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ULTRASONIC IMAGING PROBE
INCLUDING COMPOSITE APERTURE
RECEIVING ARRAY

CLAIM OF PRIORITY

[0001] The present application claims the benefit of pri-
ority to U.S. Provisional Patent Application No. 62/342,347,
filed May 27, 2016 entitled “ULTRASONIC IMAGING
PROBE INCLUDING COMPOSITE APERTURE
RECEIVING ARRAY”, which application is incorporated
herein by reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to portable ultrasonic
imaging probes, and more specifically, to such probes
including a transducer array, wherein such probes can be
directly connected to a host computer, such as an off-the-
shelf laptop computer, or the like.

BACKGROUND

[0003] Typically, ultrasound imaging systems include a
hand-held probe that is connected by a cable to a relatively
large and expensive piece of hardware that is dedicated to
performing ultrasound signal processing and displaying
ultrasound images. Such systems, because of their high cost,
are typically only available in hospitals or in the offices of
specialists, such as radiologists. Recently, there has been an
interest in developing more portable ultrasound imaging
systems that can be used with personal computers. Prefer-
ably, such a portable ultrasound probe can be used with an
off-the-shelf host computer, such as a personal computer,
and is inexpensive enough to provide ultrasound imaging
capabilities to general practitioners and health clinics having
limited financial resources.

[0004] For producing high quality ultrasound images it is
generally considered desirable to provide an ultrasound
probe having 32 channels or more. However, each channel
typically requires dedicated electronics and 100 mW of
power to operate. Thus the power requirements for a 32
channel probe typically exceed the power available for
devices powered by USB 2.0, which provides up to 2.5 W,
or integrated rechargeable batteries. Such devices are there-
fore usually limited to sixteen channels consequently limit-
ing the quality of images they can produce. Moreover, the
electronics required to operate 32 channels in an ultrasound
add to the size, complexity and cost of the ultrasound probe.
[0005] It is therefore desirable to achieve the image qual-
ity of a 32 channel ultrasound probe while limiting power
consumption.

[0006] It is also desirable to enable production of low
power portable ultrasound probes with reduced sized, com-
plexity and cost while still achieving high quality imaging.

SUMMARY OF THE INVENTION

[0007] The present application describes systems and
methods for implementing low power portable ultrasound
probes with reduced sized, complexity and cost while still
achieving high quality imaging. The disclosed systems and
methods enable ultrasound probes to achieve the image
quality of a 32 channel ultrasound probe while limiting
power consumption.

[0008] In accordance with embodiments, the present
application describes an ultrasonic imaging probe which
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utilizes a composite aperture receiving array which doubles
the effective number of receive channels. The probe imple-
ments a method for patterning the transmit and receive
cycles of an ultrasonic array which allows the receiving
aperture to utilize twice the number of array elements as
there are receive channels, improving focus, quality, and
depth of the image without increasing the power consump-
tion. The result is a single received signal that is equivalent
to a signal received by a system with twice the number of
channels. Essentially, the composite aperture comprises two
receive apertures used one after the other to receive ultra-
sound echoes from two identical ultrasound pulses emitted
in quick succession and then combined to generate an echo
signal equivalent to a receive aperture of double the size of
the two receive apertures individually.

[0009] In accordance with embodiments, the composite
aperture receiving array can be implemented in portable low
power ultrasound probe. For ultrasound probes, 32 receive
channels is generally considered the minimum for producing
high quality images, with each channel typically requiring
100 mW of power. Devices powered by USB 2.0, which
provides up to 2.5 W, or integrated rechargeable batteries
only have enough power for sixteen channels. Using the
composite aperture technology as described in this inven-
tion, lower power devices can be designed to produce
ultrasound images having the equivalent image quality as a
32 channel system while utilizing only sixteen physical
channels simultaneously. The increased aperture size, as a
result of the composite aperture, improves enhanced image
resolution. The use of only sixteen physical channels also
reduces power consumption, complexity and cost of the low
power ultrasound probe. Composite apertures as disclosed
herein allow for the use of smaller and lighter electronics
that can be fully integrated into ergonomic hand held devices
that connect to host devices via passive interfaces. Product
costs are reduced by the use of composite apertures because
fewer receiving channels and their associated components
need to be used.

[0010] Other objects and advantages of the present inven-
tion will become apparent to those skilled in the art from the
following description of the various embodiments, when
read in light of the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Various embodiments of the present invention can
be described in detail based on the following figures,
wherein:

[0012] FIG. 1A shows a high level diagram showing an
ultrasonic imaging system.

[0013] FIG. 1B illustrates an ultrasonic imaging probe
according to an embodiment of the present invention.
[0014] FIG. 2A is a block diagram that shows additional
details of an ultrasonic imaging probe according to an
embodiment of the present invention.

[0015] FIG. 2B illustrates operation of the system shown
in the block diagram of FIG. 2A.

[0016] FIG. 2C shows a timeline for operation of the
system shown in the block diagram of FIG. 2A.

[0017] FIGS. 3A-3E illustrate phases of operation of the
system shown in the block diagram of FIG. 2A for execution
of a single scan line/vector.

[0018] FIG. 4 shows a timing diagram for an example
system according to an embodiment of the present inven-
tion.
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[0019] FIG. 5 shows a flowchart illustrating logic for
operating an ultrasonic imaging probe according to an
embodiment of the present invention.

DETAILED DESCRIPTION

[0020] In the following description, the invention will be
illustrated by way of example and not by way of limitation
in the figures of the accompanying drawings. References to
various embodiments in this disclosure are not necessarily to
the same embodiment, and such references mean at least
one. While specific implementations are discussed, it is
understood that this is provided for illustrative purposes
only. A person skilled in the relevant art will recognize that
other components and configurations may be used without
departing from the scope and spirit of the invention. Fur-
thermore, in certain instances, numerous specific details will
be set forth to provide a thorough description of the inven-
tion. However, it will be apparent to those skilled in the art
that the invention may be practiced without these specific
details. In other instances, well-known features have not
been described in as much detail so as not to obscure the
invention.

[0021] Common reference numerals are used to indicate
like elements throughout the drawings and detailed descrip-
tion; therefore, reference numerals used in a figure may or
may not be referenced in the detailed description specific to
such figure if the element is described elsewhere. The first
digit in a three digit reference numeral indicates the series of
figures in which the element first appears.

[0022] FIG. 1A shows an ultrasonic imaging probe 102,
according to an embodiment of the present invention, which
is connected by an interface cable 106 to a host computer
112. Ultrasonic imaging probe 102 includes an array of
ultrasound transducers for transmitting and receiving ultra-
sound pulses as will be described below. The ultrasonic
array in combination with the electronics of ultrasonic
imaging probe implements a composite aperture receiving
array in order to produce high quality imaging data.
[0023] The host computer 112 can be a desktop personal
computer (PC), a laptop PC, a pocket PC, a tablet PC, a
mobile phone capable or running software programs (often
referred to as a “smart phone™), a personal digital assistant,
or the like. The interface cable 106, which includes connec-
tors and wires, can be a Universal Serial Bus (USB) cable
(e.g., a USB 2.0 cable), a FireWire (also known as IEEE
1394) cable, or the like. Preferably the probe 102 is not
connected to any other device or power supply. Thus, in a
preferred embodiment the probe 102 receives all its neces-
sary power from the host computer 112 via the passive
interface cable 106. In alternative embodiments, probe 102
can include a battery and a wireless transceiver, in which
case the probe can wirelessly communicate with the host
computer, and the probe will draw all its necessary power
from the battery.

[0024] As will be described in more detail below, in
accordance with embodiments of the present invention, the
probe 102 enables the host computer 112, via software
running on the host computer 112, to form real-time ultra-
sonic images of a target 100 (e.g., human tissue or other
materials) without the need for any additional internal or
external electronics, power supply, or support devices. In
certain embodiments, the probe 102 produces raw digitized
data that is envelope detected ultrasound echo data from an
array of ultrasound transducers in the probe 102, and trans-
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mits such raw data to the host computer 112. The raw
digitized data can optionally also be logarithmically com-
pressed, depending upon implementation.

[0025] In an embodiment, when the host computer 112
receives raw data via the passive interface cable 106 from
the probe 102, the host computer 112 performs time gain
compensation, gray-scale mapping, and scan conversion of
the raw data using software that runs on the host computer
112, and displays the resultant video images. The probe does
not include any moving mechanical parts, thereby reducing
the complexity and cost of the probe 102 and increasing its
reliability. The term “raw data”, as used herein, refers to
digital ultrasound imaging data that has not yet been time
gain compensated, gray-scale mapped and scan converted.
As described below, such raw data is included in the digital
signal that is transferred from the probe 102 to the host
computer 112.

[0026] As shown in FIG. 1A, the host computer 112 will
likely include a communications port 108, a communica-
tions chip-set 122, a central processing unit (CPU) 124,
memory 126, a display 128, and an input device 130, such
as a keyboard, mouse, touch screen, track ball, or the like.
Additionally, the host computer 112 runs software that
enables the host to control specific aspects of the probe 102.
Such software also enables the host computer 112 to perform
time gain compensation (also known as time gain correc-
tion), gray-scale mapping, and scan conversion of the raw
data received from the probe 112 over the passive interface
cable 106. The host computer 112 can then display the
resulting ultrasound video on the display 128, as well as
store such video in its memory 126, or another data storage
device (not shown).

[0027] The article “A New Time-Gain Correction Method
for Standard B-Mode Ultrasound Imaging”, by William D.
Richard, IEEFE Transactions of Medical Imaging, Vol. 8, No.
3, pp. 283-285, September 1989, which is incorporated
herein by reference, describes an exemplary time gain
correction technique that can be performed by the host
computer 112. The article “Real-Time Ultrasonic Scan Con-
versation via Linear Interpolation of Oversampled Vectors,”
Ultrasonic Imaging, Vol. 16, pp. 109-123, April 1994, which
is incorporated herein by reference, describes an exemplary
scan conversion technique that can be performed by the host
computer 112. These are just exemplary details of the host
computer 112, which are not meant to be limiting.

[0028] The interface cable 106 includes one or more data
line over which data is carried, and at least one power line
to provide power to a peripheral device, which in this case
is the ultrasonic imaging probe 102. For example, where the
interface cable 106 is a USB 2.0 cable, one wire of the cable
provides about 5V at about 2 Amp. In alternative embodi-
ments, the interface cable 106 is a Firewire cable, which also
includes a power wire. Other types of interface cable having
16, 32 or more signal wires can be used if desired. However,
it is preferred that the passive interface cable 106 is a
standard off-the-shelf cable that can interface with an off-
the-shelf interface IC. The term passive as used herein refers
to a cable that does not regenerate signals or process them
in any way. In an alternative embodiment, the probe 102 and
the host computer 112 communicate wirelessly, and the
probe 102 includes a battery that is used to power the
components within the probe.

[0029] Whether the probe is battery powered, or powered
over a cable from a computer, the amount of power available
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to operate the probe is constrained. Accordingly, portable
ultrasound probes typically have used only a small number
of ultrasound transducers to send and receive ultrasound at
any point in time. This conserves power but also reduces the
image quality as compared to non-power constrained probes
which can operate many transducers simultaneously for
sending and receiving ultrasound signals. As described
below, the present disclosure describes systems and methods
which increase the number of transducers which can be
effectively used, increasing the image quality while operat-
ing within the constraints of power available.

[0030] FIG. 1B illustrates an example where the host
computer 112 is a laptop. FIG. 1B also shows an exemplary
ergonomic design of a housing 103 for the ultrasonic imag-
ing probe 102 of the present invention. Other ergonomic
designs are of course possible, and within the scope of the
present invention. Also, as explained above, other types of
host computer 112 can also be used. FIG. 1B also shows that
the ultrasonic imaging probe 102 includes a probe head
assembly 105. Probe head assembly 105 comprises an array
of piezoelectric ultrasound transducers for transmitting and
receiving ultrasound pulses as will be described below. The
ultrasonic array in combination with the electronics of
ultrasonic imaging probe implements a composite aperture
receiving array in order to produce high quality imaging
data.

[0031] In accordance with certain embodiments, the data
samples produced by the ultrasound imaging probe 102 of
the present invention are transmitted by the probe 102 across
the interface cable 106 to the host computer 112. The host
computer 112 runs software that enables the host to perform
time gain compensation, gray-scale mapping, and scan con-
version of the data received from the probe 102. The host
computer generates and displays the resultant ultrasound
video images. Advantageously, the host computer 112 does
not need to perform electronic beamforming or other equiva-
lent image processing, thereby simplifying the software that
the host computer 112 runs.

[0032] The host computer 112 can use the digital data
received from the ultrasound device 102 to provide any
available type of ultrasound imaging mode can be used by
the host computer 112 to display the ultrasound images,
including, but not limited to A-mode, B-mode, M-mode, etc.
For example, in B-mode, the host computer 112 performs
know scan conversion such that the brightness of a pixel is
based on the intensity of the echo return.

[0033] A benefit of specific embodiments of the present
invention is that only digital signals are transmitted from the
probe 102 to the host computer 112, thereby providing for
better signal-to-noise ratio than if analog signals were trans-
mitted from the probe 102 to the host computer 112, or to
some intermediate apparatus between the host computer and
the probe.

[0034] FIG. 2A is a block diagram that shows additional
details of an ultrasonic imaging probe according to an
embodiment of the present invention. FIG. 2 shows an
example of a system which implements a composite aperture
receiver which provides for 32 receiving channels from a
system that utilizes only sixteen channels at any point in
time of a 128 element transducer array. Transducer array 210
includes 128 transducer elements 212. Each transducer
element can transmit ultrasound or detect ultrasound echoes.
The transducer elements are piezoelectric elements, such as
PZT slabs or composites. Alternatively transducer elements
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are micro-machined in capacitive, polyvinylidene di-fluo-
ride (PVDF) or other materials operable to transduce from
electrical to acoustic energy. Only sixteen transducer ele-
ments 212 are operative at any point in time.

[0035] A controller 200 comprises logic for controlling
operation of a pulse generating circuit 220 and the echo
detecting circuit 230 and configuring the high voltage mul-
tiplexers to operatively connect sixteen transducers 212 of
transducer array 210 to the a pulse generating circuit 220 and
the echo detecting circuit 230 at any point in time. The
controller 200 can be implemented in a field programmable
gate array (FPGA) or application specific integrated circuit
(ASIC). The controller can also receive information from
host computer 112 to allow for configuration and control of
the probe 102.

[0036] Input/output lines connect the 128 transducer ele-
ments to sixteen high voltage multiplexers/demultiplexers of
which four are shown HVMUX 250a, 2505, 250c, 250p.
Each of the sixteen high voltage multiplexers is connected to
eight transducer elements. A controller 200 connected to the
high voltage multiplexers configures the high voltage mul-
tiplexers so that at any point in time each of the sixteen
input/output lines (four shown) 252a, 2525, 252¢, 252p is
operatively coupled to exactly one of the 128 transducer
elements (sixteen transducers total). Control lines 202 con-
nect the controller 200 to select lines of each of the sixteen
HVMUXES 2504, 2505, 250¢, 250p in order to allow the
controller to select which transducer element is operatively
connected to the respective HV Pulser at any point in time
by input/output lines 252a, 252b, 252¢-252p. Thus, the
probe is physically limited to 16 simultaneous transmit
channels at any point in time. The controller 200 selectively
configures the high voltage multiplexers to control which
sixteen of the 128 transducer elements are operative in any
particular send or receive cycle. As further described below
the selection of operative elements is changed from cycle to
cycle.

[0037] The sixteen input/output lines (four shown) 2524,
252b, 252¢, 252p connect the high voltage multiplexers to
both the pulse generating circuit 220 and the echo detecting
circuit 230. In a transmit cycle, the pulse generating circuit
220 provides a high voltage pulse to each of the sixteen
ultrasound transducers currently connected by the high
voltage multiplexers to the sixteen input/output lines caus-
ing each of those sixteen ultrasound transducers to emit a
pulse of ultrasound. An isolation circuit (not shown) can be
used to isolate the echo detecting circuit 230 from the
sixteen input/output lines during pulse generation by the
pulse generating circuit 220. In a receive cycle the echo
detecting circuit 230 detects a signal produced by each of the
sixteen ultrasound transducers connected by the high voltage
multiplexers to the sixteen input/output lines in response to
ultrasound echo energy incident on the transducers.

[0038] The pulse generating circuit 220 includes sixteen
transmit delay modules (four shown) TX Delay 230a, 230x,
230¢, 230p. Each transmit delay module is configurable
under the control of the controller 200 with a different delay
to provide for beam forming and beam steering of the
ultrasound beam which will be generated by the sixteen
ultrasound transducers operative in a particular transmit
cycle. A single transmit command (TXCMD) line is con-
nected to all sixteen of the transmit delay modules. The
TXCMD originates from controller 200. The pulse gener-
ating circuit also includes sixteen high voltage pulser cir-



US 2017/0343655 Al

cuits (four shown) HV Pulser 240q, 2405, 240¢, 240p. Each
transmit delay module is connected to exactly one high
voltage pulser circuit.

[0039] When a transmit command for a transmit cycle is
received on the TXCMD line, each of the transmit delay
modules triggers its respective high voltage pulser circuit to
output a high voltage pulse on its respective one of the
sixteen input/output lines after the configurable delay
period. Thus, for each TXCMD a high voltage pulse is
applied to each of the sixteen ultrasound transducers cur-
rently connected by the high voltage multiplexers to the
sixteen input/output lines causing each of those sixteen
ultrasound transducers to emit a pulse of ultrasound with the
relative timing of the pulses determined by the configurable
delays of the sixteen transmit delay modules. The probe thus
transmits ultrasound from sixteen transducers during each
transmit cycle.

[0040] The echo detecting circuit includes sixteen analog
to digital converters (four shown) ADC 260a, 2605, 260c,
260p. Each of the sixteen analog to digital converters is
connected to a separate one of the sixteen input/output lines.
Thus, the probe is physically limited to sixteen simultaneous
receive channels at any point in time. In each receive cycle,
each of the sixteen analog to digital converters is connected
via high voltage muxes to a separate particular one of the
transducers as determined by the configuration of the high
voltage muxes. Sixteen analog signals generated by the
sixteen transducers in response to ultrasound energy incident
on the transducers are applied to the sixteen analog to digital
converters which generate sixteen digital signals—essen-
tially digital values representing the energy incident on the
transducers at a particular point in time.

[0041] The sixteen analog to digital converters are con-
nected via sixteen receive delay modules (four shown) 270q,
2705, 270c¢, 270p to a half line adder 280. The sixteen
receive delay modules (four shown) 270a, 2705, 270c, 270p
are configurable such that the relative timing of the mea-
surement of the signal for each operative transducer can be
controlled. In each receive cycle, sixteen digital values
representing the ultrasound energy incident on sixteen
operative ultrasound transducers are accumulated in half line
adder 280. A selector 281 then allows the sixteen values to
be stored in one of two half line buffers 2824 and 2825 for
atotal of 32 values. The 32 values are then provided by both
half line buffers 282a and 2825 to full line adder 284 and
full-line buffer 286. The receive channel is thus rendered
effectively 32 channel using methods described below
despite the fact that only sixteen transducers are operative in
any particular transmit and receive cycle.

[0042] Essentially, an ultrasonic imaging probe imple-
mented as shown in FIG. 2A utilizes a 32 channel composite
aperture which comprises two 16 channel receive apertures
used one after the other to receive ultrasound echoes from
two identical ultrasound pulses emitted in quick succession
and then combined to generate an echo signal equivalent to
a 32 channel receive aperture of double the size of the two
16 channel receive apertures individually.

[0043] FIG. 2B illustrates operation of the system shown
in the block diagram of FIG. 2A. As shown in FIG. 2B, each
scan cycle is divided into two transmit cycles and two
receive cycles. In the first transmit cycle, the high voltage
muxes are configured by signals from controller 200 to
connect the sixteen high voltage pulsers to sixteen adjacent
transducers 212 of transducer array 210 to produce a first
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ultrasound pulse. The high voltage muxes are then recon-
figured by signal from controller 200 for the first receive
cycle such that the echo resulting from the first ultrasound
pulse is detected by sixteen ultrasound transducers on the
left of the center of the group of transmitting transducers.
[0044] In the second transmit cycle the high voltage
muxes are reconfigured by signal from controller 200 to
connect the sixteen high voltage pulsers to the same sixteen
adjacent transducers used in the first transmit cycle to
produce a second ultrasound pulse. The high voltage muxes
are then reconfigured by signals from controller 200 for the
second receive cycle such that the echo resulting from the
second ultrasound pulse is detected by sixteen ultrasound
transducers on the right of the center of the group of
transmitting transducers.

[0045] The first and second transmit and receive cycles are
conducted in quick succession such that little to no move-
ment of the probe or tissue being measured occurs between
the first and second ultrasound pulses for a particular scan
line. Two transmit and receive cycles are sequenced in quick
succession using a different set of elements for each receive
cycle. The signals from both receive cycles are combined
into a single signal. Because the times between the two
ultrasound pulses is very small compared to the times
between scan lines, the non-simultaneity of the two receive
cycles is inconsequential. The delay between the first and
second transmit ultrasound pulses in the same scan line is
selected to be as small as possible while still allowing time
for the ultrasound pulse to travel to the depth to be image and
an echo to be received.

[0046] Referring again to FIG. 2A, the detected signal for
the first receive cycle is sent to one of the half line buffers
282a, 282b and the detected signal for the second receive
cycle is sent to the other of the half line buffers 282a, 2825.
Because little or no movement of the tissue or probe will
have occurred between the first and second cycles, the result
is 32 channels of received image data for the same tissue is
provided to full line adder 284 and full line buffer 286. This
allows for full 32 channel output while only using sixteen
transducers at any point in time.

[0047] To put it another way two ultrasound pulses are
emitted in quick succession for each scan line for one set of
sixteen ultrasound transducers and then detected by 32
ultrasound transducers where sixteen transducers detect the
echo of the first pulse and sixteen different transducers detect
the echo of the second pulse. The output of the two sets of
sixteen transducers is combined to generate a composite
aperture. Each individual RX and TX cycle will use sixteen
transducer elements—there are two RX and TX cycles for
each scan line resulting in a combined receiving aperture of
32 elements for each scan line. Each scan line is made up of
five phases with two transmit cycles and two receive cycles
and one adding phase using the full line adder to generate 32
channel output. Between the two receive cycles, twice as
many elements as the number of channels is used to create
a double-size composite aperture for receiving signals. This
is advantageous because it allows the generation of 32
channel output while reducing power consumption by only
using 16 channels at any point in time.

[0048] After both transmit and receive cycles are com-
pleted for a particular scan line, a new vector is selected and
the process is repeated for different scan lines having a
different selected set of transmitting and receiving transduc-
ers. For example, in an embodiment there may be 100
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different scan lines (vectors) which are used in combination
to generate an image. Where the ultrasound image frame rate
is 10 fps, the time between starting consecutive scan lines
will be approximately 1000 us (microseconds). For a depth
of 10 cm, and assuming ultrasound speed in the tissue is
1500 m/s or 1.5 mm/ps, the round trip of the ultrasound
pulse and echo signal into and back from the tissue is 133 ps.
The time between the two transmit cycles in a single scan
line is configured to be as small as possible while still
allowing detection of the echo signal. The two transmit
cycles in each scan line must therefore be spaced by at least
133 ps (for imaging a tissue depth of 10 cm). Thus, there is
a significantly shorter time period between the two transmit
cycles within a scan line (133 ps) than the time period
between consecutive scan lines (1000 ps). In embodiments
the time period between transmit cycles in the same scan line
is approximately an order of magnitude shorter than the time
period between the starts of consecutive scan lines (133 ps
compared to 1000 ps).

[0049] FIG. 2C illustrates a timeline of transmitting and
receiving events for a series of scan line vectors. FIG. 2C
illustrates a timeline 290 of events showing the sequence of
scan lines and the phases that make up each scan line. FIG.
2C shows first scan line 296a, second scan line 29654, third
scan line 296¢, and last scan line 296d in a frame 298 (for
reference L represents the index of the last scan line in a
frame i=E-2N+1). The timeline within each scan line
includes a first transmit cycle (e.g. TX1,) with a first set of
transducers, a first receive cycle (e.g. RX1,) using a second
set of the transducers, a second transmit cycle (e.g. TX1,)
using the same first set of the transducers, a second receive
cycle (e.g. RX1,) using a third set of the transducers
(different than the second set), and then a summing phase
(e.g. Adder 1) in which the data from the first and second
receive cycles (sixteen channels each) is summed to gener-
ate the 32 channel output data.

[0050] As discussed above, the time 294 between the first
ultrasound pulses of consecutive scan lines is significantly
longer than the time between the first and second ultrasound
pulse within an individual scan line 292. The time 292
between the first pulse (e.g. TX1,) and the second pulse (e.g.
TX1,) within the first scan line is approximately 150 ps. In
comparison the time 294 between consecutive scan lines
(e.g. the time between TX1, and TX1,) is approximately
1000 us (for a framerate or 10 fps assuming 100 scan lines
per frame). The time 294 between the start of consecutive
scan lines is also substantially larger than the duration 292
of all five phases of a single scan line (approximately 300
us). After completion of a frame, the system cycles back to
the first scan line to commence generation of the next frame
of image data.

[0051] Signals received in each of the receive cycles of a
particular scan line are stored in half line buffers 282a and
282) and combined in full line buffer 286 after both receive
cycles have completed. The data from full line buffer 286
can then be transferred to the host computer. The cycles
repeat with each incrementing index changing the selection
of operative transducers in each scan line until all transduc-
ers in the array have been used. To generate scan lines for a
particular frame. The process then repeats from the begin-
ning for subsequent frames.

[0052] FIGS. 3A-3E illustrate phases of operation of the
system shown in the block diagram of FIG. 2A for execution
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of a single scan line/vector. In FIGS. 3A-3D inactive trans-
ducers are shaded whereas active transducers are not.
[0053] FIG. 3A shows phase one of a scan line illustrating
the first transmit cycle TX1 for generating the first ultra-
sound pulse in a 16 channel system. FIG. 3A shows the set
of elements selected by the controller to be used in the first
transmit cycle of the example 16 channel system. The
element set used in the first transmit cycle of the first scan
line is made up of transducer elements 9 through 24. As
shown in FIG. 3A each of the active elements emit an
ultrasound pulse—the ultrasound transducers transmit
pulses at times determined by the TX delay modules in order
to direct/focus the first ultrasound pulse.

[0054] FIG. 3B shows phase two of a scan line illustrating
the first receive cycle RX1 for detecting the first ultrasound
echo in a 16 channel system. FIG. 3B shows the set of
elements selected by the controller to be used in the first
receive cycle of the example 16 channel system. The ele-
ment set used in the first receive cycle of the first scan line
is made up of transducer elements 1 through 16. As shown
in FIG. 3B each of the active elements detects the first
ultrasound echo. The echo is incident on the other elements,
but as they are not connected to ADCs, they cannot opera-
tively detect it. The first receive cycle RX1 generates 16
channels of image data.

[0055] FIG. 3C shows phase three of a scan line illustrat-
ing the second transmit cycle TX2 for generating the second
ultrasound pulse in a 16 channel system. FIG. 3C shows the
set of elements selected by the controller to be used in the
second transmit cycle of the example 16 channel system.
The element set used in the second transmit cycle of the first
scan line is made up of the same transducer elements 9
through 24 active in the first transmit cycle. As shown in
FIG. 3C each of the active elements emit an ultrasound
pulse—the ultrasound transducers transmit pulses at times
determined by the TX delay modules in order to direct/focus
the second ultrasound pulse.

[0056] FIG. 3D shows phase four of a scan line illustrating
the second receive cycle RX2 for detecting the second
ultrasound echo in a 16 channel system. FIG. 3D shows the
set of elements selected by the controller to be used in the
second receive cycle of the example 16 channel system. The
element set used in the second receive cycle of the first scan
line is made up of transducer elements 17 through 32. As
shown in FIG. 3D each of the active elements detects the
second ultrasound echo. The echo is incident on the other
elements, but as they are not connected to ADCs, they
cannot operatively detect it. The second receive cycle RX2
generates a further 16 channels of image data of the same
tissue.

[0057] FIG. 3E shows phase five of a scan line illustrating
the combination of the 16 channels of image data received
in each of the RX1 and RX2 cycles into an equivalent 32
channel image data. As shown in FIG. 3E, the sixteen
channels received in RX1 and the 16 channels received in
RX2 are combined by signal combination function to pro-
vide an equivalent 32 channel combined signal. In a system
with 16 physical channels the received signals are processed
and combined to create a signal that has equivalent quality
to that of a 32 channel system.

[0058] After the five phases of the first scan line (i=1)
illustrated in FIGS. 3A-3E, the index number is incremented
for the next scan line in the frame such that the transducers
used in the second scan line are offset by one transducer
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compared to the first scan line. Thus, the element set used in
the first and second transmit cycle of the second scan line
(i=2) is made up of transducer elements 10 through 25. The
element set used in the first receive cycle of the second scan
line is made up of transducer elements 2 through 17. The
element set used in the second receive cycle of the second
scan line is made up of transducer elements 18 through 33.

[0059] The index value is incremented from scan line to
scan line until that last scan line of a frame (i=E-2N+1) in
which the second receive cycle uses the last transducer in the
array. The index value is then reset to 1 and the process
repeats for the next frame. For example in a 128 transducer
array with 16 channels. The element set used in the first and
second transmit cycle of the last scan line in a frame (i=97)
is made up of transducer elements 105 through 121. The
element set used in the first receive cycle of the last scan line
is made up of transducer elements 97 through 112. The
element set used in the second receive cycle of the last scan
line is made up of transducer elements 113 through 128.

[0060] The logic for incrementing the index and thus
selecting which transducers are active in any particular
transmit and receive cycle and scan line is included in
controller 200 which uses such logic to determine the signals
applied to the select lines of the high voltage muxes 250q,
2506, 250c through 250p to connect the selected transducers
212 to the input/output lines 2521, 2525, 252¢ through 252p.
For a 128 element array with 16 channels active at any time
the last index number in the frame=128-32+1=97. Thus a
single frame will comprise scan lines 1 through 97. Thus a
framerate of 10 fps will require approximately 1000 scan
lines per second. Accordingly the delay between the start of
consecutive scan lines will be approximately 1000 ps.

[0061] Although, the examples discussed above utilize an
ultrasound transducer with 16 physical channels, composite
aperture receiving arrays can be utilized to improve image
quality in a wide variety of ultrasound transducer systems
having different numbers of transducer elements and differ-
ent numbers of transmit and receive channels. In a general
embodiment, each scan line is made up of five phases with
two transmit cycles and two receive cycles. In combination
the two receive cycles use twice as many elements as the
number of physical channels thereby effectively creating a
double size aperture for receiving signals. The set of piezo-
electric elements used during each phase is constructed with
general equations 1 through 4 provided below. As before the
signals received in the second and fourth phases are summed
in the fifth phase to generate a results representing the
double sized aperture—equation 5.

[0062] In the following equations:

[0063] E=total number of elements in array

[0064] N=number of transmit and receive channels

[0065] i=scan beam line index beginning at 1 through
(E-2N+1)

[0066] e=piezoelectric element number beginning at 1
through E

[0067] TX=transmit cycle

[0068] RX=receive cycle
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Equation 1: General form construction of the
element set for the first transmit cycle of scan line i.

TXl,-:{eeH:(i+§:|se<(i+%+1v)}

Equation 2: General form construction of the

element set for the first receive cycle of scan line i

(3=

[RX1;=feeM:ize<(i+N)}]

Equation 3: General form construction of the

element set for the second transmit cycle of scan line i

;

Equation 4: General form construction of the

element set for the second receive cycle of scan line {

[RX2i={e e [l: (i+ N) se < (i+2N)}] 4

Equation 5: Summation of the first and second recevied

signals into a single 2N channel signal of scan line §

|Singnal‘- = Signal (RX1;) + Signal (RXZ;)“Ol 5

[0069] FIG. 4 shows a timing diagram for an example
system having sixteen physical channels and 64 transducers
in the transducer array. FIG. 4 illustrates a single frame of
image data collection having 33 scan lines. Each scan line
has five phases including two transmit cycles from the same
set of elements (vector), two receive cycles from different
sets of elements (vectors) and a summing phase. As
described above the delay between the transmit cycles TX1
and TX2 within each scan line is substantially smaller than
the delay between TX 1 cycles in adjacent scan lines.

[0070] FIG. 5 shows a flowchart illustrating logic for
operating an ultrasonic imaging probe according to an
embodiment of the present invention. The logic of FIG. 5 is
implemented by controller 200 of FIG. 2A operating the
transmit circuits 220 and receive circuits 230 in an embodi-
ment of the invention. The logic of FIG. 5 can be used to
select and utilize the element sets constructed according to
equations 1-5 provided above. Prior to or during the process
shown in FIG. 5, the controller may configure the delays of
TX delays 230a, 2305, 230¢ through 230p and RX delays
270a, 2705, 270¢ through 270p as required for focus/beam
forming.

[0071] As shown in FIG. 5§ a frame is commenced at step
500 with the index value set to 0. At step 502 the index value
iis incremented. Thus the index value i for the first scan line
in the frame is 1. At step 504, the controller configures the
HV multiplexers to connect input/output lines to selected
transducers 212 for the first transmit cycle of scan line 1. The
selected transducer set is constructed according to equation
1 above. At step 506, the controller 200 sends a transmit
command to the sixteen HV pulsers which produce a high
voltage pulse (after the corresponding transmit delay) caus-
ing the selected transducer set to emit the first ultrasound
pulse of the scan line. At step 508, the controller 200
configures the HV multiplexers to connect input/output lines
to selected transducers for the first receive cycle of scan line
i, and configures the selector 281 to choose the first half line
buffer 282a. The selected transducer set is constructed
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according to equation 2 above. At step 510, the selected
transducers 212 receive the echo which is processed by the
analog to digital converters in combination with the RX
delay circuits and fed through the half line adder 280 and
selector 281 to the first half line buffer 282a.

[0072] At step 512, the controller 200 configures the HV
multiplexers to connect input/output lines to selected trans-
ducers 212 for the second transmit cycle of scan line i. The
transducer set is constructed according to equation 1 above
(i.e. the same set of transducers as used in the first transmit
cycle of the scan line). At step 514, the controller 200 sends
a transmit command to the sixteen HV pulsers which pro-
duce a high voltage pulse (after the corresponding transmit
delay) causing the selected transducers to emit the second
ultrasound pulse of the scan line. At step 516, the controller
200 configures the HV multiplexers to connect input/output
lines to selected transducers for the second receive cycle of
scan line 1, and configures the selector 281 to choose the
second half line buffer 2825. The selected transducer set is
constructed according to equation 4 above. At step 518, the
selected transducers 212 receive the echo which is processed
by the analog to digital converters in combination with the
RX delay circuits and fed through the half line adder to the
second half line buffer 2825.

[0073] At step 520 the full line adder 280 combines the
echo data from the first half line buffer 2824 and second half
line 282b to fill the full line buffer 286. At step 520 the
digital echo data is output from the full line buffer 286. At
step 524, if this is not the last scan line in the frame, the
process returns to step 502, increments the index 1 by one
and repeats steps 504 to 522 for the next scan line based on
the new index value. At step 524, if this is the last scan line
in the frame, the process returns to step 500, resets the index
value i to zero and begins a new frame. The last scan line has
an index value E-2N+1 as described above for the general
case.

[0074] The foregoing description of preferred embodi-
ments of the present invention has been provided for the
purposes of illustration and description. It is not intended to
be exhaustive or to limit the invention to the precise forms
disclosed. Many modifications and variations will be appar-
ent to one of ordinary skill in the relevant arts. The above
mentioned part numbers are exemplary, and are not meant to
be limiting. Accordingly, other parts can be substituted for
those mentioned above.

[0075] The embodiments were chosen and described in
order to best explain the principles of the invention and its
practical application, thereby enabling others skilled in the
art to understand the invention for various embodiments and
with various modifications that are suited to the particular
use contemplated. It is intended that the scope of the
invention be defined by the claims and their equivalents.

1. A method for operating a portable ultrasound probe
comprising a linear array of ultrasound transducers, the
method comprising:

selecting a first, second, third and fourth group of ultra-

sound transducers wherein said first, second third and
fourth group are contiguous and wherein each of said
first second, third and fourth group comprises an equal
plurality of N/2 ultrasound transducers;

connecting said second and third group of ultrasound
transducers to a plurality of N high voltage pulsers;
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emitting a first high voltage pulse from the plurality of
high voltage pulsers to cause the second and third
group of ultrasound transducers to emit a first ultra-
sound pulse;
connecting said first and second group of ultrasound
transducers to a plurality of N analog to digital circuits
(ADC):

detecting a first ultrasound echo with said first and second
group of ultrasound transducers, converting said echo
with said plurality of ADC, and storing a first N
channels of digital echo data in a first half line buffer;

connecting said second and third group of ultrasound
transducers to the plurality of N high voltage pulsers;

emitting a second high voltage pulse from the plurality of
high voltage pulsers to cause the second and third
group of ultrasound transducers to emit a second ultra-
sound pulse;

connecting said third and fourth group of ultrasound

transducers to the plurality of N analog to digital
circuits (ADC);
detecting a second ultrasound echo with said third and
fourth group of ultrasound transducers, converting said
echo with said plurality of ADC, and storing a second
N channels of digital echo data in a second half line
buffer;
combining the first N channels of digital echo data in a
first half line buffer and the second N channels of
digital echo data in a second half line buffer and storing
2N channels of digital echo data in a full line buffer;

outputting 2N channels of digital echo data from the
full-line buffer.

2. The method of claim 1, wherein the portable ultrasound
probe has 16 ADC and 16 high voltage pulsers and wherein
N=16.

3. The method of claim 1, wherein emitting the second
high voltage pulse is performed less than 200 ps after
emitting the first high voltage pulse.

4. The method of claim 1, further comprising:

repeating the steps of claim 1 with each group of ultra-

sound transducers translated by one transducer along
the liner array.

5. The method of claim 4, wherein:

repeating the steps of claim 1 commences more than 200

ps after emitting the second high voltage pulse.

6. The method of claim 1, wherein:

the linear array of ultrasound transducers comprises a

linear array of micro-machined ultrasound transducers
formed on a common substrate.

7. The method of claim 1, wherein:

the linear array of ultrasound transducers comprises a

linear array of separately formed ultrasound transduc-
ers mounted on a common support.

8. A portable ultrasound probe comprising:

a linear array of ultrasound transducers;

a plurality of N high voltage pulsers;

a plurality of N analog to digital circuits (ADC);

a first half line buffer

a second half line buffer; and

a full line buffer;

wherein the portable ultrasound probe is configured to

perform steps comprising,

selecting a first, second, third and fourth group of
ultrasound transducers wherein said first, second
third and fourth group are contiguous and wherein
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each of said first second, third and fourth group
comprises an equal plurality of N/2 ultrasound trans-
ducers;

connecting said second and third group of ultrasound
transducers to the plurality of N high voltage pulsers;

emitting a first high voltage pulse from the plurality of
high voltage pulsers to cause the second and third
group of ultrasound transducers to emit a first ultra-
sound pulse;

connecting said first and second group of ultrasound
transducers to the plurality of N analog to digital
circuits (ADC);

detecting a first ultrasound echo with said first and
second group of ultrasound transducers, converting
said echo with said plurality of ADC, and storing a
first N channels of digital echo data in the first half
line buffer;

connecting said second and third group of ultrasound
transducers to the plurality of N high voltage pulsers;

emitting a second high voltage pulse from the plurality
of high voltage pulsers to cause the second and third
group of ultrasound transducers to emit a second
ultrasound pulse;

connecting said third and fourth group of ultrasound
transducers to the plurality of N analog to digital
circuits (ADC);

detecting a second ultrasound echo with said third and
fourth group of ultrasound transducers, converting
said echo with said plurality of ADC, and storing a
second N channels of digital echo data in the second
half line buffer;
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combining the first N channels of digital echo data in a
first half line buffer and the second N channels of
digital echo data in a second half line buffer and
storing 2N channels of digital echo data in a full line
buffer;

outputting 2N channels of digital echo data from the
full-line buffer.

9. The portable ultrasound probe of claim 8, wherein the
portable ultrasound probe has 16 ADC and 16 high voltage
pulsers and wherein N=16.

10. The portable ultrasound probe of claim 8, wherein
emitting the second high voltage pulse is performed less
than 200 ps after emitting the first high voltage pulse.

11. The portable ultrasound probe of claim 8, wherein:

the portable ultrasound probe is configured to repeat the

steps of claim 8 with each group of ultrasound trans-
ducers translated by one transducer along the liner
array.

12. The portable ultrasound probe of claim 11, wherein:

the portable ultrasound probe is configured to repeat the

steps of claim 8 starting more than 200 ps after emitting
the second high voltage pulse.

13. The portable ultrasound probe of claim 8, wherein:

the linear array of ultrasound transducers comprises a

linear array of micro-machined ultrasound transducers

formed on a common substrate.

14. The portable ultrasound probe of claim 8, wherein:

the linear array of ultrasound transducers comprises a

linear array of separately formed ultrasound transduc-

ers mounted on a common support.
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