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1. Title of Invention
SIMILTANBOUS MULTT-MODE AND MULTI-BAND ULTRASONIC IMAGTNG

2. Claims
1. A method of using ultrasound to analyze a media of interest, comprising th.;: steps of;
transmitting an ultrasound puise into the media of interest, the ultrasound pulse being
madified by the media of interest;
receiving ar a transducer the modified ultrasound pulse;
generating signals in response to the received medified ultrasound pulse;
parallel processing the signals using a plurality of imaging modes; and

generating positional data responsive to the parallel processed signals.

2. The ruethod of claim 1, wherein the step of gererating positional data includes arca-forming.
3. A methad of using ultrasound to analyze a media of interest, comprising the steps of;
transmitting a plurality of ultrasound pulse into the media of interest. the ultrasounq
pulses being modified by the media of interest;
receiving at one or more transducers the modified ultrasound pulses:
generaring analog signals in response to the received modified ultrasound pulses;
converting the analog signals to digital data using an A/D converter;
preprocessing the digital datz using a plurality of frequency band preprocessors; and

generating positional data responsive to the preprocessed digital data,

4. The method of claim 3, wherein digital duta resulting from an individual member of the

plurality of uitrasound pulses is processed using a plurality of imaging modes.

5. The method of claim 3. further including the step of displaying an image visibly teinporally

synchronized using the gensrated positional dats,
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6. The method of claim 3, wherein the step of praprocessing the digital data is preprocessed in

parallel.
7. The method of claim 3, wherein the positional data is generated using echo-forming,

8. The method of claim 3, wherein the positional data is generated using echo-forming and (he

echo-forming uses an area-forming module that includas 2 plurality of area-formers.

9. The method of claim 3, further including the step of providing preprocessed digital data 1o one
or more members of a phirality of area-formers from one or more members of the

plurality of frequency band preprocessors.

10. The method of claim &, further including the step of providing the positional data to an image
scan converter, wherein the positional data is geneated using a plurality of imaging

modes.

11. The method of claim 10, further including the step of gencrating image data using the image

scan converter and the positivnal data,

£2. The method of claim 10, further including the siep of generating image data using the image
scan converter and the positional data, wherein the image data is visibly temporally

synchronized.

13. The method of claim 6, wherein the steg of preprocessing the digital data is performed using

2 plurality of imaging modes.

[4. The method of claim 13, wherain the plurality of imaging modes includes Doppler imaging.
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t3. The method of claim 13, whersig the plurality of imaging modes includes imaging using

harmonic frequencies.

16. The method of claim 3, whereid the st=p of preprocessing the digital data is done in paralicl,

and

the plurality of frequency band PIEPIrOCessoTs aje responsive to encoding within the

digital data.

17, The methnd of claim

3, further ineluding the step of pest-processing the positional data in

paralle] using a plurality of POSt-processors.

18. An ultrasonic analysis system comprising:

an ultrasound transducer for transmitting ultresound pulses into a media of interest such

that the media of interest modifies the udrasound pulses;

a transducer for recziving the modified ultrasound pulses and generating signals

responsive to the modified ultrasound pulses;

& plurality of frcquengy band preprocessors for preprocessing the signals in paralle!; ynd

un echo-forming system for generaling positional data responsive to the preprocessed

signals,

19. The system of claim 18, whesein the echo-forming systam inclndes a pluraiity of

beamformers configured g receive signals preprocessed using a plurality of imaging

medes,

20. The systern of claim 18, wherein the echo-farming system includes an area-forming moduis.
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3. Detailed Description of Invention

CROSS-REFERENCES TO RELATED APPLICATIONS
[0001] This application is related to U.S. Patent Application No. _\ | eatitled “Block
Switching in Ultrasound Imaging,” filed on October {8, 2001, The subject matter of the relatad
applications is hereby incorparated by reference. The related applications are commanly
assigned.

BACKGROUND

FIELD OF THE INVENTION
{0002]  The invention is in the field of imaging devices and more particularly in the field of
uitrasonic imaging.
DESCRIPTION OF THE PRIOR ART
[0003] Uftrasonic tmaging is a frequently used method for examining a wide range of
materials, The method is éspn:cia.lly tommon in medicine because of its relatively non-invasive
nature. low cost, and fast diagnostic cycles. Typically, ultrasonnd imaging is accoruplished by
generating and directing ultrasonic sound waves into 2 material under investigation and thep
observing reflections generated at the boundariss of dissimilar materials. The reflections are
converted to electrical signals by receiving devices {transducers) and then processed. using
beam-forming techniques known in Lhe art, te determine the locations of echo sources. The

resulting data iy dispiayed using a display device such as a monitor.

[0004] Typically, the ultrasonic signal transmirted into the material under investigalion is
generated by applying cantinuous or pulsed electronic signals to a transducer. The ransei

frequency of medical ultrascund is most commonly in the range of | MHz to 15 MHz. The
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ultrasnund propagates through the material under investigation and reflects off of structures such
as boundaries between adjacent tissue layers. As it travels, the ultrasonic energy may be
scattered, resonated, attenuated. rcﬂcct_ed, ar atherwise modified. t’ortians of the reflected
signals are returned (0 the transducers and detected as echoes. The detecting transducers convert
the echo signals to electronic signals and furnish them to a beamformer, The beamformer
calculates Tocations of echo sources and typically includes simple filters and signal averagers.
Calculated positicnal information, produced through 2 serial series of beam-forming operationy,
is used g generate twn-dimensional data that can be presenced as an image. [n prior art systems,
the rate at which images are formed (the frame rate) is limited by at least the pulse return tirpe,
The pulse relurm time is the time between (he transmission of w'trasonic sotnd inta the media of

interest and the detection of the last reflected signals,

[0005]  As an ultrasound pulse prapagates through a material under investigation, additional
harmonic frequency components are generzted. These additional harmonic frequency
components continue to propagate and, in tum, reflect off of ar interact with othet struciires In
the material under investigation. Both fundamental and harmanic signals are detected, The
analysis of harmenic signals is generally associated with the visvalization of boundaries or image

contrast agents designed to re-radiar vltrasound at specific harmonic frequencies.

[0006]  Seversf modes of witrasonic imaging are established in the prior art. These prior art
modes include analyzing signals ar the fundamental (base-band) or harmanic frequencies for
studying static structures in the material under investigation, and detecting movement using
spectral Doppler or color Doppler imaging modes. These imaging mcdes are either sequentially
or alternatively executed and the results combined in a single image. For example, in cne prior )

art system a first serfes of ultrasound pulses is first fired to facilitate tissue harmonic imaging that
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i5 utilized to examine a human heart. A second series of wltrasound pulses is fived to generate
color Doppler imaging signals at a fundamental frequency. These signals measure the velociry
of blood flow through the heart. The first series and sccond series of ultrasound pulses are
alternated in a line-interleaved or frame-interleaved magner. The signals generated by each
series are analyzed separately and the resulting two-d;mensional data is combined in a single
data set for display to the user, In the dispiay it is commeon to use color to differentiate and
characterize the cambined data sets. Since the data are recorded using two different seis of
ultrasound pulses, generated ar diffcrcnt times, the displayed image may contain undesirable
temporal anomslies. For example, such an anomaly could indicate blood flow through a closed
heart valve. Also, using multiple series of pulses expases the material under investigation to

additional ultrasound energy. This sdditional encrgy may be considered undesirable.
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SUMMARY OF THE INVENTION
[0017] The present invention includes systems and methods for performing parallel and muy .
mede processing of ultrasound signals. For ¢xample, one method of parzlle! processing
ultrasound signals is ultrasonic imaging including the sceps of transmitting ultrasound puises inta
a media of interest that modifies the ulltrasound pulses. receiving the modified ultrasound pulses
al a sensor, generating signals responsive to the received ultrasound pulses using the sensur,
processing the sigrals using a plurality of imaging modes; interpreting the processed sig_nais to
generate responsive positional dat-'a; and generating image data with no visible tamporal
anomalies using the positional data, Such an image is said to be visibly temporally

synchronized.

(0018] This method can be performed using an ultrasonic imaging system including an
vitrasound transducer for transmitting ultrasound pulses into a media of interest that modifies the
ultrascund pulses, a sensor (which is optionally the same transducer used for transmitting) for
recelving the modified ultrasound pulses and generating analog signels responsive to the
moditied ultrasound pulses, an A/D converter for converting the analog signals to digital data, a
plurality of frequency band preprocessors for preprocessing the digital data in parallel, and an
echo-forming system for interpreting the preprocessed digital datd and generating positiona! daca
responsive to the preprocessed digital data. The echo-forming system vptionally includes an

area-forming system, 2 volume-fo tming system. or a mukidimensional-forming system,
[0019] L. A methed of witrasenje \maging comprising the steps of:
transmitting an uitrasaund pulse into 2 media of interest such that the mediz of interest

modifies the ultrasgund pulse;

receiving the modified ultrasound pulse ar & transducer;
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generating signals responsive to the received ultrasound pulses:
processing the signals in parallel using a plurality of imaging modes; andr
interpreting the processed signals to generate responsive positional data.
2. The method of claim 1, wherein the step of interpreting the processed signals includes area-
forming.
3. A method of ultrasonic analysis comprising the steps of:
transmitting ultrasound pulses into a media of interest such that the media of interest
modifies the ultrasound pulses;
receiving the modified ultrasound puises at a transducer;
generating signals responsive to the received nitragound pu];cs;
processing the signals using a plurality of imaging modes;
interproting the processed signals to generate responsive positional data, the positional
data being temgorally synchronized; and
gencrating inmgc data, using the positional data,
4. The methed of claim 3, wherein at least one of the ultrasourd putises s pracessed using at least
two of the plurality of imaging modes.
5. The method of claim 3, further including the step of displaying an image, without visible
‘temperal anomalles, using the image data.
6. A method of ulirasonic analysis comprising the steps oft
transmitting ultrasound pulses inco 2 media of interest such that the media of interest
modifles the ultrasound pulses;
receiving the modified ultrasound pulses at one or more transducer:

generating signals responsive to the received ultrasound pulses;
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preprocessing the signals using a plurality of frequency band preprocessors; und
interpreting the preprocessed signals to generate responsive positional data.

7. The method of claim 6, wherein the step of preprocessing the signals is dore in parailel.

8. The method of claim 6, wherein the step of preprocessing the signals is done in parallel and
the step of pL'eprocess'ing the signals uses a plurality of imaging mades.

9. The methed of claim 6, further including the step of generating image data using the positional
data, and
wherein the step of prcﬁmcessing the signals is done in parallel

10. A method of ultrasonic analysis comprising the steps of:
transmitting ultrasound palses Into a media of terest such that the mediz of interest

modifies the ultrasound pulses;

receiving the modified ultraseund pulses at one or more transducer;
generating analog signals responsive 1o the recetved ultrasound pulses:
converting the analog signals to digital data using an A/D converter;
preprocessing the digital data u:;'ing a plurality of frequency band preprocessars; and
i:mzcrp;eting the preprocessed digiral data to generate responsive positional data.

1. The method of ¢laim 10, wherein the step of preprucessing the digital dara is dune in parallel.

14. The method of slaim 11, wherein the step of interpreting the preprocessed digital data
includes eche-forming,

13. The method of claim 1. wherein the step of interpreting the preprocessed digital data
includes echo-forming and the echo-forming uses a area-formin g module thet includes 4

plurality of area-formers.
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14, The method of claim 1t, further including the step of providing preprocessed digital data 1o
one ar more members of a plurality of arca-formess from one or more members of the
plurality of Frequancy_ bard prepracessors.

3. The method of claim 11, further including the step of providing the positional data to an
image scan converter, wherein the positional c;ata is derived using a plurality of imaging
modes.

(6. The method of claim 15, further including the step cf generating image data using the image
converter and the positional datu.

17. The method of claim 15, further including the step of generating image data using the image
converter and the positioral data, wharein the image data has oo visible temporal
anomalics.

1¥. The method of ¢<laim 12, wherein the step of interpreting the preprocessed digital data is
performed in paralle] by the echo-forming system.

19. The method of ¢lalm (1, wherein the step of preprocessing the digital data is performed with
using a plurality of imaging modes.

20. The method of claim 19, wherein the plurality of imaging modes includes Doppler imuging.

21.The method of claim 19, wherein the plurality of imaging modes includes imaging using

" harmonic frequencies.

22. The method of claim 10, wherein the step of preprocessing the digital data is done in parallel.
and
the plurality of frequency band preprocessors are respansive (0 encoding within the

digital data.
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23, The method of claim 10, further including the step of post-processing the positional data in
parallel using a plurality of post-processors.
24. The method of claim 10, further including the step of storing the digital daca in an I/Q data
buffer prior to the step of preprocessing the digital data.
25. The ructhod of claim 10, further including the step of storing the digital data in a multi-
channel data buffer, the step of storing in a mulii-channel data buffer occurring after the
step of preprocessing the digital data and priar to the step of interpreting the preprocessed
digital data.
26. A method of ultrasonic analysis co mprising the steps of:
transmitting ultrasound pulses inte a media of . interest such that the media of interest
modifies the ultrasound pulses;

receiving the modified ultrasound pulses at a transducer:

generating analog signals res ponsive to the received ultrasound pulses;

converting the analog signals to digital data using an A/D converter:

preprocessing the digiral dara vsing a preprocessing module:

interpreting the preprocessad digital data and generating responsive positional data, using
a plurality of echo-formers.

27. The method of claim 26, wherein the step of preprocessing the digital data uses a plurality of
imaging modes in parailel

28. The method of claim 27, wherein the plurality ¢f imaging modes include harmoric imaging.

29. The imethod of claim 26, wherein the plurality echo-formers include beamformers.

30. The methad of claim 26. wherein the plurality echo-forrmers include arca-formers,
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31, The method of claim 26, wherein the step of interpreting the preprocessed digita! data is

performed in parailel using the plurality of echo-formers.
32. The systern of claim 26, further inchuding the step of providing the positienal data to a

piurcality of post-processors,
33. The methad of claim 26, ‘furthar including the step of generating image data using the image

scan converter and the positional data, wherein the positional data is derived using 1

plurality of imaging modes.
34 The method of claim 26. further including the step of storing the digital data in 2 multi-

channel data bhuffer, the step of storing in a multi-channel data buifer oceuriing after the

step of preprocessing the digital data and prior to the step of interpreting the preprocessed

digital data.
35. A method of ultrasonit analysis comprising the steps of:
transmitting a st of ultrasound pulses into a media of intecest such that the media of
interest modifics a plurality of pulses in the set of ultrasotnd pulses:
receiving the medified plurality of nltrasound pulses at a transducer:
generating signals responsive to the received pulses;
preprocessing the signals using 2 preprocessing module; and
interpreting the preprocessed signals to generate responsive positional dara using an
ccho-forming system, the positional data including information derived from one
pulsc in the set of ultrasound pulses, the derivation of information from the one
pulse nsing a phurality of imaging modes.
36. The method of ¢luim 33, wherein the plurality of imaging modes are applied using the

Preprocessing module,
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37. The method of claim 35, wherein the echo-forming system inchrdes an arca-forming modula,
38. The method of claim 35, wherein the echo-forming system includes an beam-forming
module.
39. A method of ultrasonic analysis comprising the steps of:
transmitting a set of ultrasound puises into a media of interest such that the media of
interest modifies a pulse in the set of ultrasound pulses;
recetving the modified ulirasound pulse at a transducer;
generating analog signals responsive to the received pulse;
converling the analog signals to digital data using an A/D converter;
preprocessing the digital data using a preprocessing modnle; and
interpreting, using an echo-forming syster, the preprocessed digital data to generite
responstve positional data, the responsive positional data being derived using a
plurality of imaging modes,
40. The method of claim 39, whersin the plurality of Jmaging modes are used in parallei.
41. The method of claim'39, further including the step of providing the positional data to a pose
processing medule including a plurslity of post-processors.
42. The method of claim 45, wherein the echo-forming system includes a beam-former.
43. .'.The method of clzim 45, wherein the echo-forming system includes an crea-former.
44. The method of ¢laim 39, further including the step of storing the digital data in ar IIQ-dnta
buffer prior to the step of preprocessing the digital data.
45. The method of claim 39, further including the step of storing the digital data in a multi-

channel date buffer, the step of storing in 2 muiri-channel data buffer veeurring after the



(29) uoboooboooboaobod

step of preprocessing the digital data and prior to the step of interpreting the preprocessed
digital data.
45. The method of claim 49, wherein the echo-forming syster inclndes an multidimensional -
former.
47. The method of ¢laim 39, wherein the positional data is temporally synchronized.
48. The method of claim 47, turther including the step of generating an image using the
positionz] data, wherein ths image has no visible temparal anomalies.
49. An ultrasonic analysis systsm__é:omprising:
an ultrasolnd transducer configured to trausmit ulresound pulses into a media of inleres
such that the media of interest modfies the ulirasound pulses;
a transducer configured to receive the medified ultrascund puises and generating signals
respansive to the modified ultrasound puises;

a p]ﬁraﬂty of frequency band preprocessors configured to praprocess the signals in
parallel; and
a echo-forming system configured to interpret the preprocessed signals and generate
Tesponsive positional data.
50. The system of claim 49, wherein the echo-forming system includes a plurality of
. beamfarmers, the plurality of beamformers configured to receive signals preprocessed
using a plurality of imaging rnodes,
5l1. The system of claim 49, wherein the echo-forming system includes an area-forming module,
52. The system of claim 49, wherein the echo-forming system is configured to include
muktidimensioral-forming,

53. An ultrasonic analysis system, comprising:
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an ultrasound transducer configured to transimit ultrasound pulses intc a media of interest,

such that the media of interest madifies the ultrasound pulses;
a transducer configured te receive the modified ultrasound pulses and generate analog

signals responsive to the modified altrasound pulses;
an A/D converter cnr]figured to convert the znalog signals to digital data:
a plurulity of frequency band preprocessors configured to preprocess the digital duta in

parallel; and
an echo-forming system configured to interpret the preprocessed digital data and generare

positional data responsive to the preprocessed digital data.

34. The system of claim 53, further including an image scan converter configured to receive the
positional data, configured to combine pesitional data derived using a plurality of
imaging modes, and canfirured to use the combined positional data © gencraie
composite image data.

35. The system of claim 53, fucther including un image scan converter configured to receive the
positional data, configured to combine positional data de-rive;i using a pluralicy of
imaging modes, and configured to use the combined positional data © generate

composite image data, the image data being used to generate an image without visible

temparai anomalies.

56, The system of claim 53, wherein the eche -forming systems includes a plurality of beam-
formers.

57. The system of claim 36, wherein the plurality of frequency band preprocessors are

configured to preprocesses the dighal data in a plurality of imaging modey, the plurality

of imaging modes including Duppler imaging.
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38. The systemn of claim 57, wherein one or murt; beamformer within the plurality of
beamformers is configured 10 receive prcprd:cssed digital data preprocessed by vne or
maore of the plurality of frequency band preprocessors. |

59. The system of claim 53, wherein the echo-forming systerns includes a pluralily of area-
farming modules,

60. The system of claim 59, wherein one or mere area-forming module within the plurality of
area-fonming modules is configured to receive preprocessed digital data preprocessed by
vne or more of the p]ura!it.y of frequency band preprocessors,

61. The systern of ciaim 59, wherein the phurzlity of frequency band preprocessors are
canfigured 1 prepracess the digital dara in a plurality of imaging mades, the plurulity of
imaging modes including harmenic imaging.

62. The systeru of claim 59, wherain the plurality of area-forming modules are conflgured to
interpret preprocessed digital data in paralle].

3. The system of claim 53, wherein the plurality of frequency band preprocessors are
configured to pre;;racess the digital data responsive to encoding within the digital data.

64. The system of claim 53, further including a post-grocessing module configured 10 receive the
positional data, the post-processing module including a plurality ot posi-processars.

55, The system of claim 53, further including an 1/Q data buffer ennfigured to receive the digital
date prior to preprocessing.

66. The system of cleim 53, further including a multi-channe] date buffar configured to receive
the preprocessed digital data and configured to deliver the recsived data 1o the ecan.
forming system.

¢7. An ulirasonic anaiysis system comprising:



(32) uoboooboooboaobod

an ultrasound transducer configursd to transmit ultrasound pulses into a media of interest
such that the media of interest modifies the uitrasound pulses;
a transducer configured to receive the modified ultrasound pulses and configured to

generate analog signals responsive to the modified ultrasound pulses;

[
5,

an A/D converter coﬁﬁgumd to convert the anﬁlog signals to digital data;

a preprocessing moduls configured to preprocessing the digital data; and

a plurality of zrea-formers configured to interpreting the preprocessed digital data and
generating positional data responsive 1o the preprocessed digial deta.

68. The system of claim 67, wherein a member of the plurality of area-formers Is configured to
receive data preprocessed for DOppEr imaging.

69. The systermn of claim 67, farther ineludin £ an image scan converter configured to recsive the
positional data. configured to combine the received positional dara, and configured o use
the combined positional data ro generate cornposité image data. the positional data being
derived using a plurality of imaging modes.

70. The system of claim 69, wherein the image data has no visible temporal anomalies when
displayed.

71. The system of claim 67, wherein the digital data are preprocessed using a plurality of parallel
imaging modes.

72. The system of claim 71, whersin the plurality of imaging modes imaging using fundamental
frequencies.

T3. The system ¢f claim 67. wherein signa) regponSEVe to ore puise of the modified ultrasound
pulses is converted to digital data, the digital data resaiting from the one pulse being

preprocessed using a plurality of paralle] imaging mades.
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74. The system of c}anﬁ 73, wherein the digital data resulting from the ane pulse iy interpreteq
bya plurality of area-formers,
73. The system of claim 67, wherein the Preprocessed digital data is interpreted in parallel,
76. The system of claim §7, furrher ticluding a post- processing module configured to receive the
positional data, the post-proccasmg medule including a plurality of post-processors.
77. The system of claim 67, further includip § an VQ data buffer configured 1o recaive the digi1af
data pricr to preprocessing.
78. The system of claim 67, further including a multi-charnel data bufter configured to receive
the preprocessed digital datz, and configured to store the preprocessed data prior 1o the
generation of the positional data,
79. An ultrasonic analysis systern, comprising:
an ultrasound trapsducer conligured to transmir a set of ulrasound pulses inte » media of
intetest, the media of | Imerest moditying pul.ks in the sct of ultrasound pulses-

atransducer configured ro receive thc ultrasound pulses modified by the media of
interest, and con figured to generate analog signals responsive to the maditied
ultrasound pulses;

an A/D converter configured to convert the analog signals to digita] data;

- A preprocessing module cenfigured to preprocess the digitz] data; and

an echo-farming System configured to generate responsive positional data from the
preprocessed digital data, the responsive positional data including information
derived from ar least one pulse within the set of ultrasound pulses, the derivation

including a plurality of imaging modes executed in paralle].
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80. The system of claim 79, wherein the echo-forming systern includes a volume-forming
modtle.

81. The system of claim 79, wherein the echo-forming system inclt;des an area-forming systern

82. The system of claim 8 |, wherein the eche-forming system includes a multidimensional-
forming system.

83. The system of claim 81, wherein the plurality of imaging modes include harmonic imaging,

84. The system of claim 81, further including a multi-channel data buffer configured to eceive
the preprocessed digital data and configured to couple the received data to the echo- |
forming system.

85. The system of claim 81, wherein the positional data is temporally synchronized,

88. The sysiem of ¢claim 85, fucther including an image scan converter coenfigured o combine
sesponsive the positional data generated derived using different imaging modey and
configured to form an irnage using the combined responsive positional data, the image

having no visible temporal ano malies.
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DETAILED DESCRIPTION OF THE PRESERRED EMBODIMENT
[0020]  FIG. 1 is a block diagram showing an embodiment of the invention generally desighated
system 100, System 100 includes a waveform generator 110 that produces waveforms hevin ga
Plurality of pulses. These pulses are opticnally of differing or multiple frequencies. The cutput of
waveform generator 110 is coﬁpled to a broad-beam transmitter 115, Broad-beam transmiter 115
splits the input waveform into multiple channels, armplifies the signal, and/or applies the delays
required to form a broad-beam ultrascund wave, Broad-beam technology reduces the number of
transmitted pulses required to image an area and enables use of area-forming technigues in place of
prior art bearn-forming methods. In an aliemative embodiment broad-heam transmitter 1135
repiaced by a prior art beam transmitter. The cutput of broad-beurn trarsmitter 115 is coupled dwough
a mlti-channe! transmit/receive switch 120 and uged to drive an ultrasound transducer 125,
Unrasound trensducer 125 sends ultrasound puises 127 into a media of interest 130. These ukrsound
pulses {27 are modified through arteruation, scattering, reflection, harmonic generation, o the like,
Returning echoes are received by transducer elements 138, Transducer elements 128, which are ysed
to detect echaes, may be 4 part of ultrasound wransducer 125 « used to generate ultrasound pulses [27.
The detected signals inciude ultrasound with frequencies aear the original transmitting frequency as
weil as with other harmonic frequencies. Each of transdacer elements 23 converts the received

uitrasound pulses into electrical signals and couples these electrical signals to a distinet dita channel

133,

(0021}  ARer conversion to ¢lectrical signals. pulses are coupled to multi-chaane! transmit/receive
switch 120 from distinet data channels (33, Transmit/receive switch 120 directs (he elecirical signals
to a multi-channe! analog amplifier 135. Analog amplifier 135 amplifies the signaly and couples them

to amixer 140 for demodulation. Mixer 140 tan he an anzlog mixer, 2 multi-channel mixer. 2 phase
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modulator, a ime signal multiplier and/yr any other signa! modnlaror known in the art. The
demodulated signals are made up of in-phase and quardrature (/Q) cormpenents. Each distiner data

channel 133 js independently coupled through a filter 142,

[0022]  In one embodiment filter 142 includes a multi-channel band-pass filter that sefectively
impedes specific frequency ranges. In this erabodiment, the resulting signals are digitized using a
multi~channel A/ (analog to digital) converter 145 and are stored in an I/Q data buffer (50, IQ dara
buffer 150 is multi-channe and car optionally be programmed to individvally sum digitized signals
received from each distinet duea chunpe 173, /Q data buffer 150 makes the stored data available to 2
preprocessing module 160. In an alkternative embodiment, a digital mixer 140 and/or digital filter 142

ars opticnally placed afler A/D converter 145,

(0023 Anembodiment of preprocessing module {60 includes a plurality of frequensy band
Proprocessors 162A-Z. These labels are arhitrary designations and not intended to limil the number of
Irequency band preprocessors 162 to twenty-six. Each frequency band preprocessor 162 can PTOCESS
multiple data sets, from several_or all of Lhe distinct data channels 13.3, stored in ¥} data buffer 150,
The fruquency band preprocessors are optionally differentiated by one or more characteristics. These
differentiating characteristics inchude, for example, the processing frequency range (frequency band).
specific encoding within the processed signal, the mode of processing preformed. or the like, Signuls,
resukting froni one or more wansmit/receive Sycles, are optionally combined, filtered, decoded, and/or
tnodulated, prier to image formation. In one embodiment of the present tnvention, sach frequency
band preprocessor L62A-Z within preprocessing module 160 car aceess alf or part of the data within
UQ data buffer 130, The frequency band preprocessors |§2A-Z may cach take selecred data and
process it In paralle! such that ali of the data pussed by hand-pass fiter 142 is optionally processed by

at least one frequency band preprocessor 162A-Z, The preprocessed. multi-band, multi-channel
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signals ars oPtionally stored in multi-channel data buffer 165 and made available to a series of arca-
formers 172 within an area-forming module {70. In FIG. T area-formers 172 are individually
designated 172A-Z. These labels are arbitrary designations and not intended 1o limit the number of

arca-former 172A-Z to twenty-six.

(0024]  Embodiments of arca~forming module 170 processes data stored in mulli-channel data
buffer 163, or delivered directly fram prepracessing module 160, The processing performed hy area-
forming module 170 includes calculating pesitional informarion regarding the sottree of Sign-é.ls within
the media of interest 130, Each of urea-former 1724-Z is capable of forming pasitional information
covering an area using broad-beam technology, rather than just pasitioral information along o line.
Because preprocessing module 160 preprocesses the data, cach of area-formers 172 optionally
operates an 4 data ses restricted to a specific criterion or processed to actenfuate a specific aspeer of
the data, Fu_l: example, in orne embodiment area-foruer I 72A receives data preprocessed ww identify
moving components within media of interest 130, Area-farmer 172A, therefore, may operate on
Doppler corponerts efthe tota! signal received by preprocessing module 150. In the same
embodiment, ares-former 1728 is disposed te process data combined after processing by frequancy
bard preprocessors 162A and 1628, each of which preprocesses data with a specific cneoding. Whan
input data is processed in parallsl, each area-former 172A-Z genevatess gutput data with the sarme Lime
zero and ternporal characteristics end the cutput data Is termporally synchronized. Because
Preprocessing module 160 optionally reduces the total amount of date, area-forming imodule 170 may
Aperate on only part of the data received by preprocessing module 160 and calculalions may, thus, be
performed rore rapidly. Data prapared by preprocessing module 160 are paralle| provessed by area-
farming module 170. The paralict aspect of the processlag eliminates termpora! delays hetween the v

outptits of the area-forming module 170 and allows different types of imaging modss to he
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simultanecusly executed. For example, data accentuating motion can be processed in one imaging

mode at the same time that data representing static structures is processed in another imaging mode.

[M23]  In an embodiment output of area-forming module 170 iz combined, or furthar processed, in
& post-processor system 180. Since the outputs of area-forming module 170 can be based on signals
recorded at substantially the same time, the output data, which can result from several imaging modes,
are combined without introducing temporal jitter. In various aspects of the invention post-processor
system 180 also combines data from multiple Hroad-beam zones and prepares a single data et for

delivery 1o un image scan converter 190 for cutput on an optional image display 1VZ.

(0026] FIG. 2 is a flow diagram showing steps of an ernbodiment of the invention utilizing the
system illustrated by FIG, 1. [na waveform generation step 210 waveform generator 110 is used to
produce a waveform having a series of pulses. These pulses ate grouped as singlets, pairs, or larger
combinations of pulses. The waveform genecated in wavsform gengration step 210 optionally
includes a plurality of characteristics sgch as frequencies, amplitudes, pulse widihs, phasas, or
variation thereof. These characteristics are optionally used to encode the waveform. As an example.

FIG. 3 Mustrates the waveform inchuding a series of pulse pairs having opposite phase.

(0027}  In a broad-beam generation step 215, broad-beam transimitter 115 processes the waveform
generated by waveform generator 110. In various aspects of the invention the processing by broad-
beam transmitrer 115 includes amplifying the waveform, separering the waveform ameng distinet data
channels 133, applying delays and weightings to each distinct data chanael 133, and the like. Broad-
beam generation steg 215 further etfectuares coupling the processed waveform within sach distint
data channel 133 to multi-channe! transmit/receive switch 120 and to multi-zlerent ultrasound

transducer 123. In atransmit ultrasound step 220 each element of ultrasound transducer 125 emits
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ultrasound pulses 127 using the processed waveforms. Since the pieseﬁt invention optionally inchides
broad-beam technology, the mumber of pulses required to cover the imaging area can be significantly
fewer than the number required to cover a similar area using conventional beam-forming methads

known in the art.

[0G28]  In an pulse propagation step 225 ultrasound pulses 127 propagate through media of interest
130. Variations in media of interest 130 cause echioes o be generatad znd ultrasound pulses i27 to be
altered. Inan echo receiving step 230 returning ultrasound signaks are received by uhrasoun-&
transducer 125 using transducer clemeats 128, Transducer elaments |28 receive the returning
ultrasound signals at the frequency near or at the frequencies of ultrasound pulses 127 and/or x
harmonics thereof. Each receiver generates signals in at least one of distinct data channel 133 and the
signals of each distinct dats chanuel 133 are coupled through transmit/receive switch 120 o anajog
amnplifier 135. From echo recciving step 230 through a post-processing step 273 all aperations are
optiorafly performed on distinet data sets, such as set distinguished by different analysis modes, in
parallel

[0029]  An amplification step 235 uses a low-noise anakg amplifier 135 to amplify distinet dats
channe! [33 signals. In an /Q demodulation step 240, each channel is processed by mixer 140 that
demdu.lates the signals. FIG. 4A illustrates an example of a resulting demadulaced signal spectrum
from a single channel associated with a single receiver. Signal corupoaents can be found near the
frequency (fa) ar which the ultrasound was transmined and at harmonics of the transmitted frequency
(o Hou or the like). Inan embodiment of the invention, mixer 140 demodulates the components of
the signal at the fandarmental frequency () to a base-band frequency (f) end demodulates the 7
harmenic components of the signal to a new frequency (fi + /). The result is illustrated in FIG, 4B.

In a fiitering step 245 each signal is aptionally coupled through filter 142, Filier 142 applies a high-
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pass, low-pass, ol band-pass filter to the signal. The type of filtering is selected as a function of the

cxpected use of the signal,

{0030] Inan A/D conversion step 250 the signal in each distinct daca channel |33 is converted from
the analyg to the digital domain by A/D converter 145. Inan alternative embodiment A/D conversion
step 250 occurs prior to demodulation step 240 or filtering step 245. Tn a data storage step 153, the
digitized data from each channel is stored in 1/Q data buffer 150, I/Q buffer 130 optionally sums the
digital signals resulting from: a plurality of pulses. The summed, “raw,” data is sampled at thie output
of the Q data buffer 150. Under sefected summation and phase conditions, the summation process

results in an average approaching zero for some components of the signals.

[0031]  Inadata preprocessing step 260 preprocessing module 160 reads data from I/Q data buffer
130 and processes it using ore or more of frequency band preprocessors 162A-Z. Each frequency
band preprotessor 162A-2. can access all of the data zwaﬂahle'.in T/Q data buffer |50, However.
depending on the type of imaging mode desired, each frequency band preprocessor 162A-Z can also
e opetated to processes On]f; asegment of the data. In vazlons aspects of the invention, these
segments are divided by transducer channel, frequency range, or encoding. In varions crbudiments
frequem;‘y band preprocessors |52A-2 apply a variety of processing routines to the data. Inan
illustrative example, half of the frequeacy band preprocessors 162A-Z arc configured to process data
asseciated with Doppler signals while the other half are corfigured ta process signalys associated with
static structuzes, Thus, in these smbodiments, preprocessing medule 160 procesies the data starse i
IQ data butfer [50 in multiple modes, in multiple frequency bands, with multiple encodings, and/or in
multiple independent data chanrels. Since preprocessing module 160 consists of multiple

independént frequency band preprocessors 162A-Z, processing can occur in parallel.
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[0032]  In an cmbodiment of the invention signals are processed by frequency band preprocessors
162A-Z as a function of encoding included within the slgnal For example, if waveform generator
110 produces pulses at two or more distinct frequencies, the returned ('cn.cvdcdj ultrasound echoes car
be differentiated (decoded) by their frequency. This ability to diffsrentiate allows pulses to be sen
into the material under investigation at a rate faster lhan';.m-encoded pulses, since a second set of
pulses can be sent before the first is received, Using this encoding the palse transmit rate and the
coliection of data is not limited by the roundtrip time of a puise. The pulsc roundrip time is the time
berween transeission of a pulse and the detection of all resulting ¢choes. Frequency band
pregrocessars 162A-Z can be individually arranged to select and process signals resulting from one or

more of distinet frequency bands.

[0033]  After preprocessing, data is optionally stored in multi-channel daca buffer 165 in a data
storing step 265. This step enables further data manipulation, such as averaging and synchronizetion
between preprocessing module 160 and area-forming module 170, If the product of the number of
preprocessing modes, frequency bands, and data channels is Jarger than the number of frequency band
Pre-processors then sorme of the channels can be preprocessed in parallel and the results are stored o
multi-channel dara buffer 165. Following this preprocessing process. another set of charmels is
optionally preprocessed and stored, The prepracessing process can be repeated until all channels have
been preprocessed and stored. The use of multi-channe! data buffer 165 forther enahles the
implementation of a larger number of paratie| preprocessing modes, frequency bands, encoding. wid

the like,

[0034] 1 an area-forming step 270 preprocessed data is used to perform paralle] area- furming
calculations using arca-forming modale 170, Area-forming module 170 ineiudes a pluralily of arca-

former 172A-Z. Each arca-former 172A-Z can be enabled to identify locations of echo sources from
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data generated by an individual frequency band preprocesser 1624-Z, For example, in an
embodiment of the present invention, area-former 172A is confi gured to process data preprocessed by
frequency band preprocessor 162A. In another embodiment of the invention, arca-former 1724, is
configured to process data combined in muki-channel data buffer 165 after parts of the data ure
separately preprocessed by frequency ba;nd pmproccssé} 162B and frequency band preprocesser
I162A, Preprocessing the data potentially reduces noise, undesirable signal components, and the total

armount of data within each data channel,

[0035]  The existence of several area-former |72A-Z within area-forming maodule |70 enablos
paralle] processing of data associared with multiple imaging medes. For example, in one
embodiment area-former {724 is configured to [rocess data associated with moving ccho sources and
areu-former 1728 is configured to process data associated with static echo sources. In znother
embodiment area-former 1724 is configured to process dats: with encoding type A and area-former
172B is canfigursd o process data wish eaceding type B, where encoding types A and B are any LWO—

distinguishable ercoding schermes.

[0036] In an optiona! post-processing step 275 the outgur ;:f arca-forming medule 170 is post-
processed by post-processing systam |80, Post-processing can include one or nicre elements such as
encodidg of data generated using different modes, sum and difference caleulations between data
genezated using different modes, caleulation of differences among dara recorded at differcnt times,
differential and integral calculations, or the like. Posi-processing system 180 can also combine dara
dertved from multiple transmit zones produtce data sets covering an expanded ared. Post-processing

generates at least data representing some attribute of the sigrial as a function of a coordinate system
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{0037] In wn optional image scafn conversion step 280 an image is prepared using {mage scan
ctonverter 190, The kmage optionally includes motion video and/or false color representations of the
encoding developa& in post-prucessing step 275, For axa;mp]c, in one embodiment of the invention
velocities of detected materials are cakoulated and colors are chosen so as ta visually convey the range
and distribution of velacities. In another embodiment 01; the invention static components of the

materia] of interest are shown using a color scheme desigred to show material vltrasound reflectivity,

(0038]  The above process is optionally repeated for tultiple transmit zones uatil an entire field of

view is covered. For example, see ca-pending U.S. Patent Application _/ entitled “Block

Switching in Ulirasound Irnaging.” The final images of multi~mode and/ar multi-bund signals are

combined and scun-converted to an appropriate display fermat by image scan converter 190,

{00391 Inan optional display step 285 the image prepared in image scan conversion slep 280 is
displayed uSing image display 192. The final images are displayed with little or no time delay or dme
lag between various components of the image that result from different irnaging mods o trequensy

bands.

[0040]  Tr the present invention more than ope imaging mode is optionally performed on a single set
of data pa:odl-xc:ed from a single set of transmittéd ulrasound pulses. In these embodiments a single get
of ultrasound pulses, are used in parallel to generate echo location data based on multiple analysis
modes. T several embodiments, paralle] multi-mode imaging creates a visibly temnparally
synehironized mmage. thereby eliminating time jitter (temporal anommalies) associared with prier art
methads of serial generation of echo datz in multi-imode imaging, Multi-band preprocessing and arza-

ferming enables the separation of signals based on encoding characteristics. For exurple, images, or
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other echo location data, produced from separate frequency bands can be formed in parallel and

compounded together to decrease speckle noise without reduction of frame rate,

[0041]  FIG. 5 is a block diagram showing an embodiment of the Tnvention wherein harmonic
signals for 2D imaging and fundamental sigrals for color Doppler imaging afe produced and
processed in parallel. This embodiment executes the two different data processing modes ai the same
time. In the dlustrative examplelof FIG. 3, one of the modas is désigned to performn high-resolution
2D harmonic tissue imaging, while the other mode is designed to perform color Doppler flow
imaging. Both modss use the same set of daix that are produced from a seriex of pulse frings and
collected at VQ data buffer 150. Alternative embodiments optionally include more than two different

analysis mades executed in paraflel

(0042]  In the 2D harmonic tissue irnaging mode, data is copied from I/Q buffer 150 w0 frequency
band preproessor {62A. In this mode, frequency bend preprocessor. [62A is used to process
harinonic signals to produce a Righ resolution 2D tissue image, Frequency.band preprocessor {624 is
contigured (o inchude multi-pulse averager 519, digital mixer 520, and basc-band filter 530. The
resUlts Of the preprocessing are optionally stored in muli-chanpel data huffer 165 and coupled 1o area-
former 172 to reconstruct echo {ocation data (image), The echo locarion data (image) is coupied to
post-processor {87A. In this embadiment, post-processor 182A includes 2 mugnitude derector 560

and 2D jmage processar 570,

10043]  In the Doppler flow imaging mods, data is coped from [/Q beffer 150 10 frequency band
preprocessor |62B. [n this embodiment, this darz is the same dara capied from T/Q bu ffer 150 for use
in a paraltel 2D harmonic tissue imaging mode. In the Doppler flow imaging made, frequency band

preprocessar 1628 is configured to include a clutter filter 540 and a base-band filter $50. Using these
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clements, frequency band preprocessor | 628 processes the Tundamental frequency signal to detect
moving targets within media of interest 30, After optional storage in multi-chanael dara buffer |65
and processing by area-former 172B, the re-constructed echa location data is coupled to post-
processor 1828, which includes a Doppler flow estimator 580 and 2 color flow image processor 590,
Image scan couverter 190 combines the echo location data generated using bath processing modes
and converts the combined data jntc an appropriate display format to form the final image. The final

imnage is optionally displayed using image display 192.

10044]  The various elements 510 through 590 introduced in FIG;. 5 are optionally implemented
using software, Thus, while preprocessor 162A inciudes multi-pulse averager 510, Digital mixer 520,
and baxe-band filter 530 in cne instance ofan embodimen, in a subsequent instance of the same
embadiment preporcessor 162A may be reconfigured via software to include instead clutter filter 54¢)

and base-band filter 550. Post-processor 1824 is optionally coafigurable through software in a

analogous manner,

[0045]  FIG. & includes rwo flowcharts showing processes enabling two different imaging modes
that can be excouted in parallel utilizing the elements shawn in FIG. 5. FIG. 64 shows steps involved
in & method of the invention wherein harmonic signals are processed for 2D imaging. FIG. 68 shows
steps ifvalved in a method of the juvention whersin fundamental signals are processed for Doppler

imaging. Both flowcharts start from step 255 and conclude at step 280 of FIG. 2.

[U046]  In the method fAlustrated by FIG. 6A, data preprocessing step 260 includes a data averaging
step 610, a digital moduiacion SIep 620, and a base-band filtering step 630, [n data averuging step
610, muki-pulse averager 510 (FIG. 5) reduces or eliminates fundamental frequency componsnts by

averaging multiple ruceived signals generated using multiple pairs of phase-inverted transmitting
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pulses. Since the 2% harmonic co mponent of the received signals from tHcse phase-inverted pulsa
sequence are in-phase, the signal-to~noise ratio of the 2™ harmonic compenent is enpanced by the
averaging process. An illustration of resuking signals is shown in FIG. 7A. Signals st the
fundamental frequency are essentially cancelled and the 2™ harrmonic signals are enhanged, [n
altemative ernbodiments wherein the ransmitting puise sequence is not phase-inverted. the signal
average simply serves to improve slgnal-to-noise ratio. In digital demodulation step 620 the digital
mixer 520 demodulates the 2 harmonic component down to base-band frequency. Possible resulting
signals are jllustrated in FIG. 7B. In base-band fikering step 630. bass-band filter 530 is used 1o filter
out any residual fundamental frequency component and other noise outside the base-band, while

preserving the demodulated 2* harmonic signal.

[0047]  Afier basc-band filtering step 630, the data are optionally stored. in @ data storing step 265,
in multi-channel data buffer 165. Tn an area-forming step 270 the pre-processed 2* harmonic
componenis are coupled to arsa-former 172A and echo location data is reconstructad for 2D tissue

image.

{0048} In the method illustrated by FIG. SA, Dost-processing step 275 includes a signal magnitmde
detection step 840 and 2 2D image processing step 650, Magnitude derection step 640 includes jHe]
signal.-te-mngnil;ude conversion and log-compression. 2D image processing step 650 optionally
includss operations such as adjustrment of gain and dynamic range, spatial and/or ternpore! filtering,

and the tike. .

[0049]  In the method ftlustrated by FIG. 6B preprocessing step 250 includes a elutter Riterin g step
660and a base-band fiitering step 670. In clutter filtering step 660, clutter filter 540 is applied to the

sume multiple signals cellected for harmonic tissue imaging to remove signals resulting from
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stationary and slow-moving sources within the media of interest 130, In base-band filtering step 670
base-band filter 550 is used to extract the cultter-filterd fundamental frequency component and
remove any roise outside base-band. Preprocess data step 260 is followed by optional store data step

265 and area-forming step 270.

[0050] .In the method illustrated by FIG. 6B a post-processing step 275 includes a Doppler
parameter estimation step 680 and a Doppler parameter post-processing step 690. In Doppler
parameter estimation step 680, Doppler flow estimator 580 calculates flow parameters such 4.\
Doppler velocity. Doppler velocity variance, Doppler energy, and the like. These calculations ure
optionally acconmplished using auto-correlation methods known in the art. In Doppler parameter post-
pracessing step 690 color flow image processor 590 can use thresholds, noise reduction, smoothing,

color coding and/or other image processing techniques to generate a color image conveying

information of the Doppler parameters of interest.

[0051] The methods illustrated by FIGs. 6A and 6B are optionally performed in pacallel. The
results of both pﬁcessa are combined in a single image dataset in image scan conversion step 230
(FIG. 2). This single image data set is dispiayed in display step 285 using image display 192. Since
both imaging modes are executed in parallel and use the same set of received data the outputs are
genérated more quickly than serial execution and the images produced using each imaging mode are
temporally synchronized with each other. Quicker irhage generation enabies a higher {rame rate. The
synchronization of data collection for multiple imaging modes can eliminate or reduce temporal
anomalies within a resulting composite image. Encoded dara arising from multiple transmitted pulses

arc optionally added together to improve signal-to-noise ratios.
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[0052] . Steps 260 through 275 optionally include additional and alternative imaging modes such as
fundamenta] imaging, color Doppler imaging, harmonic imaging, spectral Doppler imaging, and/or
any other ultrascund imaging mode. Combinations of three or more parallel modes are also possible
in alternative embodiments, For example, one set of three parallel modes inciudes harmonic lissue
imaging, calor Doppler imaging, and spectral Doppler imaging. Alternatively, another set of three

parallel modes includes harmonic tissue fmaging, Doppler tissue itnaging and color Doppler imaging.

[0053)  In practice the above methods are optional ly applied to 2 series of zones covering an image
field of view within media of interest 130. Each zone can be processed independently and an image
of the combined zones can be constructed by image scan converter 190. In cach zone aseiofN
pulses is used o generate data asing parallel processing. For K zoues a total of KAN pulses are
required to form a complete image. For some imaging modes the minimum value of N is two and for
other imaging modes the minimum valuz of N is one. Increasing the number of processing modes -
does not necessarily increase the number of required pulses. Also, minimizing power consu mption
cxtends the lifetime of Jimited power sources, such as batteries, and enables the use of battery

powered, single or multi-mode, instruments with increased operating times.

[6054] The paralle] processing architecture described in this } nvention result in very fast data
proccssmg speeds. The pre-processing of raw VQ data optimizes the i input signal and improves signal
'O noise ratios prior to area formation. This optimized input signal improves the quality of area

formation and precision of the resulting itnage data.

[0055]  Fromthe description of the preferred embodiments of the process und apparatus set forth

ferein, it will be apparent to one of ordinary skill in the art that variations and additions to the

embodiments can be made without departing from the principles of the present invention, For
example, preprocessing module 160 and area-forming module 170 can be used for the processing of
ultrasound data obtained through alternative means. In various embodiment area formers 172 are
replaced by alternative echo-forming systems, such as series of parallel multi-line beamformers,
individual examples of which are known in the art. Echo-forming systems inc.lude beam-forming
systems, area-forming systerns, volume-forming systems. and multidimensional-forming systems.

The ultrasound system of the present invention may be used to image a wide range of materials.
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4. Brief Description of the Drawings

BRIEF DESCRIPTION OF THE VARIOUS VIEWS OF THE DRAWING

FIG. 1 is a block diagram of an embodiment of the invention;
FIG. 2 is a flow diagram showing steps of an embodiment of the invention;

FIG. 3 shows illustrative waveforms representing signals found at a step in the

execution of an embodiment of the invention;

FIG. 4A shows an example of a demodulated signal spectrum from a single channel

associated with a single receiving transducer;
FIG. 4B shows an illustrative spectrum representing signals found ufter demodulation
by an I/Q mixer;

FIG. 5 is a block diagram showing an embodimeat of the invention wherein harmonic
signals for 2D imaging and fundamental signals for Doppler imaging are processed in

parallel;

FIG. 6A shows steps involved in a method of the invention wherein harmonic signals
are processed for 2D imaging;
FIG. 6B shows steps involved in a method of the invention wherein fundamenta!

signals are processed for Doppler imaging;

FIG. 7A shows an illustrative spectrum representing signals found after processing
using a multi-phase averager; and
FIG. 7B shows un illustrative spectrum representin g signals found after demodulating

the signal shown in FIG, 7A using a digital mixer.
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1. Abstract

f; 2}’0

An ultrasound imnaging method and system configured to simultaneously acquire and process

nulti-mode and mulii-band echo information from a single set of pulse firings. Raw ultrasound

signals are digitized and stored in en I/Q data buffer. ‘The stored data are then paralle]

preprocessad as a function of frequcncy band or alternative encoding. Parallel preprocessin 3

optionally includes manipulating the daca in respect (o diffevent imaging modes. Outputs of the

paralle] preprocessors are coupled to separate echo formers used to simuitaneously reconstruct

various desired echo information to form a multi~rode or multi-band image. The echo

formation process is optionally preformed in parallel,
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