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(57) Abstract: The disclosed embodiments include a method, system, and device for conducting ultrasound interrogation of a
medium. The novel method includes transmitting a non-beamformed or beamformed ultrasound wave into the medium, receiving
more than one echoed ultrasound wave from the medium, and converting the received echoed ultrasound wave into digital data. The
novel method may further transmit the digital data. In some embodiments, the transmitting may be wireless. The novel device may
include transducer elements, an analog-to-digital converter in communication with the transducer elements, and a transmitter in com-
munication with the analog-to-digital converter. The transducers may operate to convert a first electrical energy into an ultrasound
wave. The first electrical energy may or may not be beamformed. The transducers also may convert an echoed ultrasound wave into
a second electrical energy. The analog-to-digital converter may convert the electrical energy into digital data, and the transmitter
may transmit the digital data.
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TRANSDUCER ARRAY IMAGING SYSTEM

Cross-Reference to Related Applications
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Serial No. 11/595,557 filed November 10, 2006 (Attorey Docket No. PENR-0023), which is
incorporated herein by reference in its entirety. This application is related to U.S. Patent Application
Serial Number 11,595,674 (Attorney Docket No. PENR-0003), U.S. Patent Application Serial
Number 11/595,340 (Attorney Docket No. PENR-0010), U.S. Patent Application Serial Number
1/595,171 (Attorﬁey Docket No. PENR-0011), U.S. Patent Application Serial Number 11/595,729
(Attorney Docket No. PENR-0012), U.S. Patent Application Serial Number 11/595,027 (Attorney
Docket No. PENR-0013), U.S. Patent Application Serial Number 11/595,033 (Attorney Docket No.
PENR-0014), U.S. Patent Application Serial Number 11/595,706 (Attorney Docket No. PENR-0015),
U.S. Patent Application Serial Number 11/595,341 (Attorney Docket No. PENR-0016), U.S. Patent
Application Serial Number 11/595,164 (Attorney Docket No. PENR-0017), U.S. Patent Application
Serial Number 11/595,335 (Attorney Docket No. PENR-0018), U.S. Patent Application Serial
Number 11/595,025 (Attorney Docket No. PENR-0019), U.S. Patent Application Serial Number
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Docket No. PENR-0022), U.S. Patent Application Serial Number 11/595,728 (Attorney Docket No.
PENR-0024), U.S. Patent Application Serial Number 11/595,336 (Attorney Docket No. PENR-0025),
all filed on November 10, 2006, all entitled “Transducer Array Imaging System,” and all of which are

herein incorporated by reference in their entirety.
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Background

[0002] Many transducer-array based systems, such as ultrasound imaging systems and
including radar, sonar, optical, and audible sound systems and the like, use a remote module
sometimes referred to as a probe. The probe typically houses an array of transducers and the system
typically performs coherent signal processing. In the case of medical ultrasound, a user places the
probe on the patient and the transducers emit energy (e.g., ultrasound waves) into the patient’s body.
The transducer array also receives energy that is reflected or echoed by the patient’s body back to the
transducers. The received echo waves are converted to electrical signals. The electrical signals are
processed by the medical imaging system in order to create a visual representation of the targeted area
inside the patient’s body. Other non-medical uses of ultrasound include non-destructive testing of
various materials.

[0003] Currently, medical imaging systems use typically large multi-conductor cables to carry
the electrical signals from the probe to the system’s main processing unit. Because of the large
number of transducer elements typically required, a significant amount of energy is required to be
carried by the cable. The relatively large cable creates difficulties electrically, medically, and
physically.

[0004] From a physical perspective, for example, the cable is ergonomically burdensome.
From an electrical perspective, the larger cable degrades the electrical interface to the main unit and
adds capacitance to the system. By adding capacitance to the system, the impedance of the cable is
significantly lower than the transducer array. As a result, the transducers may need to be powered
with greater currents. Also, the cable capacitance may undesirably result in a lower signal-to-noise
ratio (SNR).

[0005] From a medical perspective, the cable creates a problem where sterility is an issue. A
probe used in a sterile field must either be sterilizable, or must be covered with a sterile sheath. With a
cabled probe, the probe is covered with a sterile sheath that extends back over the cable, yet the |
covered cable eventually extends out of the sterile field because the main unit it not sterilizable. As
the probe is used, the attached cable slides into and out of the sterile field. Once the cable slides out of
the sterile field, the necessary sterility is compromised. As a result, a user is limited in using and

moving the cabled probe.

Summary
[0006] The disclosed embodiments include a method, system, and device for conducting

ultrasound interrogation of a medium. The novel method includes transmitting a non-beamformed or
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beamformed ultrasound wave into the medium, receiving more than one echoed ultrasound wave

from the medium, and converting the received echoed ultrasound wave into digital data. The novel
method may further transmit the digital data. In some embodiments, the transmitting may be wireless.
The novel device may include transducer elements, an analog-to-digital converter in communication
with the transducer elements, and a transmitter in communication with the analog-to-digital converter.
The transducers may operate to convert a first electrical energy into an ultrasound wave. The first
electrical energy may or may not be beamformed. The transducers also may convert an echoed
ultrasound wave into a second electrical energy. The analog-to-digital converter may convert the

electrical energy into digital data, and the transmitter may transmit the digital data.

[0007] This Summary is provided to introduce a selection of concepts in a simplified
form that are further described below in the Detailed Description. This Summary is not intended
to identify key features or essential features of the claimed subject matter, nor is it intended to be

used as an aid in determining the scope of the claimed subject matter.

Brief Description of the Drawings

[0008] Figure 1 is a block diagram illustrating various components of an example probe;

[0009] Figure 2 is a block diagram illustrating various components of a main unit;

[0010] Figure 3 is a block diagram of a system for transmitting an acoustic transmit focused
wave;

[0011} Figure 4 is a block diagram of a system for receiving an acoustic transmit focused
wave;

[0012] Figures SA-5C provide an example of different possible configurations and techniques
for providing interrogation of a medium;

[0013] Figure 6 is a block diagram of a synthetic transmit focus ultrasound system;

[0014] Figure 7 is an example illustration of signals transmitted from each of transducer
elements and received back on respective transducer elements;

[0015] Figure 8 illustrates just one example technique of decimating a number of transducer
elements that receive an echo ultrasound wave;

[0016] Figure 9 is a flow diagram of a method for establishing a link between a probe and a
main unit;

[0017] Figure 10 is a flow diagram of an inactivity timeout;

[0018] Figure 11 is a block diagram of an example battery monitoring and control circuit;

[0019] Figure 12 is a flow diagram of a power control technique;

[0020] Figure 13 is a block diagram illustrating data merger and adaptive control;

3-
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[0021] Figure 14 is a block diagram of a circuit that provides locator functionality;

[0022] Figure 15 is a block diagram of a circuit that provides external source functionality, for
example in a passive locator environment;

[0023] Figure 16 is a graphical depiction of the signal levels, integration gain, gain control
factor, and attenuated signal levels;

[0024] Figure 17 is a graphical depiction of the number of bits of data required over a depth
range of 0 to 80 mm for the parameters discussed with reference to Figure 16;

[0025] Figure 18 is a graphical depiction of a total amount of data required from a probe to a
main unit with respect to depth of the acceptance angle and edge effects;

[0026] Figure 19 is an illustration of an example image region of interest for a linear array
transducer;

[0027] Figure 20 is a block diagram employing a ping-pong frame buffer;

[0028] Figure 21 is a timing diagram illustrating the acquisition of frames of data;

[0029] Figure 22 is a timing diagram illustrating this frame adjustment; and

[0030] Figure 23 is a chart representing a sequence of writes and reads to a ping-pong frame
buffer.

Detailed Description

[0031] The subject matter of the described embodiments is described with specificity to meet
statutory requirements. However, the description itself is not intended to limit the scope of this patent.
Rather, the inventors have contemplated that the claimed subject matter might also be embodied in
other ways, to include different steps or elements similar to the ones described in this document, in
conjunction with other present or future technologies. Moreover, although the term “step” may be
used herein to connote different aspects of methods employed, the term should not be interpreted as
implying any particular order among or between various steps herein disclosed unless and except
when the order of individual steps is explicitly described.

[0032] Similarly, with respect to the components shown in the Figures, it should be
appreciated that many other components may be included with the scope of the embodiments. The
components are selected to facilitate explanation and understanding of the embodiments, and not to
limit the embodiments to the components shown.

[0033] There are many transducer array systems contemplated by the disclosed embodiments.
Most of the description focuses on a description of a diagnostic medical ultrasound system, however

the disclosed embodiments are not so limited. The description focuses on diagnostic medical
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ultrasound systems solely for the purposes of clarity and brevity. It should be appreciated that

disclosed embodiments apply to numerous other types of methods and systems.

[0034] In a transducer array system, the transducer array is used to convert a signal from one
format to another format. For example, with ultrasound imaging the transducer converts an ultrasonic
wave into an electrical signal, while a RADAR system converts an electromagnetic wave into an
electrical signal. While the disclosed embodiments are described with reference to an ultrasound
system, it should be appreciated that the embodiments contemplate application to many other systems.
Such systems include, without limitation, RADAR systems, optical systems, audible sound reception
systems. For example, in some embodiments, the audible sound reception system may be used at a
sporting event to detect on-field sounds with a large microphone and wirelessly transmit the sound
back to a main unit.

[0035] In addition, although the disclosed embodiments are described with reference to a
medical ultrasound system, it should be appreciated that the embodiments contemplate application to
many other types of ultrasound system. For example, the disclosed embodiments apply to non-
destructive testing systems. Such non-destructive testing systems may be used to inspect metal, wood,
plastics, etc. for structural integrity and/or to ascertain certain characteristics of the material. For
example, the embodiments may be used to inspect piping for cracks and/or to determine their
thickness. Also, non-destructive testing systems may be used to inspect material connections, like
metal welds, and the like.

[0036] Also, although the disclosed embodiments are described with reference to a diagnostic
system, it should be appreciated that the embodiments contemplate application to many other types of

systems, including, for example, therapeutic ultrasound systems.

[0037] Figure 1 is a block diagram illustrating various components of an example probe
100 according to one embodiment. It shouldvbe appreciated that any or all of the components
illustrated in Figure 1 may be disposed within a housing (not shown in Figure 1) having any
form factor. Probe 100 may include circuitry that is represented in Figure 1 as a series of blocks,
each having a different function with respect to the operation of probe 100. While the following
discussion treats each of the blocks as a separate entity, an embodiment contemplates that any or
all of such functions may be implemented by hardware and/or software that may be combined or
divided into any number of components. For example, in one embodiment the functions
represented by any or all of the blocks illustrated in Figure 1 may be performed by components

of a single printed circuit board or the like.

[0038] Transducer 102 represents any number of transducer elements that may be present

in probe 100. Electroacoustic ultrasound transducer types include piezoelectric, piezoceramic,
-5-
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capacitive, microfabricated, capacitive microfabricated, piezoelectric microfabricated, and the

like. Some embodiments may include transducers for sonar, radar, optical, audible, or the like.
Transducer 102 elements may be comprised of individual transmitter and receiver elements. For
example, transmitter 204 includes one or more transmitters that drive each of the transducer
elements represented by transducer 102, as well as transmit and/or receive switch circuitry that
isolates transmitter 204 from a receiver channel (which may be part of preamp 206 in Figure 1)
during the transmit event. The transmitters may produce a focused, unfocused or defocused
transmit beam, depending on the intended application. For example, the focused beam may be
useful when high peak acoustic pressure is desired as is the case of harmonic imaging. One
embodiment uses defocused transmit beams to provide insonfication or interrogation of a
relatively larger spatial region as required for synthetic transmit focusing. The transmit beam
may be configured to elicit return echo information that is sufficient to produce an ultrasound

image along an imaging plane.

[0039] Probe 100 receiver circuitry (not shown in Figure 1) may include a low-noise,
high-géin preamplifier 206 for each receive channel (e.g., manufactured by Texas Instruments
model number VCA2615 dual-channel variable gain amplifier or the like). Any number of
receive channels may be present in an embodiment. Preamplifier 206 may provide variable gain
throughout a data acquisition time interval. Preamplifier 206 may be followed by bandpass filter

214 that may operate to reduce the noise bandwidth prior to analog-to-digital (A/D) conversion.

[0040] Transmit timing, time-gain control (TGC) and multiplexer control 212 may in
some embodiments provide timing and control of each transmit excitation pulse, element
multiplexer setting, and TGC waveform. An example unipolar transmitter channel circuit may
include, for example, a transistor functioning as a high-voltage switch followed by a capacitor.
The capacitor may be charged to a high voltage (e.g., 100V), and then discharged through the
transistor upon excitation by a trigger pulse. Similar transistor-based switches may also be used
for transmit/receive isolation, element-to-channel multiplexing, etc. Other embodiments may
include more sophisticated transmitters capable of bipolar excitations and/or complex wave

shaping and/or the like.

[0041] To focus the transmitted ultrasound energy at a desired spatial location, in some
embodiments, the excitation pulse of each transducer element may be delayed in time relative to
the other elements. Such a delay pattern may cause the ultrasound waves from excited elements
to combine coherently at a particular point in space, for example. This may be beneficial for a

focused and/or an acoustic transmit focused system, for example. Alternatively, the transmit
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waveforms may be delayed in such a way as to defocus the beam. This may be beneficial for a

system employing synthetic transmit focusing, for example.

[0042] In some embodiments, a TGC portion of block 212 may provide a programmable
analog waveform to adjust the gain of variable gain preamplifier 206. The analog waveform
may be controlled by a user through a user interface such as, for example, a set of slide controls
used to create a piece-wise linear function. ‘In some embodiments, this piece-wise linear function
may be calculated in software, and then programmed into sequential addresses of a digital
memory, for example. The digital memory may be read out sequentially at a known time
interval beginning shortly after the transmit excitation pulse, for example. In some
embodiments, output of the memory may be fed into a digital-to-analog converter (DAC) to
generate the analog waveform. In some embodiments, time may be proportional to the depth of
the ultrasound echoes in the ultrasound receiver. As a result, echoes emanating from tissue deep
within a patient’s body may be attenuated more than those from shallow tissue and, therefore,
require increased gain. The controlling waveform may also be determined automatically by the
system by extracting gain information from the image data, for example. Also, in some
embodiments, the controlling waveform may be predetermined and stored in the memory, and/or

determined during system operation.

[0043] One embodiment may include a multiplexer within block 204 for multiplexing a
relatively large array of transducer 102 elements into a smaller number of transmit and/or receive
channels. Such multiplexing may allow a smaller ultrasound aperture to slide across a full array
on successive transmit events. Both transmit and receive apertures may be reduced to the same
number of channels or they may differ from each other. For example, the full array may be used
for transmitting while a reduced aperture may be used on receive. It should be appreciated that
any combination of full and/or decimated arrays on both transmit and receive are contemplated

by the disclosed embodiments.

[0044] Multiplexing also may provide for building a synthetic receive aperture by
acquiring different subsets of the full aperture on successive transmit events. Multiplexing may
also provide for the grouping of elements by connecting adjacent elements on either transmit or
receive. Grouping by different factors is also possible such as, for example, using a group of
three elements on transmit and a group of two elements on receive. One embodiment may
provide multiplexing for synthetic transmit focusing mode and multiplexing for acoustic transmit

focusing mode and provide for switching from one mode to the other, for example, on frame
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boundaries. Other multiplexing schemes are also possible and are contemplated by the disclosed

embodiments.

[0045] Multiplexing may be controlled by using transmit timing, TGC and multiplexer
control 212. Various transmit and/or receive elements may be selected when imaging a
particular spatial region. For example, ultrasound echo data for an image frame may be acquired
by sequentially interrogating adjacent sub-regions of a patient’s body until data for the entire
image frame has been acquired. In such a case, different sub-apertures (which may include
elements numbering less than the full array) may be used for some or all sub-regions. The
multiplexer control function may be programmed to select the appropriate sub-aperture (transmit
and/or receive), for example, for each transmit excitation and each image region. The

multiplexer control function may also provide control of element grouping.

[0046] Analog to Digital (A/D) converter 218 may convert the analog image data
received from probe 100 into digital data using any method. Digital demodulator 222 may
include any type of digital complex mixer, low-pass filter and re-sampler after each A/D
converter channel, for example. In some embodiments, the digital mixer may modulate the
received image data to a frequency other than a center frequency of probe 100. It some
embodiments, this function may be performed digitally rather than in the analog or sampling
domains to provide optimum flexibility and minimal analog circuit complexity. The low-pass
filter may reduce the si.gnal bandwidth after mixing and before re-sampling when a lower
sampling rate is desired. One embodiment may use quadrature sampling at A/D converter 218
and, therefore, such an embodiment may not require a quadrature mixer to translate the digital
data (e.g., radio frequency (RF)) signals of transducer 102 to a baseband frequency. However,
complex demodulation by means of an analog or digital mixer or the like may also be used in

connection with an embodiment.

[0047] Memory buffer 224 may have sufficient storage capacity to store up to, for
example, two frames of data. Such a frame-sized buffer 224 may allow frames to be acquired at
a rate substantially higher than the rate at which frames can be transferred to main unit 130 (or
some other device) across wireless interface 120, for example. Such a configuration may, in an
embodiment, be preferable to acquiring each frame over a longer time interval because a longer
time interval may reduce a coherence of the acquired data throughout the frame. If frame
transmission rates are at least as fast as frame acquisition rates, a smaller memory buffer 224
may be used in some embodiments. One embodiment uses a “ping-pong” buffer fed by the

receiver channels as memory buffer 224. Data from multiple channels may be time interleaved

8-
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into memory buffer 224. For example, 32 receiver channels each sampled at the rate of 6 MHz

would produce a total baseband data rate of 192M words per second, which is well within the
rates of conventional DDR2 SDRAM. The ping-pong nature of memory buffer 224 may allow
new data to fill buffer 224 while previously acquired data is read from memory and sent to

wireless interface 120, for example.

[0048] Memory buffer 224 is followed by data merger 226. Data merger 226 may
operate to merge receive channel data into one or more data streams before advancing the data
stream to wireless interface 120 for transmission to main unit 130, for example. Data from data
merger 226 may be sent across wireless interface 120 (and/or across wired interface 122) at a
rate that is appropriate for the transmission medium. The data from the receive channels may be
multiplexed in some fashion prior to transmission over wireless interface 120 and/or wired
interface 122. For example, time-division multiplexing (TDM) may be used. Other types of
multiplexing are also possible such as, for example, frequency-division multiplexing (FDM),
code-division multiplexing (CDM), and/or some combination of these or other multiplexing

techniques.

[0049] In addition to image data transfer, control information may be transferred between
probe 100 and main unit 130. Such control data may be transferred over the same
communication link, such as wireless interface 120 and/or wired interface 122, or some other
communication link. Control commands may be communicated between main unit 130 and
probe 100 (and/or some other devices). Such control commands may serve various purposes,
including for example, instructing a mode of operation and/or various imaging parameters such
as maximum imaging depth, sampling rate, element multiplexing configuration, etc. Also,
control commands may be communicated between probe 100 and main unit 130 to communicate
probe-based user controls 104 (e.g., button pushes) and probe operational status (e.g., battery

level from power supply management 230), and the like.

[0050] The probe’s status may include an indicator and/or display of certain values
relevant to the operation of the system. For example, the indicator may be visible, audio, and/or
some combination thereof. Without limitation, the indicator may indicate power status,
designation of device, type of device, frequency range, array configuration, power warnings,
capability of a remote unit, quality of transmission of digital data, quantity of errors in
transmission of digital data, availability of power required for transmission of digital data,
change in transmission rate, completion of transmission, quality of data transmission, look-up

tables, programming code for field programmable gate arrays and microcontrollers, transmission

9.
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characteristics of the non-beamformed ultrasound wave, processing characteristics of the echoed

ultrasound wave, processing characteristics of the digital data, and/or transmission characteristics
of the digital data, etc. Also, the indicator may show characteristics of a power source like

capacity, type, charge state, power state, and age of power source.

[0051] In some embodiments, data/control arbiter 228 may be responsible for merging
control information and image data communicated between probe 100 and main unit 130. The
control information may be passed from control interface 232, where it is collected to
data/control arbiter 228 for transmission to main unit 130. In some embodiments, control and
image data may be distinguishable from each other when sent across wireless interface 120
and/or wired interface 122 to facilitate proper handling at main unit 130. In other embodiments,
there may be no such distinction. In addition, data/control arbiter 228 may accept control
commands from main unit 130 (and/or another device) and respond by appropriate programming

of probe 100 circuitry, memory-based tables, registers, efc.

[0052] It will be appreciated that in an embodiment where probe 100 is to be used in a
sterile environment, the use of wireless interface 120 to main unit 130 may be desirable, as the
use of wireless interface 120 avoids many of the problems associated with having a physical
connection between probe 100 and main unit 130 that passes into and out of a sterile field. In
other embodiments, certain sheathing or sterilization techniques may eliminate or reduce such
concerns. In an embodiment where wireless interface 120 is used, controls 104 may be capable
of being made sterile so as to enable a treatment provider to use controls 104 while performing
ultrasound imaging tasks or the like. However, either wireless interface 120 or wired interface

122, or a combination of both, may be used in connection with an embodiment.

[0053] Probe 100 circuitry also includes power supply 236, which may operate to provide
drive voltage to the transmitters as well as power to other probe electronics. Power supply 236
may be any type of electrical power storage mechanism, such as one or more batteries or other
devices. In one embodiment, power supply 236 may be capable of providing approximately
100V DC under typical transmitter load conditions. Power supply 236 also may also be
designed to be small and light enough to fit inside a housing of probe 100, if configured to be
hand held by a treatment provider or the like. In addition, power supply management circuitry
230 may also be provided to manage the power provided by power supply 236 to the ultrasound-
related circuits of probe 100. Such management functions include monitoring of voltage status

and alerts of low-voltage conditions, for example.

-10-
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[0054] Controls 104 may be provided to control probe 100. Control interface 232 may

pass user input received from controls 104 to data/control arbiter 228 for processing and action,
if necessary. Such control information may also be sent to the main unit 130 through either
wireless interface 120 and/or wired interface 122. In addition to sending data to main unit 130,
wireless interface 120 may also receive control or other information from main unit 130. This
information may include, for example, image acquisition parameters, look-up tables and
programming code for field programmable gate arrays (FPGAs) or microcontrollers residing in
probe 100, or the like. Controller interface 232 within probe 100 may accept and interpret

commands from main unit 130 and configure probe 100 circuitry accordingly.

[0055] Now that an example configuration of components of probe 100 has been
described, an example configuration of components of main unit 130 will be discussed with
reference to Figure 2. It should be noted that any or all of the components illustrated in Figure 2

may be disposed within one or more housings (not shown in Figure 2) having any form factor.

[0056] As discussed above, probe 100 may be in communication with main unit 130 by
way of wireless interface 120 and/or wired interface 122. It will be appreciated that in an
embodiment most data transfer occurs from probe 100 to main unit 130, although in some
embodiments more data may be transferred from main unit 130 to probe 100. That is, large
amounts of image data sent from probe 100 may be received by main unit 130, as well as control
information or the like. Control information is managed and, in many cases, generated by
Central Processing Unit (CPU) controller 332. CPU controller 332 may also be responsible for
configuring circuitry of main unit 130 for an active mode of operation with required setup

parameters.

[0057] In some embodiments, data/control arbiter 310 may be responsible for extracting
control information from the data stream received by wireless interface 120 and/or wired
interface 122 and passing it to CPU 332 while sending image data from the data stream to input
buffer 312. Data/control arbiter 310 may also receive control information from CPU 332, and
may transfer the control information to probe 100 via wireless interface 120 and/or wired

interface 122.

[0058] A user, such as a treatment provider or the like, may control the operations of
main unit 130 using control panel 330. Control panel 330 may include any type of input or
output device, such as knobs, pushbuttons, a keyboard, mouse, and/or trackball, efc. Main unit
130 may be powered by any type of power supply (not shown in Figure 2) such as, for example,

a 120 VAC outlet along with AC-DC converter module, and/or a battery, etc.

-11-
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[0059] To facilitate forming an image on display 350 (e.g., pixelforming - a process that

generates an ultrasound image from the image data received from probe 100), the incoming
image data may be stored in input buffer 312. In an embodiment, input buffer 312 may be
capable of storing up to approximately two frames of data, for example, and may operate in a
“ping-pong” fashion whereby a previously received frame of data is processed by pixelformer
322 while a new incoming frame is written to another page of memory in input buffer 312.
Pixelformer 322 may be any combination of hardware and/or software that is capable of
transforming raw image data received from the receive channels and the transmit events (e.g.,
from probe 100) into a pixel-based image format. This may be performed, in just one example,
by coherently combining data from various transmit and receive elements, or groups of elements,
to form an image focused optimally at each pixel. Many variations of this approach may be used
in connection with an embodiment. Also, this function may include a beamformer that focuses
samples along beam directions. The focused sample data may be converted to a Cartesian format

for display on display 350.

[0060] Once a frame of complex pixel data has been formed, it may be stored in frame
buffer 324 for use by either flow estimator 326 and/or image processor 328. In an embodiment,
flow estimator 326 uses, for example, Dopple; or cross-correlation methods to determine one or
more flow characteristics from the received image (e.g., ultrasound echo) data. Once the flow
estimation parameters have been computed, they may be encoded into data values and either
stored in frame buffer 324 for access by image processor 328 and/or sent directly to image
processor 328. Note that the term “pixel” as used herein typically refers to an image sample,
residing on a Cartesian polar and/or non-uniform coordinate grid, computed by processing
captured echo signal data. Actual display pixels may differ from these image pixels in various
ways. For example, the display pixels, as presented on display 350, may be a scaled, resized,
filtered, enhanced, or otherwise modified version of the image pixels referred to herein. These
functions may be performed by a processor, for example, image processor 328. Pixel also may
refer to any finite level, value, or subcomponent of an image. For example, an image that is

made up of a number of subcomponents, both visual and otherwise, may be referred to as a pixel.

[0061] Spectral Doppler processor (SDP) 320 may receive focused baseband data from
pixelformer 322 from one or more spatial locations within the image region in a periodic or other
fashion. The spatial locations may be referred to as range gates. SDP 320 may perform high-
pass filtering on the data to remove signal contributions from slow moving tissue or the like.

The remaining higher frequency signals from blood flow may be in the normal audio frequency

range and these signals may be conventionally presented as an audible signal by speaker 318.
-12-
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Such audio information may, for example, assist a treatment provider in discerning a nerve from

a blood vessel and/or a vein from an artery. SDP 320 may also perform spectral analysis via a
discrete Fourier transform computation, or other means, to create an image representing a

continuously updated flow velocity display (i.e., a time-varying spectrogram of the blood flow
signal). The velocity data may be sent through image processor 328 for further processing and

display.

[0062] A user of main unit 130 may use microphone 314 for controlling main unit 130
using, for example, voice recognition technology. Alternately, or in addition to using
microphone 314 for control purposes, a user may use microphone 314 for taking notes while

examining a patient. Audio notes may be saved separate from, or along with, video data.

[0063] Audio codec 316 may accept audio data input from microphone 314 and may
interface with CPU 332 so audio data received by audio codec 316 may be stored and/or
interpreted by CPU 332. Such audio interpretation may facilitate system control by way of, for
example, voice commands from a user of main unit 130. For example, frequently-used system
commands may be made available via voice control. Such commands may also be made
available by way of control panel 330, for example. Audio storage facilitates audio annotation of
studies for recording patient information, physician notes and the like. The audio data may first
be converted to a compressed format such as MP3 before storing in, for example, storage 338.
Other standard, proprietary, compressed or uncompressed formats may also be used in
connection with an embodiment. Speaker 318 may provide audio output for reviewing stored
annotation or for user prompts from main unit 130 resulting from error conditions, warnings,
notifications, efc. As mentioned above, Doppler signals may also be output to speaker 318 for

user guidance in range gate and/or steering line placement and vessel identification.

[0064] Video interface 334 may be in communication with image processor 328 to
display 350 by way of CPU 332. Display 350 may be any device that is capable of presenting
visual information to a user of main unit 130 such as, for example, an LCD flat panel, CRT
monitor, composite video display or the like. Video data may also be sent to storage 338, which
may be a VCR, disk drive, USB drive, CD-ROM, DVD or other storage device. Prior to storage,
for example, still image frames of data may be encoded in a compressed format such as JPEG,
JPEG2000 or the like. Image clips or sequences may be encoded in a format such as MJPEG,
MIJPEG2000 or a format that includes temporal compression such as MPEG. Other standard or

proprietary formats may be used as well.
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[0065] Image processor 328 may accept either complex and/or detected tissue image data

and then filter it temporally (i.e., frame to frame) and spatially to enhance image quality by
improving contrast resolution (e.g., by reducing acoustic speckle artifact) and by improving SNR
(e.g., by removing random noise). Image processor 328 may also receive flow data and merge it
with such tissue data to create a resultant image containing both tissue and flow information. To
accomplish this, image processor 328 may use an arbitration process to determine whether each
pixel includes flow information or tissue information. Tissue and/or flow pixels may also be
resized and/or rescaled to fit different pixel grid dimensions either prior to and/or after
arbitration. Pixels may also be overwritten by graphical or textual information. In an
embodiment, both the flow arbitration and graphical overlay may occur just prior to image

display to allow the tissue and flow images to be processed independently.

[0066] Temporal filtering typically may be performed on both the tissue and flow data
prior to merging the data. Temporal filtering can yield significant improvements in SNR and
contrast resolution of the tissue image and reduced variance of the flow image while still
achieving a final displayed temporal resolution suitable for clinical diagnosis. As a result,
relatively higher levels of synthetic aperture subsampling may be provided, thereby reducing the
required and/or desired number of receiver channels (and, consequently, in some embodiments
power consumption of probe 100). Temporal filtering typically inVolves filtering data from
frame to frame using either an FIR or IIR-type filter. In one embodiment, a simple frame

averaging method may be used as discussed below, for example.

[0067] Temporal filtering and/or persistence is commonly applied to frames of ultrasound
data derived from, for example, tissue echoes. When the acquisition frame rate exceeds the rate
of motion of anatomical structures, low-pass filtering across frames can reduce random additive
noise while preserving or enhancing image structures. Also, minute degrees of motion —
commonly due to patient or operator movement — help to reduce image speckle, which is caused
by the interference of acoustic energy from randomly distributed scatterers that are too smali to
be resolved with the frequency range of ultrasound probe 100. Speckle is coherent by its nature
so, in the absence of motion, it may produce the same pseudo-random noise pattern on each
image frame. However, small amounts of motion diversify the speckle enough to make low-pass

filtering across frames effective at reducing it.

[0068] A simple method of temporal filtering may involve averaging neighboring frames.

An example of the recursive version of a moving-average filter is described as follows where

-14-



WO 2008/060425 PCT/US2007/023498
X(n) is the input frame acquired at time n, Y(n) is the corresponding output frame, and k is a

frame delay factor that sets the size of the averaging window:
Y(n)=Y(n-1) + X(n) - X(n - k) (1)
Another simple low-pass filter is a first-order IIR filter of the form:
Y(n) = CxY(n-1) + (1-C) xX(n) (2)

[0069] In such an embodiment, the coefficient C sets the filter’s time constant and the
degree of low-pass filtering applied to the frame sequence. It should be appreciated that
Equations (1) and (2) are just examples of possible filters and filtering techniques that may be

used in connection with an embodiment.

[0070] Control panel 330 may provide pushbuttons, knobs, etc., to allow the user to
interact with the system by changing modes, adjusting imaging parameters, and so forth. Control
panel 330 may be operatively connected to CPU 332 by way of, for example, a simple low
bandwidth serial interface or the like. Main unit 130 may also include one or more I/O interfaces
336 for communication with other devices, computers, a network or the like by way of a
computer interface such as USB, USB2, Ethernet or WiFi wireless networking, for example.
Such interfaces allow image data or reports to be transferred to a computer or external storage
device (e.g., disk drive, CD-ROM or DVD drive, USB drive, flash-memory, etc.) for later review
or archiving, and may allow an external computer or user to control main unit 130 remotely.

[0071] There are at least two techniques used for interrogating a medium and processing the
data needed to create an ultrasound image: synthetic transmit focusing and acoustic transmit focusing.
In synthetic transmit focusing, the interrogating ultrasound waves may be transmitted into the
medium, from various locations in the array, in an unfocused or defocused manner, and reflected
waves are received and processed. Somewhat differently, with acoustic transmit focusing the
interrogating ultrasound waves may be transmitted in a way that provides focus at certain spatial
locations in the medium, and therefore the transmitted ultrasound wave cooperates to form a “beam.”
Various embodiments contemplate synthetic transmit focusing, acoustic transmit focusing, and/or a
combination of both. One embodiment contemplates dynamically switching between synthetic
transmit focusing and acoustic transmit focusing modes periodically. For example, color flow data
acquisition may use acoustic transmit focusing while tissue imaging may use synthetic transmit
focusing. Color flow and tissue data may be collected on some alternating basis, for example. Other
embodiments may include the use of non-beamformed techniques, in which, a beam may not be

formed and/or be partially formed. Similarly, these beamformed and non-beamformed techniques
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may be used after the medium is interrogated in evaluating the echoed ultrasound waves and/or the

digital data from which these waves are formed.

[0072] Figure 3 is a block diagram of a system 300 for transmitting an acoustic transmit
focusing wave. As shown in Figure 3, a pulse generator 301 provides a signal to a transducer element
302, a transducer element 303, and a transducer element 304. The signal provided by pulse generator
301 to transducer element 303 may be provided via a delay module 305. Although not shown in
Figure 3, it should be appreciated that other delay modules may be provided between other
transducers. Also, although just three transducers are shown in Figure 3, it should be appreciated that
many other transducer and arrays of transducers are contemplated in the embodiments.

[0073] Each of the transducers may receive the signal via a respective pulse driver. For
example, a pulse driver 306 may be in communication with transducer element 302, a pulse driver 307
may be in communication with transducer element 303, and a pulse driver 308 may be in
communication with transducer element 304. The transducers may be acoustic transducers that
convert the signal provided by pulse generator 301 from an electrical signal to an acoustic and/or
ultrasonic wave. In some embodiments, the size (physical or electrical) of the transducer elements
may be sufficiently small to allow the transducer elements to effectively act as point radiators in a
predetermined frequency range. The timing of the pulses provided to the transducers and thus the
timing of the acoustic waves created by the transducers may be of any nature, according to the
contemplated embodiments. For example, the arrangement may be a phased array whereby transmit
focal points are typically located at equal radial distances from a common vertex. The transmit beams
are usually located at equal angular distances from each other and may span a total of 90 degrees or
more. While the transmit focus is typically located at one point along the beam, echo data is usually
collected along the entire beam length starting at the vertex and ending at a point corresponding to
some maximum imaging depth. At radial locations other than the transmit focal point, the transmit
beam diverges with the beam becoming increasingly unfocused at radial locations furthest from the
focal point.

[0074] The acoustic waves created by the transducers interrogate a particular point or target
309 within a medium. Target 309 may be of any size or dimension. In some embodiments, target 309
may be considered to be a point-reflector, such that its dimensions are relatively small compared to the
wavelength of the ultrasound wave. In this embodiment, the target may be considered to effectively
be a Dirac delta function in space, such that the reflected echo wave provides a substantial replica of
the wave that hits and interrogates target 309.

[0075] In just one example, target 309 is some distance “D” from a center line of transducer

element 303. With “c” as the speed of sound, the amount of time it takes an ultrasound wave to travel
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from transducer element 303 to target 309 is calculated as T = D/c. The distance from transducer

element 304 to target 309 is D + A, so A is the difference between transducer element 304 distance to
target 309 and transducer element 303 distance to target 309. The time it takes to travel the distance A
ist=A.

[0076] In some embodiments, it may be desirable to apply delays between the pulse generator
signals and transducer elements for some purpose. For example, in one embodiment, it may be
desirable to provide delays to create a more focused wavefront at a particular point, like target 309. In
a focused wavefront, the ultrasound waves generated by each transmitting transducer element may
sum substantially constructively at one location within the field of view (FOV) and relatively
destructively at the other locations in the FOV. In this example, it may be that transducer elements
302 and 304 create their ultrasound waves first in time, followed by transducer element 303 at a time t
later. Figure 3 captures an example of the emitted acoustic waves some time later, for example, t < T
+ 1. These waves created by the transducers will converge and constructively interfere at the focal
location, creating a pressure wave that is the coherent sum of the three transmit waves. The waves
will all arrive at the focal point at time t =T + t. Typically, under normal conditions, at the other
points in space, the waves will not constructively sum.

[0077] Figure 4 is a block diagram of a receive beamformer system. As shown in Figure 4,
target 309 reflects the transmitted ultrasound wave back to transducers 302-304. Although
transducers 302-304 are shown as being the same as the transducers that transmitted the interrogating
ultrasound wave, the embodiments are not so limited. Instead, it should be appreciated that the echo
wave may be received by any available transducers, including only a portion of the transmitting
transducers and/or different transducers. Any combination thereof is contemplated.

[0078] As shown in Figure 4, target 309 reflects at least a portion of the transmitted ultrasound
wave back to the transducers. As a result of the smaller target dimensions, in this example, the
reflected wave is substantially hemispherical. Although Figure 4 illustrates the echo waves as
sinusoidal pulses (typical of ultrasound transducers), it should be appreciated that the echo waves
contemplated by the embodiments may be of any characteristic. Also, it should be appreciated that
the echo waves may have any type of characteristic frequency F,, that may be modulated with an
envelope that may be modeled as Gaussian and/or other windowing function. For example, where Fy,,
is the bandwidth of the modulation envelope, a fractional bandwidth, Fy,, / F. may be 50% to 70% (at
the -6dB points) for typical transducers.

[0079] In this example, at a time 2T + 1, the reflected acoustic wave reaches transducer
element 303. The transducers act to convert the acoustic wave into electrical energy. Transducer

element 303 may provide the electrical energy signal to an amplifier 402 that amplifiers the electrical
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energy signal as required by the remainder of the system. At a later time, for example, 2T + 2 1 , the

reflected wave reaches transducer elements 302 and 304.

[0080] Transducer elements 302 and 304 convert the acoustic wave into electrical energy that
is amplified, respectively, by amplifiers 401 and 403. The electrical energy provided by the
transducers may be either analog or digital signals. Also, the analog electrical signals may be analog
and later converted to digital signals, for example, using analog-to-digital (A/D) converters (not
shown). Such conversion to digital signals may be accomplished at any point in the system, as
contemplated by the embodiments. Time delay 305 causes a delay in the electrical signal from
amplifier 402, such that the electrical signals from the three amplifiers arrive at a summer 404
substantially simultaneously, or at least in close enough proximity of time to allow the signals to sum
constructively. Such time delay may be accomplished on both analog and digital electrical signals.

[0081] Summer 404 adds the three electrical signals, and the summed signal is transmitted to
further circuitry (not shown) for further processing and analysis. For example, in just one
embodiment, the summed signal may have its magnitude, amplitude and/or phase sent to a processor
who determines the corresponding values and converts the values into an image value (e.g.,
brightness). B-Mode typically refers to determining an image’s brightness value based on the
amplitude of the summed echo signals near a transmitted center frequency.

[0082] Another method for interrogating a medium and processing the data needed to create
an ultrasound image involves synthetic transmit focusing. With synthetic transmit focusing methods,
each pixel of an image may be formed from data acquired by multiple transmit events from various
locations of the transducers. Generally, with synthetic transmit focusing, sequentially acquired data
sets may be combined to form a resultant image.

[0083] On the transmit side of a synthetic transmit focusing system, it may be desirable to
interrogate as broad an area of the medium as possible. Broad interrogation may be accomplished
using many techniques.

[0084] Figures SA-5C illustrate examples of different possible configurations and techniques
for providing such interrogation. In particular, Figures SA-5C provide examples of a transmit pulse or
pulses 501, an arrangement or array of transducer elements 502, an effective aperture 503, and a
resultant beam pattern 504. For example, as shown in Figure 5A, sequentially providing transmit
pulses a single transducer element (for example of an array of transducers) may create a broad beam
pattern. Another example shown in Figure 5B illustrates providing a series of transmit pulses each to
an individual transducer at substantially the same time. Finally, as shown in Figure 5C, providing a
transmit pulse to each transducer in a certain sequence may also create a broad beam pattern. Figure

5C provides just one example of a defocused transmit, which may permit greater signal-to-noise ratio
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(SNR) and better sensitivity off the center line of the transducer elements. Although the beam pattern

created by Figure 5B may not be as broad as the example in Figures SA or 5C, it may be sufficient in
certain contemplated embodiments.

[0085] Figure 6 is a block diagram of a synthetic transmit focus ultrasound system 600. As
shown in Figure 6, a target 617 may be interrogated by ultrasound waves transmitted from transducers
601-603. Also, the echo ultrasound waves reflected from target 617 may be received by transducers
601-603.

[0086] On the transmit side, a pulse generator 616 provides an electrical signal to a channel
selector switch 618. Channel selector switch 618 may be programmed to direct the signal from pulse
generator 616 to each of pulse drivers 604-606 (and then onto transducers 601-603) at any one time.
As a result, channel selector switch 618 may provide one of many sequenced signals to the transducer
elements. Once a signal is sent to a transducer an acoustic or ultrasound wave is created.

[0087] The ultrasound wave may hit target 617 or another part of the medium. Certain parts
of the ultrasound wave may be reflected to create reflected echo waves. Certain parts of the reflected
ultrasound waves may return to one or more of transducer elements 601-603 and/or to other
transducer elements (not shown). The reflected echo wave or waves may be converted by transducer
elements 601-603 or the other transducer elements into an electrical signal. The electrical signal may
be provided to one of receive amplifiers 607-609, depending upon which transducer element the
ultrasound wave is received. Each amplifier 607-609 may provide the electrical signal to a respective
A/D converter 610-612, which converts the analog signals from each receiver amplifier 607-609 to a
digital signal.

[0088] The digital signal may then be stored in a respective channel memory device 613-615.
By storing digital data in channel memory devices 613-615, subsequent processing may be performed
on the data. For example, in just one embodiment, the digital data may be processed to identify the
characteristics of target 617 or of any other location in the medium. Because the digital data is stored
with its corresponding parameters, the digital data may be used to identify any point in the medium.
This processing is not limited to being performed immediately after receiving the digital data, but may
be conducted at some time substantially after the digital data is received in channel memory devices
613-615.

'[0089] In some embodiments (e.g., a wireless probe), it may be desirable to operate certain
components intermittently. This may be desirable, for example, to conserve power consumption
and/or to reduce overall maintenance. For example, in some embodiments, A/D converters 610-612
may be turned off and on as needed. For example, A/D converters 610-612 may operate just long

enough so that energy from a particular transducer element 601-603 has sufficient time to propagate
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out to the desired portions of the medium, reflect back from these portions, and return to a transducer

element 601-603. After this is accomplished in some embodiments, A/D converters 610-612 may be
disabled and/or placed in a low-power state. In other embodiments, (e.g., wired probe that receives
power from a main unit) it may not be necessary to turn off A/D converters 610-612, or any other
component.

[0090] Figure 7 provides an example illustration of signals transmitted from each of
transducer elements 601-603 and received back on respective transducer elements 601-603 and stored
in channel memory devices 613-621. It should be appreciated that although just three transducer
elements and channel memory devices are described, either one or many of such components may be
used. Three of such devices are described merely to provide clarity of explanation with brevity.

[0091] Figure 7 illustrates each of transducer elements 601-603 separately transmitting an
ultrasound wave that is received on each of transducer elements 601-603. For example, as shown in
Figure 7, transducer element 601 may transmit an ultrasound wave that is received by transducer
element 601 and stored in channel memory device 613 as echo wave 701. Similarly, for example,
transducer element 601 may transmit an ultrasound wave that is received by transducer element 602
and stored in channel memory device 614 as echo wave 702. In addition, transducer element 601 may
transmit an ultrasound wave that is received by transducer element 603 and stored in channel memory
device 615 as echo wave 703. Also, with respect to an ultrasound wave transmitted from transducer
element 602, echo wave 704 may be stored in channel memory device 616, echo wave 705 may be
stored in channel memory device 617, and echo wave 706 may be stored in channel memory device
618. With respect to an ultrasound wave transmitted from transducer element 603, echo wave 707
may be stored in channel memory device 619, echo wave 708 may be stored in channel memory
device 620, and echo wave 709 may be received on channel memory device 621.

[0092] In this one example embodiment, there may be nine echo waves 701-709. Echo waves
701-709 each serve as a sequence of data points, representing reflection of a transmitted ultrasound
wave from various points in the medium. For example, each data point may be stored in a
predetermined location, so as to later identify the data point for subsequent processing. Each data
sequence is acquired by sampling the reflected echo waves 701-709 beginning at a time 0 and ending
at a ime greater than 2T + 2t. If a distance from target 617 to transducer element 602 is D, then a
distance from transducer element 601 to target 617 may be considered to be D + A. A round trip
distance (i.e., from &ansducer element 601 to target 617 and back to transducer element 601) may be
represented as 2D + 2A, and a corresponding round trip time may be considered to be 2T + 21.

[0093] For example, for an ultrasound wave transmitted from transducer element 601 and

received by transducer element 602, echo wave 702, a peak value 710 may be found at time 2T + 1.
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Similarly, as shown in Figure 7, the echo pulses add coherently for the round trip distances and/or

times for the other transmit/receive transducer element pairs. Also, in some embodiments, the
coherent adding may not occur at any other point in space. As a result, the received data points may
be synthetically focused or added mathematically by, for example, superposition of the echo data.
This may be accomplished in addition to or in lieu of analysis and processing of physical acoustic
pressure summation in the image field.

[0094] As a result of not simply separating transmit and receive focus, it is possible to also
process transmit and receive delays to synthesize a round-trip focus at any point of interest. Yet, it
should be appreciated that in some embodiments, it may be desirable to also decompose the focusing
into transmit and receive components in addition to or in lieu of the synthetic transmit focusing
techniques. For example, it should be appreciated that it may be desirable to treat a one-way time
from a transmit transducer element to a target as transmit focusing, and treat a one-way time from the
target to the receive transducer element as receive focusing.

[0095] Also, synthetic transmit focusing used with or without acoustic transmit focus
techniques may permit improved transmit focus throughout the image field. For example, because
transmit focusing may at least in part be created via mathematical summation, focusing may be
performed at a multitude of depths within the medium (e.g., each image pixel location), instead of or
in addition to a limited number of discrete focal points. This may be accomplished, in some
embodiments, by computing round trip distances and/or times for any point in the image field and
summing or processing the data samples corresponding to that point from many transmit/receive
combinations to synthesize a focus at the particular point. For example, in just one embodiment a
focus may be synthesized for a particular point in the medium by computing a round trip distance
and/or time from each transmit transducer element to the target and back to each receive transducer
element (e.g., for three transmit transducer elements and three receiver transducer elements, there may
be nine transmit/receive pairs as shown in Figure 7). A processor may then extract from a
predetermined database and/or data store (e.g., channel memory devices 613-621) certain data points
that correspond to those round-trip distances and/or times. These data points may then be summed,
for example, or processed in some way to permit image formation.

[0096] Synthetic transmit focusing and/or partial synthetic transmit focusing techniques may
require additional considerations when substantially significant image motion is present.
Consequently, in some embodiments, the synthetic transmit focusing or partial synthetic transmit
focusing techniques may use methods and techniques to track movement of the medium. For
example, in embodiments where the transmit transducer elements fire sequentially, the echoes from

targets in the medium may be collected over a period of time. If the targets move during the time
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period, the distance and/or time data of the echo waves may be changed from one interval to the next.

As aresult, spatial and contrast resolution of the image may be degraded. Although movement of the
medium does not minimize the utility of the suggested techniques, it may be desirable in some
embodiment to track, and perhaps even correct for such movement. Alternatively, some embodiments
may restrict the medium such that movement does not occur. Also, some embodiments may decrease
the acquisition interval and reduce the time of acquisition, thus reducing the likelihood of movement
during the shorter acquisition period. Also, in some embodiments a number of transmit elements may
be reduced in response to detected motion, thus reducing the acquisition time and the effect of motion
on the resulting image.

[0097] Some embodiments may quantify signal-to-noise ratio (SNR). For example, assuming
M receive transducer elements and N transmit transducer elements, and a receive channel noise floor
of ey; if the system is using acoustic transmit focusing techniques, then the acoustic echo information
from the selected beam direction may be acquired in a single transmit event, so the receive
beamformer has M*e, of noise in its output. This is due in part to each receive transducer element
contributing its noise floor to the output sum. With the synthetic transmit focusing techniques, there is
M*N*e, of noise in the output, because each receive transducer element adds noise to a data record
each time echo data is captured from a transmit transducer element. In other words, each receive
transducer element runs N times (e.g., sequentially) to capture the data from the transmit transducer
elements. This may be different than some embodiments that use acoustic transmit focusing
techniques, where the signals from the transmit transducer elements are returning at substantially the
same time, and therefore may be captured in substantially one pass.

[0098] It should be appreciated that some embodiments contemplate the use of a reduced
redundancy array of transducer elements. For example, an N-element phased array system typically
has N? transmit/receive transducer element combinations. In some embodiments, almost half of the
combinations may be redundant or otherwise unnecessary. In the embodiments that employ a reduced
redundancy array of transducer elements, certain transmit/receive transducer element combinations
may be ignored or otherwise decimated in some manner.

[0099] Reduced redundancy arrays may be accomplished using a number of techniques. For
example, some embodiments may employ transmitting from a group of transmit transducer elements
sﬁbstantially simultaneously, instead of or in addition to using a single element for each transmit
event. Also, in some embodiments, increasing the spacing of the transmit transducer elements and/or
element groups reduces a number of transmit events for each image frame. This may permit a greater
frame rate and/or a reduced computation rate in the image processing. Some embodiments may

reduce redundancy by turning off certain transmit transducer elements. This may be accomplished on
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successive transmit events, where each event is constrained to elements nearby the transmitted group.

Those skilled in the art may refer to such techniques as Multi-element Synthetic Aperture Focusing
(MSAF). Other sparse array and synthetic focusing methods are also contemplated embodiments.

[0100] In some embodiments the transmit/receive transducer elements may be used in groups
that may or may not be overlapping. Overlapping transmit/receive transducer element groups may
facilitate the use of lower voltages to drive the transmitter transducer elements. Alternatively, in some
embodiments, using the same voltage to drive a group of transmitter transducer elements may provide
greater transmit power than may be achieved by driving a single element, for example.

[0101] Synthetic transmit focus techniques may allow some embodiments to reduce a number
of required element transmit events per image frame. Such a reduction may allow for a relative
increase in the power efficiency, and therefore improve self-powered considerations, like the
operational time of a battery and/or battery size.

[0102] Some embodiments may use a single transmit transducer element to create perhaps a
less directional ultrasound wavefront, and/or a wavefront that better approximates a point source (e.g.,
a hemispheric wavefront). As discussed with reference to Figures SA-5C, an element group fired
substantially simultaneously may produce a plane wave. Yet, in some embodiments, it may be
desirable to have either a plane wave and/or a reasonably hemispheric wave. For example, the
hemispheric wave may permit the received echo waves to interrogate a larger portion of the medium.
For a group of transducer transmit elements, a defocused wavefront may emulate a point source tﬁat is
synthesized by proper defocusing of the transmit beam. This technique may permit greater
transmitted energy with lower drive voltages while also producing a less directional wavefront.

[0103] Figure 8 illustrates just one example technique of decimating the number of transducer
elements 805 that receive the echo ultrasound wave. As shown in Figure 8, a transmitting transducer
element 801 may transmit from a single transducer element and be received on less than a total
number of available transducer receiver elements 802. In the example of Figure 8, there are nine
receive transducer elements 802 (shown shaded) available to receive the reflected echo wave. In some
embodiments, the available receiving transducer elements may vary depending upon a particular
transmitting transducer element and/or the location of the target, for example. The receive transducer
elements may be changed to a different pattern of elements, for example, to accommodate the
transducer edges.

[0104] Image formation involving acoustic transmit focus techniques involves the use of a
scan line that often is perpendicular to the tangent of transmitting transducer array. The scan line may
also be steered at different angles using phased array techniques, well known to those skilled in the art.

Typically, the scan lines are acquired sequentially beginning at one end of an image frame and
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continuing throughout the frame. However, in some embodiments, samples along the scan lines do

not necessarily align with the pixels on a Cartesian grid. With respect to a phased array system, the
scan line sample density may be non-uniformly distributed throughout the image frame with a higher
density of samples occurring in the near-field. Scan lines may then be processed to allow conversion
to an image Cartesian format. For example, with B-Mode imaging, well known to those skilled in the
art, processing may involve magnitude detection, log compression, spatial and temporal filtering, for
example. A two-dimensional interpolation method (e.g., bilinear interpolation) may then be
performed to convert to the Cartesian image format.

[0105] The disclosed embodiments contemplate using image processing techniques
convenient for acoustic transmit focusing. Also, with respect to synthetic transmit focusing methods,
the disclosed embodiments contemplate using additional image processing techniques. For example,
in some embodiments, synthetic transmit focusing techniques may form image pixels directly and/or
indirectly from collected data samples. One such technique employs coherent summation of the
signal samples from each transmit/receive pair of array elements for each pixel.

[0106] With acoustic transmit focusing, it may be that samples along the beam may not line
up with image pixels. As a result, interpolation of the beam samples may be required to compute and
determine the precise pixel value. In some embodiments, the beam sample may align with the image
pixel and thus no interpolation may be necessary.

[0107] With synthetic transmit focusing techniques, each pixel may be able to be formed from
the collected data values determined for each part of the medium. In particular, with synthetic
transmit focusing because each pixel has its own receive path and is formed by combining signals
from multiple transmit transducer elements and receive transducer element pairs, it may not be
necessary to conduct scan conversion or processing. In other words, because synthetic transmit focus
techniques provide both transmit and receive dynamic focusing capability, the formation of the pixels
of the corresponding image may be determined directly from the roundtrip paths from transmit
transducer elements to the target (or pixel) and back to receive transducer elements. Therefore,
forming a pixel on an image derives from synthetic transmit focusing because each pixel can be
ideally focused on both transmit and receive.

[0108]Some embodiments may provide acoustic transmit focusing techniques and synthetic
transmit focusing techniques simultaneously for combination modes that may require both techniques
such as color flow, for example. Some embodiments may alternate between acoustic transmit
focusing and synthetic transmit focusing techniques dynamically and, perhaps, on a periodic basis. A
variety of other combinations of acoustic transmit focusing and synthetic transmit focusing techniques

are contemplated by the disclosed embodiments.
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[0109] In some embodiments, received echo signals may be substantially simultaneously

acquired from all, or part, of the transducer element array, for example, on each transmit event. Some
embodimeﬁts may create each pixel by time and amplitude adjustments for each transmit and receive
transducer element pairing. Also, time delay resolution may be improved by using interpolation
techniques among the received data samples (e.g., linear interpolation between sample pairs in
Cartesian space and/or polar space, spline, non-linear interpolation, and the like).

[0110] Although, it may not always be possible to accomplish such direct pixel formation with
acoustic transmit focusing techniques, it should be appreciated that such pixel forming techniques may
be used. Also, such pixel forming techniques may be used in combination with data sample
interpolation techniques. In addition, with synthetic transmit focus methods, both pixel forming
techniques and interpolation techniques may be used to create an image from the data points.

[0111] In some embodiments, it may be that all of the available transmit/receive transducer
element pairs are used to create the pixel. The following equation is one example of how to determine

the data sample index (n) for a single transmit/receive transducer element pair:
n = Fsxex{SQRT((Xp — X1)* + (Yp - Y7)*) + SQRT((Xp - Xr)’* + (Yp - Yr)*)}

[0112] The variables Xp and Yp are the coordinate dimensions of the pixel to be formed. The
variables Xg and Y are the coordinate dimensions of the receive transducer element and the variables
Xt and Y are the coordinate dimensions of the transmit transducer element or virtual center of a
group of transmit elements. The variables Fs and ¢ are the data sampling rate and the speed of sound
in tissue (typically 1540 mys), respectively. This calculation may be performed for each
transmit/receive element transducer pair contributing to each pixel. Note that for a linear array, Yy is
zero. The disclosed embodiments also contemplate that such synthetic focusing techniques can be
readily extended to three dimensions, as is well understood by those skilled in the art.

[0113] The first part of the equation relates to dynamic transmit focusing and the second part
dynamic receive focusing. In the case of a fixed acoustic transmit focus system, the origin of the
transmit beam is fixed at (Xr, Yr) for samples and/or pixels formed from that transmit event. If
receive beams are formed, the equation simplifies further because the distance along the beam vector
is merely proportional to the sample count of the vector. Therefore, for an acoustic transmit focusing
system, the equation above reduces to the following, with D representing the radial distance along the

beam:

n = FsxSx{D + SQRT((Xp - Xg)? + (Yp— YR)))
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[0114] Note that in this case, Xp and Yp are the coordinate dimensions of samples along the
beam. If the transmit and receive beam origins are the same, the equation may be expressed as

follows with ® representing the beam angle relative to the horizontal axis along the array dimension:

n = FsxSx{D + SQRT((Dxcos(®) — Xg)* + (Dxsin(®) - Yr))}

[0115] For T transmitter elements and R receiver elements, the number of such calculations
per output pixel in a synthetic transmit focusing system may be proportional to the product of T and R.
Also, a number of calculations required in an acoustic transmit focusing system to compute samples
along the beam may be proportional to R.

[0116] In some embodiments, the computing complexity necessary to accomplish the
synthetic transmit focusing techniques may be greater. For example, consider a linear transducer
array probe with N transducer elements. If each column of pixels in the image is made to align with
the center of each transducer element in the array, there may be as many beams as transducer
elements. With respect to synthetic transmit focusing techniques, transmitting on the transducer
elements in the array individually may require N transmissions to create an image frame. With
respect to acoustic transmit focusing techniques, it may be assumed that an equal number of
transducer transmissions may be required if there is one transmission per beam. If beam samples are
made to align with image pixels, signals from R receive elements may be combined to form each
sample or pixel per beam.

[0117] Therefore, for the synthetic transmit focusing techniques, NxR signal combinations per
pixel may be required, and thus in just some embodiments the computational requirements of
synthetic transmit focusing system may be N times greater than the acoustic transmit focusing system.
Due to the potential increased computational burden of synthetic transmit focusing, in some
embodiments, it may be desirable to select and limit the number of transmit/receive transducer
element pairs (TxR) necessary to form each pixel. This may be accomplished by aperture restricting
criteria known in the art as f-number and/or acceptance angle. In addition, maximum transmit/receive
aperture sizes that are smaller than the full array may be enforced.

[0118] Some embodiments may use interpolation (e.g., linear and/or sample) as well as
demodulation techniques, like using quadrature-sampled baseband data with phase adjustment. It
should be appreciated that these techniques may be used with synthetic transmit focusing techniques,
acoustic transmit focusing techniques, and any combinations thereof. Also, these example techniques

are not inclusive, but it should be appreciated that alternative methods of demodulation and
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interpolation, perhaps with appropriate phase adjustment, are contemplated by the disclosed

embodiments. In addition, compensation techniques may be used to preserve coherence.

[0119] In some embodiments, echo signals received by the receive transducer elements may
be characterized by a carrier frequency Fc (with an angular frequency of Wc = 2nFc), modulated by a
pulse envelope where the fractional bandwidth is typically 50% to 70% (at -6dB). In some
embodiments, it may be desirable to quadrature demodulate the received echo signals to extract a
modulation envelope. With quadrature demodulation, resulting baseband analytic pair signals (e.g., 1
+ jQ) may include information from the original modulation signal. As a result, having the
demodulation frequency, and the modulation signal (I + jQ), permits the echo signals to be recreated,
which may be desirable in some embodiments.

[0120] In some embodiments, for example where a lower data rate is desired, baseband
sampling techniques may be employed. In some embodiments, if the baseband analytic pair includes
the modulation information that was in the original echo signals, the data may be used for acoustic
transmit focusing and/or synthetic transmit focusing techniques, instead of, or in addition to,
recreating the original echo signals before beamforming. In either case, in using the baseband analytic
pair with respect to acoustic transmit focusing, partial acoustic transmit focusing, and/or synthetic
transmit focusing, the data consequent from the demodulation process that is included with the
baseband signals may be accounted for in some embodiments. In addition, in some embodiments,
carrier frequency information may be accounted for as well. Accounting for these additional
considerations may be accomplished in any of the disclosed embodiments, including acoustic transmit
focusing and synthetic transmit focus techniques, for example.

[0121] Considering the example described with respect to Figure 7, round-trip time from
transducer element 602 to the target and back to transducer element 602 is 2T, and round-trip time
from transducer element 602 to the target and back to transducer element 601 is 2T + 1. As discussed,
the signals will have phase coherence and add constructively. Using this example and applying it to
demodulation prior to acoustic transmit focusing and/or synthetic transmit focusing, may provide the
following: x(t) = M(t)Fc(t), where x(t) is the round-trip impulse response of the transducer elements,
M(t) = Mi(t) + jMq(t) is the modulation envelope of the round-trip impulse response, and C(t) =
sin(Wc t) where Wc is the characteristic center frequency of the particular transducer element. It
should be appreciated that a round trip impulse response of the transducer element may be two passes
through the element’s one-way impulse response. Therefore, a round-trip impulse response may be
the self-convolution of the one-way impulse response. The echo signals e(t) from the target can be

written as follows:

Echo from transmit on transducer element 602, received on transducer element 602:
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en(t) = M(t-2T)C(t- 2T),

= Mi(t - 2T)sin(Wc(t - 2T)) +  Mq(t - 2T)sin(Wc(t - 2T))

Echo from transmit on transducer element 602, received on transducer element 601:

ex(t) = Mi(t— 2T +t)sin(We(t- 2T + 1)) +j Mq(t - T + 7)sin(We(t - QT + 1))

[0122] As discussed, quadrature demodulation may be used on the received echo signals. In
these embodiments, using quadrature demodulation, each echo signal may be multiplied by an in-
phase and a quadrature sine wave to get two baseband components. For the echo from transmit on

transducer element 602, received on transducer element 602, the following:

diza(t) = sin(Wct)ep(t) = sin(Wet)Mi(t - 2T)sin(Wcet - We(2T))
+ j sin(Wet)Mq(t - 2T)sin(Wct - We(2T))

and

dg22(t) = cos(Wetexn(t) = cos(Wet)Mi(t - 2T)sin(Wet - We(2T))
+ j cos(Wet)Mq(t - 2T)sin(Wcet - We(2T))

Where the analytic baseband signal da(t) = dia(t) +j dg22(t)
Using the trigonometric relations sin(a)sin(b) = ¥2[cos(a-b) — cos(a+b)] and

cos(a)sin(b) = Y2[sin(a+b) — sin(a-b)], provides:

din(t) = 2{Mi(t - 2T)[cos(Wc(2T)) — cos(2Wct — Wc(2T))] -

+j Mq(t - 2T)[cos(Wc(2T)) — cos(2Wct — We(2T))]}

[0123] In some embodiments, it may be desirable to look just at the baseband component. In
these embodiments, it may be desirable to filter the cos(2Wct — Wc(2T)) term, which represents a

twice frequency (2Fc) component, and setting this term to zero, provides:

din(t) = ¥2{Mi(t - 2T)cos(We(2T)) + j Mq(t — 2T)cos(Wc(2T))}

[0124] Using the other substitution and lowpass filtering for the quadrature component gives

the following:

dg() = -Y2{Mi(t - 2T)sin(Wc(2T)) + j Mq(t — 2T)sin(Wc(2T))}
and the analytic baseband signal is:

dn(t) ="2{[Mi(t - 2T) +j Mq(t - 2T)] * [cos(Wc(2T)) - j sin(Wc(2T))}}
=1 M(t-2T) el WeoT

[0125] This expression provides the original envelope information (e.g., M(t - 2T)), and also

includes a residual demodulator phase term (e’ ¥¢T). The residual demodulator phase term is present
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because the phase of the demodulator signals at that point in time phase rotates the envelope function

by some amount. In other words, the phase rotation is essentially random because there typically is no
relationship between the round-trip times and the demodulator signal phase. In some embodiments,
the random phase rotation may be acceptable because in those embodiments, phase term may not
impact the imaging process. For example, with respect to beamformed techniques, B-Mode
techniques that respond to amplitude, and Doppler mode techniques that analyze phase change with
respect to time, absolute phase values may not be required.

[0126] Similarly, for the echo from transmit on transducer element 602, received on

transducer element 601, the following:

() =7 M(t-(2T+1)) e/ Ve

[0127] Accomplishing synthetic transmit focus techniques with the baseband components
advances the dy,(t) signal by 2T, and advances the dj(t) signal by 2T + t. Summing these terms along
with contributions from the other transmit/receive transducer element pairs for the target, provides the

following:

pd=% 1 3Z me1..3d nmltoundsip) = 021(2T + 1) + d2(2T) + seven other terms.

[0128] The variable pd represents pixel data summation over the transmit/receive transducer
element pairs at the target.

[0129] In the synthetic transmit focus example, the demodulator phase term may represents a
phase error between the two signals that needs correction or compensation, in some embodiments.
This is due, in part, to the fact that modulation envelope M(t) components are phased aligned, but not
the demodulator phase terms, because the demodulator phase term may no longer be a function of
time.

[0130] The disclosed embodiments contemplate many ways to compensate for the
demodulator phase term. One example technique for compensating for demodulator phase term
contemplates applying an additional phase rotation term to dy;(t) to account for a later arrival time of
the signal on transducer element 601. By considering the difference in the times of flight of the two
signals, it may be appropriate to apply a phase rotation of e > V¢* to dy to achieve phase alignment of
dy; and dy. In some embodiments, a similar phase adjustment may be applied to the other
transmit/receive transducer element pairs to phase align them to d,,(t) before summing to get pd.

[0131] In implementing the above technique, in some embodiments the phase rotation
correction that may need to be applied to the baseband signals before summation may need to be the

modulo-27 remainder of the total phase error. For example, assuming the same signals derived for
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dum(t) as above, and sampling at a demodulator frequency with a fractional bandwidth of the echo

signals less than 100%, the demodulated (baseband) signal bandwidth may be less than Y2 the
demodulator frequency. Therefore, the signals may be adequately sampled, at least in accordance
with Nyquist criterion, well known to those skilled in the art. If a sample clock is chosen to sample at
zero phase of the demodulation signal, then the D samples may have zero phase relative to the
demodulator signal. Therefore, calculating the pixel data sum pd using the nearest-neighbor samples
(i-e., sample nearest to the actual round-trip time for that transmit/receive transducer element pair)
may eliminate any differential demodulator phase error between signals in the summation, because the
modulo-27 phases of the data points in the summation would be zero.

[0132] In some embodiments, where interpolation between adjacent samples is used, it may
be advisable to use a “fractional time” between samples to determine a quantity of additional phase
shift to apply to equalize the interpolated sample to zero phase. The modulo-27 remainder of the
phase error is 27 times the “fractional time” between actual samples, and the sampling process gives a
phase reference of the demodulator, the phase is at zero at the sample times, and it traverses 27
between the samples.

[0133] A sampled version of the demodulated echo signals may be represented as ds,,, with
dsum(to) as the digitally sampled demodulated echo signal falling at (continuous time) tp, and ignoring
quantization effects provides dspm(to) = dnm(to)- 'Assuming that one of the sample times is at 2T, then
ds»(2T) is one of the stored samples from transducer element 602. Because the time 2T is at the
sample time, the demodulator phase at that moment is an iﬁteger multiple of 2. The phase term of

dp(2T) is e!™™ = 1, the expression for d»(2T) becomes:

ds22(2T) = d»(2T) = Y2 [Mi(0) + j Mq(0)], with M(0) decomposed into analytic pair

Evaluating d»,(2T + ) by decomposing T into an integer number of sample times and a
remainder part, as follows:

n; = int(tr Fc) where int( ) denotes the integer part operator
then

Tt = N:/ Fcis the time that corresponds to an integer number of sample cycles.
and:

Trem= T - N/ Fc is the time remainder

So that:
T = Tint + Trem

[0134] Defining fractional time Tgac = TremFC; 0 < Tiac < 1, Where Tg,. is the “fractional
time” or fraction of the sample interval between these samples where the actual time of flight falls, the

expression can be written for T as follows:

30-



WO 2008/060425 PCT/US2007/023498
T = Tint + Tfrac/ FC

[0135] The sample times substantially immediately before and substantially immediately after
the time 2T + T are:

t=2T+1tw« and t=2T +1tu+ 1/Fc

substituting Tt =7 - Trem gives 2T + Tt = 2T + T - Trem and
2T+t + 1/Fc =2T +1 + (1/FC - Trem) SO:

d321 (2T + Tint ) = d21 (2T +T - Trem ) = 1/2 [ Ml(‘ Trem) +] MQ(' Trem)] and
d521(2T + T + 1/FC) = Aoy (2T + T + (1/FC - Trem) ) = ¥ [ Mi(1/FC - Trom) + j Mq(1/Fc -
Trem))

[0136] Again, the phase terms are eliminated because the phase is a multiple of 2t at the
sample points.

[0137] Using linear interpolation between the samples gives an approximation of the I and Q
components of d;(2T + 7). Also, applying a negative phase shift proportional to the fractional time
interpolation cancels the additional phase rotation from the differential time component t. The

interpolated (computed) value result is ds inwerp (2T + T) is as follows:

dsz interp (2T + T) = [Tfrac(ds21 (2T + Tt + 1/ FC)) + (1 - Tfrac) (d821 (2T + Tint ))] e-j21rrfrac

Notably, the expression varies as a function of Tg, and the two samples. The linear
interpolation into the I and Q components of the A/D samples yields:

ds21interp (2T +7) = 1/4 [ TiracMi(1/FC - Trem) + (1-Tirac)Mi(- Trem)
+ [TiracMQ(1/FC - Trem) + J(1-Thrac)MQ(- Trem) 1 © - jodrac

[0138] The expression shows the sample times and constituent signal components from the
input signal that are represented in the interpolated data point. Forming the pixel data sum provides:

pd =2 =1.32m=1.3 dsnm(tround trip) = dSzp_(zT)+dSQ1 interp (2T + ’L') + 7 other interpolated
terms.

[0139] There is no loss of generality by assuming that 2T was a sample time, because the
other terms in the expression for pd need to be interpolated to align with this arbitrary phase choice.
The phase of the demodulator signals is essentially random with respect to any given pixel location on
the screen for any given transmit/receive transducer element pair because the round-trip time for each
transmit/receive transducer element pair to each pixel in the image area may be different. In other
words, the demodulator signal phase typically does not align precisely with more than one sample

point for one transmit/receive transducer element pair at a pixel location in the image area. In some
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embodiments, arranging the demodulator signals may yield an advantage because interpolation and

phase adjustment typically will be done on many samples used to create the pixel data.

[0140] For linear interpolation, the above may be decomposed into an operation on each of the
adjacent sample points. For example, for the A/D sample point prior to the round-trip time,
multiplication of the data point is by the factor (1 - Tac) € 2™, and for the data point following the
round-trip time, multiplication of the data point is by the factor (Tyac) € 12™°,

[0141] In some embodiments, it may be desirable to convert to Cartesian notation, for
example, to implement in conventional multiply-accumulators (MACCs). Generalizing the resulting

operations on the sample data as a series of complex multiply-accumulations to form the pixel data

point, as follows:

Pd =2 p=t1. 32 m=1..32 t- dspm(t)

t- and t+ refer to the sample points preceding and following the computed round trip time.

dsam(t) may be expressed as the complex multiplication (a + jb)(di(t) +j dy(t)), where the term
(a + jb) is the Cartesian conversion of the fractional time weighting and phase correction factor and
the terms d;(t) and dy(t) are the in-phase and quadrature signal components at time (t) as defined
previously. For example, for the data sample from time t+,

A = TacCOS(2TTine) and b = Tgrae SIN(-2TTprac)

And for the data sample from time t-,

a = (1-Tac)COS(-2TTiac) and b= (1-Tfac)SIN(-2TTguc)

[0142] In some embodiments, each complex multiplication may require four multiply-
accumulate (MACC) operations. Therefore, linear interpolation between samples with phase
adjustment may require as many as 8 MACC operations per transmit/receive transducer element pair
in the pixel summation. Also, coefficients a and b may include amplitude weighting to correct for
signal path attenuation and element factor and/or to achieve a desired array apodization. These factors
may impact the system’s point spread function, which may be fine-tuned by appropriate amplitude
weighting of the signals from each element for a given point in space (i.e., per pixel). In some
embodiments, amplitude weighting may be used to adjust the point spread function for each pixel
individually, for example. Also, some embodiments may use linear interpolation on quadrature-
sampled baseband data with the described phase adjustment technique. Of course, it should be
appreciated that the embodiments are not so limited and that various other methods of demodulation
and interpolation with appropriate phase adjustment are contemplated by the disclosed embodiments.

[0143] Certain embodiments may accommodate other types of distortions. For example,

motion of the target or medium may introduce a form of phase distortion. These motion or movement
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errors may be due to the relatively large time interval over which the data is acquired and coherently

combined. Typically, the degree of distortion may be proportional to the rate of motion and the length
of the acquisition time interval. One such example of a system that collects the data over a large time
interval is the synthetic transmit focus technique. This distortion may be in addition to the phase
distortion discussed.

[0144] In some embodiments, the motion distortion may be accommodated or corrected using
a variety of techniques. For example, reducing a redundancy in an array reduces a number of transmit
events necessary to acquire a frame of data, and thus mitigates the likelihood of movement.
Constraining the subset of transmit and/or receive transducer elements to a subset of the array may
also reduce phase distortion due to motion, albeit perhaps at the expense of reduced lateral resolution
and SNR in some embodiments.

[0145] Decimating or reducing certain ultrasound transducers from receiving and/or
transmitting ultrasound waves also may reduce transmitted data bandwidth. Such reduction may be
accomplished on beamformed, partially beamformed and non-beamformed techniques. Also, by
reducing a data at the beginning of the system, further reductions may be achieved, like memory and
processing concerns. The decimation of the ultrasound transducers may be accomplished based on a
number of considerations, like a region of interest, where the region of interest is a function of a
displayed image. Also, the decimation may be based on a display resolution of an image frame, a rate
of the transmission of the digital data, and a displayed region of interest of the medium. The
decimation may be varied as a function of a capability of a remote unit, quality of transmission of
digital data, quantity of errors in transmission of digital data, and availability of power, for example.

[0146] Also, correcting phase errors in Multi-element Synthetic Aperture Systems, well
known to those skilled in the art, using cross-correlation processing also are contemplated by the
disclosed embodiments. Such cross-correlation techniques may correct for phase errors due to either
tissue motion and/or to tissue inhomogeneities. In some embodiments, adaptive correction may
require greater computational complexity. In some embodiments, it may be desirable to reduce such
complexity while still providing correction. One technique of reducing the complexity may be to
constrain the correlation to a region of interest. This region of interest may be determined, for
example, by a user. For an image that is relatively stationary and/or homogeneous, and has small
regions of motion, such a technique may be satisfactory in some embodiments.

[0147] Other target and/or tissue motion may occur due to operator movement and may be
relatively intermittent. This motion may be corrected and/or accommodated by detecting the presence
of motion, quantifying it by a “motion factor”, and adapting to it by changing acquisition parameters.

Such changing acquisition parameters may trade off image quality for acquisition speed, in some
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embodiments. For example, such changing acquisition parameters may include adjustment of image

acquisition parameters such as maximum transmit or receive aperture size, f-number, acceptance
angle, aperture sparsity, efc. It should be appreciated that the motion factor may also be used to adjust
non-coherent processing parameters such as frame averaging or persistence commonly applied to
detected B-Mode image data. While in some embodiments not as susceptible to motion as coherent
processing, frame averaging also produces poor results due to a high rate of tissue motion, which may
be acceptable in some embodiments.

[0148] In a probe environment, there may be a wired or wireless communication channel
between the probe and the main unit. With regard to ultrasound imaging, the communication channel
typically should be able to handle high transmission rates and have relatively large data bandwidth.
Also, because of the nature of the ultrasound device in medical settings, the communication channel
may be sufficiently robust and provide relative immunity from interference of nearby wireless
devices, and random electromagnetic noise. In addition, the communication channel may permit the
main unit to communicate with and be operable with other wireless and wired probes and systems.
For example, the main unit may be able to distinguish certain probes from other probes within
proximity.

[0149] The communication channels may include more than one channel to increase the data
bandwidth available for communication between the probe device and the main unit. Additional
channels also may pemﬁt interoperability with multiple wireless systems and/or probes, for example,
within a certain vicinity of the main unit. It should be appreciated that the communication channels
may refer to communication in either direction; namely from the probe to the main unit and from the
main unit to the probe.

[0150] Robustness and dependability of the communication channel may be facilitated
through a variety of methods and techniques. For example, channel redundancy may be used
particularly in the presence of interference or noise. In some embodiments, this may be accomplished
by switching channels (e.g., automatically) when a channel is occupied by another system, if an
excessive or otherwise predetermined amount of data errors are detected, and/or if signal quality is
deemed deficient. Another method of improving interoperability may include each transmitter (e.g.,
either in the probe or main unit) to automatically adjust its signal level depending on signal conditions
perceived by the corresponding receiver (e.g., either in the main unit or probe). Robustness also may
be implemented in some embodiments by allowing the communication channel to operate in as wide a
band as possible to minimize the effects of narrowband interference.

[0151] It should be appreciated that such functionality may be a part of the primary

communication channel and/or alternate or additional communication channels. As such, the
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additional channels may be of the same communication type as the primary channel. Alternatively, in

some embodiments, the primary and additional channels may have some distinguishing
characteristics, like different operating frequencies, orthogonal characteristics (e.g., time, phase, and/or
code division multiplexed).

[0152] In just one example, in the wireless context, ultra wideband (UWB) techniques may be
used for the communication channel to allow the communication channels to allow multiple data
streams between transceivers in close proximity. At present, UWB permits data rates of up to
1Gbits/s for a single link. For example, an interface device that may be employed by some
embodiments may include the WiQuest™ chipset, part number WQST110/101. In some
embodiments, a probe may have multiple parallel wireless channels running simultaneously using
UWB communication methods. Also, it should be appreciated that multiple parailel communication
channels may be included in some embodiments to provide a greater data rate. In some embodiments,
it may be desirable to use fewer communication channels to reduce physical size and power required
of the additional components needed to achieve additional communication channels.

[0153] It should also be appreciated that in addition to the primary channel being the same or
different than the alternate channel, the alternate channels may be different from one another. For
example, in some embodiments, some alternate channels may be based on infrared (IR) technology
while the other alternate channels may be based on radio frequency (RF) communication.

[0154] In some embodiments, using different or similar main and alternate channels may
permit communicating between certain devices, while preventing communication between other
devices. Also, it should be appreciated that multiple receive devices on the probe and/or main unit
and/or multiple communication channels may be employed. The multiple receive devices may be
located in certain locations on the devices to provide a larger area of coverage.

[0155] Alternate communication channels may be set up such that one channel is wireless
while another channel is wired. Also, some channels may be digital and some channels may be
dedicated to data (e.g., the same or different data), while other channels may be dedicated to control
data. The various channels may cooperate to increase a transfer rate of the digital ultrasound data
and/or to minimize a transfer of errors of the digital ultrasound data. Certain channels may provide a
greater directional communication path than another communication channel and/or allow the main
unit to initiate communication with the remote unit or vice versa. Also, one or more of the channels
may communicate a unique identifier with the data, where the unique identifier is used for initiating
communication with the remote unit, synchronizing communication with the remote unit, and
ensuring communication with a predetermined remote unit. The type of data that is communicated on

a particular channel may be varied based upon a capability of the remote unit, power status of the
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remote unit, capability of the main unit, power status of the main unit, frequency range, array

configuration, power warnings, quality of transmission of the data, quantity of errors in transmission
of the data, availability of power of the main unit, availability of power of the remote unit, a change in
transmission rate, and/or transmission characteristics of the data, etc.

[0156] In addition to employing multiple receivers, it should be appreciated that in some
embodiments the main unit and/or probe may employ multiple antenna devices in communication
with the receivers. For example, in the RF wireless context, the main unit may have more than one
receive antennae in order to use antenna diversity to combat multipath effects such as distortion and
signal nulls. The multiple antennae and diversity may help improve robustness by providing better
signal coverage. Also, in some embodiments, the multiple antennae may be physically separated from
each other to reduce multipath propagation effects. In some embodiments, signals may be chosen
based on amplitude, phase, SNR, etc.

[0157] Using a wireless probe or a wired probe using a relatively smaller cable to
communicate, in some embodiments may dictate that additional processing is performed within the
probe device and/or outside of the main unit. The disclosed embodiments contemplate several
techniques for allowing some processing to occur both within and outside of the probe. For example,
in some embodiments, synthetic transmit focus techniques may be used. In some of those
embodiments, synthetic transmit focus may allow the received echo waves to be partially
beamformed, non-beamformed, and/or some combination thereof.

[0158] Some embodiments may include a receive beamformer in the probe that conducts
partial or full beamforming. Also, some embodiments may include a transmit beamformer in the
probe that conducts partial or full beamforming. These embodiments may be used in lieu of, or in
combination with, the synthetic transmit focusing techniques.

[0159] Multibeam acquisition methods may be used in some embodiments to acquire data in
various scan directions, and/or a relatively large region of the image frame. This may be
accomplished in some embodiments substantially simultaneously. By requiring fewer transmit
events, multibeam acquisition may provide increased acquisition of image frames. Some
embodiments may decrease the rate at which image frames are acquired in order to permit greater
signal-to-noise-ratio (SNR) and/or improved resolution, efc. by acquiring greater amounts of data per
frame. In other embodiments, an image frame may be acquired using multibeam acquisition using
just one transmit event. Some embodiments may employ techniques other than multibeam
acquisition, particularly where reduced data bandwidth is desirable, and the embodiments contemplate

such alternatives.
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[0160] In addition to providing techniques for allowing some processing to occur within the

probe, some embodiments may require to minimize such processing and or corresponding
components. For example, in some embodiments, it may be necessary to reduce the physical size of
the probe (e.g., size and/or weight) in order to permit easier use and manipulation by the user. In
addition, in those embodiments where the probe includes its own source of power, like a battery, it
may be desirable to reduce the required size and weight of the battery for similar user dexterity
reasons.

[0161] Notwithstanding these techniques, data bandwidth from the probe may be minimized
in order to operate within the certain requirements of wireless technology. Techniques that address
this need include baseband sampling and matching the sample rate to the final display resolution.
Other methods to better manage the data rate from a wireless probe include the use of a frame buffer
within the probe and adaptively managing the probe data rate in response to the available wireless
bandwidth. A proposed wireless interface is described with particular attention to features novel to the
art of wireless ultrasound probes. Actual data rates are provided for a perspective on alternative
system designs.

[0162] In some embodiments, the nature of the wireless communication may be modified
based on various conditions. For example, an available communication capacity of a particular
remote, main or other communication unit may be monitored and the communication (wireless or
wired) of the ultrasound data may be changed to another transmission rate based on the available
communication capacity. The rate may be increased, decreased, and/or changed in some other way
(e.g, transmission protocol technique, etc.). Also, a power level of one of the units may be used to
adjust the data rate. For example, the rate may be increased, decreased, and/or changed in some other
way (e.g, transmission protocol technique, etc.) based on the power level. The power may be

provided by a direct current (DC) source like a battery, for example.

[0163] Also, other unit performance characteristics may be changed as a function of some
operating characteristic of the probe and/or main unit, like the power level or power source and/or the
temperature of the probe or main unit. The temperature of the probe may be determined by thermal
sensors located proximate to a transducer in the probe and/or proximate a surface of a probe enclosure.
These changes may be based upon performance characteristics like an image quality provided by the
probe, a drive voltage provided to a transducer in the probe, a voltage waveform provided to the
transducer in the probe, a quantity of element used to transmit digital data representative of the
ultrasound echo wave, and an acquisition frame rate. The techniques also may provide for giving an
indication representative of the changes in the performance characteristics of the probe, main unit,

and/or other device. For example, the indication may be a power saving mode light.
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[0164] The user may change a power state of the probe from a low power state to a relatively

more active power state by activating a portion of the user interface, holding the probe, and/or simply
moving the probe. These changes in power state may include on to off, off to on, lower power to

higher power, and/or higher power to lower power, for example.

[0165] Figure 9 is a flow diagram of a method 900 for establishing a link between a probe and
a main unit. It should be appreciated that although the method includes just the probe and the main
unit, the link may involve other components and processes. Also, the embodiments contemplate other
methods for establishing such a link.

[0166] The primary and/or alternate channels also may be used to sense a proximity of the
main unit from the probe and vice versa. For example, in some embodiments, the primary and/or
alternate channels may employ IR, capacitive, inductive, magnetic, and/or any other technique
commonly used in sensing a proximity of one device from another.

[0167] Proximity sensing may be employed for a variety of purposes, all of which are
contemplated by the disclosed embodiments. For example, in some embodiments, it may be desirable
to establish an exclusive link between a particular probe and a particular main unit based on a
proximity between the two and/or between other devices. Since detenhjning proximity may be
difficult using signal properties of a primary RF communication channel, for example, an alternate
channel may be utilized in order to facilitate the linkup process. Some alternate communication
channels described above (e.g., IR) may be highly directional while others may be specifically
designed for proximity sensing. These channels may be used alone and/or in conjunction with another
communication channel, for example, during the linkup process.

[0168] An exclusive link between probe and main unit may serve a variety of purposes
including providing for interoperability of multiple wireless probe-based systems in close proximity to
one another, for example. This characteristic of the exclusive link, in some embodiments, may
include a temporal limitation. For example, it may be desirable to allow the exclusive link to endure
for at least one operating session and/or over some predetermined period of time.

[0169] The exclusive link may be initiated by either the probe or the main unit or by some
other means. For example, a user may press a button or the like located on the probe, main unit or
other device. The exclusive link may be established by communicating a particular data sequence
and/or particular data character between the main unit and the probe.

[0170] Also, the linkup process may allow the main unit and remote unit (or another unit) to
distinguish and/or identify each other. For example, the distinction may be accomplished by
determining a proximity of the main unit to the remote units, a relative strength of a signal

communicated by the main unit with the remote units, a predetermined identifier, and/or an absence of
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the another remote unit. The predetermined identifier may include a registered identifier and/or an

identifier used in a previous communication between the main unit and the remote units. This also
may be accomplished through the use of control data that is unique to the main unit and the remote
unit, where the control data initiates, synchronizes and/or ensures communication between the main
unit and the remote unit. This communication may be facilitated by the use of one or more antennae
located the main unit and the remote unit. The antennae may be arranged to prevent multipath effects
including distortion and signal nulls.

[0171] In one embodiment, as shown in Figure 9, for éxample, the probe may initiate
communication with a nearby main unit by transmitting a “linkup request” command at 901 over the
wireless communication channel, for example. At 908, it is determined whether the main unit has
received the linkup request. If the main unit has not received the linkup request, the main unit
continues at 908 to wait for the linkup request. If the main unit has received the linkup request, in
some embodiments, the main unit may respond with a “linkup acknowledge” command at 907 sent
back to the probe. This “linkup acknowledge” command may provide information relevant to the
communication. For example, the “linkup acknowledge” may indicate that the probe is within
sufficient range of the main unit to permit wireless communication. Also, the proximity sensing and
linkup communication may allow either the probe and/or main unit to automatically wake up from a
low-power state, standby mode, and/or otherwise change power status.

[0172] At 902, the probe determines whether is has received the linkup acknowledge. If the
probe has not received the linkup ackriowledge, the method may return to 901 to wait for another
linkup request. This return may occur after a predetermined condition, like a timeout or another
predetermined period of time.

[0173] If the probe has received the linkup acknowledge, in some embodiments, at 903 the
probe may communicate back to the main unit with a “linkup confirmation” command to indicate that
the communication is established. At 906, the main unit may determine if it has received the linkup
confirmation. If the main unit has not received the linkup confirmation the method may return to 907
to wait for another linkup acknowledge. This return may occur after a predetermined condition, like a
timeout or another predetermined period of time. If the main unit has received the linkup
confirmation, in some embodiments, at 905 the main unit may communicate back to the main unit
with a “linkup complete” command to indicate that the linkup is complete. Along with the linkup
complete commands the main unit may provide control commands to the probe. At 904, the probe
may loop to wait for the commands.

[0174] It should be appreciated that the linkup commands may be initiated by either the probe,

main unit, and/or some other device, and thus the particular commands may be sent by any of the
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devices. Also, it should be appreciated that additional communication and corresponding commands

relevant to the linkup of the devices are contemplated by the disclosed embodiments. In addition, the
linkup may be attempted a certain number of predefined times before it is ceased.

[0175] In order to facilitate the linkup process, in some embodiments, both the probe and main
unit may be pre-assigned unique identifier codes or identification numbers (e.g., serial numbers), that
may be communicated between the main unit and probe (and perhaps other devices) during the linkup
process.

[0176] The identifier codes may allow, for example, subsequent exclusivity with respect to
further communications between the probe and main unit and allow interoperability with multiple
wireless probe-based systems in close proximity. It should be appreciated that in some embodiments,
interoperability may be a consideration during the linkup process. For example, interoperability and
exclusivity may be appropriate where there are multiple main units and/or probes or the like within the
wireless communication range that may respond to the probe’s and/or main unit’s request. In some
embodiments, it may be desirable to permit the probe and/or main unit that are in closest proximity to
one another to linkup, while in other embodiments it may be appropriate to use other metrics (e.g.,
signal strength, power status and availability, use selection, most recently linked, etc.).

[0177] 1t should be appreciated that other techniques for accomplishing discrimination
between the probe, main unit and/or other devices are contemplated within the disclosed
embodiments. For example, non-wireless or wired communication techniques may be used in some
embodiments. The techniques may include making electrical and/or magnetic contact between the
probe and main unit and/or by allowing a user to press a button on the main unit.

[0178] It should be appreciated that the linkup process may be automatic or manual, or a
combination of both. For example, some embodiments may permit the entire linkup process to occur
without requiring the probe, operator or other device to make contact with the main unit. Other
embodiments may require the user to initiate certain portions of the process manually. For example,
the user may select a probe type from a displayed list of available probes resulting in the main unit
sending a linkup request to probes of the selected type.

[0179] In some embodiments, it may be that after the linkup process has been completed, the
probe and main unit may include some information (e.g., their identification numbers) in some or all
subsequent communication. This may permit the devices to avoid subsequent conflicts or
miscommunication with nearby systems. In addition, the probe and main unit may store their own
and each other’s identification numbers in order to facilitate subsequent linkups after a particular
session is terminated or placed in a non-operative mode. For example, the identification numbers may

be stored temporarily or permanently in non-volatile memory such as EEPROM, Flash PROM, or
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battery powered SRAM, well known to those skilled in the art. In this way, if the link between the

probe and main unit link is terminated or discontinued for some period, either device (or another
device) may attempt to reestablish the link. Such attempted reestablishment of the link may be
accomplished automatically (e.g., periodically), upon some operator action, or based on some other
input.

[0180] As shown in Figure 2, the main unit may include or be in communication with a
display unit. The display unit may display information about the main unit, a linked or other probe,
and/or another device. With regard to the probe, the display may provide details regarding the probe
type (e.g., frequency range, array configuration, etc.), an identifier code or number, a user pre-
assigned name, etc. The name of the probe may be determined by the user and entered at the main
unit, communicated to the probe, and written into non-volatile memory within the probe for future
reference. Alternatively, it may be entered directed into the probe and communicated back to the
main unit. The display also may show information relating to the probe’s battery charge status, such
as the amount of time the device has left of battery power. Such information may be relevant in some
embodiments, for example, where an operator or user may be about to initiate an ultrasound exam and
may need to change batteries before beginning the exam. The display also may provide low-battery
warnings when the battery reaches a predetermined depleted state, for example. Also, the display may
indicate any other operational errors with the system (i.e., main unit, probe, and/or other devices)
during a diagnostic or self-test.

[0181] Instead of, or in addition to, providing a display indication related to the probe, some
embodiments may have indications (e.g., LEDs) on the probe housing, main unit and/or other device.
In some embodiments, it may not be desirable to have such indicators on the probe device because of
the extra power drain on the battery that may result. In some embodiments, it may be desirable to
provide detailed charge state information to the main unit at all levels of charge so the user can
monitor and take appropriate action before the battery is depleted or nearly so. In these embodiments,
by displaying a charge state on the main unit display instead of the probe device, there may be no
additional battery discharge in the probe. Also, the display may permit a user to continuously or
nearly so view the charge state during imaging, while still being able to view the remainder of the
relevant information without interruption.

[0182] Power may be provided to the main unit, probe and other devices using a variety of
techniques. For example, the main unit may operate on alternating current (AC) power, battery power
or other alternative power sources. Similarly, the probe may operate on alternating current (AC)
power, battery power or other alternative power sources. In the embodiments where the probe is

wireless or thin-wire, or otherwise incapable of receiving power from an AC source for some period
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of time, it may be that the probe receives power from a battery, solar power, or other non-AC power

source. Although the remainder of the disclosure may refer to battery power generally, it should be
appreciated that such references include other power sources including, at least partially, AC power,
solar power, and fuel cell sources. Because of the medically sensitive nature of the probe, it may be
desirable to ensure that such battery power is available at all times. For example, a backup battery
power source may be necessary in some embodiments.

[0183] In some embodiments, it may be desirable to conserve available probe power. Such
conservation of energy may be limited to a certain period of time, in some embodiments. This may be
accomplished using a variety of techniques contemplated by the disclosed embodiments. For
example, the probe’s circuitry may be turned off or powered down under certain predetermined
conditions, like when such circuitry is deemed unnecessary, for example.

[0184] In some embodiments, the system may adapt to a change in battery charge by altering
acquisition parameters and/or other system operating conditions. Such changing acquisition
parameters may trade off image quality or frame rate for power usage, for example. For example,
such changing acquisition parameters may include reducing the number of active receiver channels in
the probe to reduce receiver power consumption. Reducing acquisition frame rate or transmit voltage
may also lower power consumption, and hence, conserve battery power. Some embodiments may
alert the user to changes in operating conditions caused by changes in battery charge state. For
example, a message appearing on the system display may indicate a power saving mode level.

[0185] Similarly, in some embodiments, the system may adapt to the status of an optional

-thermal sensor located at the probe face by adjusting various system operating conditions to trade off
image quality for lower transducer heat generation. Example parameters include the transducer drive
voltage level, drive waveform, number of active transmitter elements, acquisition frame rate, etc.

[0186] In some embodiments, the main unit may operate on battery power, or perhaps also
conserve electrical power usage. Therefore, like the probe, a main unit low-power state, a “standby”
or “sleep” mode may be activated after some period of inactivity. The period of inactivity may be
terminated automatically, by manual intervention, or some combination thereof. For example, in
some embodiments a user may simply change the power status of the probe and/or main unit by
pressing a button, or merely handling the probe via motion sensing (e.g., using an accelerometer
and/or tilt switch, etc.). Also, the power status of the probe and/or main unit may be changed by the
probe sensing a grip of the user’s hand (e.g., by detecting heat, capacitance change, pressure, etc.). In
some embodiments, it may be desirable to use a combination of sensing methods and/or to allow

activation by deliberate operator action so it may not be triggered accidentally.
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[0187] Other methods for conserving and controlling power status of the components in the

system may include manual and/or automatic changing of power conditions (e.g., power off) to the
components once a procedure is completed. The termination and/or changing of power conditions
may be based on some predetermined period of time accrued by a timer in the system. For example, if
a component like the probe is not operated for some period of time, the component may change its
power state (e.g., turn itself off and/or place itself into a different power state). A different power state
may include a relatively lower or higher power state. In some embodiments, this may be
accomplished by changing the power state of a certain number of the portions of the probe or other
device. For example, when imaging is in a “frozen” state (i.e., no live imaging) the probe’s data
acquisition and/or wireless interface transmitter circuitry may be turned off.

[0188] Initiating the change in power state may be accomplished in a number of ways all of
which are contemplated by the disclosed embodiments. For example, some embodiments may
contemplate various techniques for detecting a lack of activity, including the probe using motion,
acceleration, heat and/or capacitance, or the like. Also, some embodiments may measure inactivity
dictated by a period of time where controls on the probe, main unit, and/or other device are not
operated. Also, following such inactivity, the component could power down either immediately
and/or after some delay. The time period could be specified by the user and/or by some component in
the system, including the probe, main unit or other device. Because in some embodiments, the main
unit may communicate control information (e.g., periodically) to the probe, it may be desirable to
allow the probe to detect a lack of control commands (e.g., over an extended period of time) from the
main unit. For example, the probe may power itself down for a variety of reasons including because
the main unit is either no longer turned on, is inoperable, and/or has been moved to a location out of
wireless communication range, etc.

[0189] Figure 10 provides just one example of a flow diagram 1000 for a probe inactivity
timeout. As shown in Figure 10, it is determined at 1001 whether an activation control has been
activated. If, at 1001, it is determined that an activation control has not been activated, a loop will
continue to check to see if an activation control has been activated. If, on the other hand, at 1001 an
activation control has been activated, power is provided to the probe at 1002. At 1003, a timer is reset.
The timer may be used to count to a predetermined time to determine if the probe has been inactive
long enough to turn off the probe.

[0190] At 1004, it is determined whether a command is received by the probe, for example,
from a main unit and/or another device. If, at 1004, a command is received by the probe, the timer is
reset at 1003. If, on the other hand, at 1004, it is determined that a command is not received by the

probe, it is determined at 1005 whether activation control is received by the probe. If, at 1005, it is
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determined that activation control is not received by the probe, the timer is reset at 1003. If, on the

other hand, at 1005, it is determined that activation control is received by the probe, it is determined at
1005 whether a timeout has occurred. If, at 1005, it is determined at 1005 that a timeout has occurred,
the probe is powered off at 1008. If, on the other hand, at 1005, it is determined at 1005 that a timeout
has not occurred, at 1007, it is determined whether the timeout almost has occurred. If, at 1007, the
timeout almost has occurred, the main unit may be informed of the impending timeout at 1009. If, on
the other hand, at 1007, it is determined that the timeout almost has not occurred, the timer is reset at
1003.

[0191] In some embodiments, it may be desirable to permit the probe to remain active for
some predefined time period after initial linkup, for example. It may be such that when the predefined
period of time is about to run out, some indicator may be displayed for the user either on the probe
(e.g., via a LED), the main unit (e.g., via a display), and/or both.

[0192] In addition, it should be appreciated that in some embodiments, the main unit and other
devices may include similar non-AC power concerns and capabilities described above with regard to
the probe.

[0193] In addition to providing and controlling power, some embodiments may include
monitoring a charge or other status of the battery while in use and/or dormant. For example, in some
embodiments, a controller may monitor the battery. The controller may be a separate part of the
system and/or built into the battery pack. In some embodiments, the controller may track the
characteristics of the battery and its use. For example, the controller may keep track of the amount of
time the battery has been used, as well as the charge and discharge cycles. Also, the controller may
provide feedback to the system and display such information to the user regarding the battery’s current
charge state. This may be accomplished, for example, by monitoring such parameters as the battery’s
open-circuit voltage, integrated current in and out since last full charge, etc. In some embodiments,
such information may be transferred between the battery and probe or other devices using
communication channels. Also, in some embodiments, estimating battery charge state may be
accomplished using battery open-circuit voltage, load current integration over time (e.g., coulomb
counting), and/or battery source resistance, for example.

[0194] In this way, the controller may facilitate real-time understanding of the battery’s
capability as well as predict future performance of the battery.

[0195] It also should be appreciated that the battery interface may include some physical
characteristics specific to medical environments. For example, the battery interface may need to be

tolerant and/or resistive of gel and/or other conductive liquids.
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[0196] Figure 11 is a diagram of an example battery monitoring and control circuit 1100 that

may be used to monitor and/or control a battery for use with a probe 1105. In some embodiments, the
battery may be a rechargeable type of battery for example, a Lithium ion battery. An over-voltage
(OV) diode 1102 may be used to protect internal circuitry from electrostatic discharge (ESD) events.
Also, a flip-flop device 1103 may be used to store a current on-off state, and may be connected to an
ON/OFF switch 1104. Switch 1104 also may have other additional functionality, for example, after
probe 1105 is operating.

[0197] To activate probe 1105, a user may press switch 1104, for example, by depressing it
for a certain period of time (e.g., 100mS or more). To turn probe 1105 off, a microcontroller 1106
may monitor switch 1104 to determine whether it has been depressed for a certain period of time, for
example, 3 seconds or more. In some embodiments, after switch 1104 is released after being
depressed for a predetermined period of time, microcontroller 1106 may send a battery monitor
shutdown command. The command may provide a rising edge on a clock input of flip-flop device
1103, and operate to turn off probe 1105.

[0198] When flip-flop device 1103 is in a reset state, transistor 1107 is turned on, and power is
connected to battery monitor and user interface controller (BMUIC) 1108. In some embodiments,
BMUIC 1108 may be a microcontroller with analog/digital inputs, two op-amps and a temperature
sensor. Once power is provided to BMUIC 1108, it may begin gathering data about battery 1101. For
example, if battery 1101 has sufficient capacity, BMUIC 1108 may provide power to the remainder of
probe 1105. BMUIC 1108 may have control of power provided to the remainder of probe 1105 by
driving transistors 1109 and 1110. BMUIC 1108 also may power itself down in some embodiments,
for example, if battery 1101 has a reduced charge to some degree, and/or if probe 1105 is turned off
by the user and/or by command from the main unit or some other device.

[0199] Output of op-amp 1111, available at A/D input 2 of microcontroller 1106 may

measure current drawn by probe 1105. Full scale range of the current load sensor may be
approximately 2 amps. Average current load of probe 1105 in operation may be 0.5 — 1.0 amps.
Once probe 1105 is running, source resistance of battery 1101 may be monitored continuously by
microcontroller 1106. The load current of probe 1105 may vary, for example, depending on the
operating mode, and by monitoring load current and terminal voltage of battery 1101. Source
resistance of battery 1101 may be calculated as a change in the battery terminal voltage divided by a
change in load current. Knowing resistance, current load and terminal voltage of battery 1101, for
example, it may be possible to calculate a virtual open-circuit voltage of battery 1101.

[0200] Also, available to microcontroller 1106 may be the temperature of probe 1105 housing.

A temperature sensor 1112 may be located near battery 1101, and may be used to sense ambient
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temperature. As is well known to those skilled in the art, battery temperature may have a relatively

significant effect on its capacity. In some embodiments, for example, in hospital and clinical
environments, normal conditions will have ambient temperatures of approximately 20-30° C. In some
embodiments, battery 1101 may have a charge reserve of about 1ampere-hour, so that a fully charged
battery may supply approximately an hour of operational time. Typically, within a relatively short
period of time after being attached to probe 1105, battery 1101 may be fairly close to the ambient
temperature, even if it started out at a significantly different temperature. Therefore, in some
embodiments, sensing of the temperature of battery 1101 may not have a relatively large effect on the
overall circuit accuracy.

[0201] Measurements of current consumption, battery terminal voltage and ambient
temperature, for example, may be communicated through a wired and/or wireless interface back to the
main unit and/or some other device. Estimate of the remaining battery capacity may be made at the
main unit, probe 1105, and/or some other device. In some embodiments where determination is made
at a place other than probe 1105, the complexity of the algorithm used to estimate the remaining
capacity in battery 1101 may not be constrained by the likely reduced processing capacity of
microcontroller 1106.

[0202] The main unit may display on the main imaging display screen an estimate of the
remaining battery capacity based on current and expected probe usage patterns. In some
embodiments, such usage data may not be available to microcontroller 1106, and so it may be
desirable to implement a battery capacity estimation algorithm in the main unit.

[0203] BMUIC 1108 also may implement numerous safety features. For example, BMUIC
1108 may allow probe 1105 to discharge the battery only to a certain predetermined level, after which
it may terminate operation. Also, in some embodiments, BMUIC 1108 may provide over-current
protection for probe 1105, and perhaps terminate probe operation to protect the probe and battery
pack. In some embodiments, thresholds for these values may have default values and/or also may be
modifiable by the main unit, for example, as probe commands.

[0204] It should be appreciated that in some embodiments, measurements of battery terminal
voltage, current consumption, temperature and estimated battery source resistance and open-circuit
voltage may be sent back to the main unit through a wired and/or wireless link. These values may be
communicated at various intervals, for example, every 10 - 30 seconds.

[0205] BMUIC 1108 also may act as a user interface controller for probe 1105. It may
receive switch inputs, potentiometer settings, pointing device inputs, etc. from user interface input
devices 1113, and supply these controls to the main unit through a wired and/or wireless interface.

The user interface may include a number of features that allow a user to interact with probe 1105. For
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example, the user interface may include a depressable button, a motion detector, an acceleration

detector, a heat detector, and a microphone. Also, the user interface may provide an indication to the
user of a number of things. For example, although not exclusive, the user interface may provide
power status, designation of remote unit, type of remote unit, frequency range, array configuration,
power warnings, capability of the remote unit, quality of transmission of digital data, quantity of errors
in transmission of digital data, availability of power required for transmission of digital data, change in
transmission rate, completion of transmission, quality of data transmission, transmission
characteristics of the non-beamformed ultrasound wave, processing characteristics of the echoed
ultrasound wave, processing characteristics of the digital data, and transmission characteristics of the
digital data, etc.

[0206] BMUIC 1108 also may receive display data from the main unit and/or other device and
present it on user interface display 1114. It should be appreciated that microcontroller 1106 may
provide additional operational functions for other subsystems within probe 1105.

[0207] Figure 12 is a flow diagram 1200 of a power control technique that may be
implemented by BMUIC 1108. It should be appreciated that the disclosed embodiments contemplate
anumber of power control techniques. For example, the disclosed embodiments may include a power
controller that controls the power the power source and adjusts the electrical energy from the power
source. Such control may be accomplished by changing a load, like the transducer and the
transceiver, for example. Also, the power controller may adjust the electrical energy from the power
source based an amount of the ultrasound data communicated by the transceiver. Similarly, the
transcetver may adjust communication of the ultrasound data based on a characteristic of the power
source, like capacity, type, charge state, power state, and age of power source. The power source may
be a direct current source, like a battery. The power control techniques may also increase, interrupt,
and/or reduce power from the power source depending upon time immediate or after a certain amount
of time, like a duration from an initial application of the electrical energy, a predetermined threshold
of available electrical energy, a predetermined amount of time, and a predetermined amount of
inactivity. The inactivity may include a user pressing a button, a motion detector located somewhere
within the system, an acceleration detector, a heat detector, and a microphone (e.g., for voice-activated
commands).

[0208] It should be appreciated that the power controller may adjust the electrical energy
provided any of the components of the system including the transducer, analog-to-digital converter
and transceiver, etc. A command to power down any of these components may be received from a

probe, a remote unit, the main unit, or another unit.
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[0209] As shown in Figure 12, when the ON/OFF button is pushed in 1201, flip-flop 1103

will reset, turning on transistor 1107 and supplying power to BMUIC 1108 in 1202. BMUIC 1108
powers up and waits at 1203, for example for 100mS. The waiting period may allow the power
supply to settle and stabilize, and/or provide a “debouncing” delay for the ON/OFF switch. In 1204,
BMUIC 1108 measures battery terminal voltage and ambient temperature and makes an estimate of
the remaining capacity. If the capacity is not above the minimum capacity threshold, probe 1105 may
be turned off at 1201. If, on the other hand, it is determined at 1205 that the capacity of the battery is
above the minimum capacity threshold, at 1206, it is determined whether the on/off button is still
depressed. If it determined at 1206 that the button is not depressed, probe 1105 may be turned off at
1201. If, on the other hand, at 1206, it is determined that the on/off button is still depressed, BMUIC
1108 may issue a “probe on” command that drives transistors 1109 and 1110 and supplies power to
the remainder of probe 1105 to run the probe at 1207.

[0210] While probe 1105 is running, BMUIC 1108 monitors user interface inputs 1113 to
determine whether new inputs are being provided, at 1208. If, at 1208, it is determined that new user
inputs are being received, the new user inputs may be sent to the main unit and/or another device at
1209. The data may be communicated via a wired and/or wireless interface. If, on the other hand, at
1208 it is determined that no new user inputs are being received, it may be determined at 1210
whether any additional data and/or information from the probe or another device needs to be displayed
by BMUIC 1108 on the user interface display. If, at 1210, it is determined that such new data and/or
information should be displayed, the user interface display may be updated at 1211. For example, in
some embodiments, user interface inputs may be “soft keys” whose function depends on the current
operational state of probe 1105. Such soft key labels may be displayed on the user interface display to
convey their function. In some embodiments, this labeling information may be maintained locally in
BMUIC 1108 and provided to the display. Also, there may be special diagnostic modes of operation
wherein internal data and measurements within probe 1105 may be displayed on the user interface
display. It should be appreciated that other types of data and/or information may be updated.

[0211] If, at 1212, it is determined that a power off command has not been received from the
main unit and/or another device, the control data commands may be executed at 1213. If, at 1212, it is
determined that the power off command has been received from the main unit and/or another device,
probe 1105 may be turned off at 1201. After the commands have been executed at 1213, it may be
determined whether the on/off button has been depressed for a predetermined period of time. If, at
1213, it is determined that the on/off button has not been depressed for a predetermined period of
time, process 1200 will return to 1208. If, on the other hand, at 1213, it is determined that the on/off
button has been depressed for a predetermined period of time, probe 1105 may be turned off at 1201.
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[0212] In some embodiments, particularly those perhaps involving a wireless probe for

example, it may be that certain interfaces may be created to maintain a sterile environment. For
example, some embodiments may create a user interface that permits operation of the system with
little or no need to access portions of the system beyond the sterile boundary. In the context of a user
interface to the probe, some embodiments may keep an operator from having to manually reach out
beyond the sterile field to change system settings or make adjustments. Instead, such embodiments
may permit the user to make such adjustments and control the system from the probe housing that
may be located within the sterile field. In those embodiments where the probe is located within a
sterile sheath, the interface may remain operable. In order to facilitate such sterility, some
embodiments may provide a control interface on the probe. The control interface may include a touch
pad, an LCD touch screen with soft-keys, another pointing device, etc.

[0213] Also, “hands-free” operation of the system may be facilitated by allowing voice-based
commands to be processed by the system via a microphone. The microphone may, for example, be
built into the probe, the main unit, and/or any other parts of the system to allow a user to control the
system with voice commands. In some embodiments, particularly where the microphone is installed
on the wireless probe, the voice-based command may be converted and communicated over a wired or
wireless link with the main unit and/or other system component.

[0214] In some embodiments, the wired or wireless link may be the same as, or distinct from,
the link over which the ultrasound data is communicated in the system. For example, image
acquisition data, control data and microphone data may be packetized and sent to the main unit over
the wired or wireless interface. In some embodiments, where more than one data stream is sent across
the same communication channel, the data streams may be multiplexed. It should also be appreciated
that if the wired or wireless channel cannot handle the amount of data, one or more of the data sources
may be adaptively altered to accommodate the available bandwidth. For example, the microphone
signal sampling rate and/or dynamic range may be scaled down if the wireless communication link is
not large enough.

[0215] Figure 13 is a block diagram illustrating data merger and adaptive control system 1300.
As shown in Figure 13, a microphone 1301 is in communication with an amplifier 1302. Amplifier
1302 is in communication with an analog-to-digital (A/D) converter 1303. A/D converter 1303 may
operate to sample and digitize a signal from microphone 1301. A/D converter 1303 may have a
sampling rate that may be adjusted by an adaptive control interface 1312 that may be responsive to a
controller within the probe, the main unit, and/or another device. A microphone packetizer 1304 in
communication with A/D converter 1303 may provide an adjustable number of bits per sample and/or

dynamic range of the microphone signal data. Microphone packetizer 1304 also may encode the data
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in a compressed format using any number of standard and/or proprietary audio compression

techniques (e.g., MP3) for further data reduction and possibly with variable compression parameters
responsive to the adaptive control interface 1312. Microphone packetizer 1304 also may arrange the
microphone audio data into discrete packets before merging with other data sources via a data merger
1310.

[0216] Also, as shown in Figure 13, an outgoing control packetizer 1309 may receive control
inputs from pushbuttons, knobs, trackballs, etc. and may arrange the associated control data into
discrete packets before merging with other data sources via data merger 1310. Image data also may
be packetized via an image data packetizer 1307 before data merger 1310. Image data packetizer may
receive an image via transducer 1305 and image acquisition 1306. Battery status information may be
generated by battery monitor and power controller 1308 function and passed to data merger 1310 to
merge with other data sources. A thermal sensor (e.g., a thermistor) may be located where the probe
makes contact with the body in order to sense probe temperature at the patient interface. The thermal
sensing functionality may translate a signal from the thermal sensor into thermal status information to
be sent to the main unit, for example, via data merger 1310. Both the battery and thermal status
information may be made available in discrete data packets. Data merger 1310 may prioritize
multiple data sources according to a predetermined and/or adaptively adjusted priority level. Data
merger 1310 also may merge the data packets into one or more data streams leading to the wired
and/or wireless interface 1311.

[0217] It should be appreciated that this description encompasses many types of probe designs
including non-invasive, external probes as well as semi-invasive and/or invasive probes such as
percutaneous, catheter-based, endo-cavitary, transesophageal, and/or laparoscopic probes in wired
and/or wireless embodiments. For example, certain catheter-based, endo-cavitary, transesophageal,
and/or laparoscopic probes are contemplated as wired and/or wireless probes.

[0218] Catheter-based ultrasound transducer probes may be used for intra-luminal and intra-
cardiac ultrasonic imaging. There are various types contemplated by the disclosed embodiments
including rotating single element, radial array and linear phased array. Rotating single element probes
may be simpler to manufacture but may provide relatively poorer images due to their fixed focal
depth. Also, in some embodiments, the scan plane rotating single element probes may be diametral to
the catheter shaft. Linear arrays may be oriented along an axis of the shaft of the catheter, and
therefore provide an image in a plane that is longitudinal to the catheter shaft. Linear arrays are
typically more useful on larger vessels because they generally require a larger catheter shaft. Matrix
and/or two-dimensional catheter-based transducers are also contemplated. In addition to side-fire

methods, these may employ end-fire array geometries As is the case with other types of probes, in
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some embodiments, sterility may be desirable for catheter probes. As a result, embodiments that

include a wireless catheter probe facilitate greater sterility by reducing and/or eliminating a need for a
wired connection to the main unit.

[0219] In some embodiments, the probe or other components may be able to be configured,
programmed and/or calibrated over the wired and/or wireless link from the main unit or other
component. For example, in some embodiments, when the probe powers up for the first time, it may
be that the wireless link and its support circuitry are fully functioning. The probe may include support
circuitry that may be a field-programmable gate array (FPGA) with a boot EEPROM. The FPGA
may be an Altera Cyclone™ FPGA or the like, that are provided with configuration data or calibration
data. In some embodiments, the FPGA may be programmed from the wired or wireless interface
without the need for a boot EEPROM. Alternatively, the boot EEPROM may be reprogrammable via
the wireless interface to facilitate firmware updates. In this case, the FPGA may be initially
programmed with the current EEPROM contents upon power up, after which time new programming
code is loaded into the EEPROM from the wireless interface. The next time the probe is powered up,
the FPGA may be loaded with the new EEPROM contents.

[0220] In some embodiments, other components like an acquisition controller, signal
processing blocks and probe identification circuitry may be programmed after power up. After
establishing the wireless link between the probe, main unit, and/or other components, an FPGA
programming command may be communicated over the link to program the acquisition controller and
the signal processing blocks. These blocks may also be reprogrammed to support different user input
controls modes (i.e., color vs. b-mode, efc.) and/or reprogrammed to optimize for different tissue types
and/or various other operating conditions. Reprogramming may occur while the image is frozen, on a
frame-by-frame basis, and/or before each transmit event if necessary.

[0221] In some embodiments, a control interface for an FPGA may include control lines along
with one or more data lines. Alternatively, if any of the hardware in the probe is a microcontroller,
software could be downloaded in a manner similar to that described for the FPGA. Configuration
tables for acquisition timing and coefficients for filtering and other signal processing functions may be
loaded over the link. These configurations may be different for various user-controlled settings such
as depth changes and/or mode changes, for example.

[0222] Configuration data or information may be provided from any of the components in the
system Such configuration data, may include without limitation, power status, designation of device,
type of device, frequency range, array configuration, power warnings, capability of a remote unit,
quality of transmission of digital data, quantity of errors in transmission of digital data, availability of

power required for transmission of digital data, change in transmission rate, completion of
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transmission, quality of data transmission, look-up tables, programming code for field programmable

gate arrays and microcontrollers, transmission characteristics of the non-beamformed ultrasound
wave, processing characteristics of the echoed ultrasound wave, processing characteristics of the
digital data, and transmission characteristics of the digital data, etc.

[0223] Probe identification like serial number, probe type, bandwidth, revision number, and
calibration data, for example, may be programmed into non-volatile memory either over the wireless
link or a wired programming port. With respect to calibration, a calibration feedback loop may be
initiated where acquired data is transmitted to the main unit to perform calculations. The main unit
may then communicate such information as offset and gain data back to the probe where the data may
be stored in a memory. In some embodiments, calibration may occur periodically and/or only once
during probe production. In the latter case, the storage memory device may be non-volatile such as
flash memory or EEPROM.

[0224] In some embodiments, it may be desirable to allow the user to locate a probe. For
example, it may be that the probe is misplaced or the user needs to select one of many available
probes and needs the proper probe to be distinguished for the operator. The system may include
locator functionality that operates in a variety of ways contemplated by the disclosed embodiments.
For example, some embodiments may include locator functionality with limited detection or
geographic range, such that probes within the predetermined range (e.g., 10 meters) may be detected,
while probes outside the range may be ignored in some embodiments. Also, the locators may have
different characteristics, which may include active, passive or hybrid locator functionality, and the
like.

[0225] Active locator functionality, for example, may include a receiver that may be of low
power. The receiver would monitor (e.g., constantly, intermittently, etc.) for a particular electronic
signature of the probe. For example, the electronic signatures may include RF emission
characteristics, identification number, magnetic field signatures (e.g., magnetic field of circuitry,
magnetic fields modulated with a particular signature, etc.).

[0226] In some embodiments, the probe may be identified to the user by a number of audible
or visible techniques. For example, the system may emit an identifiable audible response, such as a
beep for example, when it detects the proper probe (e.g., receives a particular RF signature). In some
embodiments, the system may provide a visual indication, like the flashing of an indicator light when
it detects the proper probe. Alternatively or in addition, it should be appreciated that these indicators
may work by indicating an improper probe to prevent the user from selecting and using the wrong
probe. It should also be appreciated that other techniques for providing indication of and locating for

probes are contemplated by the disclosed embodiments. Also, in some embodiments, the indicators
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may be able to indicate a direction and/or distance that the user may travel to find the probe. For

example, the indicator and locator functionality may use global positioning techniques, well known to
those skilled in the art.

[0227] The communication between the locator components (e.g., receiver) may be the same
wireless and/or wired channel used to communicate the image and/or control information between the
probe, main system and other devices. Also, in some embodiments the locator functionality may have
the option to use alternate communication channels.

[0228] Some embodiments may allow the locator communication channel to operate using
techniques that allow reduced power consumption. For example, the locator’s receiver may be
powered for relatively shorter periods of time as needed, and then powered off when not needed (e.g.,
when waiting or after probe has been located).

[0229] Passive locator functionality also is contemplated by the disclosed embodiments.
These passive techniques may not require active or powered circuitry in the probe, or other devices.
This embodiment may be desirable where conservation of power in the system is a consideration. In
this embodiment, for example, the locator functionality and components may produce an identifiable
signature when placed into electrical and/or magnetic presence of an external source (e.g., an RF
field).

[0230] In some embodiments, the external source may be attached to or housed in the main
unit of the system and/or other systems or non-system devices. Also, the external source may be
removable from being anchored to the system so as to facilitate searching for a lost probe. The
external source may be AC powered or battery operated for greater portability. In some embodiments,
the external source may emit a signal (e.g., a RF beacon signal). Some embodiments may use a signal
having a particular frequency that is responsive with the passive receiver. As with the active locator
functionality, upon detecting and/or locating the probe, an indication may be made to the user. Some
embodiments may include the locator functionality within the probes such that one probe could be
used to find another probe and/or to locate or distinguish itself, for example. For example, it may be
able to ignore itself and find another probe by disabling the locator functionality while the probe is
helping to find another probe.

[0231] It should also be appreciated that a combination of the passive and active techniques
may be used in a hybrid system. For example, some embodiments may include a passive circuit
sensitive to a particular RF signature that generates a trigger signal to activate a remainder of the
locator components so that the probe can identify itself as described.

[0232] In some embodiments, the locator functionality may use relatively low-frequency RF,

and magnetic coupling to communicate. In this way, the locator functionality may be able to operate
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over greater environmental circumstances and conditions. For example, using the low frequency,

allows the generated magnetic fields to travel through more materials like conductive enclosures. In
this way, the probe may be located even if it is placed in a metal cabinet, trash can and/or patient.
Also, some embodiments may eliminate conditions like multi-path nulling by allowing the coupling
between the antennae and devices to create a near-field phenomenon. In this way, the signal strength
may be more accurately calculated as a function of distance and allow the locator functionality to be
set to a power level that reliably covers a desired finding distance, yet not so far as to stimulate probes
at a greater distance.

[0233] In some embodiments, because of the relatively lower frequency, the required power of
the locator circuit may be reduced. For example, the power level may be nominal as compared to
battery capacity. In this way, in some embodiments, the locator functionality may be run continuously
(or nearly so) as may be necessary to find a lost probe, yet use relatively little battery power.

[0234] Figure 14 is a block diagram of a circuit 1400 that provides locator functionality.
Although Figure 14 is an example of a specific circuit, it should be appreciated that this is just one
example of such a circuit and does not preclude the use of other components in the circuit or even
other circuits. The components shown and discussed may not represent all of the components that
may be used, but are limited for the purposes of clarity and brevity.

[0235] The probe locator circuitry may allow a probe to find a main unit, a main unit to find a
probe, and/or a main unit and probe to find another unit, or vice versa. The locator functionality may
be a part of a module that is located within the main unit, the probe, and/or another unit. The module
may use global positioning, triangulation, radio frequency identification, and/or ultrawideband
communication, for example. Communication for the locator functionality may be accomplished
wirelessly and/or over a wire. The locator may work independently of and/or in conjunction with a
proximity sensor using optical, infrared, capacitive, inductive, electrically conductive, and/or radio
frequency techniques. The locator functionality may be initiated by a user that interacts with the user
interface, such as a momentary switch that the user depresses continuously (or nearly so) to activate
the locator functionality.

[0236] The locator functionality may operate by providing an audible and/or visible signal
module that emits a sound or shows when the locator module identifies the remote unit, the main unit,
and/or another unit. Of course, the indications also may be used to identify an improper remote unit,
main unit, and/or other unit, and to prevents a user from selecting the improper unit. The locator
module may be designed, in some embodiments, to identify a location of the unit when the unit is
within 10 meters. Also, in some embodiments, perhaps to conserve resources like power, the locator

functionality may attempt to identify the location of the remote unit intermittently. Also, the locator
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functionality may provides an indication of a direction and distance that a user should travel to

precisely locate the unit and/or units. Also, the locator functionality may passively produces a locator
signal such that when placed into an electrical field and/or magnetic field, a signal is generated. The
magnetic field may operate with a relatively low frequency to permit the magnetic field to travel
through obstructions (e.g., trash can, file cabinet, etc.) to the locator module.

[0237] As shown in Figure 14, an antenna 1401 may be constructed with an open magnetic
path. For example, the magnetic path may be an air coil with a large radius and/or a solenoid having a
high permeability ferrite rod. In some embodiments, the open magnetic path may permit magnetic
fields to couple through the windings of antenna 1401. The magnetic field may be created with a
particular frequency, for example, centered at 8192Hz. Also, the magnetic field may have a certain
spatial orientation, for example, such that the magnetic flux path is substantially parallel to the central
axis of antenna 1401. In some embodiments, a tuned circuit with inductor 1401 and capacitor 1402
may resonate with the impinging magnetic field.

[0238] In some embodiments, a mixer transistor 1404 may be used and may be switched on
and off at a magnetic field frequency (e.g., 8192Hz) that may include some mixing functionality to
demodulate 8192Hz to a DC level of OHz. For some embodiments, any modulation on the magnetic
field may be translated in frequency by 8192Hz. Amplifiers 1405 and 1406, and their associated
components, may comprise an intermediate frequency (IF)-amplifier and bandpass filter with a
predetermined center frequency (e.g., 20Hz). In this way, the IF amplifier output may respond to any
double-sideband or single-sideband modulation that is approximately at the center frequency from the
carrier (e.g., 8212Hz or 8172Hz). Also, the output of the IF amplifier may be AC coupled to transistor
1407 to operate as a simple voltage threshold comparator and rectifier. In some embodiments, for
example when there is 20Hz modulation on the 8192Hz carrier, and the received signal is of sufficient
amplitude, transistor 1407 may pull its collector low and hold it there while the signal is present. This
may be buffered by transistor 1408 to drive transistor 1409. Transistor 1409 may pull its collector
node high, tuming on the indicator LED 1410 and sounding beeper 1411.

[0239] Clock 1413 and amplifier 1412 may generate a clock signal (e.g., 32768Hz) that may
be divided down by a certain factor (e.g., four) in clocks 1414 and 1415 to generate a clock value
(e.g., 8192Hz) that may be required to run the gate of mixer transistor 1404. In some embodiments,
for example when operation of circuit 1400 is not needed, a high voltage level (e.g., greater than 3V)
on ENABLE input 1416 may disable operation of circuit 1400 by holding clock 1415 in reset, such
that mixer transistor 1404 does not run. It may be that no input can be detected because the antenna
input is floating, and thus the enable input may be used to terminate operation of locator circuit 1400

or portions thereof. This termination may occur in many instances, including for example, when the

-55-



WO 2008/060425 o o PCT/US2007/023498
probe is imaging in association with a main unit, and when it is being used as a finder for another

probe. In either instance, ENABLE 1416 may be taken to a positive supply (e.g., greater than 3V) in
order to disable operation of circuit 1400. For example, ENABLE 1416 may be driven from transistor
1417.

[0240] In the example circuit shown in Figure 14, operational power supply current of the
above circuit may be about 7pA, which in some embodiments may be low enough that the circuit can
be connected to the battery continuously without harm (e.g., battery capacity may be approximately 1
amp-hour). In this example, even if the battery has been depleted to 10% of its total capacity, enough
energy would exist to power the circuit for more than 1.5 years. As a result, in somie embodiments,
the locator may be connected directly or indirectly to the battery pack leads. Also, in some
embodiments it may be that the locator does or does not have separate battery management control.

[0241] Figure 15 is a block diagram of a circuit 1500 that provides external source
functionality, for example in a passive locator environment. Circuit 1500 may be designed to emit a
field to which locator circuit 1500 may respond. Although Figure 15 is an example of a specific
circuit, it should be appreciated that this is just one example of such a circuit and does not preclude the
use of other components in the circuit or even other circuits. The components shown and discussed
may not represent all of the components that may be used, but are limited for the purposes of clarity
and brevity.

[0242] As shown in Figure 15, the external source used in the passive locator, for example,
may begin operation when a user presses switch 1501 and provides power (e.g., via battery 1515) to
the remainder of circuit 1500. In some embodiments, switch 1501 may be a momentary switch, such
that the user may have to hold down switch 1501 for the circuit to interrogate its surroundings.
Having a momentary switch instead of another type of switch may facilitate circuit 1500 not using
additional power accidentally, when not in use. Indicator 1502 may indicate to the user that circuit
1500 is operating. Circuit 1500 may take on various forms. For example, circuit 1500 may be built
into the main unit, it may be a hand-held module that docks in the main unit, but is removable to
search for probes. Also, circuit 1500 may be integrated into a probe, such that one probe may be used
to find another, etc.

[0243] In operation, the crystal oscillator 1503 output may be fed to a simple programmable
logic device (PLD) 1504 that may include clock dividers 1505 and a counter 1506. In this example, a
first clock divider may generate an 8213Hz signal, that may be some frequency (e.g., 21Hz) above a
center frequency (e.g., 8192Hz). This may create a simple single sideband (SSB) modulation at 21Hz.

The clock may be fed to components 1507 and 1508, and cause them to alternately pull their outputs
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to some voltage (Vt) or ground. This may drive the series-tuned output circuit and stimulate the

output antennae to emit a magnetic field at a frequency of 8213Hz, for example.

[0244] Output antennae 1509 may have an open magnetic path, such that their magnetic flux
couples through free space. The open magnetic path may be necessary to couple to the antenna of
locator circuit 1500. Output antennae 1509 may be of the same design as the receiving antenna
inductor of locator circuit 1500. Some embodiments may include three output antennae because the
coupling from transmitter to receiver may be dependent on the relative orientation of the two, in some
embodiments. Therefore output antennae 1509 may be mounted in such a way that their magnetic
axes may be mutually perpendicular.

[0245] The field generated by circuit 1500 may couple the transmitter and receiver in
proportion to the cosine of the angle between their central magnetic axes. For example, if the antenna
is a solenoid, it is the central axis of the solenoid. As a result, in some embodiments, it may be
necessary to emit fields in a number of different orientations to ensure that the transmitter magnetic
axis is not substantially perpendicular to the receiver magnetic axis. In those embodiments that
employ three mutually perpendicular axes of orientation in the transmitter, the receiver axis may not
be more than 54.7° from one of the axes of the three transmitter antennae. Therefore, PLD 1504 may
use a divide-by-3 counter that sequences through three states on a 2Hz time base to sequentially
stimulate the three antenna axes for 0.5s each.

[0246] Some embodiments may use a transmitter power control 1516 to possibly allow setting
of an output drive level to the antennae. The output drive level may be set to a stimulus level that may
be sufficient to be detected by the locator circuit at about five meters, for example. Five meters may
be of sufficient distance to allow finding probes within the immediate vicinity of the user without
extending the reach of the finder too far. For example, it may not be of much use to extend the reach
too far because the probe needs to be within view or hearing of a user in order to be found anyway.
Of course, some embodiments may include tracking at a distance greater than five meters for other
purposes.

[0247] Output antennae 1509 may be driven based on the state of counter 1505 used in PLD
1504. Because in some embodiments output antennae 1509 may be inductive, when the transmit
drive to one of them becomes disconnected, it will generate an inductive voltage spike as it dissipates
any energy stored in its magnetic field. As a result, resistors 1511-1513 and diodes 1514 may be used
to shunt this voltage spike to the power supplies and protect components 1507 and 1508. Resistors
1511-1513a or other resistors also may be used to set the Q of the series tuned output circuits. In
particular, the impedance of the output circuit 1510 at resonance may have a minimum of 10 ohms to

allow the drive current (and the proportional magnetic field) to be sufficiently controlled.
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[0248] Although circuit 1500 is shown connected to battery 1515, it should be appreciated that

circuit 1500 may receive power from an AC power source. In some embodiments, circuit 1500 may
use as much as 130mA. In these embodiments, it may be necessary for the battery must have
substantial drive capability. Also, because in some embodiments the circuit may not be used for
extended periods (e.g., more than a few minutes at a time) the total energy capacity of the battery may
not need to be very high. For example, in some embodiments, a battery capacity of 100mA-hours
may suffice. Also, it should be appreciated that these values are just estimates that may be changed,
for example, if there is the possibility of recharging, for example, while circuit 1500 is docked in the
main unit. For example, an even lower capacity battery may be sufficient.

[0249] In some embodiments, the data transmission rate may be based upon the product of a
minimum acceptable frame rate and an amount of data per frame. Some embodiments may be
required to deliver a minimum acceptable frame rate, for example, because of some external clinical
requirements. In these embodiments, it may be that for a given data transmission rate, an amount of
data per frame may be less than some maximum amount. In some embodiments, if the amount of data
per frame is assumed fixed, the data transmission rate may be above some minimum value. Typically,
the minimum frame rate may be set by the clinical requirements, and a number of embodiments are
contemplated to vary the amount of data per frame. Also, in these embodiments, various possible
approaches are available to gain different data transmission rates. In some embodiments, it may be
desirable to reduce frame rate in order to reduce the required data transmission rate from the probe, for
example.

[0250] In some embodiments, several hundred million bits of data may be generated per
frame. For example, a probe with center frequency Fc=6 MHz and 20 bits of baseband data spanning
4 cm (i.e., approximately 350 samples), may produce 350x20 bits of data per transmit/receive element
combination. Sparse array techniques may be used to limit the number of transmit/receive element
combinations per frame to approximately 2048. For a 480 Mbps data rate, the resulting frame rate for
these example operating parameters may be 480x10%(350x20x2048) = 33 fps.

[0251] It should be appreciated that some embodiments may be influenced by reduction of
system power requirements. Also, some embodiments may make it desirable to move functions
between the probe, main unit and other components, and vice versa, for example to perhaps reduce the
size of the required circuitry in those devices. In those embodiments where functionality is moved out
of the probe, relatively higher bandwidth requirements may be found. This reduction of bandwidth
requirements may be accomplished using a number of techniques contemplated by the disclosed

embodiments.
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[0252] In certain contexts, these embodiments may be impacted by the fact that the

communication link may be relatively shorter (e.g., 3 meters from an ultrasound wireless probe to the
main unit). Generally, some embodiments may make it desirable to reduce an amount of data
communicated between the probe (i.e., either wired or wireless), the main unit, and/or other devices.
Such techniques may be desirable whether the system uses synthetic transmit focus techniques,
acoustic transmit focus techniques, and/or some combination thereof.

[0253] Although certain methods are disclosed, it should be appreciated that the embodiments
are not limited to such methods. Instead, the disclosed embodiments include numerous techniques to
reduce data between the probe, the main unit, and other devices. For example, certain of the
contemplated methods may manipulate system processes related to resolution, field of view, dynamic
range, and/or any other parameters associated with the image display and any other points throughout
the processing chain. Such methods also may be, for example, based on various system components
such as the transducer, signal processor, display, and the like. In some embodiments, the methods
may involve dependency on certain user settings, including depth range, displayed dynamic range,
and the like. Also, these data reduction techniques may be dependent or independent on the type of
ultrasound techniques employed, like acoustic transmit focusing, synthetic transmit focusing,
beamforming and/or non-beamforming, etc.

[0254] The methods include, but are not limited to, tissue dynamic range, lateral resolution,
region of interest, axial resolution, and color flow clutter to signal ratio (CSR). Although some of the
methods may be discussed in the context of synthetic transmit focus and/or acoustic transmit focus, it
should be appreciated that the methods are not so limited, but may be applied to other techniques
including a combination of approaches. Also, the methods may include various imaging techniques,
including color flow mode, B-mode imaging, spectral Doppler mode, etc.

[0255] With respect to tissue dynamic range, a displayed dynamic range, for example, of a B-
mode tissue image typically is selected by the user. The particular range is predetermined to be within
some range made available by the system. The dynamic range may refer to a ratio of the largest
displayed signal level to the smallest visible level. In some embodiments, the system may provide a
default dynamic range, depending upon the particular application. In some embodiments, excess
signal dynamic range may be carried through the signal processing path to accommodate a maximum
allowable setting (e.g., greater than 60 dB).

[0256] Because in some embodiments the displayed dynamic range may be limited at some
point in the image processing prior to display, it may be possible to reduce the dynamic range earlier
in the processing path. Reducing the dynamic range may allow for reduction of the required data

bandwidth. For example, dynamic range may be set to support just what is required to display the
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image at the selected setting, for example. In some embodiments, this reduction may be accomplished

without sacrificing any image quality, or with sacrificing a level of image quality that is acceptable to
the user.

[0257] In some embodiments, dynamic range may be varied by mapping the digital data a
different number or values. This, for example, may accomplish data compression of the digital data.
For example, the data compression may be lossless compression of the digital data. The mapping may
be accomplished by mapping one digital data value to a number and/or mapping more than one digital
data value to a number. Also, the mapping may be accomplished based on certain predetermined
ranges, such that a digital data value within a first range may be mapped a certain way, while a digital
data value within a second range may be mapped another way.

[0258] In some embodiments, the mapping techniques may include selecting a portion of the
digital data and/or varying the selected portion over a time. The time over which the portion is varied
may include a distance traveled by the ultrasound echo wave, a displayed image, and a depth of
penetration of the ultrasound interrogation wave. Also, the particular selection may be based on
characteristics of ultrasound echo wave and/or characteristics of the digital data. The values may be
represented by a number of data bits, such that the selected portion of the digital data represents a
number of bits at least equal to a number of bits of the digital data. The technique may also include
comparing a characteristic of the digital data to a predetermined threshold, and determining a portion
of the digital data as a function of the predetermined threshold. The portion of the digital data may
include a number of bits of data, and a number of transmitted bits may be less than a number of
available bits.

[0259] In some embodiments, the dynamic range may vary throughout the image processing.
Just one example of such variation occurs with integration or antenna gain, where the dynamic range
of a beamformed signal may be greater than individual channel signals. The increase in dynamic
range may be caused by an integration gain (IG) that is approximately equal to 10LOG;((N) dB,
where N is the number of combined channels. In those embodiments that include typical phased array
systems, N may represent the receive channels combined in the receive beamformer, for example. In
embodiments that include synthetic transmit focus techniques, N may include the element
combinations used for both transmit and receive focusing, for example. In some embodiments, N
typically will be approximately an order of magnitude greater than a phased array system, or have a
greater dynamic range of at least 10 dB.

[0260] It should also be appreciated that dynamic range may vary with depth of penetration of
the interrogating wave. For example, as the required depth increases for the interrogating wave to hit

a target, the strength of the echoed wave may be reduced, for example, because of signal attenuation
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and transmit beam characteristics. As a result, in some embodiments, it may be that lower intensity

echo signals require relatively less dynamic range than larger signals. As a result, it may be desirable
in some embodiments to adjust dynamic range to the varying signal requirements to reduce the
required amount of data. For example, reducing the number of data bits for signal data in the far-field
where echo signals are the most attenuated, may permit greater data reduction.

[0261] In those embodiments that include phased array techniques, it may be that beam
intensity is a maximum at some focal point, yet decreases farther from the focal point. In those
embodiments that include a synthetic transmit focus system, because unfocused or defocused transmit
beams may be used, the beam may be divergent with some near field effects due to the fixed elevation
focus and the element factor of the transducer. Typically, with synthetic transmit focus, the echoed
wave may attenuate relatively more quickly and have relatively lower intensity echoes compared to
systems using focused transmit beams, for example. There may be, however, an increase of dynamic
range on the receive side as a result of the dynamic transmit focusing used in synthetic transmit focus
systems, for example.

[0262] Calculating required signal dynamic range depends on a channel signal level,
integration gain, and the displayed dynamic range, for example. Available signal dynamic range may
be determined by subtracting noise floor from peak signal level. In some embodiments, available
signal dynamic range may be increased by the integration gain, for example, to levels that may exceed
the displayed dynamic range. Integration gain and available signal dynamic range may vary with
depth, so a resulting combined signal dynamic range also may be a function of depth. While the
available signal dynamic range typically decreases with depth, the integration gain may cause the
dynamic range to increase with depth due to an f-number and/or acceptance angle criterion, which is
well known in the art as referring to the ratio of the focal length of a lens (or lens system) to the
effective diameter of its aperture. With respect to ultrasound arrays, for example, the f-number may
refer to the ratio of the focal distance to the width of the array aperture (typically controlled by the
number of active array elements or some weighting function applied across the aperture). Therefore,
the aperture grows larger proportional to the distance from the transducer. For example, for an f-
number of 2, the aperture width is set to half the focal distance, so at a point 2cm deep, a lcm aperture
will be used. For an element pitch of 1mm, this corresponds to 10 active array elements.

[0263] In some embodiments, before displaying the image, the integrated and detected image
data may be compressed to a set dynamic range, such that any excess dynamic range may be clipped
to some maximum level. In those embodiments that use such clipping, it may be desirable to conserve

data and optimize the dynamic range and required signal bandwidth earlier in the image processing.
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For example, dynamic range in excess of the clipping may be limited by appropriate gain adjustments

and/or data bit allocation.

[0264] Other techniques may contemplate varying the dynamic range with depth, so as to
accommodate just what is required. This may be accomplished using a number of techniques
contemplated by the disclosed embodiments. Just two of such techniques may include applying gain
adjustment based on measured peak signal levels, and adjusting a data quantization (e.g., number of
bits) throughout the depth range. In some embodiments these functions may be either fixed by being
based on typical signal levels and known display dynamic range, and/or dynamic so as to provide for
widely varying signal levels.

[0265] For some embodiments, the gain adjustment technique may include both an analog
time-gain control function, a digital gain control, and/or a combination thereof. In those embodiments
where the analog-to-digital converters provide adequate dynamic range by themselves, it may be
desirable to set the analog time-gain control to a default setting with gains set as high as possible to
prevent loss of smaller than expected signals. In these embodiments, any dynamic control may be
provided digitally prior to transmitting data from the probe to the main unit. Also, in some
embodiments, digital signal levels may be monitored either on the probe, the main unit, and/or some
other device. In some embodiments, because the main unit may allow for greater data processing
capabilities, it may be desirable to perform such processing at the main unit. In these embodiments,
the associated data may be passed, for example via a resultant control table, from the main unit to the
probe to establish the gain contro] function.

[0266] The gain control function may be specified as a fairly simple set of transition points.
For example, at more shallow penetration depths, signals may be set to a maximum dynamic range of
approximately 10 bits and shifted to some amplitude level based on peak signal levels. Some
embodiments may permit, at a given range sample, the bit width to be decreased and/or the range
shifted down to accommodate the requirements of the value of the range. In some embodiments, it
may be that the process is continued throughout a part of or the entire depth range of interest. At
greater depths, the signal may drop below some noise floor or minimum, such that a minimum
number of bits may be required to represent the data. Also, in some embodiments, it may be that
when the signal amplitude is either above or below some predetermined level of the gain control
function, it is clipped.

[0267] Figure 16 is a graphical depiction of the signal levels, integration gain, gain control
factor, and attenuated signal levels over an 80 mm range. The example illustrated in Figure 16
provides an illustration of tissue dynamic range based on synthetic transmit focus techniques having a

divergent or defocused transmit beam. Although the example is provided in this context, the disclosed
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embodiments are not so limited, but may be applied to other contexts including acoustic transmit

focus techniques. Also, while the example provides values for the purposes of clarity and brevity, it
should be appreciated that any such values are contemplated by the disclosed embodiments.

[0268] A maximum analog front-end gain is set such that the noise following the analog-to-
digital converter is approximately 7.5 dB above the analog-to-digital converter noise floor. Also, the
total front-end in addition to analog-to-digital converter noise is 10 dB RMS. On average, the
received echo signal plus noise in the n_éar field occupies 60 dB and is attenuated at a constant rate of
1 dB/mm. It should be appreciated that these values may be fixed in the system and/or may be
dynamically computed by the system based on acquired signals. The displayed dynamic range is set
to 50 dB. There are 96 transducer elements and may be decimated by a factor of 3, and there may be a
maximum receive aperture of 48 elements. The transmit f-number is 1.5 and receive f-number is 1.0.
A maximum 10-bit limit is assigned to the channel data prior to transmission.

[0269] As shown in Figure 16, because the noise floor is 10 dB at a gain of 0 dB, the skin-line
dynamic range is 60 — 10 = 50 dB. Also, because 50dB equals the display dynamic range, in some
embodiments no gain adjustment is required. As shown in Figure 16, at 10 mm, even though the
signal level has dropped 10 dB, the integration gain has increased by 18 dB making the total dynamic
range 50 — 10 + 18 = 58 dB. Because 8 dB may be above the display range, some embodiments may
be reduced by 8 dB. At 26 mm the integration gain is almost 26 dB but the signal level has decreased
to only 34 dB so the effective dynamic range again equals 50 dB and, in some embodiments, no gain
adjustment may be needed. Beyond 26 mm, the effective dynamic range is less than 50 dB so the
gain remains at the maximum of 0 dB.

[0270] In some embodiments, the signal level post-gain adjustment may determine the
required data. Typically, near the skin-line or surface of the medium, little dynamic range comes from
the integration gain. As a result, in some embodiments, most of the dynamic range may be carried in
the main channel data, and perhaps require more data. As the signal levels decrease, in some
embodiments less data is required. As shown in Figure 16, eventually at 48 mm, the signal drops
below the noise floor and only the minimum number of bits may be required, in this case 3 bits.

[0271] Figure 17 is a graphical depiction of the number of bits of data required over a depth
range of 0 to 80 mm for the parameters discussed with reference to Figure 16. As shown in Figure 17,
in this example, the number of required bits decreases monotonically with depth. Of course, this
graph does not represent all imaging conditions, and the signal levels may peak higher at a point
beyond the shallowest depth. For example, signal levels may peak higher at a point beyond the

shallowest depth in a focused transmit beam context. Also, in some embodiments, signals that fall
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below 0 dB may be clipped. In addition, any signals reaching above a range allowed by the number of

data bits provided may be clipped to the maximum attainable level, in some embodiments.

[0272] With respect to lateral resolution, a total number of data bits transferred from the probe
to the main unit or other device may depend on the bit width provided (B), the number of receive
channels per transmit (R), and the number of transmit events (T). Both I & Q components may also
be represented, and may add another factor of two. The resulting calculation is as follows: Total Bits
=2xBxTxR.

[0273] In some embodiments, the aperture growth (or the number of transducer elements
used) may be varied based on the transmit and receive acceptance angles. As a result, in some
embodiments, not all the near-field data may be required for each transmission. Also, in some
embodiments, for each transmit event data from receive channels extending beyond the sum of the
transmit and receive apertures may not need to be sent to the main unit, because they are outside the
aperture bounds. Therefore, data may be reduced in these embodiments because some of the larger
bit-width near-field data need not be sent to the main unit.

[0274] Also, some embodiments may limit the maximum aperture size and reduce the amount
of data sent from the probe to the main unit. Because lateral resolution typically is proportional to
aperture size, some embodiments may reduce lateral resolution to permit greater data bandwidth. This
may be accomplished, for example, by restricting the maximum aperture size and/or the acceptance
angle.

[0275] Figure 18 is a graphical depiction of the total amount of data required from the probe to
the main unit with respect to depth, considering the acceptance angle and edge effects. When
transmitting at or near the edges of the transducer array, the receive aperture may be truncated. As a
result, in some embodiments, less data may be sent from the probe to the main unit relating to edge
element transmissions. Figure 18 illustrates the sum of the transmit and receive channels for an entire
image frame. As shown in Figure 18, the dashed line represents the total data assuming the maximum
number of bits (10), while the solid line incorporates the bit width optimization as discussed with
reference to Figure 17.

[0276] Figure 18 illustrates that with no savings from aperture reduction, there would be a
required 3.75Kbytes over the full depth range. The aperture restrictions results in a 7% reduction in
data, while the bit width minimization results in a 49% reduction of the aperture-restricted data and a
total reduction of 52% compared to the non-reduced data. In terms of transmitted frames per second
(fps), the maximum achievable frame rate with no data reduction is 37 fps, while with data reduction a

frame rate of 78 fps is achievable.
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[0277] A region of interest (ROI) of an imaging system may refer to a geometric dimension

represented by the displayed image. For example, for a linear array, an image’s width typically
extends to the edges of the array but, in some embodiments, may be steered to go beyond the edges.
For example, with phased array systems, beams may be steered such that the beam vectors converge
at a relatively common apex. In some embodiments, a maximum steering angle may be dependent on
probe frequency and element pitch.

[0278] With respect to B-mode imaging, for example, an image may be formed from a linear
array probe with little or no steering. The depth range of the image may be considered to be the
distance between the shallowest image point and the deepest, for example. Signal acquisition time
may be proportional to the depth range, and the depth range may be a determining factor in a number
of data samples that are transferred from the probe to the main unit. In some embodiments, in order to
minimize data, it may not be required to transfer data that does not contribute to the formation of
image pixels. Therefore, data acquired either before a minimum required sample time and/or after a
maximum required time may not need to be transferred to the system in some embodiments.

[0279] In some embodiments, factors that may be considered in signal acquisition time may
include consideration of path lengths. For example, signal acquisition time may be based upon an
echo path length of the closest element to the minimum depth point (path_min), and/or an echo path
length of the furthest element to the maximum depth point (path_max). These path lengths may
depend on a number of various factors including steering angle, aperture size, and/or aperture growth
rate, for example.

[0280] A maximum acquisition time may be proportional to a difference between the shortest
and longest echo path lengths (i.e., path_max — path_min). In some embodiments, the data sample
range transferred from the probe to the main unit may be constrained to this time period so as to
provide optimal wireless bandwidth conservation, for example.

[0281] Figure 19 is an illustration of an example image ROI for a linear array transducer with
a 30 mm width. The values defined with reference to Figure 19 provide just one example for the
purpose of clarity and brevity and are not meant to be exclusive values. In some embodiments the
minimum path length (path_min) is the distance of the perpendicular line from the transducer to the
shallowest image ROI point of 20 mm, and the maximum path length (path_max) is the distance from
an edge element to the furthest image ROI point from it. As shown in Figure 19, the f-number is set to
1.0 so the aperture may not be completely on at the ROI bottom depth of 40 mm. While there may be
a dependence on aperture growth it may be to a substantially lesser degree.

[0282] The acceptance angle (®) is equal to tan™ (30/60) = 26.56°, and the path_max distance

is 40/cos(®) = 44.72 mm. Therefore, the maximum acquisition time is as follows: acquisition_time =
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1.3(path_max — path_min) = 1.3(44.72 - 20) =32.1 ps, where 1.3 is the roundtrip travel time of

sound in ps/mm. If the ROl is extended to the skin-line or surface of the medium, an acquisition time
may be 1.3x44.72 = 58.1 pus. As aresult, in some embodiments, with either starting depth, the
elements have a same minimum path length, but with perhaps different maximum path lengths. For

example, when transmitting at the center element location, the path_max value from the skin-line may

beV15® +40% = 42.7 mm, giving an acquisition time of 1.3x42.7 = 55.5 s, or 4.5% less than the
edge element time.

[0283] Therefore, it may be desirable in some embodiments to specify individual acquisition
times for each transmit/receive transducer element combination, perhaps to minimize an amount of
data to be transferred between the probe to the main unit or other device.

[0284] Communication bandwidth may place an upper limit on axial resolution, because the
displayed resolution may be determined by various parameters including transducer characteristics
and the display device. For example, it is well understood by those skilled in the art that the Nyquist
criterion prescribes that a desirable resolution may be attained by adequately sampling a received echo
signal by at least twice its bandwidth. For example, with quadrature sampling using in-phase and
quadrature components, each component may be sampled at a rate equal to or greater than the signal
bandwidth. Bandpass sampling techniques may produce a quadrature baseband signal from each
receiver channel that is ideally sampled at a rate adequate to capture the information content provided
by the transducer bandwidth. Therefore, in some embodiments, producing data at this rate is
relatively efficient because it produces a minimum amount of data necessary to avoid loss of image
quality. Other embodiments may use over-sampling techniques to provide benefits like greater SNR,
at the expense of producing more data than perhaps needed. Therefore, in just some embodiments, in
order to minimize data required to be transferred from the probe to the main unit, the probe may
transfer baseband data sampled at less than or equal to the ideal sampling rate based on the
transducer’s bandwidth.

[0285] The baseband representation of the data signal may retain the full signal bandwidth
with the energy centered perhaps around zero frequency (DC) instead of Fc. The baseband signal
may be considered in analytic form as I + j*Q where I is the in-phase component and Q is the
quadrature component. It should be appreciated that the baseband signal may be derived by
quadrature demodulation of the data signal. This may be accomplished, for example, using a complex
mixer followed by a low-pass filter on the I and Q components.

[0286] In those embodiments where baseband conversion is performed prior to analog-to-
digital conversion, the analog-to-digital converter sampling rate may be less than that required to

capture the data signal information. For example, for a data signal with 100% bandwidth, the
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sampling rate may be at least 3 times Fc (e.g., to satisfy the Nyquist criterion). In some embodiments,

baseband signal may need to be sampled at Fc for each of the analytic components for a combined
sampling rate of 2 times Fc. Therefore, the sampled data may produce 50% more data samples than
baseband sampled data. It should be appreciated that the increase may be greater yet for smaller probe
bandwidths.

[0287] Some embodiments may provide baseband conversion using a quadrature sampling,
well known to those skilled in the art. For example, quadrature sampling may be conducted by
sampling the data signal at 4 times Fc followed by decimation of the other pair of samples. In this
example, remaining sample pairs may approximately represent I and Q baseband sample pairs.
Although this embodiment, known in the art as second-order sampling, may be simplistic it also may
reduce an amount hardware and software complexity, which may be desirable in some embodiments.
Also, in some embodiments using second-order sampling, component (e.g., probe) complexity and
circuitry may be minimized via multiplexing techniques, like time and frequency techniques. For
example, two receiver channels may be multiplexed into a single analog-to-digital converter on
alternate pairs of I and Q samples. Via multiplexing techniques the data may be arranged, interleaved
and/or multiplexed using a number of techniques. Some of the multiplexing techniques may serve to
reduce data bandwidth as well as serve other objectives. For example, data may be manipulated after
converting the received echoed ultrasound wave to digital data and/or data may be manipulated to
converting the received echoed ultrasound wave to digital data. The multiplexing techniques may
include time-division multiplexing, frequency-division multiplexing, code-division multiplexing,
and/or pulse width-division multiplexing. The data also may be interleaved as a function of time,
position of transducer channels, and/or data bit position.

[0288] Interpolation may be used to overcome some inherent time misalignment of I and Q
components. In some embodiments, such sample interpolation may be used in combination with
other sample interpolation techniques, like coherence preservation techniques.

[0289] Third-order sampling techniques also may be used to improve the time alignment of I
and Q sample pairs. For example, this third-order sampling technique may be implemented by
subtracting the 180° phase sample from the 0° phase sample and dividing the result by 2 to form the
in-phase component. The quadrature component may be acquired as the 90° phase sample just as in
second-order sampling.

[0290] Some embodiments may maintain greater axial resolution with relatively low drive
voltages. This may be accomplished using a number of techniques, including for example, coded
transmitted excitations that use a relatively large time-bandwidth product codes. In order to ensure

greater axial resolution under relatively basic excitation conditions, an acoustic pulse provided by the
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transmitting transducer may be an impulse response. In those embodiments that employ coded

excitation techniques, the acoustic pulse may be relatively longer than the transducer’s typical impulse
response. For example, coded excitation may transmit a long “chirp” or sequences of orthogonal
signals, known by those skilled in the art as Golay codes. The received echoes may be correlated with
a reference waveform to regain axial resolution of a short pulse, for example. A relatively longer
pulse provided by coded excitation may increase signal-to-noise ratio that may otherwise be sacrificed
due to other factors (e.g., general synthetic transmit focus techniques).

[0291] In some embodiments, transducer bandwidth may not be matched to a final display
resolution. For example, a single transducer element sampled using bandpass sampling with a center
frequency (Fc) of 6 MHz, may have a bandpass sampling rate of approximately 6 MHz. In some
embodiments it may be that this sampling rate would be adequate if the signal energy was negligible
at frequencies lower than 3 and greater than 9 MHz, for example. Also, the 6 MHz rate with an image
ROI from the skin-line to 40 mm may yield a worst-case number of samples of 58.1x6 = 349 samples,
where the 58.1 ps was derived in the above ROI example. In some embodiments, this may be
reduced by, for example, applying different acquisition times to the various element combinations
and/or to each transmit location.

[0292] In this example, while it may be necessary to acquire and transfer approximately 349
samples per element combination, the vertical dimension of the displayed image may require just
1.3x40x6 = 312 samples. If, as in some embodiments, the samples can be mapped directly to
displayed image pixels, this would require a display pixel density of 312 /40 = 7.8 pixels/mm. In
other embodiments, it may be desirable to ensure square pixels, such that the 30 mm wide image may
require 234 horizontal columns of pixels. The 349x234 pixel grid may represent a maximum
resolution supported by a particular transducer. Of course, depending on the propertieé of the display,
this image may or may not provide a desirable perceptible resolution from a typical viewing distance.
Therefore, for displays with very high pixel densities, for example, in some embodiments it may be
desirable to scale the image up to larger pixel dimensions. This may be accomplished using various
techniques, including for example, interpolation.

[0293] If in the example, an image ROI includes a depth range from the skin-line to 80 mm, it
may be that twice the number of samples (i.e., 624) may be produced at the same 6 MHz sampling
rate. Of course, in some embodiments the displayed image may have a span on the screen that is less
than 624 pixels, such that the signal bandwidth may be reduced and the data resampled at a more
suitable (e.g., lower) rate. Alternatively, in some embodiments, it may be desirable instead or in
addition to trade-off axial resolution for reduced wireless data rates at relatively larger depth ranges in

order to maintain higher frame-rates. In either case, typically it may be desirable to perform the data
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rate reduction early in the system processing to avoid transferring and managing more data than is

necessary to attain the desired image resolution. This may be accomplished in some embodiments
using a data resampler function following the analog-to-digital converter, for example, for each
receiver channel within the probe.

[0294] The following example provides just one scenario contemplated by the disclosed
embodiments. In just this one example, a 2D ultrasound image display may be composed of a pixel
grid with a spacing based on the properties of the display device and the image acquisition parameters.
For example, a typical display device may have a maximum pixel resolution of 800x600. The image
may be created to fit a portion of this display grid. The imaging distance as a result of the pixel
spacing may be determined by a relationship between the data rate (e.g., sampling rate of the data
presented to the display) and the speed of sound (e.g., approximately 1540 m/s in a human body, for
example). This relationship may be defined as: D = ¢ + (2xR), where ¢ is the one-way speed of
sound, R is the data rate, and the factor of 2 derives from the roundtrip travel of the pulse. The
relationship may be considered in the context of a pulse traveling from a single element in a direction
perpendicular to the transducer array. For purposes of this one example, it may be considered that the
returning echo signal is converted to baseband, envelope-detected, sampled periodically, and mapped
to the display in a direct (i.e., sample-to-pixel) relationship. If the sampling rate (R) is 6 MHz and the
image display is composed of a column of 300 pixels, the representative image depth range would be:
300x1540 + (2x6) = 38.5 mm.

[0295] In those embodiments where it may be desirable to display twice that depth range, it
can be seen from this relationship that either twice the number of samples may be acquired
corresponding to twice the number of pixels, and/or the sampling rate may be reduced by a factor of 2.

[0296] In some embodiments the relationship between the sampling rate and signal bandwidth
may be manipulated. As is well known to those skilled in the art, sampling theory designates the
signal sampling rate to be at least twice the signal bandwidth (i.e., Nyquist rate). In some
embodiments, this may avoid corrupting the resultant signal by a phenomenon well known to those
skilled in the art as aliasing. For example, in some embodiments where the signal of interest is
represented as a quadrature pair of signal components, the sampling rate of each quadrature
component may be equal to or greater than the bandwidth represented by the component pair.
Therefore, some embodiments may include a relationship between transducer bandwidth and display
resolution.

[0297] In some embodiments it may be that the signal may be sampled at a different rate than
the Nyquist rate, for example, unless the quadrature signal bandwidth is confined to that rate. For

example, although it may be sufficient to sample at a rate higher than the transducer bandwidth and
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display the full signal resolution for even the deepest desired depth range, it should be appreciated that

in some embodiments, this may be impacted by the resolution of the display device. For example, in
some embodiments the display may be able to display less than a required number of pixels for full
resolution imaging. It some embodiments, it may be desirable to reduce some resolution if larger
depth range is desired, for example, by filtering the signal to a desired bandwidth and/or resampling
the signal to a desired rate. In some embodiments such resampling may occur within the main unit
(e.g., after the beamformer), the probe and/or some other device.

[0298] Resampling typically is a linear process, such that output samples may be formed as
linear combinations of neighboring input samples through a filtering process. Also, it may be that
beamforming is linear, because it may include linear combinations of a set of time-delayed signals. It
should be appreciated in these embodiments that superposition may hold for linear systems, such that
resampling each data sequence prior to beamforming, for example, may be analogous to resampling
after. In some embodiments, it may be desirable to perform resampling as early as possible in the
processing.

[0299] Data resampling may be limited to rational numbers (e.g., P/Q). Resampling to a rate
of P/Q may be accomplished by first up-sampling by a factor of P by zero-padding the data sequence
with P-1 zeros. A zero-padded sequence (XP) is shown as follows for P=4:

X =X Xz X3 X4 X5 X6

XP=X;000X,000X3000X4000X5s000X5,000

[0300] In some embodiments, a zero-padded sequence may be filtered with a finite-impulse
response (FIR) filter, for example. The filter characteristics may be chosen as a function of desired
data bandwidth and/or resampling factors. The sequence XPF below represents the XP sequence
described above with the zero samples altered due to the filter. In some embodiments, it should be
appreciated that the original signal samples may or may not be altered by the filter, although shown
here as unaltered.

XPF=X) X X2 Xi3 X2 Xo1 X2 X3 X3 X1 X2 X33 Xy Xy Xap X3

[0301] In some embodiments, the filtered sequence may be decimated in various ways,
including for example, by discarding Q-1 samples after a retained sample, resulting in the final desired
datarate. The decimated sequence is shown, in just one example, for Q=3 and the resulting rate of 4/3
the original data rate.

XPFD =X, Xi3 X2 X351 X4 Xg3 Xs2 Xe1
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[0302] For color flow data acquisition, front-end gains may be set at a maximum throughout

most of a field of view. In some embodiments, for example, such a value may provide optimum }
sensitivity of red blood cell echo waves. Also, some signal saturation around strong reflectors may be
acceptable, for example, where some arbitration may be provided to reject artifacts. With color flow
techniques, the data signal may carry both tissue-level echoes or clutter, and blood echoes. For
example, in some embodiments, clutter-to-signal ratio (CSR) may be approximately 60 dB. In some
embodiments, the clutter filter may reduce dynamic range.

[0303] Some embodiments may reduce color flow data via clutter filtering, for example, prior
to wireless data transfer from the probe. This may be performed, for example, with beamformed, non-
beamformed, and other types of data. Color flow clutter filters may include high-pass filter
characteristics. For example, color flow clutter filters may be implemented with a finite impulse
response (FIR). Such embodiments may minimize filter settling time, because color flow usually
operates with relatively short data ensembles.

[0304] An example filter may be a single DC canceller characterized as Y(n) = X(n) — X(n-1),
where X(n) is the input signal at time “n” and Y(n) is the filtered output. Such a filter may provide a
single zero at DC and a slow roll-off, high-pass frequency response, well known to those skilled in the
art. Some embodiments may use such an approach because of its ease of implementation, need for
just a single storage state, and just one settling pulse.

[0305] Other embodiments may use a similar design that provides two zeros at DC, called a
double canceller, and implemented as Y(n) = X(n) — 2X(n-1) + X(n—2), where X(n) is the input signal
at time “n”and Y(n) is the filtered output. The double canceller filter may provide greater low
frequency clutter attenuation and greater transient rejection. Also, some embodiments may implement
color flow in a continuous acquisition so as to allow the use of filters with significantly longer settling
times. In these embodiments, a first-order IIR filter may be used described as (1 — a)Y(n) = X(n) -
X(n-1) + aY(n-1), where X(n) is the input signal at time “n” and Y(n) is the filtered output. This
filter may provide a sharper response than either FIR filter, but with similar computational complexity
and storage requirements as the double canceller.

[0306] In some embodiments, quantization may be more difficult to manage with IIR type
filters. In some embodiments, an IIR with two zeros at DC may provide greater transient cancellation.
The length of the transient and steepness of the cutoff may be proportional to o (i.e., larger a requires
longer settling but provides steepest roll-off).

[0307] It should be appreciated that the discussion of filters is not limited and many other
filters may be used, some with greater hardware complexity and storage requirements. Also, some

embodiments may implement just a part of the overall clutter filter in the probe to provide most of the
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attenuation required to reduce the signal dynamic range, while performing any remaining filtering in

the main unit. Any combination thereof is contemplated by the disclosed embodiments.

[0308] Embodiments that use continuous acquisition may reduce or eliminate usual
limitations on clutter filtering, well known to those skilled in the art. For example, filters may be
designed specifically for transient suppression. For continuous acquisition color flow, greater design
freedom is recognized and may allow for a variety of different filter design methodologies.

[0309] In some embodiments, data collection methods may vary. For example, one method
that may be used is to gather a single frame of data sequentially as quickly as possible to minimize
phase errors across the frame. Also, in some embodiments, it may be desirable to continue data
collection regardless of interruptions in the data transfer, while in other embodiments it may be
desirable to cease data collection.

[0310] One way to manage data flow from the data collection process to the data transmission
process may be to use a “ping-pong” buffer (e.g., two frames deep) to store entire frames of data. A
ping-pong buffer may be implemented using a variety of standard random access memory (RAM)
storage devices, for example. One alterative to a ping-pong buffer may be a first-in-first-out (FIFO)
storage device, for example. In the case of a ping-pong buffer, the data collection process may
continue at a maximum rate until a full frame is acquired. If the data transmission process is slower
than the data collection process, the data collection may fill the second frame buffer before the first is
emptied. In this case, data collection may be stopped after completing that frame, and may wait until
one of the frames of the ping-pong buffer is emptied (e.g., transmitted), such that it is ready to accept
an entire frame of new data, for example, gathered at the maximum rate set by the collection process.

[0311] Figure 21 is a timing diagram 2100 illustrating the acquisition of frames of data, using
two methods 2101 and 2102. In method 2101, acquisition may be spread out over a frame period with
each transmission period evenly divided over the available frame time. In method 2102, time between
transmissions may be shortened so that the frame acquisition may occur in a compressed time period,
while the average data rate over a frame period may be the same or substantially similar to method
2101. Method 2102 is allowed by frame buffer.

[0312] In some embodiments, where bandwidth restricts a frame rate by a factor of two or
more, for example, it may be advantageous to acquire multiple data sets and combine the data within
the probe, and/or some other device, before transmission to the main unit. This coherent combination
may provide improved signal-to-noise ratio and/or some other image enhancement.

[0313] In some embodiments, the communication medium or link may not provide consistent
bandwidth. In these embodiments, it may be desirable to adaptively adjust data acquisition parameters

in response to the available bandwidth. These parameters may include, but are not limited to,
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acquisition frame rate, transmit aperture size, receive aperture size, and/or sparsity of transmit and/or

receive apertures.

[0314] In addition, coherent combination for improved signal-to-noise ratio may be
dynamically controlled in response to the available bandwidth. Figure 20 provides a block diagram to
provide such dynamic control using a ping-pong frame buffer.

[0315] With any wired and/or wireless link there exists a possibility of interference that may
cause the communication link to be lost, at least temporarily. One way to accommodate and prevent
such loss of data is through packetization techniques so as to allow data to be recovered from a
temporary loss of signal by re-transmitting the lost data packets. While the data is eventually re-
transmitted successfully, it may increase the amount of data transfer and the rate at which it is
transferred.

[0316] In those embodiments that use acoustic transmit focus techniques, it may be that an
entire frame of data is captured sequentially as fast as possible to minimize phase errors across the
frame. In these embodiments, it may be undesirable to stop the data collection process in response to
interruptions in the data transfer. One possible solution contemplated by the disclosed embodiments is
to use a ping-pong buffer (also known as a double buffer) for entire frames of data. In this way, the
data collection process may continue at a maximum rate until a full frame is acquired. If the data
transmission process becomes slower than the data collection process, the data collection may, at
some point, fill the second frame buffer before the first is emptied. In this case, data collection may be
stopped after filling the second frame, and may wait until one of the frames of the ping-pong buffer is
emptied (e.g., transmitted), and is ready to accept an entire frame of new data, gathered at the
maximum rate set by the collection process. Of course, other alternatives are contemplated by the
disclosed embodiments, including using a larger ping-pong buffer and/or using memory from other
parts of the system. Also, instead or in addition to the ping-pong buffer, a first-in-first-out (FIFO)
memory device may be used that is large enough to accommodate two entire frames, and with a
means of detecting when there is enough room in the FIFO to hold an entire frame of data.

[0317] Referring to Figure 20, a feedback loop may be used to implement such methods. As
shown in Figure 20, a throttle signal shown on the diagram may instruct the data merger and buffer
control as to when the wireless interface can and cannot accept data. For example, if the throttle
prevents a frame of data from being transmitted at its maximum possible rate (i.e., the acquisition
rate), the buffer control may inform acquisition control to adjust its frame acquisition period
accordingly. Figure 22 is a timing diagram 2200 illustrating this frame adjustment.

[0318] Figure 23 is a chart representing a sequence of writes and reads to a ping-pong frame

buffer for a frame of 5 samples, for example. As shown in Figure 23, at time units 1 through 5, the 5
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frame samples are written to frame buffer addresses 1a through Sa, substantially consecutively.

Similarly, at time units 6 through 10, the next 5 frame samples are written to frame buffer addresses
1b through 5b, where a and b represent the two pages of the ping-pong buffer. Once the first full
frame of data has been written to the buffer, reading of the buffer may commence as indicated at time
unit 6. In this example, the first frame requires twice as long to read out than to write with each
address persisting for 2 time units. During time units 11 through 15, the write side of the buffer is
throttled (as indicated by the letter T) while waiting for the first frame to be completely read out. At
time units 16 through 20, the third acquired frame is written to addresses 1a through 5a. The read out
of the second acquired frame begins at time unit 16 immediately after the read out of the first acquired
frame. Starting with the forth sample, the addresses persist for 4 time units instead of 2 indicating,
perhaps, a decrease in the data transmission rate. The throttle condition exists for time units 21
through 29, 4 units longer than the previous throttle period. Entire frames of data may be written in
just 5 consecutive time units indicating that data acquisition may be confined to a 5 time unit interval
even though the acquisition frame period is longer and variable.

[0319] In some embodiments, acquisition control may be instructed to change other
acquisition parameters. For example, with respect to synthetic receive aperture imaging, multiple
transmissions may be required to collect a receive aperture. In response to the throttle signal,
acquisition control may be made to reduce the receive aperture size and, therefore, fire fewer
transmissions so as to reduce an amount of data necessary to send to the main unit and/or some other
device.

[0320] In these embodiments, the main unit or the other device may require some information
regarding the receive aperture size reduction for its beamformation and/or pixelformation processing,
for example. Therefore, this information may be included in a control data sent along with the
acquired image data, for example. It should be appreciated that various other acquisition parameters

may be adjusted to achieve the same effect, and are contemplated by the disclosed embodiments.

[0321] While the embodiments have been described in connection with various
embodiments of the various figures, it is to be understood that other similar embodiments may be
used or modifications and additions may be made to the described embodiment for performing
the same function of the disclosed embodiments without deviating therefrom. Therefore, the
disclosed embodiments should not be limited to any single embodiment, but rather should be

construed in breadth and scope in accordance with the appended claims.
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What is Claimed is:

1. A method for conducting ultrasound interrogation of a medium, comprising;
receiving a plurality of ultrasound echo waves;
converting the ultrasound echo waves to digital data; and
arranging the digital data into a data stream.
2. The method of claim 1, further comprising wirelessly transmitting the digital data.
3. The method of claim 1, further comprising transmitting the digital data over a wired

communication path.

4. The method of claim 1, wherein the digital data is arranged into data streams.
5. The method of claim 4, wherein the data streams comprise one or more channels of data.
6. The method of claim 1, wherein the arranging comprises transmitting the digital data over a

plurality of multiple channels.

7. The method of claim 1, further comprising wirelessly receiving the digital data stream over
wireless channels, wherein at least one wireless channel is in an orthogonal arrangement with respect
to another wireless channel.

8. The method of claim 1, further comprising at least partially beamforming the digital data prior
to arranging the digital data into the data stream.

9. The method of claim 8, wherein the data is beamformed using at least two distinct beams.

10. The method of claim 1, further comprising arranging the digital data using at least one of the
following techniques: manipulating the digital data after converting the received ultrasound echo wave
to digital data and manipulating the digital data prior to converting the received ultrasound echo wave
to digital data.

11. The method of claim 1, wherein arranging the digital data comprises at least one of the
following: multiplexing and interleaving.

12. The method of claim 11, further comprising multiplexing using at least one of the following
techniques: time-division multiplexing, frequency-division multiplexing, code-division multiplexing,
and pulse width-division multiplexing.

13. The method of claim 11, wherein the digital data is interleaved as a function of at least one of
the following: time, position of transducer channels, and data bit position.

14.  The method of claim 1, further comprising forming the transmitted ultrasound wave using at
least one of the following techniques: focusing, unfocusing, and defocusing.

15. The method of claim 1, further comprising dearranging the digital data stream back into the
digital data signals.

16. A device for conducting ultrasound measurements, comprising:
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areceiver for receiving ultrasound echo waves;

an analog-to-digital converter in communication with the receiver for converting the
ultrasound echo waves to digital data; and
a multiplexer in communication with the analog-to-digital converter for multiplexing

the digital data into a data stream.
17. The device of claim 16, further comprising a transmitter in communication with the
multiplexer for wirelessly transmitting the multiplexed digital data.
18. The device of claim 17, wherein the transmitter transmits over multiple wireless channels, and
wherein at least one wireless channel is in an orthogonal arrangement with respect to another wireless
channel.
19.  The device of claim 16, further comprising a transmitter in communication with the
multiplexer for transmitting the multiplexed digital data over a wired communication path.
20.  The device of claim 16, wherein the multiplexer arranges the digital data into data streams.
21.  The device of claim 20, wherein the data streams comprise one or more channels of data.
22.  The device of claim 16, further comprising at least partially beamforming the digital data prior
to multiplexing the digital data into the data stream.
23.  The device of claim 22, wherein the data is beamformed using at least two distinct beams.
24. The device of claim 16, wherein the multiplexer multiplexes the digital data using at least one
of the following techniques: manipulating the digital data after converting the received ultrasound
echo wave to digital data and manipulating the digital data prior to converting the received ultrasound
echo wave to digital data.
25.  The device of claim 16, wherein the multiplexer multiplexes the digital data using at least one
of the following techniques: time-division multiplexing, frequency-division multiplexing, code-
division multiplexing, and pulse width-division multiplexing.
26.  The device of claim 16, further comprising a demultiplexer that dearranges the digital data
stream back into the digital data signals.
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Time Write Read
1 1a
2 2a
3 3a
4 4a
5 5a .
6 1b 1a
7 2b 1a
8 3b 2a
9 4b 2a
10 5b 3a
11 T 3a
12 T 4a
13 T 4a
14 T 5a
15 T 5a
16 1a 1b
17 2a 1ib
18 3a 2b
19 4a 2b
20 5a 3b
21 T 3b
22 T 4b
23 T 4b
24 T 4b
25 T 4b
26 T 5b
27 T 5b
28 T 5b
29 T 5b
30 ib 1a
31 2b ia
32 3b 1a
33 4b 1a
34 5b 2a
35 T 2a
36 T 2a
37 T 2a
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