US 20180088219A1

a9y United States

12) Patent Application Publication (o) Pub. No.: US 2018/0088219 A1l

Koptenko (43) Pub, Date: Mar. 29, 2018
(54) ANALOG STORE DIGITAL READ A61B 8/00 (2006.01)
ULTRASOUND BEAMFORMING SYSTEM GI0K 11/34 (2006.01)
G1I1C 27/02 (2006.01)
(71)  Applicant: URSUS MEDICAL, LLC, Pittsburgh, (52) US. CL
PA (US) CPC ... GOIS 7/52046 (2013.01); AG61B 8/5207
. . (2013.01); A61B 8/145 (2013.01); A61B
(72) Inventor: Sergei V. Koptenko, Mississauga (CA) 8/4483 (2013.01); A61B 8/4494 (2013.01);
' G11C 27/024 (2013.01); GOLS 7/52047
(21)  Appl. No.: 15/681,573 (2013.01); GOIS 7/52023 (2013.01); GI0K
11/341 (2013.01
(22) Filed: Aug. 21, 2017 ( )
o (57) ABSTRACT
Related U.S. Application Data An analog store-digital read (ASDR) ultrasound beam-
(63) Continuation of application No. 14/767378, filed on  former architecture performs the task of signal beamforming
Aug. 12, 2015, now Pat. No. 9,739,875, filed as  using a matrix of sample/hold cells to capture, store and
application No. PCT/IB2014/000281 on Feb. 12, process instantaneous samples of analog signals from ultra-
2014. sound array elements and this architecture provides signifi-
(60) Provisional application No. 61/763,929, filed on Feb. cant redpctlon I power consumption and the size of the
12. 2013. diagnostic ultrasound imaging system such that the hard-
’ ware build upon ASDR ultrasound beamformer architecture
C P can be placed in one or few application specific integrated
Publication Classification chips (ASIC) positioned next to the ultrasound array and the
(51) Imt. CL whole diagnostic ultrasound imaging system could fit in the
GO1S 7/52 (2006.01) handle of the ultrasonic probe while preserving most of the
A61B 8/08 (2006.01) functionality of a cart-based system. The ASDR architecture
A61B 8/14 (2006.01) provides improved signal-to-noise ratio and is scalable.
108 varasLel 134
DELAYS
| /[ —
138
/ DIGITAL
QUTPUT
N SIGNAL
2 7 Mz
100 <
P
104




Patent Application Publication  Mar. 29,2018 Sheet 1 of 8 US 2018/0088219 A1

1 18 DiGiTaL

OuTPUT
SIGNA.

/ 122

FIG. 1
(Prior Art)

112 116

---- 108 VARIABLE {98

107 JARRAY DELAYS
|

DIGITAL
OUTPUT
SIGNAL

DIGITAL ¥

FIG. 2
1 (Prior Art)

138
/ DIGITAL
QUTPUT

SIGNAL

7\

126 122

ANALOG ¥

J FIG. 3



Patent Application Publication

WRITE TO THE SHC

Mar. 29,2018 Sheet 2 of 8

READ FROM THE SHC

”””””””””””””””” 162 N 12
L N, I .
160/ WRITE READA§ 160/ WRITE READ A
154 | 54—
152 |
150~ S 150~
p— ! |
— 158 % 164
o—l—%i
L ResnB |
DISCHARGE STORE THE CHARGE
”””””””””””””””” 162
i 96, iy i 156, | 1%
160/}WRITE & READA% 160/§WR'{TE I REA'DAE
154 ~— | 154 |
! 152 | ! 152 |
150— 17 150— s
! ——Cu ! ! Cy i
| —158 | 164 | ——158 | 154
‘ L READB READB !
SHC ALTERNATIVE
BLOCK DIAGRAM
S 162
o 4
1607 WRITE l lREADA
! 166
150~ 168 152
' Ro {,,

US 2018/0088219 A1



Patent Application Publication  Mar. 29,2018 Sheet 3 of 8 US 2018/0088219 A1

WRITE-IN ANALOG VALUE STORE ANALOG VALUE

CLEAR (DISCHARGE) VALUE H READ-CUT ANALOG VALUE

FIG. 6

VCA, VOLTAGE (160) m /‘\‘* VAN

VT4
SHC VOLTAGE (162) | i Y
* P T : Y |
WRITE T0 SHC ‘ 3
Ts -T2 :
<~ 1
READ FROM SHC [ | 11
DISCHARGE |_| I_I ._l
To |
t TIME  Tvs

FIG. 7



Patent Application Publication  Mar. 29, 2018 Sheet 4 of 8 US 2018/0088219 A1

ELy 'I;/R l—J_ .............
} 184 |

_L ’
o' 10 132(§<‘—|_ 3 - _T - i = 2"

FIG. 8A  ——— =L -

L L ..... 1 ........ g_ i &_J; -~ LJ_

150~ :

FIG. 8B rfLJTrTTfr

182 g o L= - -
N ettt

ELy —.T/R % E——ii— JL—Q\_L ,,,,,,,,,,, 1

e R J]‘— J|= JI—_ +
180 132 T‘\_TI ................. _;T__ ........... _T_;t 1;34

by L— 1= 1

EXAMPLE OF S/H CELLS ARRAY READ-WRITE (R-W) AT TIME T( J+1) AND T( J42)
150 210 212 214 216

9 2 o
wOmmOODJ00ORROCOO
Ow=ODO0MNEODCO0
158 3 3R R R S A A A A I
Ow=ODxNEOODDC00
. OmEOOEEO000000
Ow=ODMNEOO0O0D000
OwWwODEEOOO0DCO0
I OmEODOREOOOCOD
1
S L OmEOOOOOREOCOO T

NNEL

[ TIME




Patent Application Publication  Mar. 29, 2018 Sheet 5 of 8 US 2018/0088219 A1

132
107 110 z R
\ . VCA 7 . BEAMFORMER CHANNEL 1 . Vro VoA
-~ X 3 2 2 "

G FOLL 1 36

A/D CONVERTER




Patent Application Publication  Mar. 29, 2018 Sheet 6 of 8 US 2018/0088219 A1

Sty s o
| 107
! |
! |
| | —TX/Rx 1
| i
| ~
| - 106
|
J ,,,,,,,,,,,,,,,,,,,, S —— — :J
218 A
~
\\7A77:7_7_7_7: 777777777777777777 :/107
| RN ; TX/RX 4
| ARRNN ; i TX/RX 3
| NN | M Tx/Rx 2
L T TR 1
|
! mimimimim |
;
| I
|- - - - - - - - T ¥106
B
A8~ 107
nnnnonnnnnnnnannnnn NH———Tx/Rx 7
(N I ————Tx/Rx 6
M [F———TxRx5
10 T ———TxRx4
il | —mrx3
| L TX/Rx2
HH L
HUUUUUUUUUUUUUUUUUUUL - t:\ TR 1
N o7
} Z—TX/RX N
I T
| —
0 J —
%
I —
> | —
\ —
0O0HO0000000H0000000000c w\— TX/RX 1
D 106




Patent Application Publication  Mar. 29,2018 Sheet 7 of 8 US 2018/0088219 A1

218
]
135
w
hs
E BEAMFORMER CHANNEL 1
x C, C. Cuz Cu1 Cu |
e
cﬁ == = 0000 = == =
3 W
150/
137
19}
4
2 BEAMFORMER CHANNEL 2
& C Ca Cuz Cip1 Cu
< 3
r.il se0e0eo0 — —
=)
0]

BEAMFORMER CHANNEL N
C4 Gy Cs Cvz GCui Gy

SUB-APERTURE




Patent Application Publication  Mar. 29,2018 Sheet 8 of 8 US 2018/0088219 A1

§ : PROBE-SIDE HARDWARE
|| OuTPUT TO DisPLAY UNIT DATA INTERFACE: USB, DV, HDMI | i 270 262 260
: : : \

s

DIGITAL SIGNAL AND IMAGE PROCESSOR \274

‘\

‘ HARDWARE
| |OUTBOUND DATA INTERFACE || CONTROLS
; |(MICROSD, USB, WIRELESS)|| (BuTTOns. |
: ROTARY DIAL) |:

i ™ T
| DisPLAY-SIDE DATA INTERFACE: MICROSD, USB, WIRELESS :
: 258 BACK-END PROCESSOR
: DISPLAY-SIDE CONTROLLER :
S 1956 § \
: 1086 N h
: 180 250 N ~
_L —— 182 / 133 240 242
s | | / l ‘ \ ;% TRANSMIT/RECEIVE
Hi = : CONTROL cmcmmv%
e T {| PULSER V7
i Q — (1-N) — XSHCRW(HN) #— BA [— DAC : ”//
iz = RN ‘
|3 & N . Sy BUFFER |
2 W £ N CHANNELS TRANSMIT BEAMFORVER R MEMORY |
: H 8 .... L PR AT P I PP Y IY! T TN
K Ju - N CHANNELS RECEIVE BEAMFORMER
| = S . VCA1 V
g 8 § Ny [ RESHC ROW () — (m; — S(V/) — VCA2 |—¥ ADC %
da | |8 -




US 2018/0088219 A1

ANALOG STORE DIGITAL READ
ULTRASOUND BEAMFORMING SYSTEM

RELATED APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/767,378 filed Aug. 12, 2015, which
published Jan. 14, 2016 as Publication Number 2016-
0011305 and issued Aug. 22, 2017 as U.S. Pat. No. 9,739,
875, and which publication and patent are incorporated
herein by reference. U.S. patent application Ser. No. 14/767,
378 is the U.S. National Phase of International Application
PCT/IB2014/000281 which published as publication num-
ber WO 2014/125371 on Aug. 21, 2014, which publication
is incorporated herein by reference. International Applica-
tion PCT/IB2014/000281 claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 61/763,929, filed Feb. 12,
2013 entitled “Analog Store-Digital Read (ASDR) Ultra-
sound Beamformer Method and System.”

BACKGROUND INFORMATION

1. Field of the Invention

[0002] The present invention relates to ultrasonic beam-
forming, more specifically the present invention relates to an
analog store, digital read (ASDR) ultrasound beamforming
system and associated method.

2. Background of the Invention

[0003] There are number of areas in the electronics field in
which analog memory devices are being used successfully
such as digital storage oscilloscopes, and in the physics field
X-ray and charged-particle tracking applications. Some
early predecessors of this technology can be traced to digital
oscilloscopes and waveform capturing devices based on
Fast-In-Slow-Out (FISO) principle such as one described in
U.S. Pat. No. 4,271,488 entitled “High-Speed Acquisition
System Employing An Analog Memory Matrix” or in U.S.
Pat. No. 4,833,445 entitled “FISO Sampling System”. These
patents are incorporated herein by reference and the latter
patent depicts the fast, high resolution FISO system, while
the former describes an acquisition system that uses an
analog memory matrix built of sample-hold cells arranged in
rows and columns to form an MxN matrix that may be
implemented on a single integrated-circuit (IC) chip.

[0004] The idea of a matrix analog memory device on IC
was further developed by Stewart Kleinfielder who pro-
duced a range of multichannel transient analog waveform
digitizer chips used to capture data from detectors in neu-
trino physics experiments, as well as by other contributors
(for example, see Kleinfelder, S. A., “A 4096 Cell Switched
Capacitor Analog Waveform Storage Integrated Circuit”,
IEEE Transactions on Nuclear Science, NS-37, No. 1,
February 1990.; and Kleinfelder, S. A., “Advanced Transient
Waveform Digitizers,” SPIE Particle Astrophysics Instru-
mentation Proc., v. 4858, pp. 316-326, August 2002.) Addi-
tional prior art representing informative background can be
found in U.S. Pat. No. 5,722,412 entitled “Hand Held
Ultrasonic Diagnostic Instrument™; U.S. Pat. No. 6,126,602
entitled “Phased Array Acoustic Systems with Intra-Group
Processors”; U.S. Pat. App. Pub. No. 2008-0262351A1
entitled “Microbeamforming Transducer Architecture™; U.S.
Pat. App. Pub. No. 2010-0152587A1 entitled “Systems and
Methods for Operating a Two-Dimensional Transducer
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Array”; and U.S. Pat. APP. Pub. No. 2011-0213251A1
entitled “Configurable Microbeamformer Circuit for an
Ultrasonic Diagnostic Imaging System.” See also Haller, G.
M.; Wooley, B. A., “A 700-MHz switched-capacitor analog
waveform sampling circuit,” TEEE Journal of Solid-State
Circuits, v. 29(4), pp. 500-508, April 1994. The above
identified patents and published patent applications are
incorporated herein by reference.

[0005] In medical diagnostic ultrasound, there were a
number of attempts to use analog memory for ultrasound
signal beamforming, notably U.S. Pat. Nos. 6,500,120 and
6,705,995, which are incorporated herein by reference. The
process of ultrasound imaging, such as in medical diagnos-
tic, begins with sending specially constructed ultrasonic
signals (pulses, waves or wave packets) into the subject, e.g,,
tissues in medical diagnostics (or turbine blades for jet
engine inspection, etc.) The pressure pulse propagates in
depth while attenuating and scattering on the acoustic
impedance interfaces (such as a boundary between different
tissues) along the way. These scattered echoes are picked up
by the receiving ultrasound array and from this data the
tissue composition along the pulse propagation path is
reconstructed as a single scan line. Then, the next pulse is
sent into a different direction and the process of receiving
scattered (or attenuated as in transmission tomography)
ultrasound signals back to the sensor array, and the inter-
pretation of the results is repeated until a required 2-D slice
(B-mode frame) or a 3-D volume is assembled out of
separate scan lines.

[0006] In order to increase the spatial and contrast (mag-
nitude) resolution of a signal coming from the certain spatial
location within the tissue, the ultrasound array needs to be
focused on that location. Thus, in the course of pressure
pulse propagation in the tissue, the receiving array needs to
constantly shift its focus following the pulse current posi-
tion. Therefore, one of the first steps in processing the raw
data is called beamforming in which signals coming to
different elements of the array are time-shifted before they
will be added to one another. As a rule, the beamforming
applies to both, transmit and receive signals.

[0007] FIG. 1 illustrates the first method used in forming
ultrasound images, also known as analog beamforming.
Generally, the ultrasound imaging device consists of an
ultrasonic array 106 divided to a number of independent
elements 107 or channels (typically to 64 or 128 elements in
linear or curved 1D array). During the transmit stage of
interrogation, the transmit beamformer sends variably
delayed electric pulses to the elements of the ultrasound
array 106. The relative delays between the signals is con-
structed in such a way that ultrasonic pulses emitted by
elements 107 of the array 106 would arrive to the predeter-
mined spatial point 100 (focal point P) simultaneously, with
their phases aligned to achieve a coherent summation of
wavelets coming from all elements 107 of the array 106.
This wave would scatter at the point 100 and part of this
spherical scattered wave would travel back to the elements
107 of the array 106. Each element 107 would convert
pressure variations in the incoming wave into the voltage
variation output 108. The portion of this scattered wave that
reaches a face surface of an array element 107 can be seen
as a wavelet 102 that travels along the ray 104 that connects
the scattering point 100 and the face of the element 107.
Depending on the mutual position of the scattering point 100
and the specific element 107 of the array 106, the path 104
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would vary from the shortest one equivalent to radius R, 105
to the longest one. The spatial difference AD, between the
shortest path 105 and path from the point 100 to the
i-element of the array 106 translates into the time delay A,,
between the arrivals of signals 108. The task of the receive
beamformer is to modify the time differences between the
signals 108 from all elements 107 participating in beam-
forming and sum them in accordance with the directions of
the beamforming algorithm. For example, such a beamform-
ing algorithm may require removing the time delays At from
all arrived signals and sum such processed signals (delay-
sum algorithm), in effect focusing the array to the point P. It
can be seen that workings of transmit and receive beam-
formers are mutually reciprocal, thus, describing the works
of the receive beamformer is also a description of the
solutions for the transmit beamformer.

[0008] The ways received signals are processed define the
type of the beamformer. The analog beamformer shown on
FIG. 1 was a first type of the beamformer used to process
ultrasound signals. In it signals 108 were first amplified by
voltage controlled amplifier (VCA) 110 to compensate the
signal attenuation, then, a delay circuit 112 was used to time
shift the signals to compensate the delays in arrival, then
such aligned signals 114 were summed in analog summing
circuit 116 and the output signal 118 was digitized by
analog-digital converter (ADC) 120 producing output digital
signal 122 that was stored in memory and used by the back
end processor to reconstruct B-mode or Doppler images.
The advantage of such design is the simplicity of the
hardware. The disadvantages include poor time discrimina-
tion and low refresh rate of the analog design elements 112
(no dynamic beamforming) as well as irreversibility of the
beamforming process such that only one beamforming algo-
rithm can be applied to the captured signals.

[0009] The second common type of the beamformer used
in ultrasound imaging is commonly known as the digital
beamformer (see FIG. 2). In the digital beamformer, voltage
signals 108 from the elements of the array 106 are amplified
by the voltage controlled amplifier (VCA) 110 to compen-
sate the signal attenuation, then, the signal in each channel
is digitized at a certain sampling rate by channel ADC 124
that outputs digitized signal to the memory or First-In-First-
Out (FIFO) registers where signals are shifted in accordance
with the beamforming algorithm (for example such that to
remove arrival delay At), then such processed digital data
128 from each participating channel are summed by digital
summator 130 and output data 122 are written to the
memory for further processing. The advantages of digital
beamformer, such as shown in FIG. 2 are its speed and
precision which allows implementation of the dynamic
beamforming and the possibility of realization of multiple
beamforming strategies on the same data volume. The
disadvantage is complexity of the hardware; manifesting in
larger hardware size, higher cost, and higher power con-
sumption (heat generation).

[0010] For the reasons of clarity, the beamforming sche-
matic for analog and digital beamformers shown on FIGS.
1 and 2 was simplified by removing the multiplexing stage.
However in reality, as known to those of ordinary skill in the
art, having the number of processing channels be equal to
the number of the arrays’ elements is a very expensive
proposition. Thus, the array can have 64, 128, 256 or greater
number of elements but the beamformer would have typi-
cally 32 or 64 channels and an analog multiplexing circuitry
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that would select elements of the array 106 into the current
aperture. Also for the same reasons, cable and signal con-
nectors that connect elements of array 106 to the analog
front-end electronics are not shown, even though they do
affect the cost and signal quality of the system.

[0011] From the description of the beamforming process it
can be seen that the signal coming from the output of the
array element 107 is processed independently from the
signals coming from the other elements up to the output of
the beamformer where all of the signals are combined. Thus,
this text will refer to this signal path from the element 107
to the input of summator 116, 130 (or 136) as a “signal path”
or “beamforming channel” or simply as “channel” 109.
[0012] As further background the international search
report in PCT/IB2014/000281 identified that publications
US2012-1433059 and US2010-0331689 and U.S. Pat. Nos.
8,545,406 and 8,317,706 were of general interest to the
present invention and these disclosures are incorporated
herein by reference.

[0013] There remains a need in the art to reduce the size
and power requirements of diagnostic ultrasound imaging
and to utilize beamforming architecture to accomplish this
goal.

SUMMARY OF THE INVENTION

[0014] This invention presents an Analog Store Digital
Read (ASDR) ultrasound beamforming architecture which
performs the task of signal beamforming using a matrix of
sample/hold cells to capture, store and process instantaneous
samples of analog signals from ultrasound array elements
and this architecture provides significant reduction in power
consumption and the size of the diagnostic ultrasound imag-
ing system such that the hardware build upon ASDR ultra-
sound beamformer architecture can be placed in one or few
application specific integrated chips (ASIC) positioned next
to the ultrasound array and the whole diagnostic ultrasound
imaging system could fit in the handle of the ultrasonic
probe while preserving most of the functionality of a cart-
based system. The ASDR architecture provides improved
signal-to-noise ratio and is scalable.

[0015] One aspect of the present invention provides an
Analog Store Digital Read ultrasound beamforming method
for an ultrasound imaging system comprising the steps of: 1)
Providing an ultrasonic array formed of individual ultrasonic
array elements configured for transmission and receiving; ii)
Dividing the individual array elements into individual chan-
nels, wherein each channel comprises at least one array
element; ii1) Creating a receiving input signal for each
channel from inputs received from each array element of the
channel; iv) Sampling each receiving input signal for each
channel at a sampling rate and storing the sampled data in a
bank of sample-hold cells which are associated with that
channel, wherein the bank of sample-hold cells form an
analog random access memory for the sampled receiving
input signal; v) Selecting at least one sample-hold cell data
from at least one channel for each particular output time for
each beamforming instance in accordance with a beamform-
ing algorithm; vi) Summing all of the selected sample-hold
cell data from the associated channels for the beamforming
instance forming an analog beamformed received signal
sample for the beamforming instance; and vii) Digitizing the
analog beamformed received signal sample.

[0016] One aspect of the present invention provides an
Analog Store Digital Read ultrasound beamforming system
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for an ultrasound imaging system comprising an ultrasonic
array formed of individual ultrasonic array elements con-
figured for transmission and receiving, wherein the indi-
vidual array elements are formed into individual channels,
wherein each channel comprises at least one array element
and each channel uses less than 40 milliwatts in operation.
[0017] One aspect of the present invention provides an
Analog Store Digital Read ultrasound beamformer for an
ultrasound imaging system comprising: i) An ultrasonic
array formed of individual ultrasonic array elements con-
figured for transmission and receiving, wherein the indi-
vidual array elements are grouped into individual channels,
wherein each channel comprises at least one array element;
i) A Receiving input signal control circuitry for creating
receiving input signals for each chamnel from inputs
received from each array element of the channel; iii) A
plurality of banks of sample-hold cells with each bank of
sample-hold cells associated with one channel, wherein the
beamformer is configured for sampling each receiving input
signal for each channel at a sampling rate and storing the
sampled data in one bank of sample-hold cells which are
associated with that channel, wherein the bank of sample-
hold cells form an analog random access memory for the
associated sampled receiving input signal; iv) A beamform-
ing processor configured for selecting at least one sample-
hold cell data from at least one channel for each beamform-
ing instance in accordance with a beamforming algorithm;
v) An analog summation element for summing all of the
selected sample-hold cell data from each channel for each
beamforming instance and forming an analog beamformed
received signal sample for the beamforming instance; and
vi) An Analog-to-Digital converter for digitizing the analog
beamformed received signal.

[0018] These and other advantages of the present inven-
tion will be clarified in the brief description of the preferred
embodiment taken together with the drawings in which like
reference numerals represent like elements throughout.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 is a schematic representation of a prior art
analog beamformer;

[0020] FIG. 2 is a schematic representation of a prior art
digital beamformer;

[0021] FIG. 3 is a schematic representation of an Analog
Store Digital Read (ASDR) ultrasonic beamformer in accor-
dance with one embodiment of the present invention;
[0022] FIGS. 4A-D are schematic representation of rep-
resentative Sample/Hold Cells (SHC) for use in the ASDR
ultrasonic beamformer of the present invention;

[0023] FIG. 5 is a schematic representation of an alterna-
tive SHC for use in the ASDR ultrasonic beamformer of the
present invention;

[0024] FIG. 6 is a schematic timing diagram illustrating
work of the Sample/Hold Cells used in the ASDR ultrasonic
beamformer of the present invention;

[0025] FIG. 7 is a timing diagram illustrating work of the
ASDR ultrasonic beamformer of the present invention;,
[0026] FIGS. 8A and 8B are alternative schematic block
diagrams of transmit and receive beamformer channel 109 in
accordance with two embodiments of the present invention;
[0027] FIG. 9 schematically illustrates the process of
writing to and reading from the SHC array used in the ASDR
ultrasonic beamformer of the present invention;
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[0028] FIG. 10 is a schematic representation of a receive
beamformer used in the ASDR ultrasonic beamformer of the
present invention;

[0029] FIG. 11 is a schematic block diagram of a second
stage Sample/Hold Cell array in accordance with one aspect
of the present invention;

[0030] FIG. 12 is a schematic composition of common
arrays;
[0031] FIG. 13 is a schematic block diagram of sub-

aperture transmit and receive beamformer in accordance
with one aspect of the present invention; and

[0032] FIG. 14 is a schematic block diagram representing
an example of an ASDR ultrasound system in accordance
with the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0033] The present invention relates to ultrasound diag-
nostic systems, such as used in medical diagnostic systems
for medical human and animal applications. The system and
method of the present invention is also applicable to non-
destructive testing/evaluation (e.g., pipeline testing, air-
frame testing, turbine blades testing, bridge and structural
testing, manufacturing testing (e.g. metal working rolls))
Ultrasonic testing is a type of nondestructive testing com-
monly used to find flaws in materials and to measure the
thickness of objects. Frequencies of 1 to 50 MHz are
common but for special purposes other frequencies are used.
Inspection may be manual or automated and is an essential
part of modern manufacturing processes. Most metals can be
inspected as well as plastics and aerospace composites.
Lower frequency ultrasound (50-500 kHz) can also be used
to inspect less dense materials such as wood, concrete and
cement. The system and method of the present invention is
also applicable to geophysical exploration and sonar appli-
cations, and generally any ultrasound imaging (or image-
like) applications requiring beamforming for transmission
and/or receiving. The present invention is directed in par-
ticular the way signals coming from the elements of an
ultrasonic array (receive beamformer) and going to the
elements of the same array (transmit beamformer) are
treated. The invention describes an improved beamformer
system that provides better image quality combined with
significant reduction in systems’ size, power consumption
and production cost as compared to current systems. Thus,
even though the main area of application of this invention is
in medical ultrasound, this beamforming architecture and
the hardware and software built upon its principles can be
used in other areas such as non-destructive testing, sonar,
radar, terahertz, infrared, optical imaging systems or for
seismic geophysical exploration, just to name a few
examples.

[0034] The general idea of the new design is to create a
mixed beamformer that would use digital control and
manipulation of analog signals from the transducer array
elements. Such design allows radical minimization of the
hardware volume and power consumption of electronic
circuitry, opening a possibility for the development of por-
table and ultraportable ultrasound machines as well as
advances in premium systems, as described in detail below.
[0035] FIG. 3 depicts a schematic outline of a proposed
new type of the beamformer. In the beamformer of the
present invention, an analog signal 108 from the element
107 of the array 106 goes through a voltage controlled
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amplifier (VCA) 110 to compensate the signal attenuation in
the media, then is written into an array 131 of Sample-Hold
Cells and at a certain sampling rate as a sequence of voltage
levels. The sampling rate may be fixed or variable and also
may be independent and different from the sampling rate of
the reading from the sample hold cells of array 131.
[0036] Each SHC array 131, also known as Analog Ran-
dom Access Memory (ARAM) array 131, consists of a
plurality Sample/Hold Cells 150 arranged in distinct rows or
banks 132 and that have common signal lines and control
switches that function in a fashion similar to conventional
digital random access memory as it will be discussed below.
Next, in each signal channel 109, one Sample/Hold cell 150
of one row 132 is selected in accordance with the beam-
forming algorithm and the samples of analog signal 134
from all channels participating in the beamforming process
at this particular time moment, also known as beamforming
instance which being defined as one sampling step in
execution of the beamforming algorithm, are summed by an
analog summing circuit 136. The output analog signal 138
which represents the results of the beamforming as a
sequence of analog samples is digitized by the analog-digital
converter 120 and output data 122 is written to the memory
for further processing.

[0037] In other words, the beamforming process consists
of storing analog samples of continuous signals from array
elements, then reading the content of certain analog memory
cells in the same way that digital memory cells are read in
the digital beamformer process. However, instead of adding
digital representations of signals to produce the output
beamformed signal, the analog representations of the same
signal are summed up first and the result is digitized. Thus,
the process of operating samples of analog signals in a
digital manner comprises the essence of the Analog Store-
Digital Read (ASDR) ultrasound beamformer system and
method of the present invention.

[0038] In order to describe the functions and operations of
the Analog Store-Digital Read (ASDR) ultrasound beam-
former the description will begin with the basic building
blocks of such the device and progress up to the system
level.

[0039] Sample—Hold Cell

[0040] The basic building block of the analog memory
array is a Sample-Hold Cell (SHC). The design of SHC is
well known and comprises the prior art. Here a SHC design
is used based on the storage capacitor as an example of the
design; however, any device that can store an analog quan-
tity can be used for building such a cell.

[0041] The schematic organization of a single sample-
hold cell (SHC) 150 is shown on FIGS. 4A-D and 5. Main
elements of the SHC are the storage capacitor 152, analog
switches 154, 156 and 158 that connect capacitor 152 to
input analog signal line WRITE 160 and output signal lines
READ A 162 and READ B 164, or to the ground. Switches
154-158 can be made based on transistors, MEMs, or other
technology enabling analog switching and multiplexing.
[0042] FIG. 5illustrates schematic representation of varia-
tions in the basic SHC 150 design, such as the use of one
multi-position switch 166, an addition of bleed resistor 168
to control the capacitor discharging process or the removal
of the READ B signal line, and joining the bottom plate of
the storage capacitor 152 permanently to the signal ground.
These or any other variation of the SHC design are included
as prior art.
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[0043] The SHC 150 working cycle, shown schematically
in FIG. 6, consists of the following operation: writing the
voltage level into the storage capacitor 152, storing the
charge, reading the content of the capacitor 152, and erasing
the content of the storage capacitor 152 in preparations for
the next work cycle. Referring to time diagram of FIG. 7,
during the write operation at time t, the top plate of the
capacitor 152 is connected to the input analog signal line
WRITE 160 via switches 154 and 156. Switch 158 connects
the bottom plate of the 152 to the ground. The voltage value
of V(t,) from the output of VCA, (110) is stored in the
capacitor 152. During the time period T, (storage operation),
one or both switches 154 and 156 are in a high impedance
state (open or disconnected from signal lines). After time T,
that occurs within the time period T, the content of capaci-
tor 152 is read. In the read operation, switch 158 connects
the bottom plate of the capacitor 152 to the READ B output
signal line 164 and the top plate of the capacitor 152 through
switches 154 and 156 is connected to the READ A signal
line 162. The discharge operation that occurs during time
period T, consists of connecting the top and bottom plates of
the capacitor 152 via switches 154 and 158 to the ground
directly or through the bleed resistor 168. The total time of
read-store-discharge cycle (referring to FIG. 7) At=t,,-
t=T,+T, is defined by the length of the rows (number of S/H
cells) of SHC bank 109, sampling rate, and the maximum
signal delays need to be corrected.

[0044] The open and close state of switches 154-158 is
controlled by the beamformer control circuitry that will be
discussed below.

[0045] Sample-Hold Cell Array

[0046] The separate sample-hold cells 150 are organized
row-wise and column-wise into the Sample-Hold Cells
Array 131 (or an analog random access memory or ARAM).
In the preferred embodiment the number of rows 132 of the
array 131 (or a number of beamformer channels 109) is
typically equal to the number of elements 107 in the trans-
ducer array 106 (for example 128 elements). In other
embodiments, the number of beamforming channels 109 can
be smaller or larger that number. The number of columns
(number of S/H cells in SHC bank 132) is defined by the
sampling rate and the maximum delay in signal arrival to the
elements of the transducer array 106 as it will be explained
later.

[0047] For example, for a common curved medical ultra-
sound transducer array like that known as C5-2/60 with a
fully opened active aperture of 128 elements (total length of
60 mm) and the signal penetrated into the tissue to z=100
mm depth, the maximum signal path difference (a pulse
coming from the depth z to the center of the aperture and to
the aperture edge) will be around Ad=4.4 mm (see FIG. 3 for
the reference). At a sound speed of 1540 m/s, it gives
maximum delay At=2.86x10-6 s. At the sampling rate of
S=40 MS/s (mega samples per second) it will be necessary
to capture a minimum 114 sample points to be able to
compensate for the 2.86 micro-seconds delay in arrival of
signals to all elements 107 of the aperture. Thus, in this
particular case, the SHC array 131 will consist of at least 114
columns of sample-hold cells 150 in each of 128 rows 132.
In other embodiments the number of columns N can be
bigger than the minimum required number, but the criteria
N>AtxS (Samples/sec) gives the minimum estimate for the
number of sample capacitors or cells 150 in each row 132.
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[0048] Column-wise organization of the SHC array is used
for writing data into the S/H cells 150 and row-wise orga-
nization is used to read data out of the cells. In FIGS. 8A and
B, two main architectures/methods to employ such an array
in an ultrasound beamformer are shown. FIG. 8A displays a
partial schematic diagram of one channel 109 of an ultra-
sound system in which a SHC row 132 is shared between the
transmit and receive beamformer channel via switch 184 and
FIG. 8B shows a partial schematic diagram of one ultra-
sound channel 109 where transmit and receive beamformers
have their own SHC row banks 132 and 133 to store and read
analog samples. Note, that even though banks 132 and 133
may have the same design (as shown on FIGS. 4A-D and 5),
the SHC bank 133 is marked separate from the 132 just to
denote that they belong to two physically different arrays
that may have different size and different values of storage
capacitors 150. All S/H cells 150 that belong to the row bank
132 are connected to common signal lines 160, 162, and
164. The logic circuits that control cells switches 152-158
allow selection of a single cell, a group, or all cells to
perform read, write, store, or discharge operations in a
similar fashion to the logic that controls the digital dynamic
RAM operations.

[0049] Transmit Beamformer Operations

[0050] Referring to the FIG. 8B, the transmit phase of
beamformer operations begins with writing a pulse shape
into the beamformer channel transmit analog sample storage
133 in which the Digital Analog Converter or DAC (not
shown) uses WRITE line 160 to write voltage level samples
into cells 150 of SHC row 133. The preferred embodiment
is to have a number of transmit beamformer channels 133 be
equal to the number of receive channels 132 and the number
of the transducer array elements 107. In other embodiments,
anumber of transmit channels can be bigger than the number
of array elements for storing different signal shapes or
smaller than the number of elements 107 down to a single
channel 133 serving all elements of the array. The pulse
shape is formed by a sequence of voltage samples stored in
133. In order to form the pulse, sample-hold cells 150 of
SHC row 133 are sequentially connected to the input of high
voltage pulser 182 that is in turn connected to the transducer
element 107 via transmit-receive switch 180. The pulse
central frequency and the frequency content are defined by
the pulse shape together with the sampling (or clock) speed
at which voltage samples arrive to the input of the pulser
182. The beamforming delay for the each transmit channel
is formed by the channels” own hardware or software timer
that delays the start of pulse forming by an appropriate
number of clock cycles using for example a countdown
counter or buffer.

[0051] In one embodiment, the voltage resolution of the
sample-hold cells in the SHC row of transmit channel 133
can be lower than the SHC resolution in the SHC row of
receive channel 132. In other embodiments, transmit chan-
nel cell resolution can be as low as 2 bits or be as high as the
receive SHC resolution. The depth of the transmit SHC row
133 can vary from two cells to the number equal of the
number of cells in the receive row 132.

[0052] The SHC row 133 may store not one but a number
of pulse shapes sequentially, that can be rapidly selected by
the transmit controller to form different pulses during the
current scan line operation (for instance to form multiple
focus points in one scan line generation with various central

Mar. 29, 2018

frequency pulses) or for a different scan lines generations
(for example as in pulse inversion imaging).

[0053] In one embodiment, each SHC row 133 may store
a pulse shape that is common for all beamforming channels
or store a pulse shape that is individual for each beamform-
ing channel or groups of beamforming channels.

[0054] The pulse shapes can be refreshed or re-written
during the receive phase of beamforming if required. The
clock or sampling frequency of the transmit beamformer
circuitry can be the same as clock speed of the receive
beamformer or be different from it, either higher or lower—
i.e. they are independent. Further the sampling frequency
may be variable. In one embodiment, the sampling speed of
the transmit beamformer can be changed programmatically
while in transmit to change the frequency content of the
transmit pulse while preserving its’ recorded shape.

[0055] The other possible embodiment of transmit-receive
channel architecture is shown in FIG. 8A. In this embodi-
ment, transmit and receive parts of beamforming channel
share the same SHC array 132 via switch 184. The transmit
and receive operation in this embodiment proceeds in the
same fashion as it was described above with the exception
that at the end of receive cycle the WRITE line 160 is
disconnected from the output of 110 and a pulse shape data
from the external DAC is written sequentially into SHC cells
of array 132 while the last receive beamforming events
occur in the far end of the SHC array.

[0056] Receive Beamformer Operations

[0057] Referring to the schematic of the beamforming
channel 109 on FIG. 8B, the piezo-element 107 (part of the
transducer array 106) converts electric energy into mechani-
cal vibrations during the transmit stage and mechanical
vibration energy into electric signals during the receive
stage. The transmit-receive switch 180 connects the element
107 to the output of high voltage transmit pulser 182 or to
the input of the amplifier 110 (that may internally consist of
a low-pass filter, a low noise amplifier (LNA) stage and a
VCA as a second stage for time-gain compensation). The
filtered and amplified signal from the output of the VCA 110
1s connected to the WRITE signal lane 160 that connects all
sample-hold cells 150 that form the SHC row 132. Instead
of the output of VCA 110, the signal line 160 can be
connected via switch 188 to the reference voltage source 186
which allows testing the performance and calibration of cells
in the bank 132 by writing and reading the calibrated voltage
levels. Output READ signal lines 162 and 164 allow con-
necting any storage capacitor of any cell 150 to the input of
the current or voltage follower or a summing circuit or allow
to directly connect selection of storage capacitors 150
sequentially when no apodisation is required (for example,
in sub-aperture beamforming).

[0058] During the receive stage, voltage levels from VCA
110 are sampled with a certain frequency (sampling rate)
and stored in consecutive cells 150 until the last cell has
received a sample to store. At that point, the write operation
starts again with the first cell (proceeding by the cell
discharge operation as shown in FIGS. 6 and 7). In some
embodiments the discharge operation may not be included
and the old cell’s content is simply replaced by the new one
during the write operation. The writing operation begins at
the moment when the signal scattered from the minimum
depth set by the user reaches the array and continues until
the signal from the pre-set maximum depth comes to the
farthest element of the array participating in beamforming.



US 2018/0088219 A1

However, instead of writing and storing the whole time-
pressure history for all elements of array in the course of
receiving scattered data for the creation of a scan line, the
present invention uses a sliding window approach, storing
only the current part that is used in the creation of current
samples of the beamformed signal.

[0059] After the start of data acquisition and filling enough
columns, the reading (beamforming) operation begins. FIG.
9 illustrates how the writing to and reading from the SHC
array occurs. In it, each square represents one sample-hold
cell 150 with N rows (beamforming channels) and M
columns. At time instance t,,; samples of voltage levels
from corresponding VCAs 110 are written into column 210
marked by the symbol W,. At the same time, cells 214
marked by R, are selected by the beamforming algorithm for
a creation of the current output beamformed sample. The
content of these cells is read and summed by a summing
circuit. At the next sampling interval time t;,, S/H cells 212
marked by W, are written and cells 216 (R,) are read. When
the read operation reaches the end of the SHC array it folds
over to the first column, in the same way as the analog
sample write operation does. Since the present system has
separate signal lines for read and write, these operations
could be done simultaneously. It is desirable to keep the
number of columns in the array a bit bigger than the
minimum number required, so the read and write operation
would not overlap. In some embodiments the system divides
the whole array 131 column-wise into a few independent
blocks allowing a write operation in one column-wise
memory block, discharge in the next one, while the rest of
blocks is reserved for the read operation. For instance, the
system divides column-wise the array 131 consisting of
128x128 elements into eight blocks of 128x16 SHC cells
each. Then, at some moment of time block 5 is used for
writing data from 128 channels, block 6 for discharging it’s
content, and blocks 7.8, 1-4 are used for reading and
beamforming. This way we can use a segmented single
signal line for accessing the cells instead of separate read
and write lines.

[0060] The freedom in selecting which cells would par-
ticipate in the beamforming instance allows reusing the
stored sampling data to implement not just a single beam-
forming algorithm, but obtain a number of various beam-
forming scenarios on the same block of data, similarly as it
can be performed with stored channel data in digital beam-
forming architecture.

[0061] Generally speaking, write operations do not need to
be performed on consecutive columns of S/H cells. The
cell’s addresses can be random as long as the memory
controller keeps the score. Writing data column-wise is a
convenient option, however SHC arrays can be also built to
be used as truly random access analog memory ARAM with
voltage level samples from an element being stored in
random locations (no hard channel and timing links). Poten-
tial advantages of that approach are enabling freedom to
choose the depth of SHC row banks (channels) and size of
aperture (number of rows or transducer elements). Among
potential disadvantages—analog multiplexors are needed to
switch channels and the writing speed may be lower, how-
ever, such a design option may be considered for some
applications.

[0062] Also, sampling rates for Sample-Hold Cells array
132, summator 136 and ADC 120 does not need to be the
same and/or be synchronized. In some embodiments it may
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be desired to have a single clock to control all three blocks,
in other embodiments it may be desired to have a phase
difference between read, write and digitize operation. In yet
another embodiment it may be desired to have different
frequencies phase-linked or completely independent, to con-
trol the operation of Sample-Hold Cells array 132, summa-
tor 136 and ADC 120. There may be benefits (e.g., anti-
aliasing) to have all three functional blocks functioning at
independent sampling rates with different frequencies and
phases. For instance, writing data 108 from the elements 107
could be done at 100 mega samples per second, reading data
134 for summation 136 at 85 mega samples per second and
digitizing by ADC 120 at 60 MS/s.

[0063]

[0064] The beamforming summation can be done with
voltage or with current values of analog samples stored in
SHC 150. Referring to FIGS. 9 and 10, in the beamforming
instance at time t,,, after cell 150 (marked by R,) in each
beamforming channel 132 was selected by the beamforming
algorithm, the storage capacitor 152 is connected to the input
of voltage or current follower 200 by signal lines READ A
(162) and READ B (164). In one embodiment, the voltage
follower 200 is connected to voltage controlled amplifier
202 that is used for forming of aperture apodization and for
capacitor calibration compensation. The current active aper-
ture span is controlled by setting apodization value to zero
for the channels that will not be participating in current
beamforming instance. In another embodiment, voltage fol-
lower 200 and VCA 202 can be combined in one circuit. In
yet another embodiment, 200 is a current follower. In
another embodiment one plate of storage capacitor 152 is
permanently attached to the signal ground and signal line
READ B 164 is absent.

[0065] In one embodiment each receive beamforming
channel has its own 200 and 202 amplifiers. Another
embodiment may have a reduced number of 200 and 202
amplifiers and have analog multiplexors to connect the
selected beamforming channels with the aperture formed by
the multitude of 200 and 202 amplifiers. Yet another
embodiment may have VCA 202 be removed or be replaced
by an analog switch for active aperture selection.

[0066] For the convenience, the system defines the analog
channel AC 203 that includes all of the elements and
functional blocks that participate in the analog signal acqui-
sition, storing and processing from the output of array
element 107 to the voltage sample on the output VCA 202.
Output of VCA 202 (or AC 203) represent a properly
delayed, apodized and compensated analog channel sample.

[0067] In the voltage summing scheme, the summing
circuit 136 receives instances of voltage samples from all
beamforming channels, sums them and outputs the result. If
the current summing approach is used, the circuit 136 is the
current summing circuit. In another embodiment summing is
achieved not with the content of actual storage capacitors
152 but their content first copied into temporary storage
capacitors that are used for summing. In yet another embodi-
ment, summing is achieved by connecting all storage capaci-
tors 152 or temporary storage capacitors participating in the
beamforming event serially in which line 164 of the first
capacitor is connected to line 162 of second row capacitor
etc. until the last capacitor is connected. The sum value then
read from line 162 of the first capacitor and line 164 of the
last capacitor.

Receive Beamforming Summing Operations
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[0068] The output of the summing circuit 136 is connected
to a secondary Sample-Hold Cell 204, VCA 206, and
Analog-Digital Converter 120. The output of analog digital
converter 120 is a digitized beamformed RF signal. Ele-
ments 204 and 206 may be absent from the schematic, be
attached in reverse order, or be internal elements of ADC
120. The VCA 206 may include a low pass filter.

[0069] In one embodiment, in-phase/quadrature (1/Q) data
is generated by directly sampling the received radio fre-
quency (RF) signal from the output of ADC 120. In another
embodiment the output of VCA 206 also may be connected
to a conventional I/Q demodulation sampling circuit.
[0070] Secondary SHC

[0071] The secondary Sample-Hold Cell 204 has the same
design as S/H cell 150. In one embodiment a single SHC 204
is used to store the current results of summing in element
136. In another embodiment, as shown on FIG. 11, a number
of S/H cells can be used for temporarily storing results of
summing the different beamforming algorithms working on
the same channel’s data block before their analog to digital
conversion via switch 208 and secondary VCA 206 (VCA
may be absent or replaced by a voltage follower). In yet
another embodiment, the secondary SHC array may have a
similar size and a similar use to the primary SHC array 131.
In it, primary array 131 is used for sub-aperture beamform-
ing, operating on the group of closely spaced transducer
elements and the secondary SHC array is used for beam-
forming the results of pre-beamforming as described below.
In yet another embodiment there may be a tertiary SHC
array working on results of sub-aperture beamforming of the
secondary SHC array and so on.

[0072] 1.5D, 1.75D, 2D Arrays Operation

[0073] The beamforming architecture described above can
accommodate any common 1D ultrasound arrays with num-
ber of elements (transmit-receive channels) in array going
up to a few thousand (refer to FIG. 12A schematically
picturing layout of a common 1D array). With a larger
element count or with a more complicated structure of the
transducer array, being 1.5D, 1.75D, or 2D, this basic
architecture can be adapted in the way partially described
above (secondary Sample-Hold Cell array). Referring to the
top schematic of FIG. 12, the typical 1.5D or 1.75D array is
essentially a 1D transducer that has its elements divided in
elevation directions with each element preferably having
separate beamforming channels. The number of divisions
can be any, however when the size of the sub-element in
elevation direction (Y-axis on the figure) approaches the size
in axial direction (X-axis) and both sizes being equal or less
than half of wavelength of the array’s central frequency, it is
more proper to describe such array as a 2D array (referring
to lower schematics of FIG. 12 correspondingly). The main
reason for using such an array is that it allows controlling
focusing in elevation direction in the same way the axial
focusing is controlled, thus, providing constant image slice
thickness in elevation with corresponding improvements in
contrast and detail resolution.

[0074] The main difference between 1.5D and 1.75D
arrays is that in 1.5D array elements are connected sym-
metrically column-wise (referring to FIG. 12) so the eleva-
tion focusing is done only in the plane of the image slice or
in the Y-Z plane (Z-axis being a depth and directed perpen-
dicular to the FIG. 12 plane) while 1.75D array sub-elements
are controlled independently, thus, a limited out-of-plane
focusing can be performed, restricted by the grating lobes
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position. The 2D array, with its elements being close to %
wavelengths, has the same freedom in focusing in all three
directions: elevation, axial, and depth.

[0075] In the preferred embodiment for 1.5D, 1.75D, and
2D arrays, all elements of the array are divided into groups
or sub-apertures 218. Some examples of such sub-apertures
are shown on the lower schematics of FIG. 12. The preferred
way to select sub-aperture is to assemble an array’s elements
based on the minimum group delay with respect to the
sub-aperture’s central element (example on the lowest sche-
matic of FIG. 12) allowing a small number of sample-hold
cells in the receive beamformer channel 132 of primary
analog channel 203 (FIG. 13), where under the primary (or
first) analog channel we understood the channel that con-
nected to the array element. The elements of sub-aperture
218 connect to analog channel 203 (with smaller number of
SHC 150) then the content of cells 150 from different
channels within sub-aperture is beamformed in the way
described above and the output of summing circuit 136 is
connected to the second stage beamformer channel 135
which has the same design as beamformer channel 132, but
numbered differently to show that first and second stage
beamformer channels 132 and 135 are physically different
devices that might have different internal structure (e.g.
number of cells 150). The contribution of 135 is summed by
the second stage summing circuit 137. The output of 137 is
the beamformed analog signal put to the input of analog
digital converter 120 to create a digitized beamformed RF
signal. It is understood that this invention allows for any
number of sub-aperture to be formed.

[0076] It is also understood that this invention allows for
any number of beamforming stages to be implemented,
where each collected contribution of lower level sub-aper-
tures become a single channel in the next level sub-aperture
until a single beamformed signal is outputted.

[0077] In one embodiment for 1.5D, 1.75D, and 2D
arrays, all beamforming is done in the ASDR beamformer
hardware placed next to the array. In another embodiment,
some sub-aperture beamforming could be done in ASDR
beamformer next to the array, and then partially beamformed
signals are sent via wire or wireless link to the ultrasound
machine hardware where the final beamforming is done in
ASDR beamformer or in the prior art digital beamformer.
The main advantage of such approach is the reduction in
number of cables running from the probe to the ultrasound
hardware.

[0078] Portable Ultrasound Device and ASIC Structure
[0079] The ASDR beamformer described in this invention
can be used to build compact ultrasound diagnostic devices
that combine small size and power consumption with high
image quality that results from the high channel count of full
aperture and short signal path 109. Such system can be
implemented as system-on-the-probe where all hardware
necessary for signal acquisition and processing fits in the
transducer array handle together with the battery, which
wirelessly transmits beamformed and processed signals to
the receiver that is connected to a display unit such as a
laptop, smartphone, tablet, or a TV set where images are
displayed.

[0080] In one embodiment of such a diagnostic ultrasound
system, as it is shown on the example of schematic diagram
on FIG. 14, the ASDR beamformer is implemented as one or
few integral chips (ICs) that are placed in immediate vicinity
of the transducer array 106.
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[0081] Functioning of the N channels (equal to the number
of elements) receive beamformer 252 was described above.
In it, the signal from each element of array 106 through T/R
switch 180 goes to VCA 110, S/H cells bank 132, then the
voltage level of the selected SHC elements through the
follower 200 go to the input of summing circuit 136 and via
VCA 206 go to the input of ADC 120. The digitized data
from the output ADC are written in buffer memory 254.
[0082] The transmit-receive control circuitry block 256
controls the flow of data and command in and out of receive
beamformers 250, 252, buffer memory 254, and back-end
processor 258.

[0083] The transmit beamformer 250 writes voltage levels
from digital-to-analog converter 242 via buffer amplifier 240
to the transmit SHC array 133. The voltage level samples
from 133 are sequentially sent to the pulser 182 to form the
high voltage pulse that is sent to the transducer array. The
transmit beamforming delays are controlled by the T/R
control circuitry block 256. The transmit beamformer DAC
242 may refresh the content of array SHC 133 while the Rx
beamformer is in receive mode.

[0084] The back-end processor 258 performs initial signal
and image processing on raw RF data received from the
buffer memory including but not limited to data flow orga-
nization (such as creation of line and frame headers), filter-
ing, I/Q, B-mode conversion, Doppler data extraction, data
compression, scan image forming, and other typical tasks of
the back-end DSP. It also receives and interprets the com-
mands from any buttons and rotary dial controls of the
ultrasonic hardware control block 260. Another task of the
processor 258 is to organize the flow of information to the
outside storage and processing interface block 262, that
controls writing ultrasound data to the non-volatile memory
storage (such as flash card, SD or a micro-SD), wire based
data transfer (such as USB) port and wireless data interface.
[0085] The scan data (such as raw RE, Doppler, B-mode,
image, volume data) are transferred outside from the probe-
side hardware block 264 via wire link or wireless link 266
to the display-side hardware block 270. There, data decoded
by the interface 272, the image processed in the block 274
to fit the format of the current display device and outputted
to the display interface 276 that transmits the data in the
format accepted by the display device through USB, HDMI,
DVI, or another input signal port.

[0086] In one embodiment of such a system, the ASDR
beamformer is built on one ASIC that along with the analog
front-end, SHC arrays, digital back end, and control cir-
cuitry may include all functional blocks described in block
264 with the exception of the transducer array. In another
embodiment, some of the functional blocks or parts of such
blocks described in block 264 may be realized separately
from the ASDR ASIC. In another embodiment, the system
may consist not from a single ASDR ASIC but from a few
independent ASDR beamformers working on the single
ADC (or each on their own ADC) where each ASDR
beamformer has a part of the array 106 as its sub-aperture
and final beamforming is done digitally on data streams
coming from the multitude of ASDR beamformers. In yet
another embodiment few independent ASDR beamformers
can be working on the same array 106 with time interleave
to achieve higher sampling rates.

[0087] It should be noted that the beamformer system is
implemented partially in hardware, partially in firmware and
partially in software such that precise boundaries between
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these parts can be established by the needs of the imple-
mentation. Further, in all descriptions and schematic dia-
grams the placement of elements or blocks such as VCA,
LNA, voltage followers switches, etc. that are secondary to
the understanding of the invention are not strictly followed,
assuming that anybody with ordinary knowledge of elec-
tronic design would understand their functions would deter-
mine where they should be placed in the actual working
schematics, their structure, and parameters.

[0088] The above description describes an Analog Store
Digital Read ultrasound beamforming method for an ultra-
sound imaging system comprising the steps of: 1) Providing
an ultrasonic array formed of individual ultrasonic array
elements configured for transmission and receiving; ii)
Dividing the individual array elements into individual chan-
nels, wherein each channel comprises at least one array
element; iii) Creating a receiving input signal for each
channel from inputs received from each array element of the
channel; iv) Sampling each receiving input signal for each
channel at a sampling rate and storing the sampled data in a
bank of sample-hold cells which are associated with that
channel, wherein the bank of sample-hold cells form an
analog random access memory for the sampled receiving
input signal; v) Selecting at least one sample-hold cell data
from at least one channel for each particular output time for
each beamforming instance in accordance with a beamform-
ing algorithm; vi) Summing all of the selected sample-hold
cell data from the associated channels for the beamforming
instance forming an analog beamformed received signal
sample for the beamforming instance; and vii) Digitizing the
analog beamformed received signal sample.

CONCLUSION

[0089] As discussed above the individual channels will
generally include, not just the array elements but also the
control electronics. Further it is important to note the sam-
pling rate may be fixed or may be variable and may further
be independent of the rate the data is read from the cells or
the rate such is digitized. The digitized sample is typically
stored for further processing as known in the art.

[0090] In the Analog Store Digital Read ultrasound beam-
forming method for an ultrasound imaging system, each
channel may comprise only one array element. Further, the
creating a receiving input signal for each channel may
include processing the inputs from the array elements
through at least one voltage controlled amplifier and at least
one filter. Additionally, each channel may use less than 40
milliwatts in operation, generally less than 25 milliwatts per
channel and typically about 10 milliwatts per channel or
even less. Fach sample-hold cell may be formed as a
capacitor based element. It is noteworthy that selected
sample-hold data pass through an analog filter or/and ampli-
fier with variable gain with purpose to assign proper Time
Gain Compensation (TGC) values, aperture selection and
apodization weighting before the summing for proper signal
to noise attenuation.

[0091] In the Analog Store Digital Read ultrasound beam-
forming method the number of sample-hold cells in each
bank may be equal to or greater than the sample rate per
second times the maximum desired delay for the signal path.
Further, a sampling speed for the storing of the sampled data
in the bank of sample-hold cells may be independent of a
sampling speed for reading the sampled data in the bank of
sample-hold cells.
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[0092] The Analog Store Digital Read ultrasound beam-
forming method may further include the step of storing at
least one shape of a transmission output pulse signal for each
transmission channel in a bank of transmission sample-hold
cells which are associated with that transmission channel. In
one embodiment a single bank of transmission sample-hold
cells are associated with multiple transmission channels.
Further the method may provide that the same bank of
sample-hold cells forms the receiving bank of sample-hold
cells and the bank of transmission sample-hold cells for each
channel. Alternatively, each channel may be associated with
one receiving bank of sample-hold cells and one distinct
bank of transmission sample-hold cells.

[0093] The Analog Store Digital Read ultrasound beam-
forming method for an ultrasound imaging system as
described above provides that multiple beamforming
instances associated with multiple algorithms may be uti-
lized, and may further include the step of storing each of the
analog beamformed received signal for each beamforming
instances in a bank of beamform sample-hold cells prior to
digitizing the analog beamformed received signals.

[0094] As summarized above, there are two ways to
organize sample memory: 1) During the operation the data
are written continuously into the ARAM organized as a ring
buffer, such that when the current sample is written into the
last address, the write operation folds and begin writing at
the first address of the array; or 2) The ARAM memory
depth is sufficient to store the whole length of the channel
data for the scan line (here the maximum delay is the time
required for the signal to travel to the maximum desired scan
depth and back to the receiver) providing greater freedom
for multiple beamforming

[0095] The above description defines the transmit beam-
forming essentially the same way as it describes the receive
beamforming. In short a transmit beamformer that forms an
ultrasonic pulse by sequentially reading analog sample val-
ues stored in transmission bank of sample-hold cells in
channels selected by the beamforming algorithm, sending
them to the high voltage amplifier or generator connected to
the elements of the transmit—receive array where each
channel begin to read analog sample values with predefined
time delays and sampling rates in accordance to the transmit
beamforming algorithms

[0096] The above description sets forth an Analog Store
Digital Read ultrasound beamformer for an ultrasound imag-
ing system comprising: 1) An ultrasonic array formed of
individual ultrasonic array elements configured for trans-
mission and receiving, wherein the individual array ele-
ments are grouped into individual channels, wherein each
channel comprises at least one array element; ii) A Receiv-
ing input signal control circuitry for creating receiving input
signals for each channel from inputs received from each
array element of the channel; iii) A plurality of banks of
sample-hold cells with each bank of sample-hold cells
associated with one channel, wherein the beamformer is
configured for sampling each receiving input signal for each
channel at a sampling rate and storing the sampled data in
one bank of sample-hold cells which are associated with that
channel, wherein the bank of sample-hold cells form an
analog random access memory for the associated sampled
receiving input signal; iv) A beamforming processor con-
figured for selecting at least one sample-hold cell data from
at least one channel for each beamforming instance in
accordance with a beamforming algorithm; v) An analog
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summation element for summing all of the selected sample-
hold cell data from each channel for each beamforming
instance and forming an analog beamformed received signal
for the beamforming instance; and vi) An Analog-to-Digital
converter for digitizing the analog beamformed received
signal.

[0097] At least the beamforming processor may be formed
as an integrated circuit. Essentially the circuitry implement-
ing the beamforming method may comprise an integrated
circuit (IC) such as an application-specific integrated circuit
(ASIO).

[0098] The above description also defines an Analog Store
Digital Read ultrasound beamforming system for an ultra-
sound imaging system comprising an ultrasonic array
formed of individual ultrasonic array elements configured
for transmission and receiving, wherein the individual array
elements are formed into individual channels, wherein each
channel comprises at least one array element and each
channel uses less than 40 milliwatts in operation, and
generally less than about 25 milliwatts per channel, often
less than 15 milliwatts per channel or even less than 10
milliwatts per channel.

[0099] The compact ultrasound imaging system formed
according to the present invention may send the beam-
formed signal to an outside display device wirelessly or
wired in a display neutral system or manner. The system
described provides a compact ASIC, low power device and
high channel count (128 or more), with simple scalable
architecture. It should be apparent that the beamformer
system is implemented partially in hardware, partially in
firmware and partially in software such that precise bound-
aries between these parts can be established by the needs of
the implementation.

[0100] Further regarding, Sub-aperture beamforming and
the secondary Sample-Hold cell bank described above, first,
second and tertiary levels (any number of beamforming
stages) of sub-aperture beamforming using ARAM beam-
forming may be provided. An effective way to select sub-
aperture is to assemble an array’s elements based on the
minimum group delay with respect to the sub-aperture’s
central element. The system may be mix of beamformer
methods ARAM, analog, digital for different stages of
sub-aperture beamformer. Further the stages of beamform-
ing can be spatially separated (first stage on the probe and
second on the hardware side)—

[0101] One advantage of the invention is that it provides
significant reduction in the size of the diagnostic ultrasound
imaging system such that the hardware build upon ASDR
ultrasound beamformer architecture can be placed in one or
few application specific integrated chips (ASIC) positioned
next to the ultrasound array and the whole diagnostic
ultrasound imaging system could fit in the handle of the
ultrasonic probe while preserving most of the functionality
of a cart-based system.

[0102] Another advantage of the invention is that such
compact system allows sending data and diagnostic images
wirelessly to any image display equipped to receive such
transmissions or having such a receiver attached to data
ports such as USB or FireWire of the display unit.

[0103] Another advantage of the invention is that it pro-
vides an improved signal-to-noise ratio by drastic reduction
in hardware complexity of the signal path from the trans-
ducer elements to the digitizer. Such a shortening of the
signal path is achieved by making redundant a number of
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components of the signal path such as analog high voltage
and channel multiplexors, signal cable, and connectors used
in prior art to connect ultrasound array with signal process-
ing hardware.

[0104] Another advantage of the invention is that it further
improves the signal-to-noise ratio, and diagnostic image
contrast, and spatial resolution by implementing the full
aperture beam formation in which every element of the array
operates its” own transmit and receive channel (128 parallel
transmit-receive channels for a typical 128 elements 1D
array) and thus, the available aperture is equal to the size of
the whole array.

[0105] Another advantage of the invention is that it uses
lower power per channel, thus, allowing for extended time
operation on battery power.

[0106] Another advantage of the invention is that imple-
mentation in one or few ASICs significantly reduce the cost
of production of ultrasound system.

Another advantage of the invention is that it has scalable
architecture enabling the construction of ultrasound arrays
with any number of elements by linear expansion (e.g. one
ASIC controls 128 element 1D array, two ASIC-256 ele-
ments array, and so on)

Another advantage of the invention is that it improves image
quality and reduces the cost of systems built with 1.5D,
1.75D and 2D arrays.

[0107] Although the present invention has been described
with particularity herein, the scope of the present invention
is not limited to the specific embodiments disclosed. It will
be apparent to those of ordinary skill in the art that various
modifications may be made to the present invention without
departing from the spirit and scope thereof. For example the
array may be selected in length to provide a whole-scan-line
channel storage option, which would not change the funda-
mentals of operation of the system or method of the inven-
tion.

1.-9. (canceled)
10. An Analog Store Digital Read ultrasound beamformer
for a portable ultrasound imaging system comprising:

An ultrasonic array formed of individual ultrasonic array
elements configured for transmission and receiving,
wherein the individual array elements are grouped into
individual channels;

A receiving input signal control circuitry for creating
receiving input signals for each channel from inputs
received from each array element of the channel,

A plurality of banks of sample-hold cells associated with
the channels, wherein the beamformer is configured for
sampling each receiving input signal for each channel
at a sampling rate and storing the sampled data in one
bank of sample-hold cells, wherein the bank of sample-
hold cells form an analog random access memory for
the associated sampled receiving input signal;

A beamforming processor configured for selecting at least
one sample-hold cell data from at least one channel for
each beamforming instance in accordance with a beam-
forming algorithm;

An analog summation element for summing all of the
selected sample-hold cell data from each channel for
each beamforming instance and forming an analog
beamformed received signal sample for the beamform-
ing instance; and
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An Analog-to-Digital converter for digitizing the analog
beamformed received signal, wherein the system is
configured for placement in the handle of an ultrasonic
probe.

11. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
10 wherein each channel comprises only one array element,
and wherein each channel uses less than 40 milliwatts in
operation.

12. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
10 wherein each sample-hold cell is formed as a capacitor
based element and wherein at least part of the beamforming
processor is formed as an integrated circuit.

13. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
10 wherein the number of sample-hold cells in each bank is
equal to or greater than the sample rate times the maximum
desired delay for the signal path.

14. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
10 further including a transmission beamformer for storing
at least portions of one transmission output pulse signal in a
bank of transmission sample-hold cells which are associated
with that channel.

15. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
14 wherein a single bank of transmission sample-hold cells
are associated with multiple channels.

16. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
14 wherein the same bank of sample-hold cells forms the
receiving bank of sample-hold cells and the bank of trans-
mission sample-hold cells for at least one channel.

17. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
14 wherein each channel is associated with one receiving
bank of sample-hold cells and one distinct bank of trans-
mission sample-hold cells.

18. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
10 wherein multiple beamforming instances associated with
multiple beamforming algorithms are utilized, and further
including a bank of beamform sample-hold cells configured
for storing each of the analog beamformed received signal
sample for each given beamform prior to digitizing the
analog beamformed received signals.

19. An Analog Store Digital Read ultrasound beamform-
ing system for an ultrasound imaging system comprising an
ultrasonic array formed of individual ultrasonic array ele-
ments configured for transmission and receiving, wherein
the individual array elements are formed into individual
channels, wherein each channel comprises at least one array
element, wherein the Analog Store Digital Read ultrasound
beamforming system is formed on at least one integrated
circuit.

20. The Analog Store Digital Read ultrasound beamform-
ing system according to claim 19 further including 1) A
receiving input signal processor in the enclosure for creating
receiving input signals for each channel from inputs
received from each array element of the channel; ii) A
plurality of banks of sample-hold cells in the probe with
each bank of sample-hold cells associated with one channel,
wherein the beamformer is configured for sampling each
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receiving input signal for each channel at a sampling rate
and storing the sampled data in one bank of sample-hold
cells which are associated with that channel, wherein the
bank of sample-hold cells form an analog random access
memory for the associated sampled receiving input signal;
iil) A beamforming processor in the probe configured for
selecting at least one sample-hold cell data from at least one
channel for each beamforming instance in accordance with
a beamforming algorithm; iv) an analog summation element
in the probe for summing all of the selected sample-hold cell
data from each channel for each beamforming instance
forming an analog beamformed received signal for the
beamforming instance; v) An analog-to-digital converter for
digitizing the analog beamformed received signal; and vi) a
transmission beamformer for storing at least portions of one
output pulse signal for each channel in a bank of transmis-
sion sample-hold cells in the probe which are associated
with that channel.

21. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
19 wherein each channel uses less than 25 milliwatts in
operation.

22. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
19 wherein each channel uses less than 15 milliwatts in
operation.

23. The Analog Store Digital Read ultrasound beamform-
ing system according to claim 19 wherein the system is
configured for placement in the handle of an ultrasonic
probe.

24. The Analog Store Digital Read ultrasound beamform-
ing system according to claim 1 wherein each array element
is a piezo-element configured to convert electric energy into

Mar. 29, 2018

mechanical vibrations during the transmit stage and
mechanical vibration energy into electric signals during the
receive stage.

25. An Analog Store Digital Read ultrasound beamform-
ing system for an ultrasound imaging system comprising an
ultrasonic array formed of individual ultrasonic array ele-
ments configured for transmission and receiving, wherein
the individual array elements are formed into individual
channels, wherein each channel comprises at least one array
element, wherein each array element is configured to convert
electric energy into mechanical vibrations during the trans-
mit stage and mechanical vibration energy into electric
signals during the receive stage.

26. The Analog Store Digital Read ultrasound beamform-
ing system according to claim 25 wherein the system is
configured for placement in the handle of an ultrasonic
probe.

27. The Analog Store Digital Read ultrasound beam-
former for an ultrasound imaging system according to claim
19 wherein each channel uses less than 15 milliwatts in
operation.

28. The Analog Store Digital Read ultrasound beamform-
ing system according to claim 25 wherein a beamforming
processor for the Analog Store Digital Read ultrasound
beamforming system is formed on at least one integrated
circuit.

29. The Analog Store Digital Read ultrasound beamform-
ing system according to claim 25 wherein the system is
configured for multiple beamforming instances associated
with multiple algorithms, wherein the step of storing each of
the analog beamformed received signal for each beamform-
ing instances in a bank of beamform sample-hold cells prior
to digitizing the analog beamformed received signals.

L S S T



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

FRI& B A
RAAN
IPCH %S

CPCH¥S

L5

S\EReERE

BEG®)

BEF P IRE ( ASDR ) BFERIRRERERRMERRF/RIFET
ERERITES RRIEENES |, IR, FRANLER BB KM T
HEERE SRR | FALRNEEREEMNDEESRER
SHRY , EBETASDREF KRR BRRAWNBEH IUREESERS
BESIMRBREN —PRILNETRERTSH (ASIC) # , FEENZSUE
FRERSETUESRNRE TETFHFNRENAED . ASDR
RREMT RN EREF BT R, 100

patsnap

BRI BT RIEFERRERRS

US20180088219A1 NF(E)A 2018-03-29
US15/681573 FiEH 2017-08-21
URSUSES?

URSUSE#HBRTELT

URSUSEZHARIEL A

KOPTENKO SERGEI V

KOPTENKO, SERGEI V.

G01S7/52 A61B8/08 A61B8/14 A61B8/00 G10K11/34 G11C27/02

G01S7/52046 A61B8/5207 A61B8/145 A61B8/4483 G10K11/341 G11C27/024 G01S7/52047 G01S7
/52023 A61B8/4494

PCT/IB2014/000281 2014-02-12 WO
61/763929 2013-02-12 US

Espacenet  USPTO

138

/ DiaTa,
OUTPUT
SIGNAL



https://share-analytics.zhihuiya.com/view/4141ad14-6aff-4ab6-aaa1-9db6d8210d58
https://worldwide.espacenet.com/patent/search/family/051353535/publication/US2018088219A1?q=US2018088219A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220180088219%22.PGNR.&OS=DN/20180088219&RS=DN/20180088219

