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IMAGING DEVICES WITH SELECTIVELY ALTERABLE CHARACTERISTICS

BACKGRGUND

(G001} The present invention relates to imaging devices, and more
particularly to imaging devices having electronically configurable ultrasonic
imagers. Non-intrusive imaging devices can be used to image internal fissue,
bones, blood flow, or organs of human or animal bodies. The images can then
be displayed. To perform the imaging, the imaging devices transmit a signal
into the body and receive a reflected signal from the body part being imaged.
Such imaging devices include transducers and associated electronics, which
may be referred to as transceivers or imagers, and which may be based on
photo-acoustic or ultrasonic effects. Such transducers can be used for imaging
and can be used in other applications as well. For example, the transducers
can be used in medical imaging; flow measurements in pipes, speaker, and
microphone arrays; lithotripsy; iocalized tissue heating for therapeutic; and

highly intensive focused ultrasound (HIFU) surgery.

BRIEF DESCRIPTION OF THE DRAWINGS

(G002] The accompanying drawings iliustrate various examples of the
principles described herein and are part of the specification. The illusirated
examples are given merely for illusiration, and do not limit the scope of the
claims.

[6003] Fig. 1is a block diagram of an imaging device with selectively
alterable characteristics, according to an exampie of the principles described

hereain.
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[6004] Fig. 2 is a diagram of an imaging system with selectively alterable
characteristics, according to an example of the principles described herein.
(G005}  Fig. 3 is a schematic diagram of an imaging device with selectively
alterable characteristics, according to an exampie of the principles described
herein.

[GOO8] Fig. 4 is a side view of a curved transducer array, according to an
example of the principies described herain.

[6007]  Fig. 5is a top view of a transducer, according to an example of the
principles described herein.

[BO08] Fig. 8 is an isometric view of an imaging device and scan lines of a
frame, according to an example of the principles described hersin.

(G009  Fig. 7 illustrates the formation of a scan line, according to an example
of the principles described herein.

[6010]  Fig. 8 is a flowchart of a method for selectively altering a number of
channels of an imaging device, according o an example of the principles
described herein.

[6011] Fig. 9 is a diagram lllustrating portions of a scan line forming period
during which a receive channel may ve allered, according o an example of the
principles described herein.

[6012] Fig. 10 depicts a receive channel, according to an example of the
principles described herein.

[6043] Fig. 11 depicts a low-noise amplifier (LNA) of a receive channel,
according to an exampie of the principles described herein.

[6014] Fig. 12 is g circuit diagram of a fast power-up biasing circuit,
according to an exampie of the principles described herein.

[6015] Figs. 13-17 illustrate the fabrication of a piezoelectric slement,
according to an example of the principles described herein.

[G016]  Fig. 18 is a schematic diagram of a piezoslectric element, according
fo an example of the principles described herein.

[G017] Fig. 19Ais a schematic diagram of a piezceleciric element, according

to ancther example of the principles described herein.
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[6048] Fig. 19B is a symbolic representation of the piezoslectric slement of
Fig. 19A, according to an example of the principles described herein.

[0018] Fig. 18C is a schematic cross sectional view of a piezoelectric
glement, according to an exampie of the principles described herein.

[0028] Fig. 12D is a schematic diagram of a piezoelectric element, according
to another example of the principles described herein.

[6021) Fig. 19k is a schematic diagram of a piezoslectric element, according
fo an example of the principles described herein.

[6022] Fig. 19F is a schematic diagram of a piezoelectric element, according
to an example of the principles described herein.

[0023] Fig. 198G is a bottom view of the piezoelectric element of Fig. 19F,
according to an example of the principles described herein.

[6024] Fig. 19H is a cross sectional view of the piezoelectric element of Fig.
19F according to embodiments of the present disclosure.

[60258] Fig. 20 is a schematic diagram of a piezoelectric element, according
{0 ancther example of the principles described herein.

[B0268] Fig. 21-25 iliustrate the fabrication of a piezoelectric element,
according to an exampie of the principles described herein.

[6027] Throughout the drawings, identical reference numbers designaie
similar, but not necessarily identical, elements. The figures are not necessarily
to scale, and the size of some parts may be exaggerated o more clearly
itustrate the example shown. Moreover, the drawings provide examples and/or
implementations consistent with the description; however, the description is not

limited to the examples and/or implementations provided in the drawings.

DETAILED DESCRIPTION

[G028] As described above, the present invention relates o imaging devices,
and more particularly to imaging devices having electronically configurable

uitrasonic imagers. Non-intrusive imaging devices can be used 1o image
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internal tissue, bones, blood flow, or organs of human or animal bodies. The
images can then be displayed. To perform the imaging, the imaging devices
transmit a signal inio the body and receive a reflected signal from the body part
being imaged. Such imaging devices include transducers, which may be
referred {0 as transceivers or imagers, and which may be based on photo-
acoustic or ultrasonic effects. Such transducers can be used for imaging and
can be used in other applications as well. For example, the transducers can be
usad in medical imaging; flow measurements in pipes, speaker, and microphone
arrays, lithotripsy; localized tissue heating Tor therapeutic; and highly intensive
focused ultrasound (HIFU) surgery.

iG028] Imaging devices such as ultrasound imagers used in medical imaging
use piezoelectric (PZT) material or other piezo ceramic and polymer
composites. Such imaging devices house the transducers with the PZT material
as well as other elecironics that form and display the image on a display unit.
To fabricate the bulk PZT elements for the transducers, a thick piezoslectric
material slab can be cut into large rectangular shaped PZT elements. These
rectangular-shaped PZT elements are very expensive to build, since the
manufaciuring process involves precisely cutling of the rectanguiar-shaped thick
PZT or ceramic material and mounting it on substrates with precise spacing.
Further, the impedance of the transducers is much higher than the impedance
of the transmit/receive electronics for the transducers, which can effect
performancs.

[0030] Sl further, such thick buik PZT elements can require very high
voltage pulses, for example 100 volts (V) or more {0 generate transmission
signais. This high drive voltage results in high power dissipation, since the
power dissipation in the transducers is proportional o the square of the drive
voltage. This high power dissipation generate heat within the imaging device
such that cooling arrangements are necessitated. These codoling systems
increase the manufacturing costs and weights of the imaging devices which
makes the imaging devices more burdensome {0 operate.

[6031] Even further, the transmit/receive electronics for the fransducers may

be located far away from the transducers themselves, thus requiring micro-coax
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cables between the transducers and transmit/receive elecironics. In general,
the cables have a precise length for delay and impedance maiching, and, guile
often, additional impedance matching networks are used for efficient connection
of the transducers through the cables to the electronics.

[0032] Accordingly, the present specification describes the use of
pigzoelectric micromachined ultrasound transducers (pMUTs), which can be
efficiently formed on a substrate leveraging various semiconductor wafer
manufacturing operations. Semiconductor wafers may come in 8 inch, 8 inch,
and 12 inch sizes and are capable of housing hundreds of transducer arrays.
These semiconductor wafers start as a silicon substrate on which various
processing steps are performed. An exampie of such an operation is the
formation of 5i02 layers, also known as insulating oxides. Various other steps
such as the addition of metal layers to serve as interconnects and bond pads
are performed o allow connection to other electronics. Yet another example of
a machine operation is the eiching of cavities. Compared to the conventional
fransducers having bulky piezoelectric material, pMUTs built on semiconductor
substrates are less bulky, are cheaper to manufacture, and have simpler and
higher performance interconneaction between electronics and transducers. As
such, they provide greater flexibility in the operational frequency, and potential
to generate higher quality images.

(033] In some examples the imaging device is coupled to an application
specific integrated circuit (ASIC) that includes transmit drivers, sensing circuitry
for received echo signals, and control circuitry to conirol various operation. The
ASIC can be formed on another semiconductor wafer. This ASIC can be placed
in close proximity to pMUT elements to reduce parasific iosses. As a specific
example, the ASIC may be 50 micrometers (um) or less away from the
transducer array. In a broader exampile, there may be less than 100um
separation between the 2 wafers or 2 die, where each wafer includes many die
and a die includes a transducer in the transducer wafer and an ASIC in the
ASIC wafer. In some examples, ASIC has matching dimensions relative to the
pMUT and sllows the devices to be stacked for wafer-to-wafer interconnection

or transducer die on ASIC wafer or transducer die to ASIC die interconnection.
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Alternatively, the transducer can also be developed on top of the ASIC wafer
using low temperature piezo material sputiering and other low temperature
processing compatible with ASIC processing.

[0034] While pMUTs have potential for advanced ulfrasonic imaging, some
limitations have impeded their utilization in high performance imaging
implementation As an example, pMUTs utilizing Aluminum Nitride have
exhibited low sensitivity related {0 transmit and receive operations making them
candidates for less demanding applications. Other pMUTs utilizing PZT have
required relatively high voltages and exhibit relatively low bandwidth and low
efficiency. Accordingly, the present specification describes pMUTs that 1) have
an enhanced sensitivity, 2} can operate at low voltages, and 3) exhibit high
bandwidth linear operation. Specifically, the present specification describes
pMUTs in close proximity to the associated control circuitry. This allows 2D and
3D imaging under control of a control circuitry in a small portable device.
Ancther type of transducer is a capacitive micromachine ultrasonic transducer
(cMUT). However, cMUT sensors have difficulty with generating sufficient
acoustic pressure at lower frequencies {(where the bulk of deep medical imaging
occurs) are inherently nonlinear, cMUTs require high voltage operation.

[G035] In general, an imaging device of the present specification includes a
number of transmit channels and a number of receive channels. Transmit
channels drive the piezoslectric elements with a voltage pulse at a frequency
the elements are responsive to. This causes an ulirasonic waveform to be
emitted from the piezoelectric elements which waveform is directed towards an
obiect to be imaged. In some examples, the imaging device with the transducer
array of plezoelectric elements makes mechanical contact with the body using a
gel in between the imaging device and the body. The ultrasonic waveform
travels towards the object, i.e., an organ, and a portion of the waveform is
reflected back {o the piezoelechic elements, where the received ultrasonic
energy is converted {0 an electrical energy, which is then further processed by a
number of receive channels and other circuiiry to develop an image of the

obiect.
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[60368] These transmit and receive channsls consume power and in
instrumenis where there are many channels (io generate high guality images),
the power may cause excessive heat buildup in the imaging device. [fthe
temperature rises past a certain value, it may affect operation of the imaging
device, could pose a danger o the operator, could pose a danger {o a patient,
and may be outside of regulatory specifications which restrict how high the
temperature can rise. An ulirasound imaging device includes a transducer
array, an application-specific integrated circuit (ASIC), transmit and receive
beamforming circuitry, and control electronics. Specifications restrict the
maximum temperature that can be tolerated, which in turn, severely restricts
what electronic circuits can he housed in the imaging device and also restricts
how the imaging device is operated. Such restrictions can negatively affect the
image guality achieved and the frame raie of images. Further, imaging devices
may be battery-powerad which may drain quickly in instruments with many
channels as each channel draws energy.

[G037] The imaging device of the present specification resoives these and
other issues. Specifically, the imaging device controls power dissipation without
exceeding temperature limits of the imaging device all while maintaining needed
image quality. Specifically, the number of receive channels and/or transmii
channels used o form an image are electronically adaptable 1o save power, for
example in cases where a lower number of channels is acceplable. As a
specific example, each of the number of channels may be dynamically
controlled to reduce power, or to be powered down entirely.  Additionally, other
characteristics of each channel are also configurable to reduce power. Such
advanced control allows the imaging device 1o be operated within safe
temperature thresholds, and may do so without sacrificing needed image
quality. The lower power consumption also increases battery life.

[0038] Specifically, the imaging device includes a handheld casing where
fransducers and associated electronics are housed. The imaging device may
also contain a battery to power the electronics. As described above, the amount
of power consumed by the imaging device increases the temperature of the

imaging device. To ensure satisfactory use of the imaging device and imaging
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device performance, the temperature of the body of the imaging device should
remain below a threshold temperature. The imaging device of the present
specification is electronically configured to reduce power and temperature
notwithstanding the acquisition of high quality images which consumes
significant amount of power, reduces battery life, and increases temperature in
the probe.

[G038]  Thatis, the present specification describes a high performance, low
power, and low cost poriable imaging device capable of 2D and 3D imaging
using pMUTs in a 2D array built on a silicon wafer. Such an array coupled {o an
application specific integrated circuit (ASIC) with elecironic configuration of
certain parameters, enables a higher gualily of image processing at a low cost
than has been previously possible. Further by controlling cerlain parameters,
for exampie the number of channels used, power consumption can be altered
and temperature can be changed.

(60481  In summary, the present specification describes an imaging device
that relies on pMUT-based transducers connected to control electronics on a
per pixel basis and housed in a portable housing. The imaging device allows
system configurability and adaptability in real time to aclively control power
consumption and temperature in the imaging device. This is done by minimizing
power dissipation within the imaging device by 1) altering the number of
channels and/or 2} actively controlling power dissipation in those channgis such
that temperatures within the imaging device do not exceed specification limits.
All this is done while achieving superior performance than would otherwise be
possible.

iG041]  In the following description, for purposes of explanation, specific
details are set forth in order to provide an understanding of the disclosure. 1t will
he apparent, however, 1o one skilled in the art that the disclosure can be
practiced without these details. Furthermore, one skilled in the art will recognize
that examples of the present disclosure, described below, may be implemented
in a variety of ways, such as a process, an apparatus, a system, a device, ora

method on a tangible computer-readable medium.
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[0842] One skilled in the art shall recognize: (1) that certain fabrication steps
may optionally be performed; (2} that steps may not be limited to the specific
order set forth herein; and (3) that certain steps may be performed in different
orders, including being done contemporansously.

[6043] Elements/components shown in diagrams are llustrative of exemplary
embodiments of the disclosure and are meant to avoid obscuring the disclosure.
Reference in the specification 1o "one example,” "preferred example,” “an
example,” or “examples” means that a particular feature, siructure,
characteristic, or function described in connection with the exampie is included
in at least one example of the disclosure and may be in more than one example.
The appearances of the phrases “in one example,” “in an example,” or “in
examples” in various places in the specification are not necessarily all referring

Bl

to the same example or examples. The terms “include,” "including,” “comprise,”
and “comprising” shall be undersiood to be open terms and any lists that follow
are examples and not meant (o be limited to the listed items. Any headings
used herein are for organizational purposes only and shall not be used o limit
the scope of the description or the claims. Furthermore, the use of certain terms
in various piaces in the specification is for lllustration and should not be
construed as limiting.

[0044] In some exampiles, the manufacturing cost of pMUTs described
herein may be reduced by applying modern semiconducior and wafer
processing techniques. For example, a thin film piezoslectric layer may be spun
on or sputtered onto semiconductor wafers and later patterned to create
piezoeglectric sensors that each have two or more electrodes. In one exampie,
gach piezoelectric element may be designed {0 have the ability to emit or
receive signals at a certain frequency, known as center frequency, as well as
the second and/or additional frequencias.

[G045]  As used in the present specification and in the appended claims, the
term piezoelectric element, pMUT, fransceiver, and pixel are used
interchangeably.

[B048] Turning now to the figures, Fig. 1 is a block diagram of an imaging

device (100) with seleclively alterable channels {108, 108), controlled by a
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controller (109), and having imaging computations performad on a computing
device (110} according to principles described herein. As described above, the
imaging device (100) may be used 10 generate an image of internal tissue,
bones, biood flow, or organs of human or animal bodies. Accordingly, the
imaging device (100) transmits a signal into the body and receives a reflected
signal from the body part being imaged. Such imaging devices include
piezoelectric transducers, which may be referred {0 as transceivers or imagers,
which may be based on photo-acoustic or ultrasonic effects. The imaging
device (100) can be used to image other objecis as well. For exampie, the
imaging device can be used in medical imaging, flow measuremenis in pipes,
speaker, and microphone arrays; lithotripsy, localized tissue heating for
therapeutic; and highly intensive focused ultrasound (HIFU) surgery.

[6047]  in addition to use with human patients, the imaging device (100) may
he used 0 get an image of internal organs of an animal as well. Moreover, in
addition to imaging internal organs, the imaging device (100) may also be used
io determine direction and velocity of biood flow in arteries and veins as in
Doppler mode imaging and may also be used to measure tissue stiffness.
[G048] The imaging device (100) may be used to perform different types of
imaging. For exampie, the imaging device (100) may be used to perform one
dimensional imaging, also known as A-Scan, two dimensional imaging, also
krown as B scan, three dimensional imaging, also known as C scan, and
Doppler imaging. The imaging device (100) may be switched to different
imaging modes and electronically configured under program control.

[60498] To facilitate such imaging, the imaging device (100) includes an array
of piezoelectric transducers {102), each piezoelectric transducer (102} including
an array of piezoelectric elements (104}, The piezoelectric elements (104)
operate 1o 1) generate the pressure waves that are passed through the body or
other mass and 2) receive reflected waves off the object within the body, or
other mass, to be imaged. In some examples, the imaging device (100} may be
configured to simultanecusly transmit and receive ultrasonic waveforms. For
example, certain piezoelectric elements (104) may send pressure waves toward

the target object being imaged while other piezosiectric elements (104) receive
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the pressure waves reflecied from the target object and develop electrical
charges in response to the received waves.

[B058]  In some examples, each piezoelectric element (104) may be designed
to have the ability to emit or receive signals at a certain frequency, known as a
center frequency, as well as the second and/or additional frequencies. Such
multi-frequency piezoelectric elements (104) may be referred to as multi-modal
piezoelectric elements {(104) and can expand the bandwidih of the imaging
device (100}

[G051] The piezoeleciric material that forms the piezoelectric elements (104)
contracts and expands when different voltage values at a certain frequency are
applied. Accordingly, as voltages that alternates between different values are
applied, the piezoelaectric elements (104) transform the electrical energy (i.e.,
voliages) into mechanical movements resulting in acoustic energy which is
emitted as waves af the desired frequencies. These waves are reflecied from a
target being imaged and are received at the same piezoelectric elements (104)
and converted into electrical signals that are then used o form an image of the
target.

[G082]  To generate the pressure waves, the imaging device (100) includes a
number of transmit channels (106) and a number of receive channeils {108).
The transmit channels (108) include a number of components and drive the
transducer (102), Le., the array of piezoslectiic slements {(104), with a vollage
pulse at a frequency that they are responsive 1o, This causes an ultrasonic
waveform 1o be emitied from the piezoelectric elements (104) towards an object
to be imaged. The ultrasonic waveform travels towards the object to be imaged
and a portion of the waveform is reflected back to the transducer (102}, where
the receive channels (108} collect the reflected waveform, convert it to an
electrical energy, and process it, for example at the computing device (110), to
develop an image that can be displayed.

[6053]  In some examples, while the number of transmit channels (106} and
receive channels (108} in the imaging device (100) may remain constant, the
number of piezoelectric elements (104) that they are coupled (o may vary. This

coupling is controlied by the controller (109). In some examples, a portion of the
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control circuitry may be distributed in the transmit channels (108} and in the
receive channels (108). For example, the piezoelectric elements (104) of a
transducer (102) may be formed into a two-dimensional array with N columns
and M rows. In a specific example, the two-dimensional array of piezoelectric
elements (104} may have 128 columns and 32 rows. In this example, the
imaging device {100) may have up 0 128 transmit channels (108) and up 1o 128
receive channels (108). In this example, each transmit channel (108) and
receive channel (108} may be coupled to multiple or single piezoelectric
elements (104). For example, depending on the imaging mode, each column of
piezoglectric elements (104) may be coupled to a single transmit channel (106)
and a single receive channel (108). In this example, the transmit channel {(108)
and receive channel (108) may recsive composite signals, which composite
signals combine signals received at each piezoelectric element (104} within the
respective column. In another example, L.e., during a different imaging mode,
individual plezoslectric elements (104) may be coupled to their own transmit
channel (108) and their own receive channel (108).

[6084] These transmil and receive channels (106, 108) consume power. In
high end instruments where there are many channels for generating high quality
images, the power may cause excessive heat buildup in the imaging device
(100). Excess heat can be uncomfortable, and in some cases pose a dangerto
a patient on whom the imaging device (100} is placed for imaging. Such excess
heat is also problematic for an operator of the imaging device (100). Still
further, the excess heat may damage the componenis of the imaging device
(100} rendering the imaging device (100) ineffective, or perhaps even
inoperable. Accordingly, the transmit channels (108} and receive channels
(108} are selectively adaptable 1o 1) reduce power consumption, 2} prevent
excess heat buildup, and 3) optimize imaging performance and power
consumption needs in real time, i.e. dynamically.

[00558] Selectively adjusting the channels (106, 108) may include placing the
channels (106, 108) in a powered down state, or placing them in a lower power
state. Adjusting the channels (106, 108) may be on a per-channe! basis. For

example, all or some of the receive channels (108} may be powered down or
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placed in a low power state and some or all of the transmit channels (108) may
be powered down or placed in a low power stale. Specific examples of altering
the number of channels (108, 108) are provided in the description that foliows.
Allowing for the adjustment of channels (108, 108} prevents excess heat buildup
by tuming off power consuming (and heat generating) components at times
when a threshold heat is exhibited by the imaging device (100).

[30586] For example, when power consumption is 1© be reduced, an imaging
session could be designed such that instead of high resolution, the session
includes low resoiution imaging when high resolution is not needed and includes
high resciution imaging when desired. Such a system can be dynamically
controlled using fast configurable transmit and receive circuitry to achieve lower
power, where lower resoclution can use smaller number of channels or channels
that operaie af lower power but with higher noise (which results in lower
resolution)

[6057) Fig. 2 is a diagram of an imaging system with selectively configurable
characteristics, according to an example of the principles described herein. As
depicted, the imaging system includes the imaging device (100) that generates
and transmits, via the transmit channels (Fig. 1, 108) pressure waves (210}
toward an internal organ, such as a heart {214}, in a transmit mode/process.
The internal organ, or other object to be imaged, may reflect a portion of the
pressure waves (210} toward the imaging device (100) which captures, via the
fransducer (Fig 1,102), receive channels (Fig. 1, 108), control circuitry (Fig. 1,
109), and computing device (Fig 1,110), the reflected pressure waves and
generates slectrical signals in a receive mode/process. The system also
includes another computing device (216} that communicates with the imaging
device (100} through a communication channel (218). The imaging device (100}
may communicate electrical signals to the computing device (218) which
processes the received signals to complete formation of an image of the object.
A display device {220) of the system can then display images of the organ or
target using the elecirical signals.

[B088] As depicied in Fig. 2, the imaging device (100) may be a portable,

handheld device that communicates signais through the communication channel
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(218}, either wirelessly (using a protocol, such as 802.11 protocol} or via a cable
(such as USB2, USB 3, USE 3.1, and USB-C), with the computing device (216).
In the case of 3 tethered connection, the imaging device (100) may include a
port as depicted in Fig. 3 for receiving the cable that is to communicate with the
computing device (218). In the case of a wireless connect, the imaging device
(100} includes a wireless fransmitter to communicate with the computing device
(2186).

[6058] As depicted in Fig. 2, the display device (220) and the computing
device (216} may be separate from the imaging device (100). For example, the
computing device (218) and display device (220) may be disposed within a
separate device, L.e., a mobile device, such as cell phone orifPad, or a
stationary computing device, which can display images to a user. In ancther
example, the display device (220) and the computing device (220) are
contained within the imaging device (100). That is, the imaging device (100),
computing device (218}, and display device (220) may be disposed within a
single housing.

[B068] Fig. 3 is a schematic diagram of an imaging device (100) with
selectively alterable characteristics, according 10 an example of the principles
described herein. As described above, the imaging device (100) may be an
ulirasonic medical probe. Fig. 3 depicts the fransducer(s) (102) of the imaging
device (100). As described above, the fransducer(s) (102) include arrays of
piezoslectric elements (Fig. 1, 104) that transmit and receive pressure waves
(Fig. 2, 210). In some examples, the imaging device (100) includes a coating
layer (322) that serves as an impedance matching interface between the
transducers (102} and the human body, or other mass through which the
pressure waves (Fig. 2, 210) are transmitted. In some cases, the coating layer
(322} may serve as a lens when designed with the curvature consistent with
focal length desired.

(60611  In embodiments, the user may apply gel on the skin of the human
body before a direct contact with the coating layer (322) so that the impedance
matching at the interface between the coating layer (322) and the human body

may be improved. Impedance maiching reduces the loss of the pressure waves
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(Fig. 2, 210} at the interface and the loss of the reflected wave travelling toward
the imaging device {100) at the interface.

[B062] In some examples, the coating layer (322) may be a fiat layer to
maximize transmission of acoustic signals from the transducer(s) (102) o the
body and vice versa. The thickness of the coating layer (322) may be a quarter
wavelength of the pressure wave (Fig. 2, 210) generated by the transducer(s)
(102}

[6063] The imaging device also includes a controller (109), such as an
application-specific integrated circuit (ASIC chip or ASIC), for controlling the
transducers {102). The controller (108} is coupled to the transducers (102) by
bumps. As described above, the transmit channels (106} and receive channels
(108} may be selectively alterable meaning that the guantity of ransmit
channels {106} and receive channels (108) that are active at a given time may
he altered such that the power consumption characieristics of the transmit
channels {106) and receive channels (108) may be altered. For example, it may
be the case that the channels that are selectively altered are receive channels
(Fig. 1, 108) that are powered down or set to a lower power state. The receive
channels (Fig. 1, 108) include various components o receive the reflected
pressure waves (Fig. 2, 210) and convert them io elecirical signals. These
componenis consume power and accordingly, by powering down the receive
channel (Fig. 1, 108) or setling it to a lower power mode, these components
draw less power and thus decrease their heat generation. Specific details
regarding the receive channel {(Fig. 1, 108} and the componenis that can be
powered down or set to a low powered mode are described later in the
specification.

[6084] In ancther example, it may be that the transmit channels (Fig. 1, 106)
are powered down or set {o a lower power state. With specific regards to the
transmit channels (Fig. 1, 108), the transmit channels (Fig. 1, 108) drive the
piezoelectric elements (Fig. 1, 104) via a voltage pulse of a predetermined
value, for example 15 voits (V). In some examples, placing the transmit
channels (Fig. 1, 108) in a lower power stale may mean reducing the magnitude

of the voltage puise, forexample to 5 V.
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[G0658]  In some examples, the basis for altering the channels may be a mode
of operation. For exampie, the imaging device (100) may operate in a low
resolution mode that results in lower resolution images and/or a higher
resolution mode that results in higher resolution images. The resolution of an
image may refer to the number of scan lines for a particular frame of an image
or the number of frames generated per second. Accordingly, generating a
higher resolution image may require the use of more channels. For example, a
high resoclution image may require all 128 receive channels (Fig. 1, 108} and all
128 transmit channels (Fig. 1, 106). However, a lower resolution image may be
generated by activating just a subsef of the receive channels (Fig. 1, 108) and
the transmit channels (Fig. 1, 108), say 64 of each. In some examples, the low
power mode may refer {0 a mode wherein the imaging device (100} is searching
for the particular object to be imaged and the high power mode may referio a
mode wherein the object has been found and high resolution images of the
object are desired. In this example, the number of channels (Fig. 1, 108, 108}
are powered down or sei to the low power state during the low resolution
portion.

[0068] The imaging device (100) may also include Field Programmable Gate
Arrays (FPGAs) (328) for controlling the components of the imaging device
{(100); circuit(s) (328), such as Analog Front End (AFE), for
processing/conditioning signals and an acoustic absorber layer (330) for
absorbing waves that are generated by the transducers (102) and propagated
fowards the circuits (328). That is, the transducer(s) (102) may be mounted on
a substrate and may be attached to an acoustic absorber laver (330). This layer
absorbs any ultrasonic signals that are emitted in the reverse direction, which
may otherwise be reflected and interfere with the quality of the image. While
Fig. 3 depicis the acoustic absorber layer (330), this component may be omitied
in cases where other components prevent a material transmission of ultrasound
in the backwards direction, i.e., away from the transducers (102).

[G067] The imaging device {100) may include a communication unit (332) for
communicating data with an external device, such as the computing device (Fig.

2, 216), through for example a port {334) or a wireless transmilter. The imaging
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device (100} may include memory (338) for storing data. in some examples, the
imaging device (100) includes a battery (338) for providing electrical power o
the components of the imaging device (100). The selectable alferation of the
channels may have a particularly relevant impact when the imaging device {(100)
includes a battery (338). For example, as the receive channesls (Fig. 1, 108) and
transmit channels (Fig. 1, 106) include components that draw power, the baitery
depletes over time. The consumption of power by these components in some
examples may be rather large such that the battery (338) would drain in a short
amount of time. This is particularly relevant when obtaining high quality images
which consume significant amounts of power. The battery (338) may also
inciude battery charging circuits which may be wireless or wired charging
circuits. The imaging device (100) may include a gauge that indicates a battery
charge consumed and is used to configure the imaging device (100) {0 optimize
power management for improved battery life.

[6068] Accordingly, by reducing the power consumption, orin some cases
powering down completely the different channels (Fig. 1, 108, 108), the batiery
(338} life is extended which enhances the ease of use of the imaging device
(100}

[G089] Fig. 4 is a side view of a transducer (102) array, according fo an
example of the principles described herein. As described above, the imaging
device (Fig. 1, 100) may include an array of transducers (102-1, 102-2, 102-3),
each with their own array of piezoelectric elements (Fig. 1, 104). In some
examples, the transducers (102) may be curved so as to provide a wider angle
of the object (Fig. 2, 214) 10 be imaged. Fig. § depicts a top view of a single
transducer (102}). As depicted in Fig. 5, the transducer (102) may include a
transceiver substrate (540) and one or more piezoelectric elements (104)
arranged thereon. Unlike the conventional systems that use bulk piezoelectric
elements, the piezoelectric element (104) may be formed on a wafer and the
wafer may be diced o form multiple transducers (102). This process may
reduce the manufaciuring cost since the transducers (102} may be fabricated in

high volume and at low cost.
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(60781  In some examples, the diameter of the wafer may range between 6 ~
12 inches and many piezoelectric element (104) arrays may be baich
manufactured thereon. Furthermore, in some examples, the conirolier (Fig. 1,
109) for controlling the piezoelectiic slements (104) may be formed such that
each piezoelectric element (104) is connected to the matching integrated
circuits, i.e., receive channels (Fig. 1, 108) and transmit channels {Fig. 1, 108) in
close proximity, preferably within 25 pm - 100 pm. For example, the transducer
(102} may have 1,024 piezoslectric elements (104} and be connected io a
maiching conirolier (Fig. 1, 109) that has the appropriate number of transmif and
receive circuits for the 1,024 piezoelectric elements (104).

iG071] Each piezoslectric element (104) may have any suilable shape such
as, square, rectangle, and circle. As depicted in FIG. 5, in some examples, the
pigzoelectric elements (104) may be arranged in a two dimensional array
arranged in orthogonal directions. That is, the piezoelectric element (104) array
may be an MxN array with N columns (542) and M rows (544).

[G072] To create a line element, a column (542) of N piezoelectric elements
(104} may be connected electrically in paraliel. Then, this line element may
provide transmission and reception of ultrasonic signals similar 1o those
achieved by a continuous piezoelectric element that is almost N times longer
than each piezoelectric element (104). This line element may be called a
column or line or line element interchangeably. An example of a column of
piezo element is shown in Fig 5 by the reference number (542). Piezoelectric
elements (104) are arranged in a column (542) in this example and have
associated transmit driver circuits (part of transmit channel) and low noise
amplifiers which are part of the receive channel circuitry.  Although not explicitly
shown, the transmit and receive circuitry include multiplexing and address
control circuitry 1o enable specific elements and sets of elemenis to be used. it
is understood that transducers (102) may be arranged in other shape such as
circular, or other shapes. In some examples, each piezoelectric elements (104)
may be spaced 250 um from each other center to center.

[B073] Inthe fransducer (102) of the present specification, it is advantageous

to design a line element using a plurality of identical piezoelectric elements
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{104}, where each slement may have its characteristic center frequency. When
a plurality of the piezoelectric elements (104) are connected together, the
composite structure (i.e. the line element) may act as one line element with a
center frequency that consists of the center frequencies of all the element
pixels. in modern semiconductor processes, these center frequencies match
well o each other and have a very small deviation from the cenier frequency of
the line element. It is also possibie 1o mix several pixels of somewhat different
center frequencies 10 create a wide bandwidth line compared {0 lines using only
one central frequency.

[6074] In some examples, the transducers (102) may include one or more
temperature sensors (546-1, 546-2, 546-3, 546-4) to measure the temperature
of the transducer (102). While Fig. 5 depicts temperature sensors (546}
disposed at particular localions, the temperature sensors (546) may be
disposed at other locations on the transducer (102) and additional sensors may
be disposed at other locations on the imaging device {Fig. 1, 100).

[G075] The temperature sensors (546) may be a irigger to the selective
adjustment of channels (Fig. 1, 106, 108). That is, as described above,
temperatures within a handheld portable imaging device (Fig. 1, 100} may rise
above a predetermined temperature. Accordingly, the temperature sensors
(546} may detect a temperature of the device at the fransducer (102) surface,
which is a surface that contacts a patient. If the temperalure sensors (546)
detect a temperature greater than a threshold amount, for example a user-
established temperature or a temperaiure sei by a regulatory authority, a signal
may be passed by the controller (Fig. 3, 324} to power down all or some of the
transmit channels (Fig. 1, 106) and/or receive channels (Fig. 1, 108) or to set ail
or some of the transmit channels (Fig. 1, 106} and/or receive channels (Fig. 1,
108) in a low power state. Placing the temperature sensor {(548) on the
transducers (102) is beneficial in thatl this is the surface that contacts the patient
and is therefore provides data regarding the temperature at the interface where
a user may notice, or be affected by excess heat.

[B0768] Fig. 5 also depicts the terminals of the piezoelectric elements (104},

That is, each piezoelectric element {(104) has two terminals. A first terminal is a
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common terminal shared by all piezoelectric slements {104} in the array. The
second terminal connecis the piezoelectric elements (104) to the transmit
channels (Fig. 1, 108) and receive channels {Fig. 1, 108). This second terminal
is the terminal that is driven and sensed for every piezoslectric element (104) as
shown symbolically for those piezoslectric slements {(104) in the first column.
For simplicity, the second terminal is only indicated for those piezoelectric
elements (104) in the first column. However, similar terminals with the
associated transmit channels (108) and receive channels (108) populate the
other piezoelectric elements (104) in the array. The controiler (Fig. 1, 109}
using control signals can select a column (542) of piezoelectric elements (104)
by turning on respective transmit channels (Fig. 1, 106) and receive channels
(Fig. 1, 108) and turning off the channels (Fig. 1, 106, 108) in other columns
(542). In a similar manner, it is also possible to tum off particular rows (54), or
even individual, piezoelectric elements (104).

[6077]  Fig. 8 is an isometric view of an imaging device (100} and scan lines
(650} of a frame (648), according to an example of the principles described
herein. A frame (648) refers to 3 single still image of an organ, or other object to
be imaged. The frame (648) may be a cross-sectional line through the object.

A frame (848} is made up of individual scan lines (650). Thatis a frame (648)
may be viewed as an image, and a scan line is an individual layer or slice of that
image. Depending on the resolution, a particular frame (648) may include
different numbers of scan lines {650) ranging from less than a hundred {0 many
hundreds.

[B078] Toform aframe (848), a fransducer (102), using beam forming
circuitry, focuses pressure waves of different piezoelectric elements (Fig. 1,
104), for exampie, those in a particular column (Fig. 5, 542) to a particular focal
point. The reflected signals coliected by these plezoelectric elements (Fig. 1,
104) are received, delayed, weighted, and summed 1o form a scan line (650).
The focal point of interest is then changed based on beam-forming technology,
and the process repeated until an entire frame (648), consisting of for example

100-200 scan lines (850) is generated.
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[6078]  While particular reference is made {o a particular transmission
fechnique, many different tfransmit techniques may be employed, including
achieving multipie focus with a single transmission from multiple channels.
Moreover, the operations described in the present specification are also
applicable to these multi-focal transmit signaling techniques. Simultaneous
multi-zone focusing can be achieved for example using orthogonal quadratic
chirp signaling and can help achieve betier resolution as a function of depth. As
a specific example, chirp signaling sends a coded signal during transmit where
many cycles of frequency or phased modulated coded signals are transmiited.
The received echo then is processed with a maiched filter to compress the
received signal. This method has the advantage of coupling in larger energy
into the target compared with situstions when only 1 or 2 pulses are transmitied.
While axial resolution may become worse when transmitiing multiple signals,
with chirp signaling, because of use of a matched filier in the receiver, axial
resolution is largely restored.

[GOBO]  Another issue with chirp signaling is that it uses many cycles of
transmit pulses which can increase power consumption. However, in one
example, the number of pulses used in chirp signaling or other coded waveform
signaling can be reduced 1o lower power when so desired. This could be for
axample when a temperature of the imaging device {(100) is higher than desired
or for example when it is determined that there is a need {0 reduce power
consumption. Allematively, if improved resclution is desired, the number of
pulses and the use of multi-zone focal signaling can be used.

[6081]  Fig. 7 illustrates the formation of a scan line (650), according to an
example of the principles described herein. Specifically, Fig. 7 is a cross-
sectional view of one transducer (102} taken along the line A-A from Fig. 6.
Specifically, Fig. 7 depicts the piezoelectric elements (104) that make up the
transducer (102). In Fig. 7, just one piezoelectric element {104) of a transducer
{102} is indicated with a reference number for simplicity. Moreover, note that
the piezoelectric elements (104) depicied in Fig. 7 may represent a top

piezoglectric element (104) of a column (Fig. 5, 542) with other piezoelectric
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elements (104) exiending into the page. Fig. 7 also depicts circuitry that may be
found in the controller (324) to form a scan line (850).

[6082] Note also that for simpilicity Fig. 7 only depicts seven piezoslectric
glements {104}, and seven respective colurmns (Fig. 5, 542). However as
described above a transducer (102) may include any number of piezoelectric
elements (104}, for example, 128 columns (Fig. 5, 542}, with each column (Fig.
5, 542} having 32 piezoelectric elements (104) disposad therein.

[GO83] To form a scan line (850}, signals (752) are received from a number
of piezoelectric elements (104), for example from each piezoelectric element
(104} in a column (Fig. 5, 542). iIn some examples, signals for piezoeleciric
glements {104} in a column (Fig. 5, 542) may be combined info a composite
signal (754) which is passed 10 the controller (324). As sach composite signal
(754} is received at g different time due to different transmission lengths, the
controller (324) delays each composite signal (754) such that they are in phase.
The controller (324} then combines the adjusted signals to form a scan line
(650). Additional detail regarding the processing of received signais (754) by
the controlier (324) are prasented in later figures.

iG084] As described above, a frame (Fig. §, 848) of an image is formed of
many scan lines (650), ofien 128 or more. These scan lines (650) cover the
area io be imaged. The time to collect and combine the scan lines (850) inio a
frame (Fig. 648) defines the guality of the video, in terms of the frame rate, of an
cbject to be imaged. For example, assuming the example of scanning a heart,
and assuming the heart is 20 cm below the transducer (102) surface, an
ultrasound waveform takes approximately 130 microseconds (us) to fravel {o the
heart, assuming sound travels at 1540 m/s in tissue. The signal is then
reflected from the heart and takes another 130 microseconds {o reach the
transducers (102) for a total transit time of 260 microseconds. Using N receive
channels {(Fig. 1, 108), for example 128 channels, one scan line (650) is formed
by transmitting from 128 transmit channels (Fig. 1, 108) driving 128 columns
(Fig. 5, 544) of piezoelectric elements (Fig. 1, 104) and receiving from all 128

columns (Fig. 5, 544) and processing the signals as indicated in Fig. 7.
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Assuming 128 scan lines (650) per frame (Fig. 6, 648), the maximum frame rate
is around 30 fps.

(G085 In some examples, 30 fos may be sufficient, for example with livers
and kidneys. However, 10 image moving organs, such as a heart, a higher
frame rate may be desired. Accordingly, the imaging device (Fig. 1, 100) may
implement parallel beamforming where multiple scan lines (650) can be formed
at the same time. As multiple scan lies (650) can be formed at a time, the
gffective frame rate may be increased. For example, if four scan lines (850)
could be formed ai the same time, then the effeclive frame rate may go up to
120 fps. Parallel beamforming may be performed at the FPGAs (Fig. 3, 326) of
the imaging device (Fig. 1, 100).

[6088] In some examples, the selective powering down of receive and/or
transmif channels (Fig. 1, 108, 108) may be effected by parallel beam forming
operations. For example, using parallel beam forming a frame rate of 120 fps
may be achievable. However, if 30 fps is good enough, the receive channels
(Fig. 1, 108) can be enabled %4 of the time, cutting down power consumption by
a factor of 4 or somewhat less than 4, taking into account some requirements
that are not amenabie 10 be compiletely shut down, but can be placed into a
materially lower power state. For example, afler a set of 4 scan lines are
simultaneously coliected, the receive channels (Fig. 1, 108) could be tumed off
for a period of ime, and then turned on again to collect ancther 4 scan lines
simultaneocusly.

[0087] Such technigues can reduce power consumption io for example
around 3.3 times less than a starting power consumption value. In other words,
the selective powering down of the receive channels (Fig. 1, 108) in an imaging
device (Fig. 1, 100} that performs parallel beamforming powers down receive
channels (Fig. 1, 108) for a portion of the time such that overall frame rate is
maintained. Such an operation does not affect the image quality as imaging
artifacts can be digitally corrected with operations that are not power intensive
and that can be executed in a display processor that is not located in the probe.
That is, data from the imaging device (Fig. 1, 100) in the form of scan lines (650)
can be transported o the computing device (Fig. 2, 218} unit using a UGB
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interface and this image processing can be done cutside of the imaging device
(Fig. 1, 100) where there are less restrictions on temperature rise. Obviously,
the amount of scaling is dependent upon the number of paraliel beams that are
transmitted and received. For example, the scaling may be smaller when using
two parallel beams or larger when using 8 parallel beams.

[GO88] Fig. 8 is a flowchart of a method (800) for selectively altering a
number of channels (Fig. 1, 108, 108) of an imaging device (Fig. 1, 100),
according to an example of the principles described hersin. According to the
method (800), an indication is received (block 801) that power consumption
should be reduced within the imaging device (Fig. 1, 100). Such an indication
may come in a variety of forms. For exampile, the temperature sensors {(Fig. 5,
548) disposed on the transducers (Fig. 1, 102} or temperature sensors {Fig. 5,
548) disposed at other locations may indicate that temperatures within the
imaging device (Fig. 1, 100) are above a threshold amount.

(G088  In another example, the indication may be that a low resolution
imaging operation is being carried cut. For example, low frame rate imaging
operations may be carried out for certain organs that are relatively stationary. A
low frame rate allows shutting down many circuits most of the time as explained
earlier, thus saving power and reducing temperature in the imaging device (Fig.
1, 100). Accordingly, in some examples receiving {biock 801) the indication
includes receiving a user input that an organ that is mostly stationary is going to
ke imaged.

[G098]  In another example, the indication may be that the imaging device
(Fig. 1, 100} is going to be used in a search mode. During a search mode, high
resolution images may not be needed as a user is merely altempling to locate a
particular organ or component within an organ. After the organ is identified, the
user may then desire higher resolution output. Accordingly, in this example
receiving (block 801) the indication includes receiving a user input that the
imaging device (Fig. 1, 100} is in a low power mode, such as a search mode.
The low power mode is readily functional with lower resolution compared to
higher resolution in a high power mode because a smaller number of channels

used in the low resolution mode may be sufficient and parameters of the
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channel can be programmed to reduce their signal to noise ratio (SNR). Lower
SNR also aliows lower power operation, for example by reducing the
transconductance of low noise amplifiers in the receive channels (Fig. 1, 108).
iG081] Responsive o the indication, a state of at least one transmit channel
(Fig. 1, 106} or at least one receive channel {Fig. 1, 108) is altered (block 802).
For example, a receive channel (Fig. 1, 108), or multiple receive channels (Fig.
1, 108} may be powered down. in another example a receive channel (Fig. 1,
108) or muitiple receive channels (Fig. 1, 108} may be placed in a low power
state by, among other things, lowering a transconductance of amplifiers in the
receive channels (Fig. 1, 108). Still further, a transmit channet (Fig. 1, 108), or
multiple transmit channels (Fig. 1, 106) may be powered down. In yet another
example, a transmit channe! {(Fig. 1, 108} or multiple transmit channels (Fig. 1,
106) may be placed in a low power state. Specifically regarding the transmit
channel (Fig. 1, 106), placing the fransmit channel(s} (Fig. 1, 108} in a low
power state may include sending a voltage pulse with a lesser magnitude or
using a lower number of elements in the transmit channel (Fig. 1, 108).

[0092] Such alterations (block 802) may be for an entire imaging cycle or for
portions of an imaging cycle. For example, a subset of the receive channels
(Fig. 1, 108) and/or transmit channels (Fig. 1, 108) may be powered down while
others remain active. Doing so may reduce the frame rate or resolution of the
resulting images as a resuit of the powered down channels not contributing o
the formation of scan lines (Fig. 6, 850). However, such a reduction in imags
quality and frame rate may be accepiable based on the object to be imaged.
(093] In another example, the transmit channels (Fig. 1, 108) and/or receive
channels (Fig. 1, 108) may be deactivated for just a portion of the time. For
example, for a portion of the formation of an individual scan line (Fig. 6, 650).
An exampile of such is provided below in connection with Fig. 9. Accordingly,
the meihod (800) provides a way for the customized use of an imaging device
{Fig. 1, 100} to ensure performance characteristics in line with the intended
imaging operation and to ensure the temperature stays within threshold ranges.
[6094] Fig. 9is a diagram iliustrating a portion of time during which a receive

channel (Fig. 1, 108) and transmit channel (Fig. 1, 106) may be altered,
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according to an example of the principles described herein. In this example at
fime #@ the pressure waves (Fig. 2, 210) are transmiited away from the
transducer (102). At the moment the pressure waves (Fig. 2, 210) are
transmitied, the respective transmit channels {(Fig. 1, 108} may be deactivated
or powerad down. Thus, as described above, the portion of the imaging cycle,
i.e., formation of a scan line (Fig. 6, 650) that a transmit channel (Fig. 1,108)
may be shut down corresponds 1o all time after the pressure wave (Fig. 2, 210)
is sent.

[G095] In this example, the pressure wave (Fig. 2, 210) reaches the zone of
interest at a time 12 and the reflected signal leaves the zone of interest at a time
13 to return to the fransducer at a time . in other words, the total time for a
signatl to leave the transducer and return to the transduceris a time o ¢4 In
conventional imaging devices, the receive channel (Fig. 1, 108) may be on for
the entire duration @ to #4. However, as the area of interest is just a portion of
that time, then the recesive channel (Fig. 1, 108) may be tumed off for most of
that time. Specifically, the receive channel (Fig. 1, 108) may be powered down
for times when the signal is outside of the desired field of view. In this case, if
the field of view corresponds to an object (214), then the image is of interest
only when ultrasonic waveform is in the position corresponding to fimes
between #2 and 3. Thus when echo signals corresponding to the time interval
between £2 and 13, reach the imaging device (Fig. 1, 1003, the receive channels
{Fig. 1, 108) are in operation and at other times can either be placed in low
resolution or lower power mode or tumed off. Thus, the overall power
consumption is significantly reduced as the componenis of the receive channel
(Fig. 1, 108) can be entirely powered down or set to a low power state during
this time period. This effect is compounded when 1) the receive channel (Fig. 1,
108) is in a low power mode during the time period corresponding o #2-£3and/or
2} parailel beamforming is used 1o allow powering down of channels without
reducing the frame rate.

[G0968] As described above, the imaging device (Fig 1, 100) is connecied
to/or includes a display device (Fig. 2, 220). In this example, a user interface

allows a user 1o select an organ 1o be imaged. Doing 50 presets the imaging

26



CA 03105459 2020-12-30

WO 2020/068473 PCT/US2019/051328

device (Fig. 1, 102} 1) to a proper frequency for the pressure waves (Fig. 2,
210} and 2) to a predetermined field of view for the object. As the image shows
up on the display device (Fig. 2, 220), the user may select areas to be imaged,
for exampie by expanding and contracting a window using a finger. The
controller (Fig. 3, 324) then converts the selection information from the
computing device (Fig. 2, 218) to determine for exampie the time periods when
the receive channel (Fig. 1, 108) can be powerad down/placed in a low power
state.

[G097]  In another embodiment, the imaging device (Fig. 1, 100) is first used
to guide the operator {0 obiain a medically relevant issue by helping orient the
imaging device (Fig. 1, 100) correctly. This is done for example using artificial
intelligence technigues leveraging machine leaming. The algorithms guide the
user {o orient the image in the proper orientation for the desired view of the
organ (Fig. 2, 214) being imaged. After the proper orientation is obtained, then
the actual imaging session can start at a relevant resolution. However, during
the orientation and guidance session, high resoclution is not required and
therefore, the imaging device (Fig. 1, 100) can be set to a lower power, lower
resclution mode, saving power for the overall imaging session.

[G6098] Fig. 10 depicts a receive channel (108), according to an exampie of
the principies described herein. The receive channel (108) is coupled to a
piezoelectric element (Fig. 1, 104) {o receive the reflecied pressure wave (Fig.
2, 210y Fig. 10 also depicts the connection between the plezoslectric element
(Fig. 1, 104) and the transmit channel (Fig. 1, 108). In one example, the
transmit channel (Fig. 1, 106) goes towards a high impedance during a receive
operation at the node where the received pressure and transmiited pulse meet.
[6093] In other words, the receive channe!l (108) receives a reflected
pressure waveform from the target 1o be imaged and the receive channel (108)
converts the pressure {o eleclrical voltage. Specifically, the reflected pressure
wave is converted to an electrical charge in the transducer and this is converted
io a voliage by a low noise amplifier (LNA) (1058). The LNA (10568) is a charge
amplifier, where charge is converted to an output voltage. In some examples,

the LNA (1056) has programimable gain, where the gain can be changed in real
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fime. An example of a LNA (1058) with programmable gain is depicted in Fig.
11.

(0100} The LNA (1058) converts charge in the transducer to a voltage
output and also ampilifies the received echo signal. A switch (ransmit/receive
switch) connects the LNA (1058) to the transducer in the receive mode of
operation.

(01013 The output of this LNA (1056} then is connected o other
componentis to condition the signal. For exampile, a programmable gain
amplifier (PGA) (1058) adjusts the magnitude of the voltage and provides a way
to change the gain as a function of time and may be known as a time gain
amplifier. As the signal travels deeper into the tissue, it is attenuated.
Accordingly, a larger gain is used to compensate, which larger gain is
implemented by the TGC. The bandpass filter (1060) operates to filter out noise
and out of band signals. An analog to digital converter (ADC) (1062) digitizes
the analog signal to convert the signal to the digital domain such that further
processing can be done digitally. Data from the ADC (1062} is then digitally
processed at a demodulation unit (1064) and passed to the FPGA (328) to
generate the scan line (Fig. 8, 650) as depicted in Fig. 7. In some
implemeniations, the demodulation unit (1064) can be implemented elsewhere,
for exampie in the FPGA. The demodulation unit frequency-shifts the carrier
signal to baseband with two components in quadrature (| and Q), for further
digital processing. In some examples, the analog to digital converter (ADC)
(1062) may implement a successive-approximation-register (SAR) architecture
o reduce latency of the ADC (1062). That ig, as the ADC (1062) is turned off
and on repeatedly, it needs {0 have litlle to no latency s0 as o not delay signal
processing following tuming on.

[60102] As described, components of the receive channel {108) may be
twmed off, or set {0 a lower power mode 10 conserve power. That is, significant
amountis of power are consumed in the LNA (1056), PGA {1058}, ADC (1082)
and other digital processing componenis. in one example, an imaging device
(Fig. 1, 100} includes 128 receive channels {108). The power consumption

using all 128 receive channels (108) to produce a high number of scan lines
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{Fig. 8, 650} can cause a large amount of power consumption. As one specific
example, presume an LNA (1058) consumes 10mW, an ADC (1062} consumes
40mW, and demodulation, I/Q conversion consumes another 10mW. In this
example, each receive channel (108), not counting the power consumed by
digital processing, consumes 60mW. Incorporating the digital processing which
is used to form scan lines (Fig. 8, 850) using a low power FPGA (326), fora 128
channel (108) implementation is around 12W in the FPGA (326), of which
around 8W would be in computational matters and rest in overhead in /0 and
static losses. Thus for 128 receive channels (108) power consumed will be in
this example almost 20W. Such a power level is technically impractical o
support in a handheld imaging device {Fig. 1, 100). Power numbers in the 2-
less than 10W are more reasonable power levels. Accordingly, by reducing the
number of receive channels (108) by half results in a corresponding haiving of
the power consumed. The reduction in power not only improves battery life, but
also affects the temperature of the imaging device (Fig. 1, 100). Note that while
Fig. 10 depicts particular components in the receive channel (108), the receive
channel {(108) may include other components that may similarly be placed in low
power or powered down states.

(001031 Other than changing the number of channels, other parameters
can also be configured to materially reduce the power, such as shutting down
{or lowering power) of all channels most of the time by using parallel beam
forming to boost the frame rate and then shutting down circuits for time
consistent to targeted frame rates.

[G60104] Fig. 11 depicts a low-noise amplifier (LNA) (1056) of a receive
channel (Fig. 1, 108), according to an example of the principles described
herein. In the example depicted in Fig. 11, a bank of capacitors Cu - Cm are
electronically selected by turning on swiiches Mi-Mn and are connected across
an operational amplifier (1166). Rn-Rm are a bank of resistors that are aiso
electronically programmed by turning on switches 5¢+-5n. Fig 11 also depicts a
bias current input (IBIAS). IBIAS may be generated by the circuit depicted in
Fig. 12. IBIAS is used to change the transconductance of the LNA (1058),
where higher current level reduce noise ievel. Additionally, a digital input
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indicating power down also is used to shut down the LNA (1058). To achieve
fast power up, IBIAS needs {0 be established quickly with an example
implementation shown in Fig 12.

iG0185] Thatis, Fig. 12 is a circuit diagram of a fast power-up biasing
circuit (1288), according to an example of the principles described herein. As
described above, when the receive channel (Fig. 1, 108) is powered on and off
rmultiple times during operation, it is crucial that components can be rapidly
tumed on and off in order to ensure proper dissipation of heat and proper
operation of the imaging device (Fig. 1, 100). in this example the IOUT terminal
is coupled to the bias current input, IBIAS, of the LNA (Fig. 10, 1056) so as to
ensure that the LNA (Fig. 10, 1058} is quickly powered up. Thatis, in orderto
implement the imaging device (Fig. 1, 100} effectively, the components in the
signal path such as LNA (Fig. 10, 10568} and the ADC (Fig. 10, 1064} in each
receive channel (Fig. 1, 108) should be able to shut down in arcund hundreds of
nanocseconds and also should be powered up in around 1 us. The fast power-
up biasing circuit {1268) depicted in Fig. 12 is one example of providing such a
guick power-up and shutdown. The biasing circuit (1268) depicted in Fig. 12
exhibits very fast turn on and turn off times. If the Power Down signal is high,
then Power Up bootstrap is low, turning off swifches $1-53, so that they do not
conduct current, thus reducing the value of IOUT so as to effectively tum it off.
When Power Down goes 1o low, 1.e. we wish to power up the LNA (1058}, both
inputs of the NOR gate are at low and this creates a high logic signal at Power
Up bootstrap. This turns on the swilches $1-53 restoring current o 1OUT
rapidly. 1OUT is a current output whose value is copied in other circuits such as
the LNA (Fig. 10, 1058) to power these circuits. The value of IOUT is close to
zero during power down and has a higher value, typically in the tens or
hundreds of uA, during power up.

(0106} Figs. 13-17 ilustrate the fabrication of a piezoelectiic element (Fig.
1, 104}, according to an example of the principles described herein. in some
examples, the piezoelectric elements (Fig. 1, 104) have a suspended
membrane associated with them that vibrates at a center freguency and several

other frequencies when exposed 1o stimuius at that frequency and as such
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behave like resonators. There is a selectivity associated with these resonators,
known as a Q factor. For ultrasocund imaging devices (Fig. 1, 102), Q may be
usually designed to be low (close o one) and achieved by a combination of
design of the pixels and loading applied 1o the pixels in actual use. The loading
may be provided by application of a layer of RTV or other material to the top
face of the piezoelectric elements (Fig. 1, 104), where the loading may faciliiaie
closer impedance matching between the transducer surface emitling and
receiving the pressure waves and the human body part being imaged. The low
@ and the well matched center frequency may aliow the line element {o
essentially act like a line imaging element with substantially one center
frequency. Loading may also inciude a matching laver below the transducers,
where the emitted waveform is absorbed by an acoustic absorber.

(601077 Fig. 13 shows a top view of a membrane (1374) disposed on a
substrate (1372) and FIG. 14 shows a cross sectional view of the membrane
{(1374) and substrate (1372}, taken along the line B-B in Fig. 13. The substrate
(1372) may correspond to the transceiver substrate (540} in Fig. 5. As depicted,
a membrane layer (1370} may be deposited on the substrate (1372) and a
cavity (1374) may be formed to remove a portion of the substrate (13723, o
thereby form the membrane (1374) that may vibrate relative to the substrale
(1372} in the vertical direction. The cavity (1378) may be formed by
conventional wafer processing techniques, such as etching, for example deep
reactive ion eiching (BRIE). The substrate (1372) may be formed of the same
material as the membrane layer (1370). In another exampile, the subsiraie
(1372) may be formed of a different material from the membrane layer (1370}
The cavity (1376) may be formed afier the other components, of the
piszoelectric element (Fig. 1, 104}, are formed. While Fig. 13 and others depict
the membrane (1374) as having a circular projection area, the membrane
{1374) may have other suilable geometrical shape.

(60108} Fig. 15 shows a top view of a bottom electrode (1578) disposed on
the membrane layer (1370) and arranged over the membrane {1374} according
to an example of the principles described herein. Fig. 16 shows a top view of a

piezoelectric layer {1880) disposed on the botlom electrode (Fig. 15, 1578)
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according to an exampie of the principles described herein. In some examples,
the piezoelectric layer {1680) may have the similar projection area as the bottom
glectrode (1578) so that the piezoelectric layer (1880) may cover the entire
portion of the bottom electrode (1578).

[60189] Fig. 17 shows a top view of a piezoelectric element according o
an example of the principles described herein. As depicted, a fop electrode
{(1782) may be disposed on the piezoelectric layer (1680) and arranged over the
membrane (Fig. 13, 1374). In some examples, a top electrode conductor (1783)
may be disposed on and electrically coupled o the top electrode (1782), while
bottom electrode conductors (1784-1) and (1784-2) may reach the bottom
glectrode (1578) through one or more vias {(1780-1, 1790-2). In this example,
the top electrode (1782), the piezoelectric layer (1680} and the bottom elecirode
(1578) may form a two terminal piezoelectric element and the membrane (Fig.
13, 1374) may vibrate when an electrical voltage is applied across the top and
bottom electrodes (1782, 1578). The electrical charge may be developed in the
iop and bottom electrodes (1782, 1578) when the membrane (Fig. 13, 1374) is
deformed by a pressure wave (Fig. 2, 210) during a receive mode/process.
(60110} Fig. 18 is a schematic diagram of a piezoelectric element (1800},
according to an exampie of the principles described herein. As depicted, a
piezoelectric laver (1880) may be disposed between a first electrode (1882) and
a second electrode (1878). The first electrode (1882) may be connected ic a
ground or a DC bias via a first conductor (1886) and the second elecirode
(1878) may be connected to an electrical circuit (not shown in FIG. 18) through
a second conductor (1890).

(60111} in the conventional piezoelectric elements, the plezoslectric layer
is thick, approaching around 100 um and typically an AC voltage of +100 to -100
Y across the piezoelectric layer is required o create an ulirasonic pressure
wave of sufficient strength to enable medical imaging. The frequency of this AC
drive signal is typically around the resonating frequency of the piszoelectiic
structure, and typically above 1 MHz for medical imaging applications. in
conventional systems, the power dissipated in driving the piezoeleciric element

is proportional to *C*V?, where C is capacitance of the piezoelectric element
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and V is the maximum voltage across the piezoelectric layer and fis frequency
with which drive is being done. Typically, when fransmitting pressure waves,
multiple piezoelectric lines are driven together with somewhat different phase
delays {0 focus the pressure waves or 1o steer a propagation direction of the
pressure waves. The simulianeous drive of mulliple piezoelectric lines causes
the temperature af the surface of the piezoelectric elements {0 rise. In general,
it is highly desirable not 1o exceed a certain threshold temperature, sc asnot to
injure the subject being imaged. This limits the number of lines that can be
driven and the time period for which they can be driven and the voitage they can
be driven at

(60112} in the piezoelectric element (1800) of the present specification, the
piszoelectric layer (1880) may be much thinner, for example 1-5 um thick. .
This large reduction in thickness may enable the use of lower voltage drive
signais for the plezoslectric element (1800), where the voltage is lowered
approximately by the amount by which the thickness of the piezoslectric layer
(1880) is lowerad 1o mainiain the similar electric field strength. For example, the
voltage potential across the two electrodes (1882) and (1878) may range from
around 1.8 V 1o 40 V peak to peak. The capacitance of the piezoelectric
element {1800) may increase due to the reduction in thickness of the
piezoelectric laver (1880) for similar piezoelectric material. For instance, when
the drive voltage is decreased by a factor of 10 while the thickness of the
piezoelectric layer {1880) is also decreased by a factor of 10, the capacitance
increases by a factor of 10 and the power dissipation decreases by a factor of
10. This reduction in power dissipation also reduces heat generation and
temperature rise in the piezoelectric element (1800). Thus, using lower drive
voliages and thinner piezoelectric layers, compared {o the conventional
pigzoelectric elements, the temperature of the piezoelectric element (1800}
surface may be lowered. Allernately, for a given temperature, more
piezoslectric elemeants (1800) may be driven simultaneously to Hluminate the
larger target area, compared to the conventional piezoelectric elements. This
may allow faster scanning of the target, especially if muitiple emissions are

needed 1o scan the entire portion of the target to form one image. A larget area
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may be scanned with multiple emissions using different sieering angles and the
cbtained image data may be combined to obtain a higher guality image.
[60113] Transducers may have large apertures and it may be desirable to
operate on the entire aperiure. However, the power consumption maybe
excessive if drive voltages are high for bulk piezoslectric elements. Therefore
only a portion of the aperture is transmitied and received, followed by other
operations using the rest of the aperture. Compared {o the conventional bulk
piezoelectric elements, the piezoslectric elements {1800} of the present
specification provide the ability to drive more piezoelectric elemenis
simultaneously at a lower voltage for a given power level which allows more
coverage of the transducer aperture per emission, minimizing the number of
emissions needed to cover the entire aperture, thus increasing frame rates. A
frame rate measures how many times a target is imaged per minute. itis
desirable t0 image at a high frame rate, especiailly when tissue motion is
involved since the moving tissue may make the image blurry. An imaging
device (Fig. 1, 100) that operates at a higher frame rate may be able to
generate images of enhanced guality, compared to the conventional bulk
piezoelectric elements.

(60114} Fig. 19A is a schematic diagram of a piezoelectric element (1900},
according to another example of the principles described herein. Fig. 19B
shows a symbolic representation of the piezoslectric element (1800} in Fig. 18A.
As depicted, the piezoelectric element (1900) is similar to the plezoslectric
element {1800), with the difference that the piezoelectric element {(1900) has
more than two electrodes. More specifically, the piezoelectric element (1900}
may include: a {op electrode (1982), a first bottom electrode (1878-1); a second
bottom electrode (1978-2); a piezoelectric layer (1980) disposed between the
top and botiom electrodes; and three conductors (1984-1), (1984-2), (1984-3)
that are electrically coupled to the botiom and {op electrodes (1982), (1878-1),
(1978-2}, reapectively. Herginafter, the terms top and bottom merely refer to
two opposite sides of the piezoelectric laver, i.e., the top electrode is not

necessarily disposed over the bottom slectrode.
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(601185} The plezoelectric element (1900) depicted in Fig. 18A s
particularly helpful to increase sensitivity of transmit and receive operations. For
example, when a piezomaterial is manufactured, the dipoles in the piezomaterial
are not aligned and for optimal piezo performance, a poling process is
implemented where a strong electric field is applied across the piezo film at high
temperature (such as 175 deg C). This establishes the direction of the electric
field for later operations. However, if a piezo subelement used for basic
fransmit and receive operation has a differently poled unit, its sensitivity is
enhanced, i.e. For a receive pressure wave, i formed more charge signal on
receive operations and for a given transmit voltage drive, more pressure is
created. Fig 19A shows a piezoslectric element (1800)with 3 leads, where a
first lead (1984-1) can be grounded during a poling operation, a second lead
(1984-2) can be at a high voltage, say positive 15V, and a third lead (1984-3)
can be at -15VY. Accordingly, an orthogonal electric field is established in the
piezoslectric element (1900} during this poling operation. During actual use, the
second lead (1984-2) and third lead (1984-3) can be tied to DC bias voltages
and act as a virtual ground, while the first lead (1984-1) is used for transmit and
receive operations.

(60116} While a unimorph piezoelectric element is shown in Fig. 19A
purely for the purpose of lllustration, in embodiments, a multiplayer piezoelectric
element composed of a plurality of piezosiectric sublayers and electrodes can
be utilized. In embodiments, the piezoelectric layer (1880) may include at least
one of PZT, PZT-N, PMN-Pt, AN, 8c-AlN, ZnO, PVDF, and LiNIO3,

(0117} Fig. 19B is a symbolic representation of the plezoslectric element
of Fig. 19A, according (o an exampie of the principles described herein.

(00118} Fig. 19C is a schematic cross sectional view of a piezoelectric
element (1900), according to an example of the principles described herein. As
depicted, the piezoelectric element (1800} may be disposed on a membrane
layer (1970) that is supported by a substrate (1872). A cavity (1976) may be
formed in the substrate (1972) to define a membrane. The membrane layer
(1970) may be formed by depositing Si0O2 on the subsirate (1972).
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(601191 The piezoelectric element (1900) may include a piezoelectric layer
(1980) and a first elecirode (1882) that is electrically connecied 1o a top
glectrode conductor (1984-1). The top electrode conductor (1984-1) may be
formed by depositing TiCz and metal layers on the membrane layer (1970).
(60120} A first bottom electrode (1978-1) may be grown above the
piezoelectric laver (1980) and elecirically connected to a first botiom conductor
{1984-2}. A second bottom electrode (1978-2) may be also grown above the
piezoelectric layer (1980} and disposed adjacent {o the second botlom
conducior (1984-3) but electrically isolated from the first bottom conducior
(1984-2). The second bottom electrode (1978-2) and second bottom conductor
{1984-3) may be formed by depositing one metal layer on the piezoelectric layer
(1980} and patterning the metal layer. In some examples, the projection areas
of the electrodes (18984) may have any suiiable shape, such as square,
rectangle, circle, and ellipse, 50 on.

[e0121] The first elecirode (1882) may be electrically connected to the
conducior (1984-1}) using a metal, a via and interlayer dielectrics. In some
examples, the first electrode (1982) may be in direct contact with the
piezoelectric layer (1980). The second bottom conductor (1978-2) may be
deposited or grown on the other side of the piezoelectric layer (1880) with
respect to the first electrode (1982).

(601223 Fig. 190D is a schematic diagram of a piezoslectric element (199823,
according to another example of the principles described herein. As depicted,
the piezoelectric element (1992) may include two sub piezoelectric elements
(sometimes referred to as sub elemenis) (1996-1) and (1986-2). Each sub
glement may be a three terminal device, i.e. it may have one iop slectrode
{1982-1, 1882-2), two bottom electrodes (1978-1, 1978-2) and (1978-3, 1978-4),
and one piezoelectric layer (1980-1, 1980-2). The top electrode (1982-1) of the
first sub element (1996-1) may be electrically connected to the top electrode
(1982-2} of the second sub element (1898-2) by a common top conductor
(1984-1). The first botiom electrode (1078-1) of the first sub element {1096-1)
may be electrically connected to the first bottomn electrode (1878-3) of the

second sub element (1996-2) by a first boltom conductor {1984-2). The second
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bottom electrode (1878-2) of the first sub element (1896-1) may be slectrically
connecied to the second bottom electrode (1978-4) of the second sub element
(1998-2) by a second bottom conductor (1984-3). In one example, the
piezoelectric element (1992) may be disposed on one membraneg or each sub
element may be disposed on a separate membrane. It should be apparent (o
those of ordinary skill in the art that the conductor (1984-1) may be electrically
connecied to the electrodes (1982-1, 1882-2), using metals, vias, interlayer
dielectrics (ILD}, so on, in the similar manner as the piezoelectric element
Hlustrated in FIGS. 13-17.

(60123} in some exampiles, the conductor (1984-2) and the conductor
(1984-3) may be all grounded (or connected to a DC bias) during active
operation of the imaging device (Fig. 1, 100). In some examples, the top
electrodes (1982-1, 1982-2) may be driven by a common transmit driver circuit
and a common elecirical signal, typically a signal waveform around the center
frequency of the transducer. For example, if the center frequency is 2 MHz, a
sinusoidal waveform or square waveform at 2 MHz is applied o the
piezoglectric element (1992). This waveform may cause the piezoelectric
glement (1982) to resonate al 2 MHz and send out a pressure wave (Fig. 2,
210), from the surface of the iransducer The pressure wave (Fig. 2, 210) may
be reflected from the target organ to be imaged. The reflected pressure wave
ray hit the piezoelectric element (1992) which is now connected to a signal
receiver. The pressure wave may be converted (o the slectrical charge in the
piezoelectric element (1992) by the piezoelectric layers (19801, 1980-2). This
charge may be signal processed by amplifiers, filters and eventually digitized by
an A/D converter (not shown in FIG. 19D), followed by digital decimators with
the data eventually interfaced to FPGAS or Graphical Processing Units (GPUs).
These processed signals from multiple piezoelectric elements may be then
reconstructed inte images. The signal waveform driving the tranamit driver can
also be a frequency varying signal or a phase varying signal or other complex
coded signals, such as chirps or Golay codes.

(60124} it one example, the transducer may be a wide bandwidth

multimodal device, where the membranes can vibrate at a number of different
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frequencies simultaneously spread over a wide band, thus creating a wide
bandwidth transducer. This operation is valid in both the transmit mode and the
receive mode.

iG0125] While piezosiectric element can exhibit multiple modes of
vibration, in some examples, just one mode of vibration is triggered when input
stimulus is bandiimited to be less than frequencies of adjacent modes. Further,
frequencies generated from a first mode of vibration can be designed o overlap
those from the second mode of vibration. Still further, in some examples
multiple modes of vibraiion simultaneously when driven by a wide band
frequency input that includes center freguencies

iG0126] Fig. 1SE is a schematic diagram of a piezoeglectric element (1998),
according to an example of the principles described herein. As depicied, the
pigzoelectric element (1998) may include two sub elements (1901-1, 1901-2).
Each sub element (1901) may be a two terminal device, i.e. it may have one {op
glectrode (1903-1, 1803-2}, one bottom electrode (1805-1, 1805-2), and one
piezoelectric layer (1907-1, 1807-2). The top electrode (1903-1) of the first sub
element {1901-1) may be electrically connected 1o the top electrode {(1903-2) of
the second sub element (1801-2) by a common conductor (1809}, and the
bottom electrode (1805-1) of the first sub element (1801-1) may be electrically
connected to the bottom elecirode of the second sub element (1801-2) by a
common conductor (1911}, In some examples, the piezosiectric element (1988)
may be disposed on one membrane or each sub element may be disposedon a
separate membrane.

(60127} I some exampiles, the sub elements (1801-1, 1901-2) may have
different center frequencies and when operated together as a single composite
element, may exhibit wider bandwidth, and still operate as a two-terminal
device. Note, this wide bandwidth performance can also be achieved with using
the structure shown in Fig 19D, where sensitivity also can be increased using
dual polarization technigue

[G0128] Fig. 19F is a schematic diagram of a piezoelectric element {(1913),
according to an example of the principles described herein. Fig. 19G shows a

bottom view of the piezoelectric slement {1813) according to an example of the
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principles described herein. As depicted, the piezoelectiic element (1813} may
include: a top electrode (1915), a first boitom elecirode (1921-1); a second
bottom electrode (1921-2); a piezoelectric layer (1917) disposed between the
top and bottom elecirodes; and three conductors (1919-1), (1818-2), and (1919~
3} that are electrically coupled to the boltom and top electrodes (1915), (1821-
1}, and (1921-2), respectively. in the example depicited in Fig. 19F, each of the
first and second bottom electrodes have an annular shape and the second
bottom electrode (1821-2) surrounds the first bottom electrode (1821-1).
[G6012%9] Fig. 19H is a cross sectional view of the piezoelectric element
(1923) of Fig. 18F according to an example of the principles described herein.
As depicted, the piezosiectric element (1923} may utilize fransverse mode of
operation and include: a substrate (1825}, a membrane (1927) secured to the
substraie at one end; a bottom electrode (1929) that is electrically coupled to a
conductor (1931); a piezoelectric layer (1933); and a top electrode (1935) that is
glectrically coupled o a conductor {(1937). The membrane (1827) may be
secured to the substrate (1925) at one end s0 as to vibrate in the transverse
mode, as indicated by an arrow, i.e., the piezoelectric element may operate in
the transverse mode. The membrane (1827) can be supported on both sides
and is shown only on the lefi in Fig 19H for simplicity.

(60130} it is noted that the piezoeleciric element (1923) may have any
suitable number of {op electrodes. Also, it is noted that more than one
piezoslectric element may be installed on the membrane (1927). it is further
noted that the substrate (1925) and membrane {(1927) may be formed of one
monolithic body and the membrane is formed by etching the subsirate.

(60131} Fig. 20 is a schematic diagram of a piezoelectric element (2000),
according to another example of the principles described herein. As depicted,
an electrode (2082) may be disposed on the top surface of a piezoelectric layer
{2080) and slectrically connecled to a conductor (2084-1) that may be
connected to an electric circuit. Other conductors (2084-2), (2084-3), and
(2084-4) may be connected to the botiom electrode (2078-1), (2078-2), and
(2078-3), respectively. The electrode (2078-1), (2078-2), and (2078-3) may be

disposed on the boltom surface of the piezoelectric layer (2080). in some
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examples, the piezoelectric element (2000) may be disposed on one membrane
or three separate membranes.

[60132] Figs. 21-25 illustrate the fabrication of a piezoselectric element,
according to an exampie of the principles described herein. Fig. 21 shows 1op
view of a membrane (2174}, which may be formed by forming a membrane layer
(2170) on a substrate (2172), and forming a cavity (2176} in the substrate
{(2172). Fig. 22 shows a cross sectional view of the structure in Fig. 21, taken
along the line C-C. In some examples, the membrane (2174) may be deposited
by a suitable wafer processing technigue.

(60133} Fig. 23 shows a top view of a layer structure formed on the
membrane layer (2170) and Fig. 24 shows a cross seclional view of the layer
structure in Fig. 23, taken along the line D-D, according 1o examples of the
principles described herein. As depicted, three top elecirodes (2382-1, 2382-2,
2382-3), a piezoelectric layer (2380), and a bottom electrode (2478), may be
formed on the membrane layer (2170). The top electrodes (2382-1, 2382-2,
2382-3), piezoelectric layer (2380), and botiom electrode (2478) may be
deposited by suitable wafer processing techniques, such as deposition,
sputtering, patterning and so on.

(60134} Fig. 25 shows a top view of a piezoelectric element (2500)
according to an example of the principles described herein. As depicted, three
conduciors (2584-1), (2584-2), (2584-3) may be electrically coupied to the
glectrodes (2382-1), (2382-2), and (2382-3), respectively. Alsg, the conductors
(2519-1) and (2519-2) may be electrically coupled to the bottom elecirode
(2478) through one or more vias (2525). in some examples, transmit drive and
receive sensing is performed by connecting electronics 1o the bottom slectrode
(2478} through the vias (2525} and the conductors (2518-1, 2519-2). Each of
the conductors (2584-1, 2584-2, 2584-3) may be connected to the ground or a
DC bias voltage. The conductor {2584-2), may be connected to the ground or a
first DC bias voltage, and the conductors (2584-1) and (2584-3) may be
connecied to the ground or a second DC bias voitage.

(60135} i summary, the present specification describes an imaging device

that relies on PMUT-based transducers connecied 1o control electronics on a
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per pixel basis and housed in a portable housing. The imaging device allows
system configurability and adaptability in real time to aclively control power
consumption and temperature in the imaging device. This is done by minimizing
power dissipation within the imaging device by 1) altering the number of
channels and/or 2) actively controlling power dissipation in those channels such
that temperatures within the imaging device do not exceed specification limits.
All this is done while achieving superior performance than would otherwise be

possible.
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What is claimed is:

An imaging device comprising:
an array of transducers, wherein each transducer:
comprises an array of piezoelectric elements;
is fabricated on a semiconductor wafer substrate; and
is connected to sensing, drive, and control circuitry in close proximity to
the piezoelectric elements to:
transmit pressure waves towards an object to be imaged; and
receive reflections of the pressure waves off the object to be
imaged;

a transmit channel per one or more piezoelectric elements to generate the

pressure waves; and

a receive channel per one or more piezoelectric elements to process the

reflections of the pressure waves,

and

2.

wherein a number of channels are selectively altered; and
wherein the imaging device operates in at least one of:
a low power search mode wherein a reduced number of channels are activated;

a high power imaging mode wherein a higher number of channels are activated.

The imaging device of claim 1, wherein each transducer is within 100

micrometers (um) of the sensing, drive, and control circuitry.

3.

The imaging device of claim 1, wherein:

the sensing, drive, and control circuitry form part of an application specific

integrated circuit (ASIC); and

the ASIC is placed in close proximity to the wafer substrate on which the

piezoelectric elements are suspended.
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4. The imaging device of claim 1, wherein:
each piezoelectric element exhibits multiple modes of vibration; and
just one mode of vibration is triggered when an input stimulus is bandlimited to

be less than frequencies of adjacent modes.

5. The imaging device of claim 1, wherein:
each piezoelectric element exhibits multiple modes of vibration; and
frequencies generated from a first mode of vibration overlap those from a second

mode of vibration.

6. The imaging device of claim 1, wherein each element exhibits multiple modes of
vibration simultaneously when driven by a wide band frequency input that includes

center frequencies.

7. The imaging device of claim 1, wherein:
each piezoelectric element is formed on a substrate and comprises:
a membrane suspended from the substrate;
a bottom electrode disposed on the membrane;
a piezoelectric layer disposed on the bottom electrode; and
first electrodes disposed on the piezoelectric layer; and
each piezoelectric element is comprised of a region with a first polarization
direction different compared to a second polarization direction in a different region of

said piezoelectric element.

8. The imaging device of claim 7, wherein each membrane exhibits multiple modes
of vibration.
9. The imaging device of claim 1, wherein:

a receive channel comprises at least one, low noise ampilifier (LNA);
input referred noise of the LNA is electrically programmable; and

a lower noise level corresponds to a higher power consumption level.
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10. The imaging device of claim 9, wherein LNA power levels are adjusted in real

time during an imaging session.

11.  The imaging device of claim 1, wherein the number of channels which are
selectively altered are transmit channels that are powered down or set to a low power

state.

12. The imaging device of claim 1, wherein the number of channels are powered

down or set to a low power state during a low resolution imaging mode.

13. The imaging device of claim 12, wherein:
an imaging session comprises a low resolution mode and a high resolution
mode; and

the high resolution mode uses more channels than the low resolution mode.

14.  The imaging device of claim 1, wherein all receive channels are powered down

or set to a low power state for a portion of a scan line forming period.

15.  The imaging device of claim 14, wherein:

using parallel beam forming, more scan lines are created to increase frames per
second; and

for a portion of the scan line, the receive channels are placed in a low power
state or powered down, lowering overall power consumption for the desired frame rate

per second.

16. The imaging device of claim 14, wherein the portion of the scan line forming
period is that portion wherein a reflected pressure waves are inside of a field of view of

the object to be imaged.

17.  The imaging device of claim 1, wherein a receive channel comprises:

at least one low noise amplifier;
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a programmable filter to bandlimit an output of the low noise amplifier;
an analog-to-digital converter; and
at least one of portions of circuitry of:

a field-programmable gate array; and

a graphics processing unit.

18.  An imaging device comprising:

an array of piezoelectric elements built on a semiconductor wafer in close
proximity to an application specific integrated circuit (ASIC) and connected to the ASIC,
to:

transmit pressure waves towards an object to be imaged; and
receive reflections of the pressure waves off the object to be imaged,;

a transmit channel per one or more piezoelectric elements to send a transmit
signal to the one or more piezoelectric elements;

a receive channel per one or more piezoelectric elements to receive a receive
signal from the one or more piezoelectric elements, wherein at least one of a number of
transmit channels and a number of receive channels are selectively altered; and

a controller to selectively alter a number of channels;

wherein the imaging device operates in at least one of:

a low power search mode wherein a reduced number of channels are activated;
and

a high power imaging mode wherein a higher number of channels are activated.

19.  Animaging system comprising:
an imaging device comprising:
an array of transducers, each transducer comprising:
an array of piezoelectric elements built on a semiconductor wafer in
close proximity to an application specific integrated circuit (ASIC) and
connected to the ASIC, to:
transmit pressure waves towards an object to be imaged;

and
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receive reflections of the pressure waves off the object to be
imaged;

a transmit channel per one or more piezoelectric elements to send a
transmit signal to the one or more piezoelectric elements;

a receive channel per one or more piezoelectric elements to receive a
receive signal from the one or more piezoelectric elements, wherein at least one
of a number of transmit channels and a number of receive channels are
selectively altered;

a controller to selectively alter a number of channels;

a computing device to process the receive signals to form an image of the object;

and

a display device to generate a display of the image,

wherein the imaging device operates in at least one of:

a low power search mode wherein a reduced number of channels are activated;
and

a high power imaging mode wherein a higher number of channels are activated.
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