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37 ABSTRACT

The present invention is directed to an ultrasound imaging
system and method for Doppler processing of data. The

ultrasonic imaging system efficiently addresses the data
computational and processing needs of Doppler processing.
Software executable sequences in accordance with a pre-
ferred embodiment of the present invention determines the
phase shift and the auto-correlation phase of filtered image
data. In a preferred embodiment, the system of ultrasonic
imaging also includes a sequence of instructions for Doppler
processing that provides the functions for demodulation,
Gauss Match filtering, auto-correlation calculation, phase
shift calculation, frame averaging, and scan conversion
implemented with Single Instruction Multiple Data (SIMD)
or Multiple Instruction Multiple Data (MIMD) instructions.

In a preferred embodiment, the ultrasound imaging system
of the present invention includes a processing module; and
memory operable coupled to the processing module,
wherein the memory stores operational instructions that
cause the processing module to map serial data to vector
representation, calculate an auto-correlation function of the
data, calculate a phase shift of the auto-correlation function
to generate a monotonic function covering all values of the
phase shift corresponding to a range of Doppler velocities
and display the resultant images, for example, as color
images.

18 20 Host Computer
r—-—-—--—-n—mml————ﬂ--‘ l——-{ —————————————————————— 1
Cables 16| 22 Z I I 38 :
T : : Customn or | | Customor |— 34 |
Transn&[giieceuve FireWire | | I | FireWire Keyboard/ }
I ChlpSet - l | v ChlpSBt ouse I 44
| 264 4 t | I ¢ 36/ Controller : l
14 28 | "
[ I Memory e System Controller : 4 : Microprocessor To Dlsplay'
Transducer | | T ! 42 To Recording
Aray || ‘ |—+ | a2 } ! v \ 4 Device
7'y Displa ]
| . ' Core —
| 'Fé??h%/ —>|_B_eam Forming |[ || | | Memory Controller !
30— p 1 |
b | N IS R 1

Transducer Transmit/Receive Control
Based on the Integrated Chips

Y

image
Targ?et

|
12

Interface

46

Microprocessor
Functions;
1. Down Conversion
2. Scan Conversion
3. M-mode
4. Doppler Processing:
Color Flow Imaging, 8ower
Doppler, Spectral Doppler
5. Post Signal Processing




I "©I4

US 2003/0088182 A1

Patent Application Publication

Buissaoold [eubig 3so0d g

Jo|ddo(q jenoadg ‘ueiddoq
l_m>>om ‘Buibewu| Bom_ 10joD
:buisseoold 18iddoq ¢
Spow-\ ‘g

UOISIBAUOD UBDG “Z 14
UOISIBAUOD UMOQ 'L U
< ‘suonound aoelaU|
= 10s5800.d0JoIWN
— sdiyo pajeibeju| ay) uo peseq
= [0JJUOD) BAIBDaY/JILUSUEL | I8onpPSUBL |
5]
h [ e i G G S Veielt e ) S Gl Ve G i S MERS SN S R WmSS Sk S SaN P S—, S— S T IS SR AN AN MMGIAAE R GRS NSRS AN M S
z | o | "| dwo ooy [ 08
_ H .
2 “ Jejjonuod b% ermmu_z || 1 || Buwios weeg | Jdluseiy |«
S “—T | Aedsia b
< soneq ' —— / ) BHEZ H +|_
MW Bupiosey o] | y 1 yug DI s
feidsiq o1 10ss8001dOIOIN | ¥ _ ._m__o\.:coo WBJSAg [« oEw_>_/
1 A 8z
vW _ Jojjouo)n \ 9¢ y m “ 0 Vv 92

1 asno 1sdiyn ' » 198diyn

_ /plecgAay SIIAMB.IS ! "1 aipmolig diyo

| e | 1o woysnn m “ Jo woysny | | SMSPddALSUEL]

_ >

8€ | ZZ
—F llllllllllllllllllllll — r hNh N AR AR RN MG W ORI SR -
Joindwon 1soH 0z 1511

/

ool

— e —— — e w— ]

-

¢l

1ebie)
abew

\

Aelly
Joonpsuel |

'
vl

op ———
sa|qed




Patent Application Publication = May 8, 2003 Sheet 2 of 6 US 2003/0088182 A1

» 100
Start /

Vectorize RF data for parallel computation 10
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Smooth RF data to enhance SNR |, —104
(for example, by curve fitting)

!

Demodulate RF data to getIQ Data |~ ¢
(for example, by a rectangular filter)

]
Filter the down samples using ~108
Gaussian Match Filter

A
Caloulate the power along sample line | 110

!

Filter out stationary signal by high pass filter
(for example, by a Batterworth filter)

!

Calculate the auto-correlation R(1) of the signal |/~ 114

~—112

i L~ 116
Calculate the phase-shift of the anto-correlation phase using either of the following equations
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From Figure 2A

|

Reject Echo by color priority

l

Smooth the phase-shift using spatial low-pass filter 120
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Average with previous frames

l

. . 2D
Convert phase-shift as color index to get a curve like 2 5ign (sm (IJ)sm 2=
(for example, using a lookup table) 2 124
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Perform color averaging

l

Convert the phase-shift in scan coordinate to raster coordinate 128
(for example, by interpolation) :

l

Overlay the results as color on B-mode image

l

End FIG. 2B
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ULTRASOUND IMAGING SYSTEM

BACKGROUND OF THE INVENTION

[0001] Ultrasonic diagnostic equipment has become an
indispensable tool for clinical use. For approximately the
past twenty years, real-time B-mode ultrasound imagers are
used for investigating all soft tissue structures in the human
body. One of the recent developments within medical imag-
ing technology is the development of Doppler ultrasound
scanners. Doppler ultrasound is an important technique for
non-invasively detecting and measuring the velocity of
moving structures, and particularly to display an estimate of
blood velocity in the body in real time.

[0002] The basis of Doppler ultrasonography is the fact
that reflected and/or scattered ultrasonic waves from a
moving interface undergoes a frequency shift. In general the
magnitude and the direction of this shift provides informa-
tion regarding the motion of this interface. How much the
frequency is changed depends upon how fast the object or
moving interface is moving. Doppler ultrasound has been
used mostly to measure the rate of blood flow through the
heart and major arteries.

[0003] There are several forms of depiction of blood flow
in medical Doppler imaging or more generally different
velocity estimation systems that currently exist: Color Flow
imaging, Power Doppler and Spectral sonogram. Color flow
imaging (CFI), interrogates a whole region of the body, and
displays a real-time image of mean velocity distribution.
CFI provides an estimate of the mean velocity of flow with
a vessel by color coding the information and displaying it,
super positioned on a dynamic B-mode image or black and
white image of anatomic structure. In order to differentiate
flow direction, different colors are used to indicate velocity
toward and away from the transducer.

[0004] While color flow imaging displays the mean or
standard deviation of the velocity of reflectors, such as the
blood cells in a given region, power Doppler (PD) displays
a measurement of the amount of moving reflectors in the
area, similarly to the B-mode image’s display of the total
amount of reflectors. A power Doppler image is an energy
image in which the energy of the flow signal is displayed.
Thus, power Doppler depicts the amplitude or power of the
Doppler signals rather than the frequency shift. This allows
detection of a larger range of Doppler shifts and thus better
visualization of small vessels. These images give no velocity
information, but only show the direction of flow. In contrast,
spectral Doppler or spectral sonogram utilizes a pulsed wave
system to interrogate a single range gate or sampling vol-
ume, and displays the velocity distribution as a function of
time. The sonogram can be combined with the B-mode
image to yield a duplex image. Typically, the top side
displays a B-mode image of the region under investigation,
and the bottom displays the sonogram. Similarly, the sono-
gram can also be combined with the CFI or PD image to
yield a triplex image. The time for data acquisition is then
divided between acquiring all three sets of data, and the
frame rate of the images is typically decreased, compared to
either CFI or duplex imaging.

[0005] The current ultrasound systems require extensive
complex data processing circuitry in order to perform the
imaging functions described herein. Doppler processing for
providing two-dimensional depth and Doppler information
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in color flow images, power Doppler images and/or spectral
sonograms require millions of operations per second. There
exists a need for an ultrasound imaging system that provides
for compute-intensive systems and methods to efficiently
address the data processing needs of information, such as
Doppler processing.

SUMMARY OF THE INVENTION

[0006] The present invention is directed to an ultrasound
imaging system and method for Doppler processing of data.
The ultrasonic imaging system efficiently addresses the data
computational and processing needs of Doppler processing.
Software executable sequences in accordance with a pre-
ferred embodiment of the present invention determines the
phase shift and the auto-correlation phase of filtered image
data. In a preferred embodiment, the system of ultrasonic
imaging also includes a sequence of instructions for Doppler
processing that provides the functions for demodulation,
Gaussian Match filtering, auto-correlation calculation, phase
shift calculation, frame averaging, and scan conversion.

[0007] In a preferred embodiment, the processing system
includes parallel processing elements which execute Single
Instruction Multiple Data (SIMD) or Multiple Instruction
Multiple Data (MIMD) instructions. A computer having a
Pentium® III processor including MMX™ technology is an
exemplary computational device of a preferred embodiment
of the ultrasonic imaging system in accordance with the
present invention.

[0008] A method of the present invention includes imag-
ing a region of interest with ultrasound energy using a
portable ultrasound imaging system which in turn includes
a transducer array within a handheld probe. An interface unit
is connected to the handheld probe with a cable interface.
The interface unit has a beamforming device connected to a
data processing system with another cable interface. Output
signals from the interface unit are provided to the handheld
probe to actuate the transducer array, which in turn delivers
ultrasound energy to the region of interest. The ultrasound
energy returning to the transducer array is collected from the
region of interest and transmitted from the handheld probe
to the interface unit. A beamforming operation is performed
with the beamforming device in the interface unit. The
method further includes transmitting data from the interface
unit to the data processing system such that the data pro-
cessing system receives a beamformed electronic represen-
tation of the region of interest. The data processing system
has at least one parallel processing element integrated with
a microprocessor to execute a sequence of instructions for
Doppler processing and displaying of Doppler images.

[0009] In a preferred embodiment, the ultrasound imaging
system of the present invention includes a processing mod-
ule; and memory operable coupled to the processing mod-
ule, wherein the memory stores operational instructions that
cause the processing module to map serial data to a vector
representation, demodulate the data to obtain in-phase and
quadrature sample data, calculate an auto-correlation func-
tion of the data, calculate a phase shift of the auto-correla-
tion function represented as a monotonic function in the
interval corresponding to the range of Doppler velocities
according to the Nyquist criterion and expressed as a simple
mathematical function, convert the phase shift to an index
and display the images, for example, as color images.
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[0010] The foregoing and other features and advantages of
the system and method for ultrasound imaging will be
apparent from the following more particular description of
preferred embodiments of the system and method as illus-
trated in the accompanying drawings in which like reference
characters refer to the same parts throughout the different
ViEws.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 is a block diagram of a preferred embodi-
ment of the ultrasound imaging system in accordance with
the present invention;

[0012] FIGS. 2A and 2B are flow charts of a preferred
embodiment of a method for Doppler processing in accor-
dance with the present invention;

[0013] FIG.3is adiagram illustrating a preferred embodi-
ment of a method of data mapping for parallel computation
in accordance with the present invention; and

[0014] FIGS. 4A and 4B are graphical representations of
the Doppler phase shift calculations in accordance with
preferred embodiments of the present invention.

[0015] The foregoing and other objects, features and
advantages of the invention will be apparent from the
following more particular description of preferred embodi-
ments 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.

DETAILED DESCRIPTION OF THE
INVENTION

[0016] The ultrasound imaging system is directed at a
Doppler processing system in a portable ultrasound system.
In a preferred embodiment, the ultrasonic imaging system
includes parallel computation units and a memory having
stored therein instructions to process data and display ultra-
sound images using compute-efficient methods.

[0017] A preferred embodiment of the ultrasound imaging
system includes a pulse-Doppler processor for color flow
imaging or map applications. Color flow (CF) imaging
combines in a single modality the abilities of ultrasound to
image tissue and to investigate blood flow. CF images
consist of Doppler information that can be color-encoded
and superimposed on a B-mode gray-scale image.

[0018] Color-flow imaging is a mean velocity estimator.
There are two known different techniques for computing the
mean velocity. First, in a pulsed Doppler system, Fast-
Fourier Transforms (FFTs) can be used to yield the velocity
distribution of the region of interest, and both the mean and
the variance of the velocity profile can be calculated and
displaced as a color flow imaging. The other approach is the
one dimensional auto-correlation technique described by
Kasai et al in “Real-Time Two Dimensional Blood Flow
Imaging Using an Auto-correlation Technique” in the IEEE
Transactions on Sonics and Ultrasonics Vol. SU-32, No. 3 in
May 1985, the entire contents of which are incorporated
herein by reference.

[0019] Mean blood flow velocity is estimated from the
frequency spectra of echoes. An estimate of the mean
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velocity in the range gate or sample volume gives an
indication of the volume flow rate. As the frequency of the
range or depth gated and sampled signal is proportional to
the velocity, the spatial mean velocity can be determined by
the mean angular frequency of P(w) and is expressed as:

fmel:w)dw o

o= [ Pwdew

[0020] where P(w) is the power density spectrum of the
received, demodulated signal. Equation (1) gives the mean
Doppler frequency shift due to the blood flow. The mean
blood flow velocity ¥ can then be estimated by the following
equation:

@ _c @

v=—
wo 2cosf

[0021] where c is the velocity of sound and 6 the angle
between the sound beam and the blood flow vector.

[0022] The extent of turbulence in blood flow may be
inferred from the variance of the spectrum. Since the Dop-
pler frequency directly relates to the flow vector, i.e., flow
direction and speed, in an ultrasonic sample volume, the
spectrum spread broadens in accordance with flow distur-
bance. While in laminar flow, the spectrum spread is narrow,
since a uniform flow vector gives a singular Doppler fre-
quency shift. The mean angular frequency can be deter-
mined by the phase-shift of auto-correlation of the complex
signal z(t). The inverse Fourier transform of the power
density spectrum is the auto-correlation function R(t) and is
expressed as:

Rir) = r mP(w)e"“dw = A(m)eH® ®

[0023] From the moment’s theorem of Fourier transforms,
it can be shown that

R(O) = j/fﬂowp(w)dw @

and

R(0)= r+mP(a))dw ©)

-0

[0024] Tt follows then
RO (©)
77 jR0)

[0025] Therefore, the mean velocity estimation can be

reduced to an estimation of the auto-correlation and the
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derivative of the auto-correlation. The estimator given by the
above expression can be calculated when data from two
returned lines are used. From Equation (3),

R(0)=fA(D) $(0) and R(0)=A(0) @)

[0026] Substituting the above equations into (6), we have

¢ -¢=D) 8)
- 2

[0027] Generally, ¢(1) can be determined by either of the
following methods

#(1) = arct:

Im{R(l)}] ®
Re{R(1)}

Im{R(l)}‘l (10)
ml

L arcsin( B

Re{R(1 11

[0028] In a preferred embodiment of the ultrasonic imag-
ing system,

1
sign((zb(l))sinz(?]

[0029] represents the phase-shift, where

I x>0 (12)
sign(x)=40 x=0
-1 x<0

1
sign((zb(l))sinz(?]

[0030] is a monotonic function of ¢(1) in the interval
(-m,+m). Thus, every value of

sign(é(l))sinz(%l)]

[0031] uniquely defines a ¢(1) in the interval (-, +r) and
vice versa.

[0032] Further,

sign(@(L))=sign(sin(@(L)))=sign(Im{R(1)}) (13)
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[0033]

. Re{R(1)} (14
sin2(¢(l)] _ Locostell) R

2 2 2

[0034] And therefore:

Dy 1
sign(qﬁ(l))sinz(w] = Esjgn(Im{Ru )};.[1 -

Re{R(l)}] (15)
2

|RCD)I

[0035] Similarly, the ¢(1) can be determined based on

1 1 Im{R(D)} (152)
gy sl JRQ
“”(T] " Treosg) |, RelRD)

[R(1)]

[0036] Inapreferred embodiment of the present invention,
the estimator given by the above expressions 15 and/or 15(a)
can be calculated when data from at least two returned lines
are used. The equations 15 and 15a represent the phase shift
¢ as a monotonic function in the interval between negative
and positive pi (=, +m) and express the phase shift as simple
mathematical calculations. In a preferred embodiment of the
present invention, more lines are used in order to improve
the signal-to-noise ratio. Data from several RF lines are
needed in order to get useful velocity estimates by the
auto-correlation estimator. Preferably, in a particular
embodiment between eight (8) and sixteen (16) lines are
acquired for the same image direction. The lines are divided
into range gates throughout the image depths, and the
velocity is estimated along the lines.

[0037] The CFI pulses are interspersed between the
B-mode image pulses in duplex imaging. It is known that a
longer duration pulse train gives an estimator with a lower
variation. However, a good spatial resolution necessitates a
short pulse. In a particular embodiment of the ultrasound
imaging system of the present invention, a separate pulse is
preferably used for the B-mode image, because the CFI
pulse is too long for high quality gray-scale image.

[0038] While Color Flow Imaging (CFI) sonograph has
been an effective diagnostic tool in clinical cardio-vascular
application, power Doppler (PD) imaging provides an alter-
native method of displaying the blood stream in the insoni-
fied regions of interest. While CF imaging displays the mean
or standard deviation of the velocity of reflectors such as, for
example, blood cells in a given region, PD displays a
measurement of the amount of moving reflectors in the area,
similarly to the B-mode image’s display of the total amount
of reflectors. Thus, power Doppler is akin to a B-mode
image with the stationary reflectors suppressed. This is
particularly useful for viewing small moving particles with
small scattering cross-sections such as red blood cells.

[0039] The power Doppler image displays the integrated
Doppler power instead of the mean frequency shift as used
for color Doppler imaging. As discussed hereinbefore, the
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color flow mapping is a mean frequency estimation, and can
be expressed as:

fm(uP(w)dw o

T [TPwde

[0040] where @ represents the mean frequency shift and
P(w) is the power density spectrum of the received signal. It
has also been shown hereinbefore by inverse Fourier trans-
form that

R(T) = I; mP(w)ef’“dw (16)
[0041] The total integrated Doppler power can be
expressed as

pw= f; " Ployde an
[0042] Substituting Equation (16) into (17), it follows that

R(O) = fﬂoP(w)exp(ja)O)dw = fP(w)dw =pw 18

[0043] and that the Oth lag of the auto-correlation function
can be used to compute the integrated total Doppler power.
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 in one preferred
embodiment from either time-domain or the frequency-
domain data. In either embodiment, the unwanted signal
from the surrounding tissue such as the vessel walls is
removed via filtering.

[0044] 1In a preferred embodiment, the PD computation
can be carried out in software executing a sequence of
instructions on the host processor similarly to the compu-
tation of the CFI processing described hereinbefore. In a
preferred embodiment, parallel computation units such as
those in the Intel® Pentium® and Pentium® I1I’'s MMX™
coprocessors that allow rapid computation of the required
functions are used. Intel®’s MMX™ is a Pentium® micro-
processor that executes applications faster than non-
MMX™  Pentium® microprocessor. It is designed to
improve the performance of multimedia and communication
algorithms. The technology includes new instructions and
data types which achieve higher levels of performance for
these algorithms or host processors. In particular, MMX™
Pentium® microprocessors have microprocessor instruc-
tions that are designed to handle video, audio and graphical
data more efficiently. Further, MMX™ technology consists
of a Single Instruction Multiple Data (SIMD) process which
makes it possible for one instruction to perform the same
operation on multiple data items. In addition, the memory
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cache on the MMX™ Processor has increased to, for
example, 32 thousand bytes, which provides for fewer
accesses to memory that is off the microprocessor. In an
alternate preferred embodiment, a Digital Signal Processor
(DSP) can also be used to perform the processing function.
Such architecture permits flexibility in changing digital
signal processing algorithms and transmitting signals to
achieve the best performance as the region of interest is
changed.

[0045] As discussed hereinbefore, the frequency content
of the Doppler signal corresponds to the velocity distribution
of the blood. It is common to device 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 backscattered signal is received
by the same transducer and amplified. For a multiple-pulsed
system, one sample is acquired for each pulse emitted. A
display of the distribution of velocities can be made by
Fourier transforming the received signal and displaying 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
displayed on the image. The placement and size of the range
gate are determined by the user, and this determines the time
instance for the sampling operation. The range gate length
determines the area of investigation and sets the length of the
emitted pulse.

[0046] The calculated spectral density is displayed on a
screen with frequency on the y-axis and time on the x-axis.
The intensity at a point on the screen indicates the amplitude
of the spectrum and is, thus, proportional to the number of
blood scatterer moving at a particular velocity.

[0047] FIG. 1 is a schematic functional block of one
embodiment of the ultrasound imaging system 10 of the
invention. Similar imaging systems are described in U.S.
Pat. No. 5,957,846 to Alice M. Chiang et al., issued Sep. 28,
1999, entitled “Portable Ultrasound Imaging System,” the
entire contents of which are being incorporated herein by
reference. As shown, the system 10 includes an ultrasonic
transducer array 14 which transmits ultrasonic signals into a
region of interest or image target 12, such as a region of
human tissue, and receives reflected ultrasonic signals
returning from the image target. The system 10 also includes
a front-end interface or processing unit 18 which is con-
nected by cables 16, for example, coaxial cables to the
transducer array 14 and includes a transducer transmit/
receive control chip 22.

[0048] Ultrasonic echoes reflected by the image target 12
are detected by the ultrasonic transducers in the array 14.
Each transducer converts the received ultrasonic signal into
a representative electrical signal which is forwarded to an
integrated chip having preamplification circuits and time-
varying gain control (TGC) circuitry 30. The preamplifica-
tion circuitry sets the level of the electrical signals from the
transducer array 14 at a level suitable for subsequent pro-
cessing, and the TGC circuitry is used to compensate for
attenuation of the sound pulse as it penetrates through
human tissue and also drives the beamforming circuits 32 to
produce a line image. The conditioned electrical signals are
forwarded to the beamforming circuitry 32 which introduces
appropriate differential delay into each of the received
signals to dynamically focus the signals such that an accu-
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rate image can be created. Further details of the beamform-
ing circuitry 32 and the delay circuits used to introduce
differential delay into received signals and the pulses gen-
erated by a pulse synchronizer are described in U.S. Pat. No.
0,111,816 to Alice M. Chiang et al., issued Aug. 29, 2000
entitled “Multi-Dimensional Beamforming Device,” the
entire content of which are being incorporated herein by
reference.

[0049] A memory 30 stores data from a controller 28. The
memory 30 provides stored data to the transmit/receive chip
22, the TGC 30 and the beamformer 32. The output from the
system controller 28 is connected directly to a custom or
FireWire Chipset. The FireWire Chipset is described in
co-pending U.S. patent application Ser. No. 09/449,780,
entitled “Ultrasound Probe with Integrated Electronics,” by
Jeffrey M. Gilbert et al., the entire contents of which are
being incorporated herein by reference. “FireWire” refers to
IEEE standard 1394, which provides high-speed data trans-
mission over a serial link. There also exists a wireless
version of the FireWire standard allowing communication
via an optical link for untethered operation.

[0050] The FireWire standard and an ultrasound probe
with integrated electronics as described in co-pending U.S.
patent application Ser. No. 09/791,491, entitled “Ultrasound
Probe With Integrated Electronics,” by Alice M. Chiang et
al,, the entire contents of which are being incorporated
herein by reference, may be used in preferred embodiments
of the present invention. The FireWire standard is used for
multimedia equipment and allows 100-200 Mbps and pref-
erably in the range of 400-800 Mbps 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 cur-
rently available to complete the other end of the head-to-host
connection. CardBus-to-FireWire boards can also be used.

[0051] 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 also tracks where in the scan pattern
it is, it can perform the packetization to mark frame bound-
aries in the data that goes back to the host. The control of
additional functions such as power-down modes and que-
rying of buttons or dial on the head can also be performed
via the FireWire connection.

[0052] Although FireWire chipsets manage electrical and
low-level protocol interface to the FireWire interface, the
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system controller has to manage the interface to the FireWire
chipset as well as handling higher level FireWire protocol
issues such as decoding asynchronous packets and keeping
frames from spanning isochronous packet boundaries.

[0053] Asynchronous data transfer occurs at anytime and
is asynchronous with respect to the image data. Asynchro-
nous data transfers take the form of a write or read request
from one node to another. The writes and the reads are to a
specific range of locations in the target node’s address space.
The address space can be 48 bits. The individual asynchro-
nous packet lengths are limited to 1024 bytes for 200 Mbps
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. Asynchro-
nous 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 ROMs 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 a key.

[0054] Using isochronous transfers, a node reserves a
specified amount of bandwidth and it gets guaranteed low-
overhead bursts of link access every Y500 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.

[0055] The front-end processing or interface unit system
controller 28 interfaces with a host computer 20, such as a
desktop PC, laptop or palmtop, via the custom or FireWire
Chipsets 24, 34. This interface allows the host to write
control data into the memory 26 and receive data back. This
may be performed at initialization and whenever a change in
parameters such as, for example, number and/or position of
zones, is required when the user selects a different scanning
pattern. The front-end system controller 28 also provides
buffering and flow control functions, as data from the
beamformer is sent to the host via a bandwidth-constrained
link, to prevent data loss.

[0056] The host computer 20 includes a keyboard/mouse
controller 38, and a display controller 42 which interfaces
with a display or recording device 44. A graphical user
interface described in co-pending U.S. patent application
Ser. No. 09/822,764 entitled “Unitary Operator Control for
Ultrasonic Imaging Graphical User Interface,” by Michael
Brodsky, the entire contents of which are being incorporated
herein by reference, may be used in a preferred embodiment
of the present invention.

[0057] The host computer further includes a processing
unit such as microprocessor 36. In a preferred embodiment
of the ultrasound imaging system in accordance with the
present invention the microprocessor 36 includes on-chip
parallel processing elements. In a preferred embodiment, the
parallel processing elements may include a multiplier and an
adder. In another preferred embodiment, the processing
elements may include computing components, memories,
logic and control circuits. Depending on the complexity of
the design, the parallel processing elements can execute
either SIMD or Multiple Instruction Multiple Data (MIMD)
instructions.

[0058] Further, the host computer includes a memory unit
40 that is connected to the microprocessor 36 and has a
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sequence of instructions stored therein to cause the micro-
processor 36 to provide the functions of down conversion,
scan conversion, M-mode, and Doppler processing which
includes color flow imaging, power Doppler and spectral
Doppler, and any post-signal processing. The down conver-
sion or mixing of sampled analog data may be accomplished
by first multiplying the sampled data by a complex value and
then filtering the data to reject images that have been mixed
to nearby frequencies. The outputs of this down-conversion
processing are available for subsequent display or Doppler
processing.

[0059] The scan conversion function converts the digi-
tized signal data from the beamforming circuitry 32 from
polar coordinates (r,8) to rectangular coordinates (x,y). After
the conversion, the rectangular coordinate data can be for-
warded for optional post signal processing where it is
formatted for display on the display 44 or for compression
in a video compression circuit. Scan conversion and beam-
forming and associated interfaces are described in U.S. Pat.
No. 6,248,073 to Jeffrey M. Gilbert et al., issued on Jun. 19,
2001, entitled “Ultrasound Scan Conversion with Spatial
Dithering,” the entire contents of which are being incorpo-
rated herein by reference.

[0060] The Doppler processing (CFI, PD, spectral Dop-
pler) is used to image target tissue 12 such as flowing blood.
In a preferred embodiment, with pulsed Doppler processing,
a color flow map is generated. In a preferred embodiment,
the CFI, PD, Spectral Doppler computation can be carried
out in software running on the host processor. Parallel
computation units such as those in the Intel® Pentium® and
Pentium® III’'s MMX™ coprocessors allow rapid compu-
tation of the required functions. For parallel processing
computation, a plurality of microprocessors are linked
together and are able to work on different parts of a
computation simultaneously. In another preferred embodi-
ment, digital Signal Processor (DSP) can also be used to
perform the task. Such arrangement permits flexibility in
changing digital signal processing algorithms and transmit-
ting signals to achieve the best performance as region of
interest is changed.

[0061] Single Instruction Multiple Data (SIMD) parallel
processors allow one micro-instruction to operate at the
same time on multiple data items to accelerate software
processing and thus performance. One chip provides central
coordination in the SIMD parallel processing computer.
Currently, SIMD allows the packing of four single precision
32-bit floating point values into a 128-bit register. These new
data registers enable the processing of data elements in
parallel. Because each register can hold more than one data
element, the processor can process more than one data
element simultaneously. In a preferred embodiment of the
present invention, all the data is organized efficiently to use
SIMD operations. In a particular embodiment, Multiple
Instruction Multiple Data (MIMD) parallel processors may
be used, which include a plurality of processors. Each
processor can run different parts of the same executable
instruction set and execute these instructions on different
data. This particular embodiment employing MIMD may be
more flexible than the embodiment utilizing SIMD, however
may be more expensive. All the kernel functions such as
demodulation, Gauss match filtering, Butterworth high pass
filtering, auto-correlation calculation, phase-shift calcula-
tion, frame averaging, color-averaging, spatial domain low-

May 8, 2003

pass filtering, and scan conversion interpolation are imple-
mented with SIMD or MIMD. The Doppler processing
results in the processed data being scan converted wherein
the polar coordinates of the data are translated to rectangular
coordinates suitable for display or video compression.

[0062] The control circuit, preferably in the form of a
microprocessor 36 inside of a personal computer (e.g.,
desktop, laptop, palmtop), controls the high-level operation
of the ultrasound imaging system 10. The microprocessor 36
or a DSP initializes delay and scan conversion memory. The
control circuit 36 controls the differential delays introduced
in the beamforming circuitry 32 via the memory 26.

[0063] The microprocessor 36 also controls the memory
40 which stores data. It is understood that the memory 40
can be a single memory or can be multiple memory circuits.
The microprocessor 36 also interfaces with the post signal
processing functional instructions and the display controller
44 to control their individual functions. The display con-
troller 44 may compress data to permit transmission of the
image data to remote stations for display and analysis via a
transmission channel. The transmission channel can be a
modem or wireless cellular communication channel or other
known communication method.

[0064] The preferred embodiments of the ultrasonic imag-
ing system address the main problem of performing Doppler
processing by software which typically is the speed for
processing in real time. FIG. 2 illustrates a preferred
embodiment of a method 100 for Doppler processing in
accordance with the present invention.

[0065] The method 100 includes mapping or vectorizing
of the serial input RF data for parallel computation per step
102. Further details of the data mapping process are
described in FIG. 3 which diagrammatically illustrates a
preferred embodiment of a method 150 for data mapping for
parallel processing. An input data steam 152 is mapped into
an input vector representation. The vectors 154, 156 are
sequentially provided to the microprocessor’s 36 parallel
processing elements in which an instruction can be executed
that allows all data within the vectors 154, 156 to be
operated on in parallel. The dimension of the vector P is
determined by the hardware constraints of the microproces-
sor and may equal the number of parallel processors. For
example, current MMX™ technology allows a vector with
four dimensions, thus limiting the processing of four dimen-
sion vectors in parallel. The dimensions of the vector
representation are not limited to the current available tech-
nology and can accommodate increases in the dimension of
the vector representation.

[0066] The method 100 includes the step 104 of smooth-
ing the RF data to enhance the signal to noise ratio (SNR),
for example, by curve fitting techniques. The RF data is then
demodulated to generated IQ data, where I represents in-
phase and Q represents quadrature samples in step 106.
Demodulation may be performed, but is not limited to, by a
rectangular filter.

[0067] 1In a preferred embodiment, Doppler processing is
operated on each sub-segment instead of each single sample.
This method saves processing time because the number of
sub-segments is much less than number of samples. This is
important for clinical use of software-based Doppler prod-
ucts, where a real-time system is critical. Further, by pro-
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cessing sub-segments the sensitivity to flows increases. The
data processed per a sequence of instructions in a preferred
embodiment represents the average over a segment, which
has higher signal to noise ratio.

[0068] The use of data segments may however cause
lower spatial resolution. To reduce such an effect, the signal
sequence is not divided as individual segments, instead each
adjoining segment is overlapped with each other. In other
words, the center distance or down-sample space between
each segment is less than the length of segments. According
to the Nyquist sampling theorem, if such a distance is less
or equal to the half segment length, the spatial resolution can
be recovered by proper interpolation methods. For example,
if there exists a demodulated IQ data sequence Y, Y;, Yo,
Y5, Y, Y5, Y, Y, the segment length as four and down-
sample space as two, a down-sampled data sequence z, z;,
7,, is generated where z,, is the average of Vg, V5, Vo, V3, 21
is average of ¥,, V3, Y, Vs, Z, 15 the average of y,, Vs, Ve, V-
Mathematically, the average over each segment can be
expressed as

1 19
z(1) = ZREC[(i) = y(1) (15

[0069] where y(t) is demodulated complex 1Q data,

{1 -05<1<05 (20)
Rect(t) = .
0 Otherwise
[0070] If the down-sample space is AtZL/2, then the
down-sampled data can be expressed as

z(k)=z2(kAr) where k=0,1,2, . . . (21)
[0071] The method 100 further includes the step 108 of

filtering the down-samples using, for example, without
limitation, the Gauss Match filter. A match filter is used to
maximize the signal-to-noise ratio. The signal for Doppler
processing is generated by performing quadrature demodu-
lation with the emitted frequency (w,) and then Gauss Match
filtering the complex signal.

y(H=Gauss()* [{exp(jivi)] 22
[0072] where rf(t) is the raw RF data. To save the calcu-

lation time, match filtering is only performed on down-
sampled samples. From (19), it follows

2(B)=Re ()" Gauss(1)*[f{D)exp(fdh) ] 23)
[0073] Equation (23) can be also expressed as

2(t)=Gauss(?)*x(7) 4

x()=Re ci(t)*[rf()exp(or)] @5)
[0074] Thus, the down-sampled data can be expressed as

+00 (26)
(k) = z(kAr) = f Gauss(D)x(kAr - Dd

[0075] The method 100 further includes the step 110 of
calculating the power along the sample line before a high
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pass filter or wall filter. Per step 112, stationary signals are
filtered out by a high pass filter, for example, but not limited
to, a Butterworth filter. The method 100 then proceeds to
step 114 wherein the auto-correlation function R(1) of the
signal is calculated.

[0076] Perstep 116, the phase shift of the auto-correlation
phase is then calculated efficiently. As described hereinbe-
fore, the mean velocity can be determined by the mean
angular frequency

oo om0
f wP(w)dw

W= —

[ Podo

[0077] where P(w) is the power density spectrum of Dop-
pler signal. The mean blood flow velocity v can then be
estimated by the following equation

@ ¢
V= ——
wy 2cosh

[0078] where c is the velocity of sound and 6 the angle
between the sound beam and the blood flow vector. It has
been shown that:

. D-¢-1 28
w0 = 0D, @8)

[0079] Generally, ¢(1) can be determined by either of the
following methods

CImiR()) (29)
#h= mn(Re{R(l)}]

Im{R(1 30

¢ ”mi"( rlnl{m()\)}] ()

Re{R(1 31

#(1) = arccos( r]i(l()l)}} @D

[0080] All these operations are too time consuming to be
implemented by software. Besides, these functions are not
monotonic in the interval between —pi and +pi (-7, +m).
Thus, not all values of the phase shift corresponding to the
range of Doppler velocities according to the Nyquist crite-
rion are accounted for. In a preferred embodiment of the
Doppler processing system in accordance with the present
invention

sign(gsu»smz(%”]
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[0081]

represents the phase-shift, where

1 x>0 (32
signx)=40 x=0
-1 x<0

Sign(¢(1))sin2(%l)]

[0082] is a monotonic function of ¢(1) in the interval
(=m,47). In other words, every value of

Net
sign<¢<1))sin~(?]

[0083] uniquely defines a ¢(1) in the interval (-, +m) and
vice versa. Calculation of the sin® function avoids the use of
a square root operation, which is computationally intensive.

[0084] As we know
sign(@(L))=sign(sin(@(L)))=sign(m{R(1)}) 33
[0085]
. Re{R(1)} (34)
sz(ﬂ)] _ L-cos@ly) _ "~ TIR(D
2 )" 2 - 2
[0086] So

Sign((b(l))sinz(%l)] = %S,-gnum{ R(l)})[l - Re{R(l)}} 3%)

[R(D

[0087] Similarly, the angle phi ¢(1) may be also calculated
by
Im{R(1)} (353)
. (@]_ sing(1) R
M) T Trcose(l) " |, RelRD]

[R(L|

[0088] The method 100 further includes the step 118
wherein the echo signals are rejected by color priority. In a
preferred embodiment, if the power before the high pass
filter is larger than a predetermined threshold, the phase shift
is set to zero. Per step 120 the phase shift is smoothed by, but
is not limited to, a spatial low-pass filter. The phase-shift is
averaged with previous frames such as, for example, the
previous two frames per step 122. The phase shift is con-
verted to a color index per step 124 to obtain a curve like the
one represented by the phase shift calculation in equations
35 and 35a. In a preferred embodiment, a look up table may
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be used, but is not limited to, in order to convert the phase
shift to a color index. Color averaging is then performed per
step 126. Per step 128 the phase shift represented in scan
coordinates is transformed or converted to raster coordinates
using, for example, but is not limited to, interpolation
methods. The resultant color images are superpositioned on
the B-mode image in step 130.

[0089] FIG. 4A illustrates a graphical representation 170
of the Doppler phase shift calculations, in particular for the
following equations 10 and 15 described hereinbefore. The
graphical representation of equation 15 in accordance with
a preferred embodiment, is a monotonic function in the
interval between -pi and pi which spans the range of
Doppler velocities according due to the Nyquist criterion.
This can be expressed by simple mathematical operations, as
shown in the right hand side of equation 15.

Im{R(D} 10
o) = arcsin( nrl{i’(l()l)} l (10

Re{R(l)}} (15)

_ - ¢<1>] 1 [
sign(g(1))sin’ (T = zszgnl\Im{R(l)}) 1- W

[0090] FIG. 4B illustrates a graphical representation 190
of equations 9 and 15a.

Im{R(l)}] &)

o) = arctan(m

1 1 Im{R(1)} (152)
o)y singl) R
ta“( 2 ]" 1 +cos(g(l)) 1+Re{R(1)}

[R(1)I

[0091] Equation 15a, is the graphical representation of a
preferred embodiment, and is a monotonic function in the
interval between -pi and pi which spans the range of
Doppler velocities according to the Nyquist criterion, and
can be expressed by simple mathematical operations, as
shown in the right hand side of equation 15a.

[0092] Tt should be noted that an operating environment
for the system 10 includes a processing system with at least
one high speed processing unit and a memory system. In
accordance with the practices of persons skilled in the art of
computer programming, the present invention is described
with reference to acts and symbolic representations of
operations or instructions that are performed by the process-
ing system, unless indicated otherwise. Such acts and opera-
tions or instructions are sometimes referred to as being
“computer-executed”, or “processing unit executed.”

[0093] Tt will be appreciated that the acts and symbolically
represented operations or instructions include the manipu-
lation of electrical signals by the processing unit. An elec-
trical system with data bits causes a resulting transformation
or reduction of the electrical signal representation, and the
maintenance of data bits at memory locations in the memory
system to thereby reconfigure or otherwise alter the process-
ing unit’s operation, as well as other processing of signals.
The memory locations where data bits are maintained are
physical locations that have particular electrical, magnetic,
optical, or organic properties corresponding to the data bits.
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[0094] The data bits may also be maintained on a com-
puter readable medium including magnetic disks, optical
disks, organic disks, and any other volatile or non-volatile
mass storage system readable by the processing unit. The
computer readable medium includes cooperating or inter-
connected computer readable media, which exist exclusively
on the processing system or is distributed among multiple
interconnected processing systems that may be local or
remote to the processing system.

[0095] Tt should be understood that the programs, pro-
cesses, methods and systems described herein are not related
or limited to any particular type of computer or network
system (hardware or software), unless indicated otherwise.
Various types of general purpose or specialized computer
systems may be used with or perform operations in accor-
dance with the teachings described herein.

[0096] In view of the wide variety of embodiments to
which the principles of the present invention can be applied,
it should be understood that the illustrated embodiments are
exemplary only, and should not be taken as lLimiting the
scope of the present invention. For example, the steps of the
flow diagrams may be taken in sequences other than those
described, and more or fewer elements may be used in the
block diagrams. While various elements of the preferred
embodiments have been described as being implemented in
software, in other embodiments hardware or firmware
implementations may alternatively be used, and vice-versa.

[0097] Tt will be apparent to those of ordinary skill in the
art that methods involved in the system and method for
ultrasound imaging may be embodied in a computer pro-
gram product that includes a computer usable medium. For
example, such a computer usable medium can include a
readable memory device, such as, a hard drive device, a
CD-ROM, a DVD-ROM, or a computer diskette, having
computer readable program code segments stored thereon.
The computer readable medium can also include a commu-
nications or transmission medium, such as, a bus or a
communications link, either optical, wired, or wireless hav-
ing program code segments carried thereon as digital or
analog data signals.

[0098] 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.

What is claimed:

1. A portable ultrasound system for scanning a region of
interest with ultrasound energy to image a fluid moving
within the region of interest comprising.

a hand held probe having a transducer array mounted
therein;

a front-end interface unit having a beamforming device
and a transceiver chip, the front-end interface unit
being connected to the handheld probe and to a data
processing system;

a Doppler processing system disposed in the data pro-
cessing system, having at least one parallel computing
element, and a memory coupled to the at least one
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parallel computing element, the memory having stored
therein a sequence of instructions to execute Doppler
processing.

2. The portable ultrasound system of claim 1, wherein the
at least one parallel computing element is a multiplier and an
adder.

3. The portable ultrasound system of claim 1, wherein the
at least one parallel computing element executes at least one
of Single Instruction Multiple Data instructions and Multiple
Instruction Multiple Data instructions.

4. The portable ultrasound system of claim 1, wherein
Doppler processing is executed in a computation device
such as a Pentium® III having a MMX™ processor.

5. In an ultrasound system based on Doppler processing,
a method for imaging a region of interest comprising of:

providing a handheld probe and an associated processing
system for capturing images of an area of interest; and

providing a data processing system coupled to the asso-
ciated processing system having a microprocessor with
at least one parallel processing element and a memory
coupled to the microprocessor having stored therein a
sequence of instructions to execute Doppler processing.
6. A computer readable medium having stored therein
instructions for causing a processing unit to execute the
steps of the method of claim 5.
7. The method for imaging a region of interest of claim 5,
wherein the sequence of instructions comprises of:

mapping a stream of serial data to a vector representation,
calculating an auto-correlation function of the data; and

calculating a phase shift of the auto-correlation function
to generate a monotonic function for all values of the
phase shift corresponding to a range of Doppler veloci-

ties.
8. The method of imaging a region of interest of claim 7,
wherein the sequence of instructions further comprises of:

demodulating the data to obtain in-phase and quadrature
sample data;

filtering the data to remove low frequency signals;
averaging a plurality of frames of data;
converting phase shift data to an index;

converting the phase shift data from scan to raster coor-
dinates; and

displaying a plurality of images.

9. The method for imaging a region of interest of claim 5,
wherein at least one parallel processing element is a multi-
plier and an adder.

10. The method for imaging a region of interest of claim
5, wherein at least one parallel processing element executes
at least one of Single Instruction Multiple Data instructions
and Multiple Instruction Multiple Data instructions.

11. A method of imaging a region of interest with ultra-
sound energy comprising of:

providing a portable ultrasound imaging system including
a transducer array within a handheld probe, an interface
unit connected to the handheld probe with a first cable
interface, the interface unit having a beamforming
device and being connected to a data processing system
with a second cable interface;
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providing output signals from the interface unit to the
handheld probe to actuate the transducer array;

delivering ultrasound energy to the region of interest;

collecting ultrasound energy returning to the transducer
array from the region of interest;

transmitting data from the handheld probe to the interface
unit with the first cable interface;

performing a beamforming operation with the beamform-
ing device in the interface unit; and

transmitting data from the interface unit to the data
processing system with the second cable interface such
that the data processing system receives a beamformed
electronic representation of the region of interest; the
data processing system having at least one parallel
processing element integrated therein to execute a
sequence of instructions for processing and displaying
Doppler images, a particular sequence of instruction
comprising calculating a phase shift of an auto-corre-
lation function to generate a monotonic function for all
values of the phase shift corresponding to a range of
Doppler velocities.

12. A computer readable medium having stored therein
instructions for causing the processing system to execute the
steps of method of claim 11.

13. The method of imaging a region of interest of claim
11, wherein at least one parallel processing element is a
multiplier and an adder.

14. The method of imaging a region of interest of claim
11, wherein at least one parallel processing element executes
at least one of Single Instruction Multiple Data instructions
and Multiple Instruction Multiple Data instructions.

15. An ultrasound imaging apparatus comprising:

at least one processing module; and

memory operable coupled to the at least one processing
module, wherein the memory stores operational
instructions that cause the at least one processing
module to:

map serial data to vector representation;
calculate an auto-correlation function of the data;

calculate a phase shift of the auto-correlation function
to generate a monotonic function for all values of the
phase shift corresponding to a range of Doppler
velocities;

10
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convert the phase shift to an index; and
display a plurality of images.

16. The apparatus of claim 15, wherein the apparatus
further comprises a handheld probe operable to transmit an
ultrasound image and to obtain data indicative of the flow
characteristics of the region of interest.

17. A portable ultrasound system for imaging a region of
interest comprising:

an ultrasound probe system including a transducer array
and a beamforming device; and

a data processing system connected to the ultrasound
probe system with a standard high-speed transmission
link such that the data processing system receives a
beamformed representation of the region of interest;

the data processing system having a microprocessor
coupled to at least one parallel processing element for
Doppler processing computations.

18. The system of claim 17, wherein the ultrasound probe
system further comprises a beamforming circuit having a
programmable delay device.

19. The system of claim 17, further comprising an inter-
face unit connected to a probe housing and a circuit board
within the interface unit, the circuit board having a beam-
forming integrated circuit mounted thereon.

20. The system of claim 19, further comprising a display
and a battery in the data processing system such that the
battery provides power to the probe housing.

21. The system of claim 19, further comprising a digital
signal processor in the interface unit.

22. The system of claim 19, further comprising a data
transmitter that forwards isochronous data from the probe
system to the data processing unit.

23. The system claim of 17, wherein the at least one
parallel processing element is a multiplier and an adder.

24. The system of claim 17, wherein the at least one
parallel processing element executes at least one of Single
Instruction Multiple Data instructions and Multiple Instruc-
tion Multiple Data instructions.

25. The system of claim 19, wherein the interface unit
comprises a wireless interface.

26. The system of claim 17, wherein the probe system
comprises a handheld housing having a transducer array and
an interface unit.

27. The system of claim 19, wherein asynchronous signals
are transmitted from the data processing system to the probe.

®0k ok ok F
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5. Post Signal Processing
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