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SYSTEM AND METHOD OF ACOUSTIC
DOPPLER BEAMFORMING

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to acoustic transducers and
beamiormers that form simultaneous multiple beams 1n mul-
tiple planes.

2. Description of the Related Technology

Devices such as Acoustic Doppler Velocity Sensors
(ADVS) are widely used for measurement of vertical profiles
ol water current measurements and for earth and/or water
referenced velocity measurement for vessel navigation.
Acoustic Doppler Current Profilers (ADCP) are used 1n fresh-
water environments such as rivers, lakes and estuaries, as well
as 1n saltwater environments such as the ocean, for studying
the effects of current velocities. The measurement of accurate
current velocities 1s 1mportant in such diverse fields as
weather prediction, biological studies of nutrients, environ-
mental studies of sewage dispersion, and commercial explo-
ration for natural resources, including oil.

Such devices measure 3-axis velocities by measuring
velocity along lines of position defined by narrow acoustic
beams. Three or more beams oriented at different directions
may be used to measure the three orthogonal velocity com-
ponents. Such devices may employ four narrow (e.g., 1°t0 4°)
conical transmit/receive beams are employed positioned 1n
two axes of a plane surface and inclined relative to the normal
to that plane. In this configuration, which 1s referred to as a
Janus configuration, two sets of narrow conical beams are
symmetrically inclined outward and positioned at four 90°
circumierential increments on the surface of a larger (typi-
cally 60°) outward opening cone. Marine instrumentation 1s
frequently used 1n environments that are sensitive to one or
more of size, power consumption, and cost. Accordingly, a
need exists for suitable methods and apparatuses for generat-
ing acoustic beams for use in ADVS and ADCP devices.

SUMMARY OF CERTAIN INVENTIVE ASPECTS

The system, method, and devices of the mmvention each
have several aspects, no single one of which 1s solely respon-
sible for 1ts desirable attributes. Without limiting the scope of
this mvention as expressed by the claims which follow, its
more prominent features will now be discussed briefly. After
considering this discussion, and particularly after reading the
section entitled “Detailed Description of Certain Embodi-
ments” one will understand how the features of this invention
provide advantages such as a compact, low complexity beam
forming system that provides a vertical beam formed in the
aperture ol a two dimensional transducer array along with
beams formed 1n at least two other dimensions.

One embodiment 1includes an acoustic system. The acous-
tic system 1includes a plurality of transducer elements
arranged to form a two-dimensional array and electrically
connected into rows 1n a first dimension and columns 1n a
second dimension. The acoustic system further includes at
least two first beamforming circuits configured to generate a
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2

plurality of beams 1n at least two planes. Each of the beams
defines a non-orthogonal angle with the transducer array. The
acoustic system further includes a second beamforming cir-
cuit connected to each of the beamforming circuits and con-
figured to generate a beam orthogonal to the transducer array.
Each of the first beamforming circuits 1s electrically con-
nected to each of the transducer elements so that each of the
transducer elements contributes to each of the beams in the at
least two planes.

One embodiment includes a system for generating a plu-
rality of acoustic beams. The system includes means for gen-
erating a plurality of acoustic signals. The generating means
includes a plurality of means for converting between an elec-
trical signal and a respective one of the acoustic signals. The
converting means are arranged to form a two dimensional
array and electrically connected into rows 1n a first dimension
and columns 1 a second dimension. The system further
includes means for simultaneously forming a plurality of first
beams 1n at least two planes based on the acoustic signals.
Each of the first beams defines a non-orthogonal angle with
the transducer array and wherein each of the first beams 1s
based on each of the respective plurality of signals of each of
the converting means. The system further includes means for
forming a second beam orthogonal to the array based on the
acoustic signals. The first and second beams are formed
simultaneously.

Another embodiment includes a method of generating a
plurality of acoustic beams. The method includes generating
a plurality of acoustic signals in each of a plurality of trans-
ducer elements arranged to form a two dimensional array and
clectrically connected 1into rows 1n a first dimension and col-
umns 1n a second dimension. The method further includes
simultaneously forming a plurality of first beams 1n at least
two planes based on the acoustic signals. Each of the first
beams defines a non-orthogonal angle with the transducer
array and wherein each of the first beams 1s based on each of
the respective plurality of signals of each of the transducer
clements. The method further includes forming a second
beam orthogonal to the transducer array based on the acoustic
signals. The first and second beams are formed simulta-

neously.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a top view of a prior art 4-piston transducer array
having a Janus configuration.

FIG. 2 15 a perspective view 1llustrating a configuration of
four acoustic beams inclined relative to one embodiment of a
two dimensional transducer array.

FIG. 3 1s a perspective view illustrating one embodiment of
a two dimensional transducer array along with a configura-
tion of four acoustic beams inclined relative to the array and
a fifth beam normal to the array.

FIG. 4 1s a schematic diagram illustrating one embodiment
ol an acoustic system configured to generate a plurality of
inclined acoustic beams and a vertical acoustic beam of FIG.
3.

FIG. 5 1s a schematic diagram illustrating in more detail
one embodiment of the acoustic system 1llustrated 1n FI1G. 4
when configured to recerve the beams.

FIG. 6 1s a schematic diagram illustrating in more detail
one embodiment of the acoustic system 1llustrated 1n FI1G. 4
when configured to transmit the beams.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS

The following detailed description 1s directed to certain
specific embodiments of the invention. However, the inven-
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tion can be embodied 1n a multitude of different ways as
defined and covered by the claims. In this description, refer-
ence 1s made to the drawings wherein like parts are designated
with like numerals throughout.

ADVS and ADCP devices may include transducer and
beamforming devices for generating the acoustic beams used
to measure water velocities. For example, FIG. 1 1s a top view
of a prior art 4-piston transducer array 100 1n Janus configu-
ration. Such a 4-piston Janus transducer assembly comprises
four independent circular piston-type transducers 102, each
producing a single narrowly dispersed conical transmit/re-
ceive beam directed normal to the piston face. The four trans-
ducers are physically positioned 1n a rigid assembly to direct
the output of the transducers 102 so as to generate the Janus
beam configuration.

FIG. 2 1s a perspective view illustrating a configuration of
four acoustic beams 210 inclined relative to one embodiment
of a two dimensional transducer array 200. In the embodi-
ment 1llustrated 1n FI1G. 2, the transducer array 200 comprises
a two dimensional array of transducer elements 202 config-
ured to generate simultaneously generate the beams 210. One
embodiment of such a transducer array and a suitable beam-
former are disclosed in U.S. Pat. No. 5,808,967, which 1s
hereby incorporated by reference 1n 1ts entirety.

FI1G. 3 1s a perspective view 1llustrating one embodiment of
a two dimensional transducer array 300 along with a configu-
ration of four acoustic beams 210 inclined relative to the array
and a fifth beam 212 normal to the array. In some applications,
it 1s desirable to add the additional vertical beam 212 to the
two dimensional beams 210. For example, such an additional
beam 212 1s useful for wave measurements, echo sounder
measurements, Reynolds stress measurements, Doppler
velocity measurements, and bathymetry. The fifth vertical
beam 210 also allows Doppler velocity measurements even at
extreme tilt angles, without gimballing of the transducer.
Moreover, as noted above, marine strumentation 1s fre-
quently used 1n environments that are sensitive to one or more
of size, power consumption, and cost. Accordingly, 1n one
embodiment, the system 300 includes a low (added) com-
plexity beamiormer using a phased array of transducers 202
to generate the vertical beam 212 1n addition to other, e.g.,
Janus, beams 210. In one embodiment, the vertical beam 212
can be formed 1n a single aperture along with the other beams.

FIG. 4 15 a schematic diagram 1llustrating one embodiment
of an acoustic system 400 that 1s configured to generate a
plurality of inclined acoustic beams 210 and a vertical acous-
tic beam 212 using the transducer array 300 of FIG. 3. The
coordinate system used for the purposes of this description 1s
as shown with rows 306 oriented in the X axis, columns 304
in the Y axis, and the Z axis normal to the plane face 316. The
transducer elements 202 are electrically interconnected along,
columns (*“Y”’) 304 (and collectively 1dentified as “Y™ con-
nections 305) and rows 306 (and collectively identified as “X™
connections 307). The “X” connections 307 are connected to
an “X” transmit beamformer 402 and an “X” receive beam-
former 404 via a transmit/receive switch 406. The “Y™ con-
nections 305 are connected to a “ Y™ transmit beamiormer 412
and a “Y” recerve beamiormer 414 via a transmit/receive
switch 416. The transmit beamformers 402 and 412 and
receive beamiormers 404 and 414 may be either phase or
time-delay beamforming networks. In one embodiment, a
common mode connection connects a vertical transmit beam-
former 422 a vertical recerve beamiormer 424 to the “X”
connections 307 and the “Y”” connections 305 via a transmit/
receive switch 424. It has been found that such a common
mode connection provides a simple and compact way of
connecting the vertical beamiormers 422 and 424 to the array
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300. In on embodiment, the rows 306 are connected on the
back sides (not shown) of each transducer element 202 and
the columns 304 are connected to the front sides (e.g., along
the face 316) of each transducer 202.

Any suitable beamformer may be used, including the
beamiormers disclosed 1n the above incorporation U.S. Pat.
No. 5,808,967. Each of the beamformers 402, 412, 422, 404,
414, and 424 may comprise suitable amplifiers and recervers
for processing transmitted and recerved signals. The beam-
tformers 402, 412, 422, 404, 414, and 424 may be further
connected to one or more processors configured to process
the signals.

In one embodiment, the array 300 1s formed from several
cylindrical discs (each having a diameter about equal to that
of the final array), which are sequentially bonded together and
partially sliced with a parallel diamond blade saw at various
stages of the process such that the sliced elements are rigidly
held together by a solid layer. When completed, the array 300
1s internally diced into the desired form with the suitable
precision, and held 1n shape by the combination of a mechani-
cally nigid and acoustically transparent front facing and a
solid backing disc.

In the 1llustrated array 300 of FIG. 4, the array face 316
defines a substantially circular shape. However, other form
factors such as ellipses or polygons, which are generally
symmetrical in the two face dimensions, are also suitable for
forming narrow inclined beams of general conical form. Each
of the transducer elements 202 have substantially symmetri-
cal faces that define circular, or rectangular forms (1.e., 1n their
facial cross-section). The face width of each element is
approximately 0.5A, where A 1s the acoustic wavelength 1n
water of the desired center frequency. For example, to form
beams with 4° beam width, an array diameter ol approxi-
mately 16A 1s desirable, comprising a 32x32 element array of
approximately 800 elements. The back side rows 306 (X
direction) and front side columns 304 (Y direction) of the
array elements 202 are electrically connected together along
parallel lines of elements with acoustically transparent mate-
rial. The rows and columns may be orthogonal to each other.

FIG. 5 1s a schematic diagram illustrating 1n more detail
one embodiment of the acoustic system 400 when configured
to receive the beams 210 and 212. It 1s to be recogmized that
while a 4x4 array 1s 1llustrated, arrays may have any suitable
number of elements 202, e.g., 32x32 arrays of elements 202.

The spacing of the elements 202 1s determined by reference
to the desired operating parameters. For example, during
receipt of a long tone burst acoustic signal at a single fre-
quency (narrowband), 1, with wavelength, A=c/1, where ¢ 1s
the sound propagation velocity in the fluid media, incoming
sound wavelronts traveling in the negative X direction and at
an angle 0 with the Z axis (Z being normal to the array plane,
or normal to the plane of the Figure) travel different distances
to each of the Y-axis (frontside) column line-arrays 304, and
thus strike each of the line arrays at different times, and in
general, with different phases. The path length differences
506, o, between adjacent line-arrays 1s related to the element
center-to-center separation distance (d) by a=d sin 0. The
wavelront arrival time differences between adjacent line-ar-
rays 1s T=o/c=(d//c)sin 0. If the elements are spaced at dis-
tances corresponding to a half-wavelength of the arriving
narrowband signal (d=A/2), the path length difference
expressed 1n terms of arriving signal wavelengths 1s given by
a=(A/2)s1n 0. For an arrival angle of 30°, a.(A/2)s1in 30°=A/4,
which corresponds to an inter-element angular phase shitt of
90° for arrtving narrowband signals. Thus, when a narrow-
band pulse 1s being recerved by all Y-axis line-arrays with the
backside coupled to virtual grounds, the received electrical
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signal phases along the set of four Y-axis line-arrays will be O,
90, 180, and 270 degrees, respectively.

Each of the rows 304 and columns 306 1s configured to be
phase shifted from each adjacent row 304 or column 306. For
example, 1n the 1llustrated embodiment, each row 304 and
column 306 1s phase shifted by 90° from each adjacent row
304 or column 306. The “X” transmit/receive switch 406 1s
connected to a pair of transformers 500 that are each con-
nected across pairs of the columns 306 that are shifted 180° in
phase. For example, connected to the “X” transmit/receive
switch 406 1s one transformer 300 connected across the col-
umns 306 shifted by 0° and 180° relative to the transducer
column 306 closest to the Y axis and another transtformer 500
1s connected across the columns 306 shifted by 90° and 270°
to the transducer column 306 closest to the Y axis. Similarly,
connected to the “Y” transmit/recerve switch 406 1s one trans-
former 500 connected across the rows 304 shifted by 0° and
180° relative to the transducer rows 304 closest to the X axis
and another transformer 500 i1s connected across the rows 304
shifted by 90° and 270° to the transducer row 304 closest to
the X axis.

A transformer 502 1s connected to center taps of each of the
transformers 500 and to the vertical beamformers 422 and
424 via the switch 426. In particular, the transtormer 502
connects the center taps of the transtormers 500 that connect
to the rows 304 with the center taps of the transformers 500
that connect to the columns 306. This connection of the trans-
former 502 creates a common mode connection between the
rows and columns.

In one embodiment, the vertical beamtformers 422 and 424
are connected to each of the transducer elements 202. Thus, 1n
such an embodiment, the vertical beam 212 has an aperture
that 1s greater than the non-orthogonal beams 210 by 1/cos
(beam angle). Where a wider vertical beam 212 1s desired,
less than all of the rows and columns 1s connected to the
vertical beamiormers 422 and 424 to create a smaller aperture
array for the vertical beam 212. For example, the aperture of
the vertical beam 102 may be reduced to reduce sensitivity to
t1lt o the array 300. In one such embodiment, a group of rows
and columns 1 a central region of the array 300 1s connected
to the vertical beamformers 422 and 424 to create the “sub-
array”’ for forming the vertical beam 212.

While only a 4x4 section of the array 300 1s 1llustrated, 1t 1s
to be recognized that the rows 306 and columns 304 of an
array 300 larger than 4x4 may also be constructed 1n which
the four signal phases are repeated 1n additional 4x4 sets of
rows and columns. For example, a 32x32 array may comprise
8 repeating sets of the 4 illustrated rows 306 having phase
shifts of 0°, 90°, 180°, and 270° and 8 repeating sets of the
tour 1llustrated columns 304 having phase shiits of 0°, 90°,
180°, and 270°. The rows 306 and columns 304 with each
particular phase shift are summed and connected in parallel to
the corresponding transformer 500 (e.g., each mput of the
transformer 500 1s connected to 8 rows or 8 columns in
parallel). Each 4x4 increase 1n size of the array 300 further
enhances the interference patterns at £30°. When additional
sets of such four line-array segments are utilized as described,
the acoustic signal gain along the £30° directions 1s increased,
or correspondingly, the beamwidth in that direction 1is
reduced, as additional such sets of arrays are added.

In recerve operation, acoustic signals are converted to elec-
trical signals by the transducer elements 202 and recerved by
the beamformers 404, 414, and 424. The “X” and “Y”” beam-
tformers 404 and 414 simultaneously form non-orthogonal
beams 210 1n at least two planes such as the Janus beams of
FIG. 3 while the vertical beamformer 424 simultaneously
forms the vertical beam 212. Each set of four X -axis electrical
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signals (rows 306 or columns 304) are connected to virtual
ground nodes (not shown) 1n the receiver preamplifier of the
receive beamiormers 404 and 414 to form a signal reference
for the backside rows, and phase shifted —90° between adja-
cent line-arrays (0°, =90, —180°, and -270°), as shown. The
phase shiits compensate for those arising from the different
inter-element path lengths of the acoustic pulse incident on
the line arrays. The resulting four signals of the rows 306 and
the signals of the columns 304 will be in phase and, when
summed, will form a maximum acoustic interference pattern
when recerving a wavelront arriving at a about a 30° inci-
dence angle. This maximum corresponds to the central axis of
one of the main lobes of the formed beams. A second recetve
beam can be formed for incoming acoustic wavelronts trav-
cling 1n the negative X direction and at an angle 0 with the Z
direction (at a —=30° incidence angle) by reversing the sign of
the 90° imposed phase shiit on the four signals and summing
the signals. Because each of the beamformers 402, 404, 412,
and 414 are connected to each of the transducer elements 202,
cach of the non-orthogonal beams 210 includes a contribution
from each of the transducer elements 202.

The vertical beamtformer 424 simultaneously generates the
vertical beam 212 by driving the rows 306 and columns 304
180° apart using the transformer 502. Driving the rows 306
and columns 304 in this way matches the 42 wavelength
distance, d, between each row and column.

FIG. 6 1s a schematic diagram illustrating 1n more detail
one embodiment of the acoustic system 400 when configured
to transmit the beams 210 and 212. Transmit operation 1s
substantially similar to receive operation described above,
except that electrical signals generated by the beamiormers
402, 412, and 422 are converted to acoustic signals by the
transducer elements 202.

In view of the above, one will appreciate that the invention
overcomes the problem of creating a vertical beam 1n acoustic
marine instruments. For example, one embodiment includes a
compact, low complexity beam forming system that provides
a vertical beam formed 1n the aperture of a two dimensional
transducer array along with beams formed in at least two
other dimensions.

It 1s to be recognized that depending on the embodiment,
certain acts or events of any of the methods described herein
can be performed 1n a different sequence, may be added,
merged, or left out all together (e.g., not all described acts or
events are necessary for the practice of the method). More-
over, 1n certain embodiments, acts or events may be per-
formed concurrently, e.g., through multi-threaded process-
ing, mterrupt processing, or multiple processors, rather than
sequentially.

Those of skill will recognize that the various illustrative
logical blocks, modules, circuits, and algorithm steps
described 1n connection with the embodiments disclosed
herein may be implemented as electronic hardware, computer
soltware, or combinations of both. To clearly illustrate this
interchangeability of hardware and software, various illustra-
tive components, blocks, modules, circuits, and steps have
been described above generally 1n terms of their functionality.
Whether such functionality 1s implemented as hardware or
soltware depends upon the particular application and design
constraints 1imposed on the overall system. Skilled artisans
may implement the described functionality 1n varying ways
for each particular application, but such implementation deci-
sions should not be interpreted as causing a departure from
the scope of the present invention.

The various illustrative logical blocks, modules, and cir-
cuits described in connection with the embodiments dis-
closed herein may be implemented or performed with a gen-
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eral purpose processor, a digital signal processor (DSP), an
application specific integrated circuit (ASIC), a field pro-
grammable gate array (FPGA) or other programmable logic
device, discrete gate or transistor logic, discrete hardware
components, or any combination thereof designed to perform
the functions described herein. A general purpose processor
may be a microprocessor, but 1n the alternative, the processor
may be any conventional processor, controller, microcontrol-
ler, or state machine. A processor may also be implemented as
a combination of computing devices, e.g., a combination of a
DSP and a microprocessor, a plurality of microprocessors,
one or more microprocessors in conjunction with a DSP core,
or any other such configuration.

The steps of amethod or algorithm described in connection
with the embodiments disclosed herein may be embodied
directly 1n hardware, 1n a software module executed by a
processor, or in a combination of the two. A software module
may reside in RAM memory, flash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage
medium known 1n the art. An exemplary storage medium 1s
coupled to the processor such that the processor can read
information from, and write nformation to, the storage
medium. In the alternative, the storage medium may be inte-
gral to the processor. The processor and the storage medium
may reside in an ASIC. The ASIC may reside 1n a user
terminal. In the alternative, the processor and the storage
medium may reside as discrete components 1n a user terminal.

While the above detailed description has shown, described,
and pointed out novel features of the invention as applied to
various embodiments, 1t will be understood that various omis-
s10ms, substitutions, and changes 1n the form and details of the
device or process illustrated may be made by those skilled 1n
the art without departing from the spirit of the invention. As
will be recognized, the present invention may be embodied
within a form that does not provide all of the features and
benefits set forth herein, as some features may be used or
practiced separately from others. The scope of the invention 1s
indicated by the appended claims rather than by the foregoing
description. All changes which come within the meaning and
range of equivalency of the claims are to be embraced within
their scope.

What 1s claimed 1s:

1. An acoustic system, comprising:

a plurality of transducer elements arranged to form a two-
dimensional array and electrically connected into rows
1n a first dimension and columns 1n a second dimension;

at least two first beamforming circuits configured to gen-
crate a plurality of beams 1n at least two planes, each of
the beams defining a non-orthogonal angle with the
transducer array; and

a second beamiforming circuit electrically connected to
cach of the first beamforming circuits and configured to
generate a beam orthogonal to the transducer array,

wherein each of the first beamiorming circuits 1s electri-
cally connected to each of the transducer elements so
that each of the transducer elements contributes to each
of the beams 1n the at least two planes.

2. The system of claim 1, wherein the plurality of beams
comprises a Janus configuration that 1s formed simulta-
neously with the vertical beam.

3. The system of claim 1, wherein the second beamiorming
circuit comprises a common mode electrical connection to
cach of the first beamforming circuits.

4. The system of claim 1, wherein each of the first beam-
forming circuits are connected to a virtual ground node for all
rows and columns.
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5. The system of claim 4, wherein each of the first beam-
forming circuits 1s connected to the transducer array via a
respective transiormer.

6. The system of claim 5, wherein the second beamiorming
circuit comprises a second transiformer connected to the cen-
ter tap of each of the respective transformers of each of the
first beamiorming circuits.

7. The system of claim 6, wherein the second transformer
provides a common mode electrical connection to the respec-
tive transformers of each of the first beamfiorming circuits.

8. The system of claim 1, wherein the second beamforming,
circuit 1s connected to less than all of the transducer elements.

9. The system of claim 8, wherein the less than all of the
transducer elements are adjacent to each other and positioned
substantially 1n the center of the array of transducer elements.

10. The system of claim 1, wherein the second beamiorm-
ing circuit 1s connected to each of the transducer elements.

11. The system of claim 1, wherein the first beamiorming
circuits are configured to phase shift signals 1n adjacent rows
and columns of the transducer elements.

12. A system for generating a plurality of acoustic beams,
the system comprising:

means for generating a plurality of acoustic signals, the

means comprising a plurality of means for converting
between an electrical signal and a respective one of the
acoustic signals, wherein the converting means are
arranged to form a two dimensional array and electri-
cally connected into rows 1n a first dimension and col-
umns 1n a second dimension;

means for simultaneously forming a plurality of first beams

in at least two planes based on the acoustic signals, each
of the first beams defining a non-orthogonal angle with
the transducer array and wherein each of the first beams
1s based on each of the respective plurality of signals of
cach of the converting means; and

means for forming a second beam orthogonal to the array

based on the acoustic signals, wherein the first and sec-
ond beams are formed simultaneously.

13. The system of claim 12, wherein the plurality of beams
comprises a Janus configuration that 1s formed simulta-
neously with the vertical beam.

14. The system of claim 12, wherein the means for forming
the second beams comprises a common mode electrical con-
nection to means for forming the first beams.

15. The system of claim 12, wherein each of the means for
forming the first beams are connected to a virtual ground node
for all rows and columns.

16. The system of claim 15, wherein the means for forming
the first beams comprises at least two beamforming circuits
and where each of the first beamforming circuits 1s connected
to the transducer array via a respective transformer.

17. The system of claim 16 wherein the means for forming
the second beam comprises a second beamforming circuit,
and wherein the second beamforming circuit comprises a
second transformer connected to the center tap of each of the
respective transformers of each of the first beamiorming cir-
cuits.

18. The system of claim 17, wherein the second trans-
former provides a common mode electrical connection to the
respective transformers of each of the first beamforming cir-
cuits.

19. The system of claim 12, wherein means for forming the
second beam 1s connected to less than all of the converting
means.

20. The system of claim 19, wherein the less than all of the
transducer elements are adjacent to each other and positioned
substantially in the center of the array of transducer elements.
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21. The system of claim 12, wherein means for forming the
second beam 1s connected to each of the converting means.

22.'The system of claim 12, wherein means for forming the
first beams are configured to phase shift signals in adjacent
rows and columns of the converting means.

23. A method of generating a plurality of acoustic beams,
the method comprising:

generating a plurality of acoustic signals 1n each of a plu-

rality of transducer elements arranged to form a two

dimensional array and electrically connected into rows
1n a first dimension and columns 1n a second dimension;
simultaneously forming a plurality of first beams 1n at least
two planes based on the acoustic signals using at least
two first beamforming circuits, each of the first beams

defining a non-orthogonal angle with the transducer
array and wherein each of the first beams 1s based on
cach of the respective plurality of signals of each of the
transducer elements; and

forming a second beam orthogonal to the transducer array
based on the acoustic signals using a second beamiorm-
ing circuit, wherein the first and second beams are
formed simultaneously.

24. The method of claim 23, wherein the plurality of beams
comprises a Janus configuration that 1s formed simulta-
neously with the vertical beam.

25. The method of claim 23, wherein the second beam 1s
formed based on the signals of less than all of the transducer
clements.

26. The method of claim 25, wherein the less than all of the
transducer elements are adjacent to each other and positioned
substantially in the center of the array of transducer elements.

27. The method of claim 23, further comprising phase
shifting the acoustic signals adjacent one of the rows and
columns of transducer elements.

28. The system of claim 1, further comprising controlling
the aperture of the beam orthogonal to the transducer array by
selecting at least one transducer element, the selected at least
one transducer element comprising less than all of the trans-
ducer elements.

29. The method of claim 23, further comprising controlling,
the aperture of the beam orthogonal to the transducer array by
selecting at least one transducer element, the selected at least
one transducer element comprising less than all of the trans-
ducer elements.

30. An acoustic system, comprising:

a plurality of transducer elements arranged to form a two-
dimensional array and electrically connected into vows
in a first dimension and columns in a second dimension;

a first beamforming circuit configured to genervate a plu-
rality of beams in at least two planes, each of the beams
defining a non-orthogonal angle with the transducer
array; and

a second beamforming circuit electrically connected to the

first beamforming circuit and configured to generate a
beam orthogonal to the transducer array, wherein the
first beamforming circuit is electrically connected to
each of the transducer elements so that each of the
transducer elements contributes to each of the beams in
the at least two planes.

31. The system of claim 30, wherein the plurality of beams
comprises a Janus configuration that is formed simulta-
neously with the vertical beam.

32. The system of claim 30, wherein the second beamform-
ing circuit comprises a common mode electrical connection
to each of the first beamforming circuits.

10

33. The system of claim 30, wherein the first beamforming
circuit is connected to a virtual ground node for all rows and
columns.

34. The system of claim 33, wherein the first beamforming

5 circuit is connected to the transducer array via a respective
transformer.

35. The system of claim 34, wherein the second beamform-
ing circuit comprises a second transformer connected to the
center tap of each of the vespective transformers of the first
beamforming circuit.

36. The system of claim 35, wherein the second transformer
provides a common mode electrical connection to the vespec-
tive transformers of the first beamforming circuit.

37. The system of claim 30, wherein the second beamform-
ing circuit is connected to less than all of the transducer
elements.

38. The system of claim 37, wherein the less than all of the
transducer elements are adjacent to each other and posi-
tioned substantially in the center of the array of transducer
elements.

39. The system of claim 30, wherein the second beamform-
ing circuit is connected to each of the transducer elements.

40. The system of claim 30, wherein the first beamforming
circuit is configured to phase shift signals in adjacent vows
and columns of the transducer elements.

41. A method of generating a plurality of acoustic beams,
the method comprising:

generating a plurality of acoustic signals in each of a

plurality of transducer elements arranged to form a two

dimensional array and electrically connected into rows
in a first dimension and columns in a second dimension;
simultaneously forming a plurality of first beams in at least
two planes based on the acoustic signals using a first

beamforming circuit, each of the first beams defining a

non-orthogonal angle with the transducer array and

whevrein each of the first beams is based on each of the
respective plurality of signals of each of the transducer
elements; and

forming a second beam orthogonal to the transducer array

based on the acoustic signals using a second beamform-

ing circuit, whervein the first and second beams are
Jormed simultaneously.

42. The method of claim 41, wherein the plurality of beams
comprises a Janus configuration that is formed simulta-
neously with the vertical beam.

4 43. The method of claim 41, wherein the second beam is
Jormed based on the signals of less than all of the transducer
elements.

44. The method of claim 43, wherein the less than all of the
transducer elements ave adjacent to each other and posi-
tioned substantially in the center of the array of transducer
elements.

45. The method of claim 41, further comprising phase
shifting the acoustic signals adjacent one of the vows and
columns of transducer elements.

46. The system of claim 30, further comprising controlling
the aperture of the beam orthogonal to the transducer array
by selecting at least one transducer element, the selected at
least one transducer element comprising less than all of the
transducer elements.

47. The method of claim 41, further comprising controlling
the aperture of the beam orthogonal to the transducer array
by selecting at least one transducer element, the selected at
least one transducer element comprising less than all of the
transducer elements.

10

15

20

25

30

35

40

50

55

60



	Front Page
	Drawings
	Specification
	Claims

