patch in the aperture;

coupling the partial sum signals to channels of a multi-

channel beamformer;

translating the aperture from the first location to a partially

overlapping second location which is translated in a
selected direction from the first location by redefining
the patch boundaries to delineate the same number of
patches of the same predetermined size or sizes at the
second location;

receiving signals from the elements of the redefined

patches;

forming partial sum signals from the signals of the ele-

ments of each patch in the translated aperture; and
coupling the partial sum signals to channels of a multi-
channel beamformer.

9. The method of claim 8, wherein redefining the patch
boundaries comprises redirecting the signals of a plurality of
elements to different channels of the multi-channel beam-
former.

10. The method of claim 8, wherein forming partial sum
signals further comprises:

delaying the signals received from the elements of the

patches of the aperture; and

combining the delayed signals of the elements of each

patch at a summing node.

11. The method of claim 10, wherein forming partial sum
signals is performed by a microbeamformer located in the
same enclosure as the transducer array.
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12. The method of claim 8, wherein all of the patches
include the same number of transducer elements; and

wherein each partial sum signal includes the signals

received from the same number of transducer elements.

13. The method of claim 10, wherein multiple patches
share the same summing node.

14. The method of claim 8, wherein the partial sum signals
are from beams steered normal to the two dimensional array
surface;

wherein the partial sum signals are formed at summing

nodes; and

wherein a plurality of the partial sum signals are formed by

multiple patches of the aperture sharing the same sum-
ming node.

15. An ultrasonic diagnostic imaging system for imaging a
region of a body with a sequence of translated receive aper-
tures comprising;

an array of transducer elements extending in a given direc-

tion, local groups of which can comprise patches of
elements having one or more sizes;

amulti-channel beamformer producing a beamformed out-

put signal; and
a microbeamformer including a plurality of delay lines,
each delay line having an input coupled to an array
element and an output producing a delayed signal which
may be directed to a selected one of a plurality of chan-
nels of the multi-channel beamformer; and
a source of control signals, coupled to the microbeam-
former, which act to control the direction of delay line
outputs to channels of the multi-channel beamformer,

wherein a receive aperture formed by the elements of mul-
tiple patches may be stepped in the given direction from
one aperture location of the array for one beam to
another aperture location of the array for another beam
while maintaining the same patch size or sizes.

16. The ultrasonic diagnostic imaging system of claim 15,
wherein the array of transducer elements comprises a one
dimensional array with the given direction comprising the
azimuth direction.
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