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ULTRASOUND PROBE WITH INTEGRATED ELECTRONICS

CROSS REFERENCES TO RELATED APPLICATIONS

This application is a continuation-in-part of Application No.
09/822,764 filed March 30, 2001, which is a continuation-in-part of
Application No. 09/791,491 filed February 22, 2001, which is a continuation-
in-part of International Application No. PCT/US00/17236 filed on June 22,
2000 which is a continuation-in-part of U.S. Application No. 09/449,780
filed on November 26, 1999 and claims the benefit of U.S. Provisional
Application No. 60/140,430; filed on June 22, 1999, the entire contents of
the above applications being incorporated herein by reference in their

entirety.

BACKGROUND OF THE INVENTION

Conventional ultrasound imaging systems typically include a hand-
held probe coupled by cables to a large rack-mounted console processing and
display unit. The probe typically includes an array of ultrasonic transducers
which transmit ultrasonic energy into a region being examined and receive
reflected ultrasonic energy returning from the region. The transducers
convert the received ultrasonic energy into low-level electrical signals which
are transferred over the cable to the processing unit. The processing unit
applies appropriate beam forming techniques to combine the signals from the
transducers to generate an image of the region of interest,

Typical conventional ultrasound systems include a transducer array
each transducer being associated with its own processing circuitry located in
the console processing unit. The processing circuitry typically includes
driver eircuits which, in the transmit mode, send precisely timed drive pulses
to the transducer to initiate transmission of the ultrasonic signal. These
transmit timing pulses are forwarded from the console processing unit along
the cable to the scan head. In the receive mode, beamforming circuits of the

processing circuitry introduce the appropriate delay into each low-level

JP 2004-530463 A 2004.10.7
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electrical signal from the transducers to dynamically focus the signals such

that an accurate image can subsequently be generated.

SUMMARY OF THE INVENTION

In accordance with a preferred embodiment of the invention, provides
for further improvements in portable ultrasound medical imaging systems
developed for use with personal computers. In one embodiment the control
circuitry and beamforming circuitry are localized in a portable assembly.
Such an integrated package simplifies the cable requirements of the
assembly, without adding significant weight.

Traditional ultrasonic imaging systems have been dedicated systems
having specialized hardware for processing the large amounts of data
generated by ultrasonic transducers providing input to such systems. These
imaging systems tend to be unwieldy, expensive, and difficult to upgrade.
Further, since dedicated systems have specialized components, it is difficult
to employ the gathered ultrasound data in other contexts, such as by
downloading to another application for processing and/or operations which
are unavailable on the native dedicated system. Accordingly, it would be
beneficial to provide an ultrasonic imaging system operable on a standard,
commercially available, user computing device without specific hardware
modifications, and adapted to interface with an external application without
modification to the ultrasonic imaging system. In this manner, a user may
gather ultrasonic data on a standard user computing device such as a PC, and
employ the data so gathered via an independent external application without
requiring a custom system, expensive hardware modifications, or system
rebuilds.

A system and method for gathering ultrasonic data on a standard user
computing device and employing the data via an integrated interface program
allows such ultrasonic data to be invoked by a variety of external applications
having access to the integrated interface program via a standard,

predetermined platform such as visual basic or c++.

(IACLIENTSAn\3014961 10061 006-1TS\RN204579 DOC:T L
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The system provides external application integration in an ultrasonic
imaging system by defining an ultrasonic application server for performing
ultrasonic operations. An integrated interface program with a plurality of
entry points into the ultrasonic application server is defined. The entry points
are operable to access each of the ultrasonic operations. An external
application sends a command indicative of at least one of the ultrasonic
operations. The command is transmitted via the integrated interface program
to the ultrasonic application server. Concurrently, at periodic intervals, raw
ultrasonic data indicative of ultrasonic image information is received by the
ultrasonic application server over a predetermined communication interface.
A result corresponding to the command is computed by the ultrasonic
application server, and transmitted to the external application by the
integrated interface program.

An embodiment of the invention includes a probe having a plurality
of circuit boards or circuit panels that are mounted within a generally
rectangular cavity within a hand-held housing, The circuit panels each have
one or more integrated circuits and are mounted in planes that are parallel to
one another. These integrated circuits can be fabricated using a standard
CMOS process that will support voltage levels between 3.3V and 200V.

A particular embodiment of the invention utilizes two or three circuit
boards or panels, a center panel having a center system controller and a
communication link to an external processor. The center panel can be
mounted between a pair of surrounding panels, each including a memory and
abeamforming circuit. The system accommodates the use of different probe
elements and can employ a variable power supply that is adjusted to different
levels for different probes. Also, it is desirable to use a variable clock
generator so that different frequencies can be selected for different probes.

Another preferred embodiment of the invention provides a small
probe that is connected by a first cable to an interface- housing. The
interface housing can contain the beamformer device and associated circuits
and is a small light weight unit that can be held in one hand by the user while

the other hand manipulates the probe. The probe can be any of several

FIACT IENTOUAIA ABATARAIAGL 11RBAIAASTY NACT |
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conventional probes that can be interchangeably connected by cable to the
interface housing. Alternatively, the interface housing can be worn on the
body of the user with a strap, on the forearm or the waist with a belt, for
example, or in a pocket of the user. A preferred embodiment using such an
interface can include two or three circuit boards as described in greater detail
herein. The interface housing is connected to a personnel computer by
standard FireWire or serial bus connection.

In another preferred embodiment, the probe incorporating the
beamformer, or the probe with the interface housing can be connected to a
wearable personal computer. In this embodiment, the computer performing
scan conversion, post signal processing or color doppler processing is located
in a housing worn by the user, such as on the forearm, on the waist orin a
pocket. A power supply board can be inserted into the probe, into the
interface housing or in another external pod and can include a DC-DC
converter. The display system can also inciude a head mounted display. A
hand-beld controller can be connected to the computer or interface by wire or
wireless connection.

A preferred embodiment of the invention can utilize certain safety
features including circuits that a check the power supply voltage level, that
test every channel of the beamformer and assists in setting gain levels, that
counts pulses per second and automatically shuts off the system to prevent
over-radiating of the patient.

Another preferred embodiment of the invention employs the use of
dedicated controls that the user can employ to perform specific tasks during a
patient study. These controls are readily accessible and intuitive in use.
These controls provide for freezing or unfreezing of the image on the display,
for recording an image in electronic memory, to measure distances in two
dimensions using a marker or caliper and a "set" function fix two markers or
calipers on screen, a track ball, touchpad or other manually manipulated
element to control the marker, a time gain compensation control, such as 8
slide pots, to correct for sound attenuation in the body, scale or depth control

to provide a zoom feature and for selection of focal zones.

SIACT IENTRUANTADATANATANA-T TREMNASTY T 11
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The system can be employed with a number of probe system and
imaging methods. These include the generation of color Doppler, power
Doppler and spectral density studies. These studies can be aided by the use
of contrast agents that are introduced into the body during a study to enhance
the response to ultrasound signals. Such agents can also include medications
that are acoustically released into the body when they are activated by
specific acoustic signals generated by the probe transduce array.

In accordance with another aspect of the present invention, a system
for ultrasonic imaging including a probe and a computing device. The probe
has a transducer array, and a control circuitry and a digital communication
control circuit. The control circuitry includes a transmit/receive module,
beamforming module and a system controller. A computing device connects
to the digital communication control circuit of the probe with a
communication interface. The computer processes display data.

The communication interface between the probe and the computing
device is a wireless interface in several embodiments. In an embodiment, the
wireless is a RF interface. In another embodiment, the wireless interface is
an infrared interface. In an alternative embodiment, the communication
interface between the probe and the computing device is a wired link.

In a preferred embodiment, the beamforming module is a charge
domain processor beamforming module. The control circuitry has a pre-
amp/TGL module.

A supplemental display device is connected to the computing device
by a second communication interface. The supplemental display device is a
computing device in several embodiments. At least one of the
communication interfaces is a wireless interface.

In an embodiment, the communication between the probe and the
computing device is a wireless interface. The second communication
interface between the supplemental display device and the computing device
is wireless. In an embodiment, the second communication interface includes

ahub to connect a plurality of secondary supplemental devices.

FLACT IENITQUM 20T ANATARG 1 ANE 11 ETMINASTY VAL
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A method of controlling an ultrasonic imaging system from a unitary
operating position facilitates ultrasonic image processing by defining
ultrasonic imaging operations and defining a range of values corresponding
to each of the ultrasonic imaging operations. An operator then selects, via a
first control, one of the ultrasonic imaging operatjons, and then selects, via a
second control, a parameter in the range of values corresponding to the
selected ultrasonic imaging operation. The ultrasonic imaging system applies
the selected ultrasonic imaging operation employing the selected parameter.
In this manner, the operator produces the desired ultrasonic image processing
results by employing both the first control and the second control from a
common operating position from one hand, thereby allowing the operator to
continue scanning with a free hand while continuing to control the ultrasonic
imaging system.

The ultrasonic imaging system is controlled from a control keypad
accessible from one hand of the operator, or user. The other hand of the
operator may therefore be employed in manipulating an uitrasonic probe
attached to the ultrasonic imaging system for gathering ultrasonic data
employed in the ultrasonic imaging operations. The first contral allows
qualitative selection of the various ultrasonic imaging operations which may
be invoked using the system. The second control allows quantitative
selection of parameters along a range to be employed in the ultrasonic
operation. The range of parameters may be a continuum, or may be a series
of discrete values along the range. The control keypad includes two keys for
scrolling through the qualitative ultrasonic operations, and two keys for
selecting the quantitative parameters along the corresponding range.

The ultrasonic imaging operations which may be invoked inctude
scanning operations, to be applied to live, real time ultrasonic image
gathering, and processing operations, which may be applied to live or frozen
ultrasonic images. Typical scanning ultrasonic imaging operations which are
known to those skilled in the art and which may be applied by the ultrasonic

imaging system include size, depth, focus, gain, Time Gain Compensation

{IMCLIENTS\ID\301496\1006\1006~115\F0204572.DOC:1}
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(TGC) and TGC lock. Typical processing ultrasonic imaging operations

include view, inversion, palette, smoothing, persistence, map, and contrast.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages of the
invention will be apparent from the following more particular description of
preferred embodiments of the invention, as illustrated in the accompanying
drawings in which like reference characters refer to the same parts
throughout the different views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the principles of the
invention,

FIG. 1 is a schematic block diagram of an integrated probe system.

FIGS. 2A-2C illustrate a particular embodiment of packaging
integrated probe electronics.

FIG. 3A is a schematic block diagram of a particular embodiment of
an integrated probe system.

FIGS. 3B and 3C illustrate embodiments of the transmit/receive
circuit.

FIG. 3D illustrates an alternate embodiment in which the probe
housing is separated from the interface housing by a cable.

FIG. 4A is a block diagram of a particular 1-dimensional time-
domain beamformer.

FIG. 4B illustrates another preferred embodiment of a beamformer in
accordance with the invention.

FIG. 5A is a functional block diagram of the system controller of
FIG. 3.

FIG. 5B schematically illustrates a timing diagram for the control of
modules in the system.

FIG. 6 shows a block diagram of an ultrasonic imaging system
adapted for external application integration as defined by the present claims.

FIG. 7A shows an integrated interface program operable for use with

a local external application.

UACLIENTSYD\301496\ 006V 006-1 IS\FO204572.DOC: 1}
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FIG. 7B shows an integrated interface program operable for use with
a remote external application.

FIG. 8 shows a flowchart of external application integration as defined
herein.

FIG. 9 shows a graphical user interface (GUY) for use with the
ultrasonic imaging system as defined herein.

FIG. 10 is a preferred embodiment of a portable ultrasound system in
accordance with the invention.

FIG. 11 illustrates a wearable or body mounted ultrasound system in
accordance with the invention.

FIG. 12 illustrates an interface system using a standard
communication link to a personal computer.

FIG. 13 shows the top-level screen of a graphical user interface (GUI)
for controlling the ultrasonic imaging system.

FIG. 14 shows a unitary control keypad for use in conjunction with
the GUI of FIGS. 15A-15B.

FIG. 15A shows a graphical user interface (GUI) for controlling the
scanning operations of the ultrasonic imaging system.

FIG. 15B shows a graphical user interface (GUI) for controlling the
processing operations of the ultrasonic imaging system; and

FIG. 16 shows a state diagram corresponding to the GUI of FIGS.
15A-15B.

FIG. 17A is a block diagram illustrating an ultrasound imaging
system with wired and wireless communication.

FIG. 17B is a block diagram illustrating an ultrasound imaging
system with wireless and wired communication.

FIG. 17C is a block diagram illustrating an ultrasound imaging
system with wireless communication.

FIG. 18 is a block diagram illustrating an ultrasound imaging system
with a remote or secondary controller/viewer and wireless communication.

FIG. 19 is a block diagram illustrating an ultrasound imaging system

with wired and wireless network communication capability.

{JACLIENTS\ip\301496\1006\1006-115\F0204572.DOC:1}
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DETAILED DESCRIPTION OF THE INVENTION

The claims should not be read as limited to the described order or
elements unless stated to that effect. Therefore, all embodiments that come
within the scope and spirit of the following claims and equivalents thereto
are claimed as the invention.

FIG. 1 is a schematic block diagram of an integrated probe system.
Tllustrated are a target object 1, a front-end probe 3, and a host computer 5,
and a supplemental display/recording device 9. The front-end probe 3
integrates a transducer array 10 and control circuitry into a single hand-held
housing. The control circuitry includes a transmit/receive module 12, a pre-
amp/TGC module 14, a charge domain processor (CDP) beamforming
module 16, and a system controller 18, Memory 15 stores program
instructions and data. The CDP beamformer integrated circuit 16 includes a
computational capacity that can be used to calculate the delay coefficients
used in each channel. The probe 3 interfaces with the host computer 5 over a
communications link 40, which can follow a standard high-speed
comnunications protocol, such as the FireWire (IEEE P1394 Standards
Serial Interface) or fast (e.g., 200 Mbits/second or faster) Universal Serial
Bus (USB 2.0) protocol. The standard communication link to the personal
computer operates at least at 100Mbits/second or higher, preferably at 200
Mbits/second, 400 Mbits/second or higher. Alternatively, the link 40 can be
a wireless connection such as an infrared (IR) link. The probe 3 thus
includes a communications chipset 20.

The components in the portable ultrasound system require a
continuous source of data for correct operation. For instance, the
beamformer 16 requires steering data, the transmit circuitry 12 requires data
to instruct it where to focus the next pulse and when to fire, and the TGC 14
needs to know what gain level is appropriate at the given time. Additionally,
further information may be required synchronous to the scanning operation to
control how the beamformed data is sent back to the host. For instance, a

DATAVALID signal can be helpful to reduce the amount of data that the

{JACLIENTS\In\30 149601 006V 006-1 1 5\F0204572.D0C: 11
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host 5 actually has to process. Along with data, the various parts of the
ultrasound system relies on common synchronization for the system to work
in harmony. For example, the transmitter must be fired at an exact time with
respect to when the beamformer is looking at a particular position.

Engineering goals of the ultrasenic probe include small size, thermal
management, low-power consumption, and the capability and flexibility to
allow efficient high resolution imaging as well as calibration and
experimentation. The small size and low-power operation implies dense
storage. The capability and flexibility entails the ability to use irregular
firing sequences, concurrent reprogramming and use for seamless adaptive
beamforming modes, as well as full flexibility to perform debugging and
complete-set imaging. Ergonomic, economic portable design also requires a
cost-effective, non-encumbering connection between the scan head 3 and the
PC host 5. A general description of the probe system can be found in
International Application PCT/US96/11166, filed on June 28, 1996, now
U.S. Patent No. 5,964,709 issued on October 12, 1999, which is a
continuation-in-part application of U.S. Serial No. 08/599,816 filed on
February 12, 1996, which is a continuation-in-part application of U.S. Serial
Nos. 08/496,804 and 08/496,805 both filed on June 29, 1995, now U.S.
Patent Nos. 5,590,658 and 5,839,442, and further embodiments are described
in U.S. Application No. 09/364,699 filed July 30, 1999 which corresponds to
International Application No. PCT/US98/02291 filed on February 3, 1998,
and in U.S. Application No. 09/447,144 filed on November 23, 1999 which
corresponds to International Application No, PCT/US97/24291 filed on
December 23, 1997 the above patents and applications being incorporated
herein by reference in their entirety.

Additional factors of interest include ease, speed, and low-cost of
design and manufacturing. These factors motivate the use of a Field
Programmable Gate Array (FPGA) architecture. Additionally, they involve
the use of a design that can be extended easily to diverse applications.

FIGS. 2A-2C illustrate a particular embodiment of integrated probe

electronics, FIG. 2A is a perspective view showing a transducer array

{IACLIENTSV\30149611006\1 006-115\F0204572.D0C: 1 ¥
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housing 32, an upper circuit board 1004, a lower circuit board 100B, and a
central circuit board 200. Also shown is a lower Molex connector 150B
carrying data and signal lines between a central circuit board 200 and the
lower circuit board 100B. The transducer array housing 32 can be a
commercially available unit having a pair of flexible cable connectors 1204,
120B (See FIG. 2C) connected to the upper board 100A and lower board
100B, respectively, with strain relief. FIG. 2B is a back-end view of the
probe, which also shows an upper Molex connector 150A. FIG. 2C is a side-
view of the probe. Using 8 mm high Molex connectors 1504, 150B, the
entire stack has a thickness of approximately 30mm or less, with this
particular embodiment being about 21 mm.

Small size is achieved through the use of modern fabrication and
packaging techniques. For example, by exploiting modern semiconductor
fabrication techniques, numerous circuit functions can be integrated onto
single chips. Furthermore, the chips can be mounted nsing space-saving
packaging, such as chip on-board technology. As technology improves, it is
expected that the size of the electronic components will decrease further.

More functionality can be included within the hand-held probe such
as a wireless JEEE1394 connection to the personal computer. A display can
be mounted directly on the hand-held probe, for example, to provide a more
usable and user-friendly instrument.

FIG. 3A is a schematic block diagram of a particular embodiment of
an integrated probe system. The host computer 5 can be a commercially
available personal computer having a microprocessor CPU 52 and a
communications chipset 54. A communications cable 40 is connected
through a communications port 56 to the communications chipset 54.

The front-end probe 3' includes a transducer head 32, which can be an
off-the- shelf commercial product, and an ergonomic hand-held housing 30.
The transducer head 32 houses the transducer array 10. The housing 30
provides a thermally and electrically insulated molded plastic handle that

houses the beamforming and control circuitry.

{JACLIENTS\iD\3014961100641006-1 15\F0204572.DOC:1}
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The beamforming circuitry, as shown, can be embodied in a pair of
analog circuit boards 1004, 100B. Each analog circuit board 1004, 100B
includes a respective transmit/receive chip 1124, 112B; a preamp/TGC chip
114A, 114B; a beamformer chip 1164, 116B; all of which are interconnected
with a pair of the memory chips 115A-1, 115B-1, 115A-2, 115B-2 via an
operational bus 1594, 159B. In a particular embodiment of the invention,
the memory chips are Video Random Access Memory (VRAM) chips and
the operational bus is 32 bits wide. Furthermore, preamp/TGC chips 114 and
beamformer chips 116 operate on 32 channels simultaneously. The
transmit/receive chips 112 include a 64 channel driver and a 64-to-32
demultiplexer.

FIG. 4A is a block diagram of a particular 1-dimensional time-
domain beamformer. The beamformer 600 features 32-channel
programmable apodized delay lines. In addition, the beamformer 600 can
include an on-chip output bandpass filtering and analog-to-digital
conversion.

As illustrated in FIG. 4A, the beamformer 600 includes a plurality of
single channel beamforming processors 620 subscript L..., 620 subscript J.
imaging signals are represented by solid leader lines, digital data is
represented by dashed leader lines, and clock and control signals are
illustrated by alternating dot and dash leader lines. A timing controller 610
and memory 615 interface with the single channel beamforming processors
620. Each single channel beamforming processor includes clock circuitry
623, memory and control circuitry 625, a programmable delay unit with
sampling circuitry 621, in a multiplier circuit 627.

Each programmable delay unit 621 receives an imaging signal echo B
from a respective transducer element. The outputs from the single channel
beamforming processors 620 are added in a summer 630. AnFIR filter 640
processes the resulting imaging signal, which is digitized by the analog-to-
digital (A/D) converter 650. In a particular embodiment of the invention,
both the FIR filter 640 and the A/D converter 650 are fabricated on chip with

the beamforming processors 620.

£ ACT IENTQURM ADA T ANGIANA 1 TRIEAIAASTD DAL

JP 2004-530463 A 2004.10.7



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

20

25

30

WO 02/068992

(75)

13-

The choice of a Field Programmable Gate Array (FPGA)
implementation as well as extensibility for ease of modification, points to the
use of VRAMs for the memory modules. VRAM is a standard Dynamic
RAM (DRAM) with an additional higher-speed serial access port. While
DRAM has two basic operations e.g. read and write memory location,
VRAM adds a third operation: transfer block to serial readout register. This
transfers a block (typically 128 or 256 words) of data to the serial readout
register which can then be clocked out at a constant rate without further tying
up the DRAM core. Thus refresh, random access data read/write, and
sequential readout can operate concurrently.

In the probe 3', dual-ported operation is beneficial so the data loading
performed by the host 5 can be decoupled from data sent to memory
modules. A modular architecture which allows additional VRAMs to be
added in order to obtain additional bandwidth is useful, particularly when the
exact data rate requirements may change. Using wide memories, the data
does 1ot have to be buffered before going to the various destination modules
in the system. A particular embodiment uses five 256Kword by 16 bit
VRAMSs which yields a total of 80 output lines. If fewer output lines are
required, fewer VRAMS can be used. If more output lines are required, only
very minor modifications to the controller have to be made.

The downside is that VRAM is lower density than other varieties of
DRAM. Currently only 512Kbyte VRAM chips are available. Synchronous
DRAM (SDRAM) is 2Mbyte/chip, but expects buffering of all data from the
memnory to the various destination modules because it is not continuous. The
use of SDRAM implies that the modules accept data bursts instead of
continuous data. Additionally, more buffering of host data can be used or
else concurrent readout and loading may not be possible. Using a multiple
data rate feature in the controller can reduce the storage requirements making
VRAM a first embodiment. However, a further preferred embodiment uses
SDRAM to provide further improvements in the speed and capacity of the

system.
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The control circuitry, as shown in FIG. 3A, is embodied in a digital
circuit board 200. The digital circuit board 200 includes a FireWire chipset
220, a system control chip 218 to control the scan head, and a memory chip
215. In a particular embodiment of the invention, the memory chip 215is a
VRAM chip and the system control chip 218 is interconnected to the various
memory chips 115, 215 over a control bus 155, which in this particular
application is 16 bits wide. ‘

As illustrated, the system control chip 218 provides scan head control
signals to be transmit/receive chips 112A, 112B over respective signal lines
152A, 152B. The transmit/receive chips 112A, 112B energize the transducer
array 10 over transmit lines 124A, 124B. Received energy from the
transducer array 10 is provided to the transmit/receive chips 112A, 112B
over receive lines 122A, 122B. The received signals are provided to the pre-
amp/TGC chips 1144, 114B. After being amplified, the signals are provided
to the beamformer chips 116A, 116B. Conirol signals are exchanged
between the beamformer and the system controller over signal lines 154A,
154B to adjust the scan beam.

The five VRAM chips 115A-1, 115A-2, 115B-1, 115B-2, 215 serve
to supply the real-time control data needed by the various operating modules.
The term "operating modules” refers to the different parts of the system that
require control data - namely the beamformers 116A, 116B, transmit/receive
chips 112A, 112B, and preamp/TGC chips 114A, 114B. The system
controller 218 maintains proper clocking and operation of the VRAM to
assure continuous data output. Additionally, it generates clocks and control
signals for the various operating modules of the system so that they know
when the data present at the DRAM serial port output is for them. Finally, it
also interfaces with the host (PC) 5 via a PC communications protocol (e.g.,
FireWire or high speed bus) to allow the host 5 to write data into the VRAM.

Some of the VRAMS are shared by multiple modules. The 64-bit
output of four VRAMSs 115A-1, 115A-2, 115B-1, 115B-2 is used by both the
transmit module as well as the beamiformer. This is not a problem, because

typically only one requires data at any given time. Additionally, the transmit
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module chip uses relatively less data and thus it is wasteful to have to
dedicate entire VRAMSs for transmit operﬁtions. In order to allow the VRAM
data to be shared by multiple modules, codes are embedded in the VRAM
data that the controller deciphers and asserts the appropriate MODCLOCK
line.

The fifth VRAM 215 is used to generate data that is not shared by
multiple modules. For example, it is convenient to put the control for the
TGC here because that data is required concurrently with beamformer data.

It can also be useful to have one dedicated control bit which indicates when
valid data is available from the beamformer and another bit indicating frame
boundaries. Thus, because the location of the data in the VRAM corresponds
to the position in the frame scanning sequence, additional bits are
synchronized with the operation of the system. CCD clock enable signals
can also be generated to gate the CCD clock to conserve power. Lastly, the
VRAM can be used to generate test data for a D/A converter to test the
analog circuitry with known waveforms.

As the system is reduced in size, the number of VRAMS may be
reduced. In a SDRAM system clocked twice as fast, the four shared VRAM
chips may be merged into two SDRAM chips in a 128 line system, for
example.

The data sent to the beamformer and transmit modules are bit-serial
within a channel, with all channels being available in parallel. For the
transmit module, two transmit channels share each bit line with alternating
clocks strobing in data for the two channels. All per channel transmit
module coefficients (such as start time) are presented bit-serially.

The data in the VRAM is organized into runs. A run consists of a one
word header, which is interpreted by the VRAM controller, followed by zero
or more actual data words which are used by the various modules. The
headers (see Table 1) specify where the data in the run is destined, how fast it
should be clqcked out, and how many values there are in the run. (Note that
the yun destination is only for the data coming out of the 4 VRAMs. The bits

coming out of the controller VRAM always have the same destinations.) The
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headers are also used to encode the special instructions for Jump, Pause, and

End described below.
TABLE 1. VRAM Iustruction Data Format (Only top VRAM
matters)
Bit Position
Command
15014 |13 |12 |11 [10[(9 {8 |7 |6 |5 [413]2 |1 [0
Data Mod Sel (2-7) Rate Length
Pause 0 [0 |1 Rate Pause Count
(not 0 1)
Wait 0 |0 |1 0 1 0 00 00 0 000 01
ump |0 [0 [0 [0 o Jo Jump Addr / 0x100
End 0 [0 |o 0 o |1 [x[x[X[X [x [XIx[x[X][x
5
The data in the VRAM are read out basically sequentially but some
variations are allowed to reduce the memory requirements and Facilitate
system operation based on several observations about how the ultrasound
system operates.
10 The first observation is that the peak control data rate requirements

are far higher than the average rates needed. This is because, during close

zone imaging, the focus may be updated at every clock to maintain maximal

sharpness. However, for

parameters need not vary

deep zones approaching the far field, the focusing

very quickly. Thus the data maybe supplied at a

15  lower rate. This is accomplished by the use of a 2-bit RATE field associated
with each run (see Table 2). The RATE ficld allows the specified run to be
clocked out at either the full system clock rate (which can be 8-32 MHZ),

one-half, one-quarter, or one-eighth of that rate.

TABLE 2. Rate Field Definitions

Rate Data Meaning Pause Length
Bit 12 Bit 11
0 0 New Data Every Clock PauseCount Clock
0 1 New Data Every Other Clock PauseCount*2 Clocks
1 0 New Data Every 4 Clocks PauseCount* Clocks
1 1 New Data Every 8 Clocks PauseCount*8 Clocks
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The next observation is that there are often large gaps during
which time data js not required. After a transmit pulse is fired into a deep
zone, a relatively large amount of time can pass before its echo is received
and the beamformer is activated. Thus it is advantageous to not have to
waste VRAM space for work time periods. For this reason, explicit pause
commands are allowed. When the system controller 218 receives a pause
command, it waits the specified number of clock cycles before reading the
next word in the VRAM memory. The PAUSECOUNT is a 11 bit number
which can take on the range 1-2047. This is additionally scaled by the RATE
field to allow pauses of up to 16376 (2047*8) system clock cycles. Note that
the RATE field can only take on the values 0, 2 and 3 because a pause of
RATE 1 is interpreted as a waif command, described next. This is nota
problem, however, because typically only RATE 0 is used for maximum wait
accuracy (to within one clock) and RATE 3 is used for maximum wait time
(up to 16376 clock cycles).

Because the data from the beamformer 116 has to be sent back to the
host 5 over a bandwidth-constrained link, buffering and flow-control are
required to prevent data loss. The buffering is achieved by a 16K by 18 FIFO
while the flow control is achieved by feeding the FIFO fullness indication
back to the system controller 218. In this way, if the FIFO becomes too full,
the scanning stops until the FIFO has been emptied. However, the scanning
should not stop arbitrarily because it is timed with the propagation of the
sound waves. Thus explicit synchronization points can be inserted into the
code, and at these points the controller waits until the FIFO is empty enough
to proceed safely. The wait command is used to indicate these
synchronization points. The wait command causes the controller to wait
until the WAITPROCEED line is high. Currently this is connected (via the
aux FPGA) to the "not half-full" indicator on the FIFO. Thus the wait
commands can be placed at least every 8K data-generating cycles to assure
that data overflow cannot occur. Because this is greater than one ultrasound

line, it still allows multi-line interleaving to be used.
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The next command is the jurnp command. This allows non-
sequential traversal through the VRAM memory. This is employed so that
the VRAM memory can be modified concurrently with the readout operation
and also to make it easier to add and remove variable size control sequences.
To understand why this is useful, consider the following example: Imagine
that one wants to change the data in VRAM locations 512-1023 while
continuing operation of the scanning using the other locations. If the host
were to just modify locations 512-1023, there is no guarantee that they will
not be used exactly when they are in the middle of being modified. Thus the
data would be in an indeterminate state and could lead to an erroneous
sequence. However, if location 512 is first modified to be a jump to location
1024, and locations to 513-1023 are then modified to their new values, and
location 512 is then finally modified to its new value, this race condition
cannot occur. (Assuming that it is not reading locations 513-1023 at the start
of the modifications but blank regions can be left to get around this.)
Additionally "subroutines" (which can only be used once per scan due to the
fact that the return is coded as an absolute jump) can be used to allow easy
change of the scan sequence.

A jump always takes 128 cycles to execute because the system
controller has to load this new start address into the VRAMSs and transfer the
new row of data to the serial shift register. This typically takes only about 25
cyeles, but because other parts of the system controller may have access to
the VRAM (such as the refresh or host controller), a safe upper bound is used
to maintain a fixed delay.

The last command is the end command. This is used at the end of the
sequence for a frame to tell the system controller that the frame has
completed. The controller then stops fetching instructions until it is restarted
(from location 0) by host if it is in single-frame mode. Ifit is in continuous
mode then it will start immediately on the next frame. (After 128 cycles
required for the implied jump 0).

FIG. 5A is a functional block diagram of the architecture of the
system controller of FIG 3A. The system controller 218 has four basic parts:
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areadout controller 282, a host controller 284, the refresh controller 286, and
the Arbiter 288, The first three support the three basic operations on the
VRAM.: reading out data, writing in of data at host's request, and refreshing
the DRAM core. The arbiter 288 is responsible for merging the requests of
the first three sections into one connection to the VRAM's DRAM core.
Only one of the first three sections can have control at a given time, so the
explicitly request control and wait until this request is acknowledged by the
arbiter 288. They also must tell the arbiter 288 when they are still using the
DRAM so that the arbiter knows not to grant it to one of the other sections.
This is done via the INUSE lines.

Additionally the arbiter 288 sends the host controller 284 a RELREQ
or relinquish request signal to ask the host controller 284 to give up
ownership of the DRAM core because some other section wants it. Note that
only the host 284 controller needs to be asked to relinquish the bus because
the readout controller 284 and refresh controller 286 both only use the
DRAM core for fixed short intervals. The host controller 284, however, can
hold on to the DRAM as long as there is data coming over the FireWire to be
written into the DRAM, so it needs to be told when to temporarily stop
transferring data.

Note that the serial section of the VRAM s is not multiplexed -it is
always controlled by the readout controller 282. The VRAM serial data also
only goes to the readout controller 282.

The readout controller 282 controls the sequencing of the data out the
VRAM' serial access ports, This involves parsing the data headers to
determine what locations should be read, clocking the VRAM Serial Clock at
the correct time, driving the module control lines, and also arranging for the
proper data from the VRAM's DRAM core to be transferred into the serial
access memory.

The host controller 284 is the part of the VRAM Controller that
interfaces to the host 5 via FireWire to allow the host to write into the
VRAM. When the host wants to write into the VRAM, it sends
asynchronous packets specifying which VRAM and which addresses to
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modify as well as the new data to write. The host controller 284 then asks
the arbiter 288 for access to the VRAM. When the DRAM core is not in use
by either the readout 282 or refresh 286 controller, the arbiter 288 grants
control to the host controller 284. The host controller 284 then takes care of
address and control signal generation. When the whole packet has been
decoded, the host controller 284 releases its request line giving up the
DRAM control, allowing the other two sections to use it.

The refresh controller 286 is responsible for periodically generating
refresh cycles to keep the DRAM core of the VRAM from losing its data.
The refresh controller 286 has its own counter to keep track of when it needs
to request a refresh. Once it gains access to the VRAMs via the arbiter 288,
it generates one refresh cycle for each of the VRAM:s sequentially. This
reduces the amount of spikes on the DRAM power supply lines as compared
to refreshing all 5 VRAMS in parallel.

The REFRATE inputs control how many system clock cycles oceur
between refresh cycles. (See Table 3.) This is compensate for different
system clock rates. Additionally, refresh may be disabled for debugging

PUrposes.
TABLE 3. Refresh Rate Definitions
RefRatel RefRated System clock cycles Minimum System Clock to
between refresh cycles | achieve 16us refresh rate
0 0 128 8 MHZ
0 1 256 16 MHZ
1 0 512 32MHZ
1 1 No Refresh )

The arbiter controls 288 the access to the VRAM by the Readout,
Host, and Refresh Controller 282, 284, 286 sections. Only one section may
have access to the DRAM post of the VRAM at any given time. The arbiter
288 does not reassign control of the VRAM to another section until the
section with control relinquishes it by de-asserting its /N_USE line. The
sections are prioritized with the Readout Controller 282 getting the highest
priority and the host controller 284 getting the lowest priotity. The reasoning
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is that if the readout controller 282 needs access to the VRAM, but does not
get it, then the system may break down as the serial output data will be
incorrect. The refresh controller 286 can tolerate occasional delay, although
it should not happen much. Finally, the host controller 284 can potentially
tolerate very long delays because the host can be kept waiting without too
many consequences except that the writing of the VRAM may take longer.

A highly capable, yet cost-effective and physically non-encumbering
connection between the scan head and host computer is possible using the
FireWire standard (also known as IEEE 1394). The FireWire standard is
used for multimedia equipment and allows 100-200Mbps and preferably in
the range of 400-800Mbps operation over an inexpensive 6 wire cable.
Power is also provided on two of the six wires so that the FireWire cable is
the only necessary electrical connection to the probe head. A power source
such as a battery or IEEE1394 hub can be used. The FireWire protocol
provides both isochronous communication for transferring high-rate, low-
latency video data as well as asynchronous, reliable communication that can
be used for configuration and control of the peripherals as well as obtaining
status information from them. Several chipsets are available to interface
custom systems to the FireWire bus. Additionally, PCI-to-FireWire chipsets
and boards are currently available to complete the other end of the head-to-
host connection. CardBus-to-FireWire boards can also be used.

Although the VRAM controller directly controls the ultrasound scan
head, higher level control, initialization, and data processing and display
comes from a general purpose host such as a desktop PC, laptop, or palmtop
computer. The display can include a touchscreen capability. The host writes
the VRAM data via the VRAM Controller. This is performed both at
initialization as well as whenever any parameters change (such as number or
positions of zones, or types of scan head) requiring a different scanning
pattern. During routine operation when data is just being continually read
from the scan head with the same scanning parameters, the host need not
write to the VRAM. Because the VRAM controller alse tracks where in the

scan pattern it is, it can perform the packetization to mark frame boundaries
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in the data that goes back to the host. The control of additional functions
such as power-down modes and querying of buttons or dial on the head can
also be performed via the FireWire connection.

Although FireWire chipsets manage electrical and low-level eroiocoI
interface to the FireWire interface, the system controller has to manage the
interface to the FireWire chipset as well as handling higher level FireWire
protocel issues such as decoding asynchronous packets and keeping frames
from spanning isochronous packet boundaries.

Asynchronous data transfer occurs at anytime and is asynchronous
with respect to the image data. Asynchronous data transfers take the form of
a write or read request from one node to another. The writes and reads are to
a specific range of locations in the target node's address space. The address
space can be 48 bits. The individual asynchronous packet lengths are limited
to 1024 bytes for 200Mbps operation. Both reads and writes are supported
by the system controller. Asynchronous writes are used to allow the host to
modify the VRAM data as well as a control word in the controller which can
alter the operation mode. Asynchronous reads are used to query a
configuration ROM (in the system controller FPGA) and can also be used to
query external registers or I/O such as a "pause” button. The configuration
ROM:s contain a querible "unique ID" which can be used to differentiate the
probe heads as well as allow node-lockings of certain software features based
on akey.

Using isochrenous transfers, a node reserves a specified amount of
bandwidth, and it gets guaranteed low-overhead bursts of link access every
1/8000 second. All image data from the head to the host is sent via
isochronous packets. The FireWire protocol allows for some packet-level
synchronization and additional synchronization is built into the system
controller.

The asynchronous write request packets are sent from the host to the
probehead in order to:

a) Configure the Link Layer controller chip (TI GPLynx or TI GP2
Lynx)
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b) Control the system controller FPGA

c) Write sequencing data into the VRAM

Both the "Asynchronous Write Request with Block Payload" or the
"Asynchronous Write Request with Quadlet Payload" forms can be used.

5 The later simply restricts the payload to one quadlet (4 bytes). The formats
of the two packets are shown in Table 4 and Table 5. Note that these are
how the packets are passed on by the TI LINK. controller chip. The
difference between this and the format over the wire is that the CRCs are
stripped and the speed code (spd) and acknowledgment code (ackSent) are

10 appended to the end. The Adaptec API and device driver take care of

assembling the packets.

Table 4. Asynchronous Write Request with Quadlet Payload as

Delivered by TI LINK chip
1 [ destinationOffsetHi
2
3 | Data 1 [ Data2 [ Data 3
AT T T T T T T Tsod T T T T T T T T T T T T ecksent
Word | Bit (bit 0 s MSB)
[ 5T 6] 7] 8] o] 10| 1] 2] T3] 14 15] 16 17| 18] 19] 20| 21] 22] 23] 24] 25] 28] 27 28] 28] 30 37

15 Table 5. Asynchronous Write Request with Block Payload as
Delivered by TI LINK. chip
Word Bit (it 0 is MSB)
B[ 6] 7] 8] 9] 10 1] 12[13] 14 15] 18] 17] 18] 19] 20] 21] 22[ 23] 24] 25] 28] 27] 28[ 29[ 30] 31

0 tLabel [t [ tCode=t | priority
1 destinationOffsetHi
2
3 extendedTeode
4 Data 1 Data?2 Data3
5 Data 5 Data 6 Data7

3HN4 Data N-3 Data N-2 Data N-1
A [T T T T T T T T Ted [ TTTTTTTTTT T T adcent

The destinationID field holds the node ED of the destination
which is the probe head FireWire controller. The physical layer chip can use

this to determine if the packet is for it. The system controller can ignore this
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field. The tLabel field is used to match requests and responses. For write
requests, this does not matter and can be ignored. The ## is the retry code
used at link and/or phy level. It is not used by the system controller. The
tCode field is the transaction code which determines what type of packet it is.
5 Inparticular O is for quadlet write requests and 1 is for block write requests.
The system controller parses this field to determine what type of packet it is.
Currently only 1Code values of 0 and 1 are recognized. The priority field is
used by the PHY chip only and is ignored by the system controlier. It is used
in, i.e. in selecting which unit on the interface is to receive a particular packet
10 ofdata.
Next, the destinationOffsetHi and destinationOffsetLo fields form the
48 but destination start address. This indicates within the node what the data
should be used for. The system controller used the destinationOffsetHi to
determine the function as shown in Table 6. Note that only the 3 least
15 significant bits of the destinationOffsetHi field are currently examined. The
spd field indicates the speed at which the data was sent while the ackSent

field is use to indicate status by saying how the LINK chip acknowledged the

packet.
TABLE 6. destinationOffsetHi values
destinationOffsetHi Meaning
0 Write VRAM 0
1 Write VRAM 1
2 Write VRAM 2
3 Write VRAM 3
4 Write VRAM 4
5 ‘Write ISO packet Length Register
6 ‘Write System Controller Mode Word
7 ‘Wrote to LINK chip
20 As can be seen, destinationOffsetHi values of 0-4 correspond to

writing the VRAMSs. In this case the destinationOffsetLow is set to the byte
address to start writing. This is twice the standard VRAM address which is
typically formed in 16-bit words. Note also that the start address
(destinationOffsetLow) and the length (dataLength) can both be multiples of
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4 such that all operations are quadlet aligned. The payload data is little
endian and thus need not be converted if written by an Intel PC host. The
length (dataLength) must additionally be between 4 and 128 bytes due to the
size of the GPLynx FIFO. The total FIFO size is 200 bytes, but 72 bytes are
dedicated to the asynchronous transmit FIFO required for read responses.

A destinationOffsetHi value of 5 signifies that the system controller
ISO Packet Length register is to be written. The ISO Packet Length has to be
set in the controller to allow it to correctly format the ISO packets back to the
host via FireWire. An explicit counter in the system controller is used due to
the fact that the TI GPLynx chip does not assert the end-of-packet indication
until one word too late. Note that the ISO Packet length also has to be set in
the LINK chip. The value written is the number of 16-bit words in the ISO
Packet length which also has to be set in the LINK chip. The value written is
the number of 16-bit words in the ISO packet (i.e. bytes/2) and it is written in
little endian order because it is only interpreted by system controller and not
the LINK chip.

Specifying a destinationOffsetHi value of 6 signifies that the system
controller mode word is to be modified. Currently only the least significant
16 bits are used out of each quadlet and all quadlets go to the same place so
writing multiple values just causes the system controller mode word to be
rewritten. Please note that the payload data is again little endian. (Putting
these two facts together yields that the first two out of every four bytes are
used and the second two are ignored.) The definition of the system controller
Mode Word is given in Table 7.

Table 7. System Controller Mode Word

PCT/US02/05764

Bit (bit 31 is MSB)

31-36 | 15-8 7 6 5 4 3 2 1 0
unused | BOF unused | unused | Abort | Single | Run Data
Word Frame | Frame Extra 2 | Exfra 1 | Loop-
back

The BOF Word field is used to set the value that the system controller
will put in the high byte of the first word of an isochronous packet to indicate

the beginning of frame. The BOF word field can be set to some value that is
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not likely to occur in typical data. This not crucial, however, because
choosing a BOF word that occurs in the data will make it more likely to miss
incorrect frame synchronization but will never cause false alarms where it
thinks it is mis-synchronized but is really correctly synchronized. The initial
value upon reset is 80 hex.

The AbortFrame, SingleFrame, and Run bits are used to control the
system operation. Their use is shown in Table 8. The data FIFO is never
allowed to fully empty so an entire frame can not be read out until part of the
next one is the queue.

TABLE 8. Use of AbortFrame, SingleFrame, and Run bits in System

Controller Mode Word
Abort Frame | Single Frame Run Meaning
1 0 0 Abort any current frame and wait
0 1 0 Start a single new frame
0 0 1 Keep scanning new frames
0 0 0 Let any current frame complete

The DataLoopback bit is used to control whether the data that is read
back from the host comes from A/D or from one of the VRAMs. (Currently
this is VRAM 1.) This second option can used for test purposes to test the
digital data generation and collection without testing the beamformer and
A/D conversion. A 0 in the DataLoopback bit indicates normal operation of
reading from A/D while a 1 means that it should get data from the VRAM.

The Extral and Extra2 bits are available for general use. They are
latched by the system controller and currently brought out on pins called
EXTRACLOCKO and EXTRACLOCK] but can be used for any purpose.

Finally setting destinationOffsetHi to 7 indicates that the data in the
asynchronous packet be written back to the FireWire Link chip. This allows
any of the TI TSB12LV31's (or 32's) registers to be modified by the host.
This can be used to configure and enable the Isochronous data transmit. The
destinationOffsetLow specifies the first register to write. Because the
registers are all 4-bytes in size and must be written in their entirety,
destinationOffsetLow and dataLength must both be multiples of 4. Multiple

consecutive registers can be written with a single packet. Note that the data
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is big-endian because the TSB12LV31 is designed as big-endian. This byte-

swapping must be performed by the Intel PC host.

Read request packets are used to asynchronously read data from the

probehead. This currently only consists of configuration ROM data (see

5 below) but can be easily used for other types of data such as status

information or button indications.

The Adaptec device drivers send Asynchronous Read Requests in

response to explicit application requests as well as to interrogate the node's

FireWire configuration ROM in response to a SendPAPICommand of

10 P_GET_DEV_INFO or after a bus reset or when an application tries to

obtain a handle to a node.

Asynchronous read requests can either be of the quadlet or block

variety as with the asynchronous write requests. The formats are shown in

Table 9 and Table 10. They are similar to the write request formats.

15 TABLE 9. Asynchronous Read Request with Quadlet Payload as

Delivered by TI LINK chip

Word Bit (it 0 is MSB)

5[ 6] 7] 8] O] 10] 1] 12] 13] 14] 15] 16] 17] 18] 19] 20] 21] 22] 23] 24] 25| 26] 27 28] 26 0] 31

0 tLabel | it | Code=4 | priority

1 destinafionOffsetHi

2

4 [T T T T T T T lsd T T T T T TTTTTTT T edSent

TABLE 10. Asynchronous Read Request with Quadlet Payload as Delivered by TI

LINK chip

Bit (bit C is MSB)

SNEENEE) 0] 1] 12[13] 14] 15[ 16] 17[ 18] 19] 20] 21] 22] 23] 24] 25] 26] 27] 28] 29 30] 31
0 tLabel [ vt [ tCodess [ priority
1 destinationOffsethHi

2

3 | extendedTcode

4 T T T T T T T Teed [ TT T T T T T T T [T T addent

As with the asynchronous write packets, the destinationOffsetHi and

destinationQffsetLow determine what is being requested. The high addresses

are defined for use as Control and Status Registers and the configuration

20 ROM while the lower address are for more general purpose use. In
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particular, the FireWire configuration ROM starts at
destinationOffsetHi=0xffff, and destinationOffsetLow=0xf0000400, for
example.

When the system controller receives a Quadlet or Block Read
Request packet from the TI LINK chip's General Receive FIFO, it formulates
a Quadlet or Block Read Response packet and places it in the LINK chip's
Asynchronous Transmit FIFO. The format of these packets (as placed in the
Asynchronous Transmit FIFO) is shown in Table 11 and Table 12.

TABLE 11. Asynchronous Read Response with Quadlet Payload as

Expected by TI LINK chip
Word Bit {bit 0 is MSB)
5[ 8] 7] 8] o[ 1o[11[ 12 13 14] 15[ 16] 17] 18] 10] 20] 21] 22] 23] 24] 25] 26[ 27] 28] 29[ 30 31
o [T T 111 [spd tLabel it | tCoce=s | priority |
1d Code | reserved =0
2
3 [ Deta 1 [ Data 2 [ Data 3

TABLE 12. Asynchronous Read Response with Block Payload as Expected by TI
LINK. chip

Word Bit (bit 0 is MSB)
5] ] 7| 8] o 10] 1] 12[ 13 14] 15] 16] 17] 18] 19] 20] 21 22[ 23] 24] 25[ 26] 27] 28] 29[ 30[ 31
0 T T T T T T Tspd fLabel |t | tCode=7 | priority
1 rCode | reserved =0
2
3 extendedTcode
4 Data 1 Data 2 Data 3
5 Data 5 Data 6 Data 7
3+N/4 DalaN3 Date N-2 Data N-1

The spd, tLabel, rt, and priority values are copied from the request
packet. The destinationID is taken from the sourcelD of the request packet.
Note that all packet CRCs are generated by the TI LINK chip and are thus
note included the data that the system controller must generate. (The ROM
CRCs do have to be computed explicitly off-line.)

The Code field is used to indicate the status of the reply. In
particular, 0 means resp_complete indicating all is well. A value of 6 means
resp_type_error indicating that some field of the packet was invalid or

unsupported. In this case, if the request was a block request then the
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dataLength of the response packet must be 0 and no data should be included.
A resp_type_error is returned if the daraLength or destinationOffsetLow of
the request packet were not multiples of 4 or if the dataLength was not
between 4 and 32 (for block packets). This is because the TI chip's
asynchronous transmit FIFO is configured to be 12 quadlets (for 8 payload
quadlets +4 quadlet header) so that the receive FIFO can be 36 quadlets in
order to allow 128 byte payload write packets. The longest request the
Adaptec device drivers should request is 8 quadlets because that is the length
of the configuration ROM. In any case, it is assumed that if a long transfer
failed, it falls back to a smaller request.

The FireWire specification expects each FireWire node to have a
configuration ROM that contains various details about the device, its
requirements, and its capabilities. This ROM is to be queried via Read
Request packets. There are two types of ROM implementations: a minimal
ROM and a general ROM. The former has only one quadlet (4-byte) piece of
data indicating a 24-bit vendor DD. The general ROM has many other fields,
and many which are optional ranging from the ASCII name of the vendor and
device to its power consumption and how to access its capabilities.

One of the required fields in a general ROM is a node unique ID.
This consists of the 24-bit vendor ID and a 40-bit chip ID. The 40-bit chip-
ID is up to the vendor to assign such that all nodes have unique values. The
node unique ID's are required to keep a consistent handle on the device if the
FireWire bus is reset or reconfigured during operation. When a device is
first opened, the application reads its configuration ROM and determines if it
wants to work with it. If so it records its node unique ID and opens a
connection to the device via that node unique ID. This is then at any given
time mapped 1o its FireWire ID (16-bif) by the host adapter and its device
driver. If the topology changes or a FireWire bus reset occurs, the node's
FireWire ID can change, however the node unique ID will not. Thus, in such
an event, the adapter automatically determines the new FireWire ID and

continues. Thus for smooth operation, particularly with multiple heads
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attached to the system, implementing node unique IDs and the configuration
ROM is required.
The configuration ROM is divided into several sections. The sections
of particular interest are the first word, which defines the length and CRC of
5  the ROM, the next 4 words comprising the Bus_Info_Block, which gives
some fixed 1394-specific information (such as Node Unique ID), and the last
3 words representing the Root Directory which is a set of key-value tagged
entries. Only the two required key-value pairs are included the ROM built
into the FPGA. An 8-word ROM that can be used is shown in Table 13.

10 TABLE 13. FireWire Configuration ROM built into FPGA
Word Bit (bit 0 is MSB)
5[ 6] 7] 8[ o[ 10] 11] 12[ 13[ 14] 15] 16] 17] 18] 19] 20[ 21] 22] 23] 24] 25] 26] 27] 28] 29[ 30 31
crc_length=0x07 rom_crc_value=0xfbc8
0x33 ("3") 0x32 ("9") | 0x34 (4"
coyc_clk_ace=0xff mex_rec=6 | reserve=0x000
| chip_is_hi=0

Root_Dir CRC=0xoc8e
| module_vendor_id=1234567 (Ox120687)
| node_capabllities=0x000000

~|@fo]sfw|rol~]o

Isochronous packets are used for the probehead-to-host
communication of beamformed data. This is conceptually a stream of 16-bit
numbers punctuated by frame markers. The frame markers are important to
keep in sync with where in the frame the data corresponds. While some

15 ultrasound systems use elaborate frame and line markers embedded in the
data, the integrated system can use a single auxiliary bit, which is not sent as
part of the data, to mark frame boundaries. Line boundaries can be derived
by knowing the VRAM sequencing program.

‘While asynchronous packets can be sent at will and do not

20 have any gnarantee of bandwidth availability, isochronous packets can be
used as low-overhead way to send a guaranteed rate of data. Once a
peripheral reserves a specified amount of bandwidth, it gets guaranteed
bursts of link access every 1/8000 second. All data from the head to the host

is sent via isochronous packets. Because isochronous packets are limited to
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1/8000 second, this is a frame of data. The FireWire specification describes
the use of synchronization bits which can be used to tag each isochronous
packet with a 4 bit SYNC code. The Adaptec FireWire-to-PCI bridge can
then use the Sync field to assure proper frame alignment. However, the TI
GPLynx Controller chip only supports frame-level granularity of when to
send packets and not packet level so when the System Controller tells the
FireWire link chip it has data, it must be prepared to send a whole frame of
data. Because the FIFO is much smaller than a frame, a sage option is to
reduce the effective FireWire frame size to one packet. Then a specific
Beginning of Frame (BOF) code in the high byte of the first word of every
ultrasound frame and force the start of ultrasound frames to occur at the
beginning of FireWire frames (and packets) and do frame-level
synchronization in the Ultrasound application software. For efficiency, a full
ultrasound frame of data can still be read in one FireWire call (and hence one
interrupt).

There are three steps in setting up for Isochronous head-to-host data
transfers. These initialization steps need only be performed once per probe
initialization.

The first step is to reserve isochronous bandwidth. This reservation
causes a cenfral record of the request (in the FireWire isochronous cycle
manager node) to be kept to assure that the total bandwidth allocated does
not exceed the total bandwidth of the link. For example, this reservation is
achieved using the Adaptec API BusConfig 0 command with Cmd field set
toP_ALLOCATE_RESOURCE. A requested payload in bytes is passed in.
This can be the amount of data desired in every 1/8000 second. Setting this
value too high simply wastes reserved bandwidth on the FireWire interface
which is not a problem if there is only one device. Setting this value too low
may constrain the head-to-host data rate. No overflows or data loss are likely
to occur, the scanning may simply proceed slower. The resource allocation
call will return both an isochronous channel number as well as the payload
size granted. This payload size granted may be less than that requested if

part of the link has already been reserved.
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The next step is to set the system controller ISO packet length word
to tell how long of an ISO packet to expect.

The final step is (o initialize the probehead LINK chip. This is done
via the writeback to LINK chip asynchronous packets described above. In
particular, initializing registers 54h, 58h, and 5ch is necessary. The
probehead can then be told to start sequencing and the data will flow back,

If multiple probes are connected to the system then the isochronous
bandwidth reservation can take place once but at any given time, only one
probe's isochronous transmission (as well as its sequencing) is enabled.

As previously described, isochronous data transfers are used to
deliver the probe head data to the host. Maintaining frame synchronization is
necessary. The FireWire will support sub-frame packetization of about 3000
bytes but it is up to the system controller to implement frame synchronization
on top of this. Synchronization is achieved via two methods:

1. The high byte of the first word in the first packet of a frame is set

to the Beginning of Frame (BOF) code. (This can be set in the system

controller Mode word).

2. All frames are padded to consume a whole number of packets.

‘When these two are combined, they guarantee that frame
synchronization will be maintained if the correct number of packets are read
at a time and the resynchronization can be effected by just scanning the high-
byte of the first word of each packet in the data stream.

An example packetization is shown in Table 14. This depicts 4
packets of 4 words (8 bytes) apiece showing one complete ultrasound frame
and the first packet of the next frame. The ultrasound frame size is 10 words.
As can be seen, the Hi byte of the first word is set to the BOF code. This can
be examined to assure that proper synchronization has been maintained. The
data is then split into the three packets 1-3. Because the frame ends in the
middle of packet 3, the end of packet 3 is padded with the BOF code in the
high word. Importantly, this means that the first word of the fourth packet
will be the first word of the second frame even though the ultrasound frame

size is not a multiple of the packet size.
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TABLE 14. Example Packetization of Isochronous Head-to-Host

Data
Packet Word Lo Byte HiByte |
1 Data 1 Lo BOF
1 2 Data2 Lo Data 2 Hi
(Frame 1) 3 Data3 Lo Data 3 Hi
4 Data4d Lo Data 4 Hi
1 Data 5 Lo Data 5 Hi
2 2 Data 6 Lo Data 6 Hi
(Frame 1) 3 Data 7 Lo Data 7 Hi
4 Data 8 Lo Data 8 Hi
1 Data 9 Lo Data 9 Hi
3 2 Data 10 Lo Data 10 Hi
(Frame 1) 3 Datal Lo BOF
4 Data 1 Lo BOF
1 Data 1 Lo BOF
4 2 Data 3 Lo Data 2 Hi
(Frame 2) 3 Data 3 Lo Data 3 Hi
L 4

The TSB12LV31 (or 32) performs packetization of the isochronous
data but informs the system controller of packet boundaries via the ISORST
signal. The system controller then uses this to reset its internal word-to-byte
multiplexer as well as packetization circuitry. If it receives a frame marker

10 from the FIFO then stops clocking data out of the FIFO until it receive a
ISORST pulse.

The module interface defines how the various modules in the system
are controlled by the VRAM controller. There are two types of modules,
those that receive data from the four VRAMSs which are shared (two on each

15 analog board), and those that receive data from the VRAM on the digital
board, (via the VRAM controller) which is dedicated. The two types of

modules use different control signals to synchronize their operation.
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Much of the timing depends on the speed of the runs of the module
(shared / dedicated VRAM usage.) FIG. 5B shows typical timing for the
different module interfacing modes for a typical program sequence.

As previously stated, VRAMDATA, the data from the loopback
VRAM, control the execution. The diagonal shaded boxes denote header
data used by the VRAM controller while the shaded boxes denote module
data in FIG. 5B. The data in the four other VRAMSs go to the modules. The
data from the first VRAM is looped back into the system controller and then
used for dedicated data supply for things like the TGC, feedback control, etc.

In clocks 1-4 in FIG. 5B a run of data at a rate 1/1 destined for
module 0. The header is clocked out at clock 1. The pulse of
NEWRUNCLOCK at clock 1 lets the modules know that the next clock will
be the first in a run. They thus reset their internal run-related state if
necessary. The data is clocked out during clocks 2, 3, and 4. Since the data
is destined for module 0, the MODCLOCKQ is pulsed once per new data
word. Module 0 should latch the data at VRAMDATA on the rising edge of
MODCLOCKO.

Note that the access and hold times of the VRAM (7, and T}, in
FIG. 5B) must be observed carefully. Since the access time of the VRAM is
15ns-25ns depending on the speed grade the hold time can be as low as 4ns,
this does not leave a lot of margin when operating at data no earlier than 7,
- T, before the rising edge of their module clock. (Any skew between SC
and the MODCLOCK tightens this bound accordingly but due to the way the
VRAM controller was designed to generate both signals as gated clocks from
the same MASTERCLK the skew is minimal assuming that the loading
conditions are not too dissimilar.) Given a master clock frequency of 33 MHz
and the fast VRAM, this gives 15ns slack. Using the slower VRAM gives
5ns slack.

The modules accepting data at the full rate must additionally malke
sure that they do not latch the data more than T,y after the rising clock. This

is because the same clock is used to retrieve the next words from the VRAM.
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Thus in general modules should make sure to delay the data inputs at least as
much as they delay the clock inputs to effectively clock at or before the rising
edge of their module clock. This second constraint does not exist when 1/2,
1/4, or 1/8 rate data is used.

Since the first example is of 1/1 rate data, the
MODULEFASTCLOCKQO signal follows the MODULECLOCKQ line. They
will only differ when 1/2,1/4, or 1/8 rate data is used.

Clocks 7-15 show a run of length 2 at rate 1/4 destined for Module 2.
Thus new data will be clocked out of the VRAMs only once every 4" master
clock. Here MODULEFASTCLOCK?2 will exhibit different behavior than
MODULECLOCK?2. Again the NEWRUNCLOCK at clock 7 signals that a
new run is beginning on the next clock cycle. During clock 7, the VRAM
controller has latched the header data indicating that the next run is for
module 2 at arate of 1/4. Also during clock 7, the VRAM generates the
module data that the module will use. At clock 8, a MODCLOCK2 occurs,
telling module 2 to latch in and use the VRAM's data. Note that the data will
present until the master clock before the next MODCLOCK2.

Although MODCLOCK? is only clocked once per new data word,
MODULEFASTCLOCK?2 is clocked once per master clock for the duration
of the run. This is useful for modules, such as the beamformer which may
only need data at a lower rate but need to perform computation at the full
rate. The MODNEWDATA signal can also be used by modules using the
MODFASTCLOCK lines to determine on which of the fast clocks new data
has been presented.

Clocks 16-18 show the result of a panse command. Here the
NEWRUNCLOCK is sequenced as usual but no MODCLOCK or
MODFASTCLOCK is generated.

As noted above, the particular embodiment was chosen based on a
number of criteria, including simplicity of implementation using an FPGA.
This motivated the use of VRAMs. An ASIC interface using more dense
SDRAM requires at least some buffering, but this can be built into the

controller, or alternatively, with the beamformer, T/R circuit or amplifier
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modules. In this way they receive bursts of data as oppesed to the simple
synchronous, continuous data that the above system supplies. The benefit is
that SDRAMS are more dense and can provide data at higher rates, which
reduces the parts count. Such a configuration is shown in FIG. 4B, for
example, in which the 64 or 128 channel (6605~ 660;) system is configured on
one or two printed circuit boards. In this two board system, the T/R circuit
and the preamplifier/TGC circuit are fabricated in a single integrated circuit
and are placed on one board with a CDP beamformer that is formed as a
second integrated circuit. The beamformer control circuits can include the
calculation of weighted inputs with processor 670. The memory for this
system is either a SDRAM or VRAM located on the second board along with
the system controller and the digital communication control circuit.

Returning to FIG. 3A, the standard FireWire cable 40 includes a
plurality of FireWire signal lines 42 and a FireWire power line 44, In order
to provide the necessary voltages, the FireWire powet line 44 is fed to an
inline DC-DC converter 300. The DC-DC converter 300 generates the
necessary voltages and provides them over a plurality of power lines 46.
These new power lines 46 are repackaged with the FireWire signal lines 42
in a custom cable 40". In the probe housing 3', the FireWire signal lines 42
are connected to the FireWire chipset 220 and the custom power lines 46 are
connected to a power distributor 48, which filters and distributes the various
voltages over respective internal voltage lines 148A, 148B, 248. In addition,
the power distributor 48 may perform additional DC-DC conversions, as
described in more detail below.

The transmit/receive control chip is needed to interface with the
transducer array. In a transmit mode, the chip can provide delays to the high-
voltage driving pulses applied to each of the selected transducer ¢lements
such that the transmitted pulses will be coherently summed on the image
place at the required transmit focus point. In a receive mode, it provides
connection of the reflected sound waves received by a selected element to its
corresponding amplifier. The functions of a multi-channel transmit/receive

chip can be separated into two parts: a core function which provide low-
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voltage transmit/receive control and a buffer function which level shifts the
low-voltage transmit/receive control into high voltage and directly interfaces
with the transducer array. The core function of the transmit/receive chip
includes a global counter which broadcasts a master clock and bit values to
each channel processor; a global memory which controls transmit frequency,
pulse number, pulse sequence and transmit/receive select; a Jocal comparator
which provides delay selection for each channel. For example, for a 60 MHZ
clock and a 10 bit global counter, it can provide each channel with up to 17
ps delay; a local frequency counter which provides programmable transmit
frequency; a local pulse counter which provides different pulse sequences.
For example, a 7-bit counter can provide programmable transmitted pulse
lengths from one pulse up to 128 pulses; a locally programmable phase
selector which provides sub-clack delay resolution. For example, for a
G60MHz master clock and a two-to-one phase selector provides 8 ns delay
resolution.

While typically the period of the transmit-chip clock determines the
delay resolution, a technique called programmable subclock delay resolution
allows the delay resolution to be more precise than the clock period. With
programmable subclock delay resolution, the output of the frequency counter
is gated with a phase of the clock that is programmable on a per-channel
basis. In the simplest form, a two-phase clock is used and the output of the
frequency counter- is either gated with the asserted or Deasserted clock.
Alternatively, multiple skewed clocks can be used. One per channel can be
selected and used to gate the coarse timing signal from the frequency counter.

As can be seen in FIG. 3B, a semiconductor process that can support
both high-voltage and low-voltage operations is ideally matched for a single-
chip solution to the transmit/receive chip described above. The core function
of the transmit/receive chip can be implemented on low-voltage transistors to
reduce power consumption, The level-shifting function can be implemented
on high-voltage transistors to provide the necessary driving pulses to the
transducer array. However, only selected semiconductor processes can make

the integration of both high-voltage (buffer 292) and low-voltage transistors
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(294) on one chip 290 possible. As a result, the high/low voltage process has
been so far offered only with 0.8-to-Jum-design rules, With these design
rules, a 64-channel transmit/receive chip can easily be integrated on a single
chip in less than 1 om? chip area.

In order to save power and silicon area, a multi-chip module 295 can
be used to implement a transmit/receive chip. For example, a deep-sub-
micron process can be used to implement the core function 296 of the
module, and a separate process can be used to implement the buffer 298
function. As shown in FIG. 3C, the multi-chip set can be mounted in a
single package to realize the transmit/receive control function. With multi-
chip module approach, a 128-channel transmit/receive controller can easily
be integrated on one package.

FIG. 3D illustrates an alternate embodiment in which the transducer
array 10" is located in a separate probe housing 410 connected to the interface
housing 404 by a cable 412. Such a system is also illustrated in conmection
with FIG. 12. Note that another embodiment involves a probe housing in
which certain circuit elements such as the transmit/receive circuitry and/or
the preamp/TGC circuitry is included with the transducer array while the
beamformer, system control and memory circuits remain in the interface,
The system in FIG. 3D provides for the use of standard probes and a
beamformer interface that weighs less than 10 Ibs and which can be
connected to a standard personal computer. The interface 404 has a volume
of less than 1500 cm® and a weight that is preferably less than 5 Ibs.

FIG. 6 shows a block diagram of another particular embodiment of an
ultrasonic imaging system adapted for external application integration.
Referring to FIG. 6, the transducer array housing 32 and associated circuitry
are connected to a system controller 500 via an ultrasound (US) interface
502. The system controller 500 is connected to a host user computing device
5 such as a PC via a standard interface 40 which is a predetermined
communication link, such as an IEEE 1394 interface, also known as
FireWire. The US data therefore, is transmitted to a user computing device 5

via the standard interface 40, relieving the need for specialized components
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to be employed in the user computing device 5. The user computing device 5
therefore provides an ultrasonic application server which may be integrated
with an external application, as will be described further below.

The ultrasonic application server running on the user computer device
5, therefore, receives the US data, and makes it available to be invoked by an
external application for further processing. The external application may be
either local, and therefore running on the user computer device 3, or remote,
and accessing the ultrasonic application server remotely.

FIG. 7A shows an integrated interface program operable for use with
a local external application. Referring to FIG. 7A, the ultrasonic server
application 504 is running on the user computing device 5. A local external
application 506 is also running on the user computing device 5, and transmits
to and from the ultrasonic server application 504 via an integrated interface
program 508. The integrated interface program 508 contains a series of
predetermined entry points 510a...510n corresponding to operations which
the ultrasonic application server 504 may perform on behalf of the local
external application 506. The local external application 506 sends a
command, which includes an instruction and optional parameters as defined
by the predetermined entry points 510. The local external application 506
transmits the command to the ultrasonic server application 504 by invoking
the entry point 510n in the integrated interface program which corresponds to
intended operation. The entry point may be invoked by procedure or
function call via a stack call, message transmission, object passing, or other
suitable interprocess communication mechanism. In a particular
embodiment, Windows® messages may be used.

The command is received by the ultrasonic server application 504 via
the desired entry point 510n from the integrated interface program 508, and
is processed. The ultrasonic server application 504 executes a result
corresponding to the desired function, and transmits the result back to the
external application 506 via the integrated interface program 508, typically

by similar interprocess communication mechanisms employed in transmitting
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the corresponding command. The operations performed by the ultrasonic

application server may include the following:

OPERATION DESCRIPTION

Freeze Image Freeze active ultrasound data image; used to
capture still frames

Resume Live Obtain realtime ultrasound image

Export Frame Export a frame of ultrasound image data ina
format as determined by the parameters

Application Status Return a status code of a previous operation

Initialize Initialize Ultrasonic Application Server to begin
receiving commands from an external
application

Exit Application Disconnect external application from the
Ultrasonic Application Server

and may also include others by defining an entry point in the
5  integrated interface program 508 and a corresponding operation in the
ultrasonic server application 504,

The result received by the local external application 506, therefore,
may be employed and analyzed by any functions provided by the local
externa] application 506. The local external application 506 may be

10 extended and meodified to provide desired functions without modifying the
ultrasonic application server 504 or the integrated interface program 508,
Further, additional entry points 510n to other operations provided by the
ultrasonic server application 504 may require only modification of the
integrated interface program 508. Further, multiple external applications

15  may access the integrated interface program 508 by computing the proper
instructions and parameters of the commands as defined by the integrated
interface program 508.

In particular embodiments, the external application is operable to
process 2 dimensional and 3 dimensional radiation therapy data, fetal image

20  data, cardiac image data, and image guided surgery data. Such applications
are employed in the medical field by operators such as surgeons to provide
visual feedback about medical information. For example, fetal image data is
used to view a fetus in utero. By employing multidimensional data to

provide a visual image, conditions such as birth defects, treatable ailments,
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gender, size, and others can be determined. Similarly, radiation therapy data
may be employed to simultaneously display information about the direction
and intensity of radiation treatment, and a visual image of the treatment area.
Such visual image data may also be employed in image guided surgery, to
indicate the location of a surgical instrument. Such information is
particularly useful in contexts such as brain surgery, where it may not be
possible to expose the afflicted area.

FIG. 7B shows an integrated interface program 508 operable for use
with a remote external application. In such an embodiment, a remote
external application 512 is running on a remote computing device 514 such
as a PC, and is connected to the user computing device 5 via a public access
network 517 such as the Internet via a communication link 518. The
integrated interface program 508 includes connection points 516a..516n such
as remote procedure call (RPC) points or other inter-node communication
mechanism. In a particular embodiment the connection points are sockets in
accordance with the TCP/IP protocol.

Similar to the local external application 506, the remote external
application 512 is operable to compute a command corresponding to an
intended operation in the ultrasonic application server 504. The connection
points 516n are generally operable to receive a command transmitted from
the remote external application 512. The ultrasonic application server 504
sends a result corresponding to the command, and transmits the result back to
the remote external application 512 via the integrated interface program 508
by an inter-node communication mechanism such as that used to transmit the
command, Further, the same integrated interface program could have both
entry points 510n, generally to be accessed by the local external application
506, and commection points 516n, generally accessible by the remote external
application 512.

FIG. 8 shows a flowchart of external application integration.
Referring to FIGS. G, 7A, 7B and 8, an external application determines a
desired US operation to be employed in processing and/or analysis, as

depicted at step 550. The operation may provide data, and may cause a
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certain result or state change, or a combination. The external application
determines the instruction corresponding to this operation, as shown at step
552, as defined by the integrated interface program. The external application
then determines if any parameters are required for the operation, as disclosed
at step 554. If parameters are required, the external application determines
the parameters, as depicted at step 556. If no parameters are required,
execution continues. The external application determines a command
including the instruction and any required parameters, corresponding to the
desired US operation, as shown at step 558. The command is transmitted to
the ultrasonic application server via the integrated interface program, as
disclosed at step 560. The transmission may be by any suitable method, such
as those described above and others, depending on whether the external
application is local or remote.

Ultrasonic data is received by the ultrasonic server application 504
via the standard communication interface 40 indicative of ultrasonic image
information, as depicted at step 562. As described above, the ultrasonic data
is received via a test probe disposed in contact with the subject, or patient,
for viewing such visual information as radiation therapy data, fetal image
data, cardiac image data, and image guided surgery data. Information such as
the ultrasonic application server 504 executes a result corresponding to the
command from the ultrasonic data, as disclosed at step 564. Thus step 564
may involve control signals being generated to define or re-define a region of
interest in which radiation is to be directed for treatment. The ultrasonic
application server 504 then transmits the computed result to the external
application via the integrated interface program 508, as shown at step 566.
Note that it is expected that many successive command and results are
computed, and the ultrasonic data is concurrently sent in an iterative manner
over the standard communication interface 40.

In another particular embodiment, the integrated application program
includes both entry points for local external applications, and connection
points for remote external applications. The instructions and parameters

corresponding to the entry points are known to the local external application,
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and the instruction and parameters corresponding to the connection points are
known to the remote external application. Further, there may be both an
entry point and a connection point operable to invoke the same operation in
the integrated application server. In such an embodiment, a semaphore or
reentrancy mechanism is employed in the ultrasonic application server to
avoid deadlock or simultaneous attempts to invoke the same operation. Both
the local and remote external applications invoke the ultrasound application
server via the integrated interface program 508 (FIGS. 74 and 7B).

The ultrasonic application server also includes a graphical user
interface for manipulating operations without accessing the external
application. Referring to FIG. 9, a control bar 578 of a top level GUI screen
is shown. The control bar allows manipulation of tools affecting image
settings of the display via image control presets. The image settings are
controlled for each of three sizes small 570a, medium 570b, and large 570c.
For each size, the image settings within that size may be controlled,
including depth 572, focus 574, and time gain compensation 576, Bach of
these settings may be saved under a user defined name for later recall. The
user clicks on a save button and is prompted to enter a file name. Each of the
three sets of image settings corresponding to the size settings 570a, 570b, and
570c is then stored corresponding to the file name, and may be recalled by
the user at a later time.

Those skilled in the art should readily appreciate that the programs
defining the operations and methods defined herein are deliverable to a user
computing device and a remote computing device in many forms, including
but not limited to a) information permanently stored on non-writeable storage
media such as ROM devices, b} information alterably stored on writeable
storage media such as floppy disks, magnetic tapes, CDs, RAM devices, and
other magnetic and optical media, or ¢) information conveyed to a computer
through communication media, for example using baseband signaling or
broadband signaling techniques, as in an electronic network such as the
Internet or telephone modem lines. The operations and methods may be

implemented in a software exccutable by a processor or as a set of
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instructions embedded in a carrier wave. Alternatively, the operations and
methods may be embedied in whole or in part using hardware components,
such as Application Specific Integrated Circuits (ASICs), state machines,
conirollers or other hardware components or devices, or a combination of
hardware, software, and firmware components.

FIG. 10 illustrates a preferred embodiment of a portable ultrasound
system 470 in accordance with the invention. A personnel computer 472
such as a laptop, a hand-held computer or a desktop workstation can provide
power and a standard interface (e.g. IEEE 1394 or USB) to a housing 474
along cable 476. Housing 474 includes a DC-DC converter to deliver power
along cable 480 to interface housing (482,490). This interface housing has
two or three circuit boards 484,486, 488 as described previously. A standard
transducer housing 496 with transducer array 498 is connected to the
interface housing along cable 494 and connector 492. The beamformer
integrated circuit mounted on circuit board 486 requires steering data, the
transmit circuitry requires data to provide proper transmit focus and the TGC
must have gain level information for a given depth.

FIG. 11 illustrates a wearable ultrasound imaging system that can
include a belt mounted computer 360 or interface connected big cable 362 to
hand-held probe 364, a second hand-held unit 368 that can include various
controls including a mouse control and buttons to freeze the image displayed
or to store a particular image in electronic memory. The unit 368 can be
comnected by wireless (RF or infrared) connection or by cable 366 to housing
360. The computer 360 can be connected to a desktop, laptop or hand-held
display or can be connected by cable to a headmounted display system 370
that includes a microphone, a pair of speakers for audio and a high resolution
display positioned adjacent the user's eye.

Another preferred embodiment is illustrated in FIG. 12 in which 2
laptop computer 450, having a flat panel display and a standard keyboard,
has been programmed to perform scan conversion, doppler processing etc. on
a beamnformed representation of the region of interest that has been

transmitted from interface housing 454 along a standard communications
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link such as cable 458 that conforms to the IEEE 1394 FireWire standard or
the USB 2.0 standard, for example. The computer 450 and/or the interface
can optionally include a conirol panel 452, 456, that can be used to control
the study being conducted. A preferred embodiment of the interface housing
454 is controlled solely by the personnel computer 450 and provides for the
use of standard transducer array probes that can be interchangeably attached
to the interface housing 454 with a cable. Alternately, an additional remote
controller 464 can be used to control system operation. The interface 454
can house the circuit boards on which the beamformer, memory, system
controller and digital communication circuits are mounted. The interface 454
is connected to the hand-held probe 460 with a cable that is preferably
between two feet and six feet in length, however longer lengths can be used.
The transmit/receive and/or the preamplifier/TGC circuits can be in the probe
housing 460 or in the interface housing 454. The computer can also be
configured for gigabit Ethernct operation and for transmitting video and
image data over networks to remote systems at clinics or hospitals. The
video data can also be sent to a VCR or standard video recorder or video
camera with an IEEE 1394 part for recording on videotape. The VCR or
video camera can be controlled using the computer.

Returning to FIG. 1, the host 5 can be a desktop, laptop palmtop or
other portable computer executing software instructions to display ultrasound
images. In addition to real-time B-mode ultrasound images for displaying
soft-tissue structures in the human body, Doppler ultrasound data can be used
to display an estimate of blood velocity in the body in real time. Three
different velocity estimation systems exist: color-flow imaging (CFI), power-
Doppler and spectral sonogram,

The color-flow imaging modality interrogates a specific region of the
body, and displays a real-time image of mean velocity distribution. The
CFT's are usually shown on top of the dynamic B-mode image. To determine
the direction of blood flow, different colors indicate velocity toward and

away from the transducer.
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‘While color flow images display the mean or standard deviation of
the velocity of reflectors (i.c., blood cells) in a given region, power Doppler
(PD) displays a measurement of the amount of moving reflectors in the area,
similar to a B-mode image's display of the total amount of reflectivity. A PD
image is an energy image in which the energy of the flow signal is displayed.
These images give no velocity information but only show the location of
flow.

The spectral Doppler or spectral sonogram modality utilizes a pulsed-
wave system to interrogate a single range gate and displays the velocity
distributionLaS a function of time. This sonogram caun be combined with a B-
mode image to yield a duplex image. Typically, the top side of the display
shows a B-mode image of the region under investigation, and the bottom -
shows the sonogram. Similarly, the sonogram can also be combined with the
CFI image to yield a triplex image. Thus, the time for data acquisition is
divided between acquiring all three sets of data. Consequently, the frame
rate of the complex image is generally decreased, compared to either CFI or
duplex imaging.

A pulsed-Doppler processor for color-flow map applications is now
described. Color Doppler (CD) or color-flow imaging combines, in a single
modality, the capabilities of ultrasound to image tissue and to investigate
blood flow. CD images consist of Doppler information that can be color-
encoded and superimposed on a B-mode gray-scale image.

Color-flow imaging is a mean velocity estimator. There are two
different techniques in computing the mean velocity. First, in a pulsed
Doppler system fast fourier transformer (FFTs) can be used to yield the
velocity distribution of the region of interest, and both the mean and variance
of the velocity profile can be calculated and displayed as a color flow image.
The other approach uses a one-dimensional auto correlation.

An estimate of the mean velocity in the range gate gives an indication
of the volume flow rate. Given that the frequency of the reflected, range-
gated signal is proportional to the flow velocity, the spatial mean velocity is

determined by the mean angular frequency.
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ja)P(w)dw
i]iP(w)cla)

w

M

Here, P(w) is the power-spectral density of the received,
demodulated signal. The inverse Fourier transform of the power-spectral

density is the autocorrelation:
5 R(zr)= IP((H) exp(jor)da (@)
The derivative of the autocorrelation with respect to 7 is:

R(z)= fP(aJ)exp(jcor)dm 3)

Substituting Eqs. (2) and (3) into Eq. (1) yields:
et {3(0)
JR(0}

10 Therefore, the mean velocity estimator can be reduced to an

“

estimation of the autocorrelation and the derivative of the autocorrelation.
The estimator given by the proceeding expression can be calculated when
data from two returned lines are used, i.e.,
w=- Sy arctan(CD) ®)
15 where
1 N,-2
—_— Zy(i + 1)):(1')— )c(i + l)y(i)
N -1
0= ‘I yo ©)
_ Z)c(i + I)x(i) + y(i + 1)y(i)

N, 143

S py 1s the pulse repetition frequency, and N, are the number of
lines used in autocorrelation estimator. In practice, more then 2 lines are
used to improve the signal-to-noise ratio. Data from several RF lines are

20 needed in order to get useful velocity estimates by the auto-correlation

technique. Typically, between 8 and 16 lines are acquired for the same
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image direction. The lines are divided into range gates throughout the image
depths and the velocity is estimated along the lines.

For duplex imaging, the CFI pulses are interspersed between the B-
mode image pulses. For CFI pulses, it is known that a longer duration pulse
train gives an estimator with a lower variance, however, good spatial
resolution necessitates a shott pulse train, Consequently, a separate pulse
train must be used for the B-mode image, because the CFI pulse train is too
long for high-resolution, gray-scale images.

~ Forcolor-flow imaging, CFL the velocity estimator is given by Eq.
(5). This can be computed by serial processing, since the arrival of samples
for a new line results in the addition of the new data to an already calculated
sum. Four multiplications, three additions, and a subtraction are performed
for each range gate and each new line. Stationary echo cancellation is also
performed for each new sample. A filter with N _, coefficients necessitates
2N, multjplications and additions per gate and line.

Assuming that all data samples are. used for CFl imaging, the total
number of multiplications and additions per second is

N =N, +2)M7, 0

where M, is the number of data samples per second. This is a
conservative value since B-mode lines are interspersed with CF imaging
lines causing time to be lost switching between modes. It follows that

N.-N,

N, =n(N, +2)Mf, ®

3
where N, is the number of CFI lines per estimate, N, is the number
of B-mode image lines interspersed between CFI lines, and 7 denotes the
effective time spent on acquiring useful data.
For a CFI system using 8 lines per estimate, an echo cancellation
filter with 4 coefficients and an 8 times-oversampled 41MHZ pulse, one B-
mode line is interspersed between CFI lines and 80% of the time is consumed

acquiring data. Using Eq. (7), the number of calculations per second is
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N, =172X 10°. This is within the capability of a current Pentium-class

laptop computer. Thus, all of the CFI signal processing can be performed in
software using a state-of-the-art microprocessor.
‘While Color Flow Imaging (CFI) has been an effective diagnostic
5 tool in clinical cardiovascular applications, Power Doppler (PD) imaging
provides an alternative method of displaying the blood stream in the
insonified regions of interest. While CF imaging displays the mean or
standard deviation of the velocity of reflectors (e.g., blood cells) in a given
region, PD displays a measurement of the density of moving reflectors in the
10 area, similar to the B-mode image's display of reflectivity. Thus, Power
Doppler is akin to a B-mode image with stationary reflectivity suppressed.
This is particularly useful for viewing moving particles with small cross-
sectional scattering, such as red blood cells.
Power Doppler displays the integrated Doppler power instead of the
15  mean frequency shift as used for color Doppler imaging. As discussed in the
previous section, the color-flow mapping is a mean-frequency estimator that

is expressed as

_ *]Sa)P(a) Y
O="5——— ®
. [Po)iow

where @ represents mean-frequency shift and P((u) is the power-
20 spectral density of the received signal. The inverse Fourier transform of the

power-spectral density is the autocorrelation:
R(r)= fP(w) exp(jor)dw (10)

The total Doppler power can be expressed as the integral of the

power-spectral density over all angular frequencies,

25 pw= +TP(az)a'w an
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By observing the similarities between Eq. (2) into (10), it follows that
the Oth lag of the auto-correlation function can be used to compute the
integrated total Doppler power.

R(0)= jP(w)exp( 0o = fP(w)dw: w (12)

In other words, the integrated power in the frequency domain is the
same as the integrated power in the time domain and hence the power
Doppler can be computed from either the time-domain or the frequency-
domain data. In either case, the undesired signals from the surrounding
tissue, such as the vessel walls, should be removed via filtering. This
calculation is also referred to as a Wall filter.

In a preferred embodiment, the PD can be computed in software
running on a microprocessor; similar to the computation of the CFI
processing described above. Parallel computation units, such as those in the
Intel Pentium TM and Pentium IT's MMX coprocessors, allow rapid
computation of the required functions. A Digital Signal Processor (DSP) can
also be used to perform this task. For either case, a software implementation
permits the flexibility to change and investigate digital signal processing
algorithms and transmitting signals that achieve the best performance as
region of interest changes.

The above showed that the frequency content of the Doppler signal is
related to the velocity distribution of the blood. It is common to devise a
system for estimating blood movement at a fixed depth in tissue. A
transmitter emits an ultrasound pulse that propagates into and interacts with
tissue and blood. The backscatlered signal is received by the same
transducer and amplified. For a multiple-pulse system, one sample is
acquired for each line or pulse emitted. A display of the distribution of
velocities can be made by Fourier transforming the received signal and
showing the result. This display is also called a sonogram. Often a B-mode
image is presented along with the sonogram in a duplex system, and the area
of investigation, or range gate, is shown as an overlay on the B-mode image.

The placement and size of the range gate is determined by the user. In turn,
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this selects the epoch for data processing. The range gate length determines
the arca of investigation and sets the length of the emitted pulse.

The calculates spectral density is displayed on a screen with
{frequency on the y-axis and time on the x-axis. The intensity of a pixel on
the screen indicates the magnitude of the spectrum,; thus, it is proportional to
the number of blood scatterers moving at a particular velocity.

The range gate length and position are selected by the user. Through
this selection, both emitted pulse and pulse repetition frequency are
determined. The size of the range gate is determined by the length of the
pulse. The pulse duration is

r, 2

where the gate length is / and M is the number of periods. The gate

(13)

duration determines how rapidly pulse echo lines can be acquired. This is
referred to as the pulse-repetition frequency or

c

— 14
o) (4

f wif <

where d is the distance to the gate. For example, a 4 period, 7 M
HZ pulse is used. for probing a blood vessel lying at a depth of 3 cm with a
10 ms observation time.

The gate length is computed as

1, =0.44mm. (15)

The pulse-repetition frequency is

c
Sy S~ 25KH:z. (16)
il 2d,

The total number of independent spectral lines is N =1, f, . =250.
It follows that the maximum detectable velocity is

VW:LMJLﬂmM& an
2 21

Using a 256-point FFT to compute the Fourier transform, the total number of

multiplications/additions per second required for the preceding example is
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less than 10 MOPs/s. In a preferred embodiment, the sonograph computation
can be carried out in software running on a microprocessor (similar to the
computation of the CFI processing described above). Parallel computation
units, such as those inside the Intel Pentium TM and Pentium II's MMX
coprocessors, allow rapid computation of the required FFT functions. All
three velocity estimation systems can be implemented in software on current
microprocessors, such as the Intel Pentium, or digital signal processors
(DSP).

Methods employing contrast agents have been developed to enhance
certain imaging methods. Stabilized microbubbles are used for ultrasound
contrast imaging because of their unique acoustic properties compared to
biological tissues. They present superior backscattering and nonlinear
behavior, and fragility upon exposure to ultrasound. A number of ultrasound
imaging modalities have been created to exploit these features.

In fundamental B-Mode imaging, the transmitting and receiving
frequencies are the same. The echogenicity of blood is significantly
increased with the administration of a contrast material. Gas microbubbles
scanér sound much more intensely than an equivalent size liquid or solid
particle owing to the acoustic impedance mismatch (particularly the
difference in compressibility) between the gas and the surrounding tissue or
blood. This effect will be observed in Doppler and M-Mode imaging
techniques as well. One disadvantage of using fundamental B-Mode for
contrast imaging is that the level of the echoes created by the bubbles is
similar to the level of the echoes resulting from the biological tissues.

A technique using the second harmonic relies on the fact that bubbles
generate harmonics of the transmitted frequency at a level much higher than
the harmonics generated by the tissues. By creating images from the signal
received at twice the transmitted frequency, high image contrast is achieved
between regions with and without bubbles. A problem with this imaging
modality is that a short pulse (typically used in B-mode imaging) has a broad
bandwidth and the transmitting and receiving frequencies overlap,

contaminating the harmonic image with the fundamental frequency. To
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alleviate this problem, the pulse length is increased to achieve a narrow
bandwidth, however, at the expense of decreasing the axial resolution of the
image.

The pulse inversion method (also called wideband harmonic imaging
or dual pulse imaging), solves the problem of overlapping frequencies
observed with the second harmonic technique. Each scan line is formed by
summing the signals received from two ultrasound pulses, where the second
pulse is inverted and slightly delayed relative to the first. This procedure
cancels the response of all linear scatters (if there is no tissue movement
between the two pulses) while enhancing the effects of nonlinear scatterers.
Because there is delay between the two pulses, any bubble displacement adds
an additional. signal, resulting in velocity-dependent enhancement.

Because most ultrasound contrast agents are destroyed by ultrasound
irradiation, intermittent or gated imaging techniques have been used. By
acquiring an image frame at each cardiac cycle (or after several cardiac
cycles), ultrasound exposure is reduced, increasing the longevity of the
contrast agents in the region of interest on the image. Another benefit of
intermittent imaging is the filling of vascular space during the off-cycle. The
degree of filling preduces enhancement that is directly related to blood
volume of blood flow, since the higher flow rate, the greater the number of
bubbles that enters the region of interest, and thus the greater the fractional
blood volume.

The stimulated acoustic emission method (also known as transient
response imaging) typically involves color Doppler with the transmitting
power set high to ensure bubble disruption with the first pulse. When the
bubbles collapse, a broadband acoustic signal is generated. Since ultrasound
Doppler systems compare the backscattered signal with respect to a "clean”
reference signal, this loss of frequency correlation caused by the bubble
collapse is interpreted by the machine as a random Doppler shift, resulting in
amosaic of colors at the location of the microbubbles.

A preferred embodiment of the invention employs a spatial filter in

providing a power doppler image, for example. This spatial or high pass
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filter can also be used effectively with a contrast agent to further differentiate
between blood flow and the surrounding vessel or artery. First the power is
computed and a two pulse canceller is employed. The ratio of the power of
the signal before and after the filter provides a data set yielding clear images
of moving fluid within the body.

A preferred embodiment of the invention employs a spatial filter in
providing a power doppler image, for example. This spatial or high pass
filter can also be used effectively with a contrast agent to further differentiate
between bilood flow and the surrounding vessel or artery. First the power is
computed and a two pulse canceller is employed. The ratio of the power of
the signal before and after the filter provides a data set yielding clear images
of moving fluid within the body.

FIG. 13 shows the top-level screen of a graphical user interface (GUT)
for controlling the ultrasonic imaging system. Referring to FIG. 13,
ultrasonic image data gathered by the hand-held probe is displayed and
manipulated by the ultrasonic imaging system using this screen. A selection
bar 702 allows the operator to select the active focus areas of the screen. An
image area 704 displays the ultrasonic image of the subject area. A patient
information area 706 displays information about the subject from whom
ultrasonic data is being gathered. A Time Gain Compensation area 708
provides feedback about time gain compensation, described further below. A
control bar 710 allows qualitative and quantitative selection of ultrasonic
imaging operations, as will be described further below with respect to FIGS.
15A and 15B.

FIG. 14 shows the unitary, directional keypad which provides a single
operating position from which to control the ultrasonic imaging operations.
Referring to FIG. 14, an up arrow key 712 and a down arrow key 714 allow a
user to scroll through the qualitative ultrasonic imaging operations of the
system, as will be described further below. A left arrow key 716 and a right
arrow key 718 allow a user to select quantitative parameters corresponding to
the ultrasonic imaging operation selected. As described above, the

quantitative parameters may be in a range of discrete values, or may span a
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continuum. A control key 720, employed in conjunction with the up arrow
key 712 or down arrow key 714 allows an operator to toggle between two
contro] tabs depicted in FIGS. 15A and 15B, as will be described further
below. Since all keys employed in controlling and selecting the ultrasonic
imaging operations are accessible from a common operating position, an
operator may focus on the ultrasonic image of the subject and on the hand-
held probe, and need not be distracted by unwieldy controls. Traditional
directional keypads allow only directional control to be applied by the
directional keypads, and do not allow both qualitative and quantitative
selection of operations from a common, unitary operating position accessible
by a single hand.

FIGS. 15A and 15B show qualitative and quantitative selection of
ultrasonic imaging operations via invoking the unitary directional keypad of
FIG. 14. Referring to FIG. 15A, ultrasonic imaging operations applicable to
scanning are shown. The scanning operations are directed active acquisition
of real-time, dynamic ultrasonic image data, and are typically applied as the
hand-held probe is manipulated over the subject imaging area. A size
aperation 722 sets a series of predetermined defaults for other ultrasonic
imaging operations. A small, medium, or large subject may be selected via
the left and right arrow keys 716, 718 (FIG. 14). A depth operation 724
allows selection of a depth parameter via the arrow keys 716, 718. Focus is
controlled by a focus 726 operation. Gain 728 control adjusts the TGC for
all TGC settings 730a-730h. TGC operations 730a-730f adjusts
amplification of return signals at varying depth, ranging from the least depth
730a to greatest depth 730h, via the arrow keys 716-718.

Referring to FIG. 15B, ultrasonic imaging operations applicable to
processing are shown. The processing operations may be applied to static
real-time or frozen images. An inversion operation is controlled by the
inversion 732 selection, and rotates the image via the arrow keys 716, 718
(FIG. 14). Palate, smoothing, persistence, and mapping 734, 736, 738 and
740, respectively are selected via the up and down arrow keys 712, 714, and

parameters selected via the arrow keys 716, 718 (FIG. 14). Brightness and
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contrast scales are selected via sliders 742 and 744, respectively, and are
changed using arrow keys 716, 718.

FIG. 16 shows a state diagram depicting transition between the
ultrasonic imaging operations depicted in FIGS. 15A and 15B. Referring to
FIGS. 1, 14, and 16, the Tab 746 operations are selected via the up and down
arrow keys 712, 714 and transition according to the following state sequence:
size 600, depth 602, focus 604, Gain 606 and TGC degrees 608, 610, 612,
614, 616, 618, 620 and 622. Similarly, the Tab 2 operations are selected
according to the following sequence: invert 624, palette 626, smoothing 628,
persistence 630, map 632, brightness 634, and contrast 636. As indicated
above, selection of operations may be toggled between Tab 1 746 and Tab 2
748 using control key 720 and arrow keys 712, 714.

The scanning operations shown in FIG. 15A are displayed on Tab 1
746, as shown in FIG. 13. The processing operations shown in FIG. 15B are
displayed and selected on Tab 2, as shown in FIG. 13. Referring again to
FIG. 14, control is toggled between Tab 1 746 and Tab 2 748 using a
combination of the control key 720 and either the up or down arrow keys
712, 714, as shown by dotted lines 638a and 638b.

In general the use of medical ultrasound systems requires the user to
have significant training and regular practice to keep skills at a high level.
Another embodiment of the invention involves providing the user with an
intuitive and simple way to use interface, and with the ability to quickly and
automatically set imaging parameters based on a software module. This
enables general medical personnel with limited ultrasound experience to
obtain diagnostic-quality images without having to adjust the controls. The
“Quick Look” feature provides the user with a very simple mechanism of
image optimization. It allows the user to simply adjust the image so as to
obtain appropriate diagnostic image quality with one push of one button.

The benefits of programmed image parameters are many. The user
no longer is required to adjust multiple controls in order to obtain a good
image. Exams may be performed in a shorter period of time as a result. The

use of this feature also results in more uniform images, regardless of the
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skills and expertise of the user. This approach is advantageous when
performing exams under adverse circumstances such as emergency medical
procedures performed in ambulances or remote locations.

The procedure involves the use of predefined histograms. Separate
hostograms are provided for different anatomical structures that are to be
examined. The user chooses a structure, similar to the existing method of
choosing a preset. Once the structure is chosen, the user places the
transducer on the area of interest in the scanning window. At that time,
pressing the selected control button triggers the system to adjust the system
contrast and brightness control values so that a histogram of the gray levels
in the image closely matches the corresponding pre-defined histogram for
that structure. The result is an image of diagnostic image quality that is
casily recreated.

The procedure is highly dependent upon the brightness and contrast
controls. As aresult, a preferred embodiment provides an independent
control which allows the user to adjust for ambient lighting changes. In
many applications the programmed parameters gets the user very close, but
they may choose to fine tune the contrast and brightness.

Referring to FIG. 17A, the integrated probe system 24 has the front
end probe 3, the host computer 5, and a personal digital assistant (PDA) 9.
The PDA 9, such as a Palm Pilot device, or other hand-held computing
device is a remote display and/or recording device 9. In the embodiment
shown, the front end probe 3 is connected to the host computer 5 by the
communication link 40 that is a wired link. The host computer 5, a
computing device, is connected to the PDA 9 by a communication link or
interface 46 that is wireless link 46.

In that the integrated ultrasound probe system 20 in the embodiment
described has a Windows-based host computer 5, the system can leverage the
extensive selection of software available for the Windows operating system.
One potentially useful application would be ¢lectronically connected

ultrasound systems allowing physician sending and receiving messages,
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diagnostic images, instructions, reports or even remotely controlled the front-
end probe 3 using the system.

The connections through the communication links or interfaces 40
and 46 can be either wired through an Ethernet or wireless through a wireless
communication link such as YEEE 802.11a, IEEE 802.11b, Hyperlink or
HomeRF, etc. FIG. 17A shows a wired link for the communication link 40
and a wireless link for the communication link 46, Alternative embodiments
and protocols for wired links are described above with respect to FIG. 1. Itis
recognized that other wired embodiments or protocols can be used.

The wireless communication link 46 can be of various different
protocols, such as, an RF link which may be implemented using all or parts
of a specialized protacol, such as the Bluetooth system protocol stack. The
Bluetooth protocol uses a combination of circuit and packet switching. Slots
can be reserved for synchronous packets. Bluetooth can support an
asynchronous data channel, up to three simultaneous synchronous (voice)
channels, or a channel which simultaneously supports asynchronous data and
synchronous voice. Each synchronous (voice) channel support a 64 kb/s
synchronous (voice) channel in each direction. The asynchronous channel
can support maximal 723.2 kb/s asymmetric, or 433.9 kb/s symmetric.

The Bluetooth system consists of a radio unit, a link control unit, and
a support unit for link management and host terminal interface functions.
The link controller carries out the baseband protocols and other low-level
link routines.

The Bluetooth system provides a point-to-point connection (only two
Bluetooth units involved), or a point-to-multipoint connection. In the point-
to-multipoint connection, the channel is shared among several Bluetooth
units. Two or more units sharing the same channel form a piconet. One
Bluetooth unit acts as the master of the piconet, whereas the other units act as
slaves. Up to seven slaves can be active {n a piconet.

The Bluetooth link controller has two major states: STANDBY and
CONNECTION, in addition, there are seven substates, page, page scan,

{IACLIENTS\0\301496\1 0064 006- 1 1 5\F0204572.D0C: 1}

PCT/US02/05764

JP 2004-530463 A 2004.10.7



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

20

25

30

(121)

WO 02/068992 PCT/US02/05764

-59-

inquiry, inquiry scan, master response, slave response, and inquiry response.
The substates are interim states that are used to add new slaves to a piconet.

The link may also be implemented using, but not limited to, Home
RF, or the IEEE 802.11 wireless LAN specification. For more information
on the IEEE 802.11 Wireless LAN specification, see the Institute of
Electrical and Electronic Engineers (IEEE) standard for Wireless LAN
incorporated herein by reference. IEEE standards can be found on the World
Wide Web at the Universal Resource Locator (URL) www.ieee.org. For
example, hardware supporting IEEE standard 802.11b provides a
communications link between two personal computers at 2 and 11 Mbps.
The frequency bands allocated for transmission and reception of the signals
is around 2.4 GHz. In comparison, IEEE standard 802.11a provides 54 Mbps
communications. The frequency allocation for this standard is around 5
GHz. Recently, vendors, such as Proxim, have manufactured PC Cards and
access points (basestations) that use a proprietary data-doubling, chipset,
technology to achieve 108 Mbps communications. The chip that provides
the data doubling (the AR5000) is manufactured by Atheros
Communications. (As with any radio system, the actual data rate maintained
between two computers is related to the physical distance between the
transmitter and receiver.)

The wireless link 46 can also take on other forms, such as, an infrared
communications link as defined by the Infrared Data Association (fDA).

Depending on the type of communication desired (i.e., Bluetooth,
Infrared, etc.) the host computer 5 and the remote display and/or recording
device 9 each has the desired communication port.

FIG. 17B shows the communication link 40 between the probe 3 and
the host computer 5 as a wireless link. The communication link 46 between
the host computer 5 and the PDA 9 is shown as a wired link.

The integrated probe system 24 of FIG. 17C has wireless links for
both the communication link 40 between the probe 3 and the host computer 5

and the communication link 46 between the host computer 5 and the PDA 9.
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It is recognized that wired and wireless links can both be used together or in
the alternative, in a system 24.

The remote display and/or recording device 9 of the integrated probe
system 24 of FIG. 18 is a remote computing system 26. The remote
computing system 26 in addition to having remote display and/or recording
capability can also control the probe 3. The communication link 46 is shown
as a wireless link. The communication link 40 between the probe 3 and the
host computer 5 is shown as a wired link.

An example of remote control is using a wearable computer (such as
the one manufactured by Xybernaut Corporation), a pair of high-speed,
wireless PC Cards (like those from Proxini) and the ultrasound program and
the probe 3, a portable-networked ultrasound system can be configured
weighing less than 2.5 pounds. Using a program similar to Microsoft
NetMeeting, a real-time commection between a remote PC and the wearable
computer can be established. The remote host can monitor all interactions
with the wearable computer, including real-time ultrasound imaging (at
display rates up to approximately 4 frames per second). NetMeeting can also
be used to “take control” of the wearable computer and manage the
ultrasound session from the remote personal computer in real time. In
addition, images and loops that are archived to the hard disk on the wearable
computer can be transferred at 108 Mbps to the host computer. With this
technology, real time ultrasound diagnoses can be performed and relayed to a
remote sight at speeds that rival a hardwired 100 Mbps LAN.

FIG 19 illustrates an integrated probe system 24 that has a hub 48 for
connected a plurality of remote devices 9 to the host computer 5. The
communication link 50 from the hub 48 to the remote devices are shown
both as wireless and wired links. It is recognized that a completely wired
Ethemet can be used. In the alternative, with a wireless transceiver and port
in each of the computers (remote device) 9, a wireless
Network/Communication system can readily be established. With the recent
advent of high-speed wireless standards, such as IEEE 802.11a, the

communications between the remote and local machines can rival that of a
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wired, 100 Mbps (Million bits per second) local area network (LAN).
Another alternative is using a Bluetooth system to form a piconet,
‘While this invention has been particularly shown and described with
references to preferred embodiments thereof, it will be understood by those skilled in
the art that various changes in form and details may be made therein without

departing from the spirit and scope of the invention as defined by the appended

claims.
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CLAIMS

‘What is claimed:

1.

10

15

20

25

A method of external application integration in an ultrasonic
imaging system comprising:

providing an ultrasonic application server having at
least one ultrasonic operation;

sending, from the external application, a command
indicative of at least one of the ultrasonic operations; and

executing, in the ultrasonic application server, a result

corresponding to the command.

The method of Claim 1 further comprising the steps oft

defining an integrated interface program having a
plurality of entry points into the ultrasonic application server,
the entry points operable to access each of the at least one
ultrasonic operations;

transmitting, via the integrated interface program, the
command to the ultrasonic application server;

receiving, over a predetermined communication
interface, ultrasonic data indicative of ultrasonic image
information; and

transmitting, via the integrated interface program, the

result to the external application.

The method of Claim 2 wherein the integrated interface
program is adapted to transmit information pertinent to data
selected from the group consisting of radiation therapy, fetal

images, cardiac images, and image guided surgery.

The method of Claim 1 wherein the result is image data and

transformation parameters.
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The method of Claim 1 wherein the external application is on

aremote computer.

The method of Claim 5 wherein the remote computer is
connected to the ultrasonic application server by a public

access network.

The method of Claim 6 whersin the public access network is

the Internet.

The method of Claim 1 wherein the external application is on

the same computer.

The method of Claim 1 wherein the command includes an

instruction and at least one parameter.

The method of Claim 1 wherein the command conforms to a

predetermined interprocess communication interface.

The method of Claim 1 wherein the command includes
operations selected from the group consisting of freeze live
data, fetch live data, export image, exit, initialize, and get

status.

The method of Claim 1 wherein the transmitting via the

integrated interface program employs sockets.
The method of Claim 12 wherein the transmitting via the
integrated interface program conforms to a predetermined

protocol.

The method of Claim 13 wherein the protocol is TCP/IP.
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The method of Claim 1 wherein the receiving of ultrasonic
data further comprises receiving according to a standardized

interface.

The method of Claim 15 wherein the standardized interface is

IEEE 13%4.

The method of Claim 1 wherein the ultrasonic application

server includes a graphical user interface (GUI).

The method of Claim 17 wherein the GUI includes image

control presets.

The method of Claim 18 wherein the image control presets are

operable to store image settings.

The method of Claim 19 wherein the image settings include
settings selected from the group consisting of size, depth,

focus, time gain compensation (TGC) and TGC lock.

The method of Claim 1 further comprising:

providing a probe housing having a transducer array
that is connected to a processing circuit having a beamforming
circuit, a memory, a system controller integrated circuit and a
digital communication control circuit;

connecting the digital communication control circuit to
a personal computer with a standard communication interface;
and

transmitting data along the communication interface.
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The method of Claim 21 further comprising providing an
interface housing in which the first circuit board assembly and

the second board assembly are mounted.

The method of Claim 21 further comprising providing an
interface housing in which a first circuit board assembly
having the beamforming circuit and a second circuit board
assembly having the memory, controlier and communication

control circuit are mounted.

The method of Claim 21 further comprising providing a body

mounted personal computer.

The method of Claim 21 further comprising providing a body

mounted interface housing.

The method of Claim 21 wherein the communication interface

is a wireless interface.

The method of Claim 26 wherein the wireless interface is a

RF interface.

The method of Claim 26 wherein the wireless interface is an

infrared interface.

A system for external application integration in an ultrasonic
imaging system comprising:

a user computing device having an ultrasonic
application server operable to receive and process ultrasonic

data via a predetermined interface;
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an integrated interface program in communication
with the ultrasonic application server and operable to invoke
operations in the ultrasonic application server;

" anexternal application operable to generate a
command corresponding to the operations, and further
operable to transmit the commands to the integrated interface
program, wherein the integrated interface program invokes the
ultrasonic application server to compute a result in response to
the command, and transmits the result back to the external

application.

The system of Claim 29 wherein the integrated interface
program is adapted to transmit information pertaining to data
selected from the group consisting of radiation therapy data,

fetal images, cardiac images, and image guided surgery.

The system of Claim 29 wherein the result further comprises

image data and transformation parameters.

The system of Claim 29 further comprising a remote computer

wherein the external application is on a remote computer.

The system of Claim 29 further comprising a public access
network, wherein the remote computer is connected to the

ultrasonic application via the public access network.

The system of Claim 33 wherein the public access network is

the Internet.

The system of Claim 29 wherein the external application is on

a remote computer.
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The system of Claim 29 wherein the command further

comprises an instruction and at least one parameter.

The system of Claim 36 wherein the command conforms to a

predetermined interprocess communication interface,

The system of Claim 37 wherein the command includes
aperations selected from the group consisting of freezs live
data, fetch live data, export image, exit, initialize, and get

status.

The system of Claim 29 wherein at least one of the interfaces

is a wireless interface.

The system of Claim 34 wherein the transmitting via the

integrated interface program further includes sockets.

The system of Claim 34 wherein the transmitting via the
integrated interface program conforms to a predetermined

protocol.

The system of Claim 35 wherein the predetermined protocol is
TCP/IP.

The system of Claim 34 further comprising a standardized
interface, wherein the ultrasonic data is received via the

standardized interface.

The system of Claim 37 wherein the standardized interface is
IEEE 13%4.
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The system of Claim 34 wherein the ultrasonic application

server includes a graphical user interface (GUI).

The system of Claim 40 wherein the GUIT includes image

control presets.

The system of Claim 41 wherein the image control presets are

operable to store image settings.

The system of Claim 42 wherein the image settings include
settings selected from the group consisting of size, depth,

focus, time gain compensation (TGC) and TGC lock.

The system of Claim 29 further comprising:

a probe housing having a transducer array;

an interface system communicating with the probe
housing, the interface system having a beamforming circuit, a
memory, a system controller integrated circuit and a
communication control circuit connected to the computing

device with a standard communication interface.

The system of Claim 49 wherein the interface system has a
first circuit board assembly and a second circuit board

assembly are mounted in an interface housing.

The system of Claim 50 wherein the first circuit board
assembly and the second circuit board assembly are

electrically connected by a connector.

The system of Claim 49 wherein the computing device

comprises a body mounted system.
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The system of Claim 49 wherein the memory further

comprises a video random access memory (VRAM).

The system of Claim 49 wherein the standard communication

interface comprises an IEEE 1394 interface.

The system of Claim 49 wherein the standard communication

interface comprises a universal serial bus (USB) interface.

The system of Claim 49 wherein the communication system is
a wireless interface between the communication control

circuit of the interface system and the computing device.

A computer program product having computer program code
for external application integration in an ultrasonic imaging
system comprising:

computer program code for defining an ultrasonic
application server having at least one ultrasonic operation;

computer program code for defining an integrated
interface program having a plurality of entry points into the
ultrasonic application server, the entry points operable to
access each of the at least one ultrasonic operations;

computer program code for sending, from the external
application, a command indicative of at least one of the
ultrasonic operations; and

computer program code for executing, in the ultrasonic

application server, a result corresponding to the command.

A computer data signal having program code for external
application integration in an ultrasonic imaging system

comprising:
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program code for defining an ultrasonic application
server having at least one ultrasonic operation;

program code for defining an integrated interface
program having a plurality of eniry points into the ultrasonic

5 application server, the entry points operable to access each of

the at least one ultrasonic operations;

program code for sending, from the external
application, a command indicative of at least one of the
ultrasonic operations; and

10 program code for computing, in the ultrasonic

application server, a result corresponding to the command.

59. A system for external application integration in an ultrasonic

imaging system comprising:

means for defining an ultrasonic application server

15 having at least one untrasonic operation;

means for defining an integrated interface program
having a plurality of entry points into the ultrasonic
application server; the entry points operable to access each of
the at least one ultrasonic operations;

20 means for sending, from the external application a
comumand indicative of af least one of the ultrasonic
operations; and

means for executing, in the ultrasonic application

server, a result corresponding to the command.

25 G0, Anultrasonic imaging system comprising:
aprobe having a transducer array, and a control circuitry and a
digital communication control circuit, the control circuitry including a
transmit/receive module, beamforming module and a system

controller; and
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a computing device connected to the digital communication

control circuit of the probe with a communication interface, the

computer processing display data.

The system of Claim 60 wherein the communication interface
between the probe and the computing device is a wireless

interface.

The system of Claim 61 wherein the wireless interface is a RF

interface.

The system of Claim 61 wherein the wireless interface is an

infrared interface.

The system of Claim 60 wherein the communication interface

between the probe and the computing device is a wired link.

The system of Claim 60 wherein the beamforming module is a
charge domain processor beamforming module and wherein
the control circuitry further comprises a pre-amp/TGL

module.

The system of Claim 60 further comprising a supplemental
display device connected to the computing device by a second

comniunication interface.

The system of Claim 66 wherein the supplemental display

device is a computing device.

The system of Claim 66 wherein at least one of the

communication interfaces is a wireless interface.
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The system of Claim 66 wherein the communication interface
between the probe and the computing device is a wireless
interface and the second communication interface between the
supplemental display device and the computing device is

wireless.

The system of Claim 66 wherein the second communication
interface includes a hub to connect a plurality of secondary

supplemental devices.

The system of Claim 67 wherein the computing device has a

different velocity estimation system.

The system of Claim 71 wherein the different velocity
estimation system is one of color-flow imaging, power-

Doppler or spectral sonogram.

The system of Claim 60 wherein the probe and the computing

device each have a wireless port.

The system of Claim 73 wherein the wireless port of the probe
and the wireless port of the computing device each further

comprise an infrared port.

The system of Claim 73 wherein the wireless port of the probe
and the wireless port of the computing device each further

comprise a radio frequency port.

The system of Claim 74 wherein each of the probe and the
computing device include an infrared protoco! stack for

controlling communication through the wireless port of the
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probe and the wireless port of the computing device,

respectively.

The system of Claim 75 wherein each of the probe and the
computing device include a radio frequency protocol stack for
controlling communication fhrough the wireless port of the
probe and the wireless port of the computing device,

respectively.

An ultrasonic imaging system comprising:

a probe housing having a transducer;

an interface system communicating with the probe housing,
the interface system having a beamforring circuit, a memory, a
system controller integrated circuit and a communication control
circuit; and

a computing device connected to the communication control
cireuit of the interface system with a communication interface, the

computer processing display data.

The system of Claim 79 wherein the communication control circuit is

a digital communication system.

The system of Claim 78 wherein the communication interface
between the interface system and the computing device is a wireless

interface.

The system of Claim 79 wherein the beamforming module is a
charge domain processor beamforming module and wherein
the control circuitry further comprises a pre-amp/TGL

module.
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The system of Claim 79 further compsising a supplemental
display device connected to the computing device by a second

communication interface.

The system of Claim 82 wherein at least one of the communication
interfaces between the interface system and the computing device and
between the supplemental display device and the computing device is

wireless.

A method for controlling an ultrasonic imaging system comprising:
defining a plurality of ultrasonic imaging operations;
defining a range of values corresponding to each of the
ultrasonic imaging operations;
selecting, via a first control, one of the plurality of ultrasonic
imaging operations;

selecting, via a second control, a parameter in the range of
values corresponding to the selected ultrasonic imaging operation;
and

applying, via the ultrasonic imaging system, the selected
ultrasonic imaging operation employing the selected parameter, the
first control and the second control being operable from a common

operating position.

The method of Claim 84 further comprising applying the ultrasonic
imaging operation to ultrasonic image data gathered by the ultrasonic

imaging system.

The method of Claim 84 using a non-dominant hand to operate

control at the common operating position.

The method of Claim 84 wherein the common operating position

corresponds to a contro] keypad accessible from a single hand.
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The method of Claim 84 further comprising selecting another
ulirasonic imaging operation via the first control and selecting
another parameter via the second control in the range of values
corresponding to the selected another ultrasonic imaging operation

from the same common operating position.

The method of Claim 88 further comprising selecting a series of
ultrasonic imaging operations from the common operating position
and further comprising executing no extraneous operations from

another operating position.

The method of Claim 89 wherein the non-dominant hand remains at
the common operating position throughout the series of ulirasonic

imaging operations.

The method of Claim 84 wherein the first control is a qualitative

control.

The method of Claim 84 wherein the second control is a quantitative

control.

The method of Claim 84 wherein the range is a series of discrete

values.

The method of Claim 84 wherein the range is a continuum.

The method of Claim 84 wherein the ultrasonic imaging operations
include ultrasonic image scanning operations and ultrasonic image

processing operations.

The method of Claim 95 wherein the ultrasonic image scanning

operations are applicable to dynamic ultrasonic image data.
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The method of Claim 95 wherein the ultrasonic image processing

operations are applicable to static and dynamic ultrasonic image data.

The method of Claim 95 wherein the ultrasonic image scanning
operations include image processing operations selected from the
group consisting of size, depth, focus, gain, Time Gain Compensation
(TGC) and TGC lock.

The method of Claim 95 wherein the ultrasonic image processing
operations include image processing operations selected from the
group consisting of view, inversion palette, smoothing, persistence,

map, and contrast.

A system for controlling vltrasonic imaging comprising:

an nltrasonic imaging controller operable to apply a plurality
of ultrasonic imaging operations;

a user input device operable to provide selection input in
response to a first user control, and further operable to provide
parameters in response to a second user control, the user input device
comnected to the first user control and the second user control from a
common operation position; and

a graphical user interface (GUI) operable to receive the
selection input corresponding to at least one of the ultrasonic imaging
operations, and forther operable to receive parameters in a range

corresponding to the selected ulirasonic imaging operations.

The system of Claim 100 wherein the ultrasonic imaging controller is
further operable to apply the ultrasonic imaging operation to
ultrasonic image data gathered by a hand-held probe in an ultrasonic

imaging system.
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The system of Claim 100 wherein the common operating position is

adapted to be accessible from a non-dominant hand.

The system of Claim 100 wherein the common operating position

corresponds to a cantrol keypad accessible from a single hand.

The system of Claim 100 wherein the user input device is operable to
provide selection input and corresponding to another ultrasonic
imaging operation via the first user control and further operable to
provide another parameter via the second user control in the range of
values corresponding to the selected another ultrasonic imaging

operation from the same common operating position.

The system of Claim 104 wherein the user input device is further
aperable far selecting a series of ultrasonic imaging operations from
the common operating position and further comprising executing no

extraneous operations from another operating position.
The system of Claim 100 wherein the non-dominant hand remains at
the common operating position throughout the series of ultrasonic

imaging operations.

The system of Claim 100 wherein the first user control is a qualitative

control.

The system of Claim 100 wherein the second user control is a

quantitative control.

The system of Claim 100 wherein the range is & series of discrete

values.

The system of Claim 100 wherein the range is a continuum.
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The systemn of Claim 100 wherein the ultrasonic imaging controller is
further operable to apply ultrasonic imaging operations including
ultrasonic image scanning operations and ultrasonic image processing

operations.

The system of Claim 111 wherein the ultrasonic imaging controller is
further operable to apply ultrasonic image scanning operations

applicable to dynamic ultrasonic image data.

The system of Claim 111 wherein the ultrasonic imaging controller is
further operable to apply ultrasonic image processing operations

applicable to static and dynamic ulirasonic image data.

A computer program product including computer program code for
controlling an ultrasonic imaging system comprising:

computer program code for defining a plurality of ultrasonic
imaging operations;

computer program code for defining a range of values
corresponding to each of the ultrasonic imaging operations;

computer program code for selecting, via a first control, one
of the plurality of ultrasonic imaging operations;

computer program code for selecting, via a second control, a
parameter in the range of values corresponding to the selected
ultrasonic imaging operation; and

computer program code for applying, via the ultrasonic
imaging system, the selected ultrasonic imaging operation employing
the selected parameter, the first control and the second control being

operable from a common operating position.

A computer data signal having program code for controlling an

ultrasonic imaging system comprising:
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program code for defining a plurality of ultrasonic imaging
operations;

program code for defining a range of values corresponding to
each of the ultrasonic imaging operations; ’

5 program code for selecting, via a first control, one of the

plurality of ultrasonic imaging operations;

program code for selecting, via a second control, a parameter
in the range of values corresponding to the selected ultrasonic
imaging operation; and

10 program code for applying, via the ultrasonic imaging system,

the selected ultrasonic imaging operation employing the selected
parameter, the first control and the second control being operable

from a common operating position.
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