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INTRAVASCULAR ULTRASOUND IMAGING APPARATUS, INTERFACE
ARCHITECTURE. AND METHOD OF MANUFACTURING

TECHNICAL FIELD

The present disclosure relates generally to intravascular ultrasound (IVUS) imaging
and, in particular, to asolid-state IVUS imaging system. In various embodiments, the IVUS
imaging system includes an array of ultrasound transducers, such as piezoelectric zirconate
transducers (PZTs), capacitive micromachined ultrasonic transducers (CMUTS), and/or
piezoelectric micromachined ultrasound transducers (PMUTS), controlled by transmit/receive
interface controllers. For example, some embodiments of the present disclosure provide an
IVUS imaging system including transmit/receive interface controllers particularly suited to

imaging ahuman blood vessel.

BACKGROUND

Intravascular ultrasound (1VUS) imaging iswidely used in interventional cardiology
as adiagnostic tool for adiseased vessel, such as an artery, within the human body to
determine the need for treatment, to guide the intervention, and/or to assess its effectiveness.
To perform an IVUS imaging study, an IVUS catheter that incorporates one or more
ultrasound transducers is passed into the vessel and guided to the areato beimaged. The
transducers emit and receive ultrasonic energy in order to create an image of the vessel of
interest. Ultrasonic waves are partially reflected by discontinuities arising from tissue
structures (such as the various layers of the vessel wall), red blood cells, and other features of
interest. Echoes from the reflected waves are received by atransducer and passed aong to an
IVUS imaging system, which is connected to the IVUS catheter by way of apatient interface
module (PIM). The imaging system processes the received ultrasound signals to produce a
cross-sectional image of the vessel where the device is placed.

There are two types of 1VUS catheters commonly in use today: rotational and solid-
state. For atypical rotational |VUS catheter, a single ultrasound transducer element is
located at the tip of aflexible driveshaft that spins inside aplastic sheath inserted into the
vessel of interest. The transducer element is oriented such that the ultrasound beam
propagates generally perpendicular to the axis of the device. The fluid-filled sheath protects
the vessel tissue from the spinning transducer and driveshaft while permitting ultrasound
signals to propagate from the transducer into the tissue and back. Asthe driveshaft rotates,
the transducer is periodically excited with ahigh voltage pulse to emit a short burst of
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ultrasound. The same transducer then listens for the returning echoes reflected from various
tissue structures. The IVUS imaging system assembles atwo dimensional display of the
vessel cross-section from a sequence of pulse/acquisition cycles occurring during asingle
revolution of the transducer.

In contrast, solid-state IVUS catheters carry an ultrasound scanner assembly that
includes an array of ultrasound transducers distributed around the circumference of the device
connected to a set of transducer control circuits. The transducer control circuits select
individual transducers for transmitting an ultrasound pulse and for receiving the echo signal.
By stepping through a sequence of transmitter-receiver pairs, the solid-state IVUS system can
synthesize the effect of amechanically scanned transducer element but without moving parts.
Since there is no rotating mechanical element, the transducer array can be placed in direct
contact with the blood and vessdl tissue with minimal risk of vessel trauma. Furthermore,
because there is no rotating element, the interface is smplified. The solid-state scanner can
be wired directly to the imaging system with a simple electrical cable and a standard
detachable electrical connector.

One factor in IVUS catheter performance is catheter agility. Rotational catheters tend
to smoothly advance around corners due to the flexible rotating drive shaft contained within
the sheath. However, rotational catheters often require along rapid exchange tip to engage
the guidewire, and the long tip may limit the advance of the imaging core containing the
transducer. For example, this may prevent the catheter from being advanced to very distal
locations within the coronary arteries. On the other hand, solid-state IVUS catheters may
have a shorter tip as the guidewire can pass through the interior lumen of the scanner.
However, some solid-state designs have rigid segments that limit the ability to advance the
catheter around sharp bends in the vasculature. Solid-state IVUS catheters also tend to be
larger in diameter than rotational catheters to accommodate the transducer array and the
associated electronics.

While existing IVUS imaging systems have proved useful, there remains aneed for
improvements in the design of the solid-state scanner to reduce its overall diameter and to
reduce the length of rigid portions of the catheter in order to provide improved access to the
vasculature. Such improvements may maintain or even improve the imaging performance of
the system. Accordingly, the need exists for improvements to the transducer structures, to the
electrical interface, to the IVUS scanner, to the IVUS catheter, and to the overal 1VUS

system, as well asto the methods used in manufacturing.
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SUMMARY

Embodiments of the present disclosure provide a compact and efficient ultrasound
scanner assembly and an adaptable electrical interface unit in a solid-state intravascular
ultrasound imaging system.

In some embodiments, an intravascular ultrasound (IVUS) device isprovided. The
device comprises: aflexible elongate member; an ultrasound scanner assembly disposed at a
distal portion of the flexible elongate member, the ultrasound scanner assembly including an
ultrasound transducer array; an interface coupler disposed at aproximal portion of the
flexible elongate member; and a cable disposed within and extending along alength of the
flexible elongate member between the ultrasound scanner assembly and the interface coupler,
the cable including four conductors electrically coupling the ultrasound scanner assembly and
the interface coupler.

In some embodiments, an intravascular ultrasound (IVUS) device isprovided. The
device comprises. aflexible elongate member; apatient interface module (PIM) coupler
coupled to aproximal portion of the flexible elongate member; an array of ultrasound
transducers coupled to adistal portion of the flexible elongate member; atransducer control
circuit electrically coupled to the array of ultrasound transducers; and a cable disposed within
and extending along alength of the flexible elongate member between the connector and the
transducer control circuit, the cable including four conductors electrically coupling the
transducer control circuit and the connector.

In some embodiments, an intravascular ultrasound (IVUS) device is provided. The
devices comprises. a flexible elongate member; a patient interface module (PIM) coupler
disposed at a proximal portion of the flexible elongate member; an ultrasound scanner
assembly disposed at a distal portion of the flexible elongate member; and a cable disposed
within and extending along a length of the flexible elongate member between the ultrasound
scanner assembly and the interface coupler, the cable including four conductors electrically
coupling the ultrasound scanner assembly and the interface coupler, wherein the ultrasound
scanner assembly includes: a controller portion including a plurality of transducer control
circuits, the controller portion disposed adjacent a proximal portion of the ultrasound scanner
assembly; a transducer portion including aplurality of ultrasound transducers, the transducer
portion disposed adjacent adistal portion of the ultrasound scanner assembly; and atransition
portion disposed between the controller portion and the transducer portion.

In some embodiments, an ultrasound scanner assembly is provided. The scanner

assembly comprises a substrate; a plurality of ultrasound transducers disposed on the
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substrate in an annular configuration; and a plurality of transducer control circuits disposed
on the substrate, wherein a transducer control circuit of the plurality of transducer control
circuits includes a first edge configured to interface with a second edge of an adjacent
transducer control circuit of the plurality of transducer control circuits.

In some embodiments, amethod of manufacturing an ultrasound scanner assembly is
provided. The method comprises: providing a super-die including afirst controller, a second
controller, and a support member extending between and connecting the first and second
controllers; securing the first and second controllers to acircuit substrate; and removing the
support member from the first and second controllers after the securing of the first and
second controllers to the circuit substrate.

In some embodiments, amethod of manufacturing an intravascular ultrasound (1VUS)
device isprovided. The method comprises: providing a semiconductor device having a
controller, a sacrificial region, and areserved region; removing aportion of the sacrificial
region to define one or more recessed sections; introducing aresilient material into the one or
more recessed sections; forming acircuit structure on the semiconductor device, the circuit
structure contacting the resilient material and the controller such that the controller is
electrically coupled to the circuit structure; removing the resilient material from the circuit
structure; and attaching an ultrasound transducer to the circuit structure.

In some embodiments, amethod of ultrasound imaging is provided. The method
comprises: placing aguide wire in avascular structure; advancing an intravascular ultrasonic
(IVUS) device over the guide wire, the IVUS catheter including an ultrasound transducer
array; operating the IVUS catheter utilizing afour-lead interface, the operating performed to
cause atransducer of the ultrasound transducer array to emit an ultrasonic waveform;
generating echo data by the IVUS catheter based on areflected echo of the ultrasonic
waveform; providing the echo datato an 1VUS console utilizing the four-lead interface; and
processing the echo data for display.

In some embodiments, a method of interfacing with an intravascular ultrasonic
(IVUS) device having a four-line interface and an ultrasound transducer is provided. The
method comprises: transmitting afirst signal via afirst pair of lines of the four-line interface,
the first signal configuring a mode of operation for the IVUS catheter; transmitting a second
signal via the first pair of lines, the second signal triggering the transducer to emit an
ultrasonic waveform and to receive a reflected echo of the ultrasonic waveform; receiving
echo data based on the reflected echo viathe first pair of lines.
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Some embodiments of the present disclosure utilize an interface architecture that
provides control of the ultrasound mechanism and amplification of the received signals with a
reduced set of signal lines connecting the scanner to the PIM and console. By reducing the
number of signal lines, the diameter of the cable carrying the signals can be decreased, which
may allow a corresponding decrease in the diameter of the catheter body. Reducing the
number of conductors also reduces the size of thejunction between the cable and the scanner,
thereby facilitating areduced profile for improves access to small vessels. Furthermore,
reducing the number of conductors may also allow the use of larger gauge conductors in the
cable, which can improve device durability and reduce signal degradation. An enhanced
serial communication scheme also provides flexibility and advanced features without adding
additional conductors to the four-lead cable between the PIM and the transducer. Further
embodiments of the present disclosure aso provide cable impedance matching. In this way,
the interface architecture supports balanced transmission lines, with each transmission line
properly terminated to minimize reflections and distortion of the frequency response that can
cause artifacts or degradation in the image.

Some embodiments of the present disclosure arrange the control wiring to reduce
crosstalk, coupling, and other transmission line effects. For example, afour-conductor cable
can be arranged in a"star quad” configuration with diagonal conductor pairs forming
independent transmission lines. In this configuration, interference, line loss, and coupling
between diagonal signal pairs is minimized by the symmetry of their placement.
Embodiments of the present disclosure also arrange the control wiring to serve as a balanced
differential pair. The balanced pair inhibits sensitivity to electro-magnetic interference
(EMI), aswell as reduces the susceptibility of the system to external interference from other
devices. In some embodiments, the four-conductor interface cable incorporates a ground
shield to further suppress EMI and susceptibility to external interference.

Embodiments of the present disclosure leverage an improved circuit design as well as
an improved electrical interface to reduce the size of the scanner assembly. Asthe scanner
assembly isrigid, decreasing the length creates a more responsive device. The length of the
scanner is determined in part by the size and shape of the controllers as well as the need for a
transition zone to accommodate differences in the cross-sectional shapes of the transducer
region and the controller region of the scanner. In some embodiments utilizing 8, 9, 16, or
more transducer control circuits, the cross-sectional shape of the controller region more
closely approximates the nearly circular cross-sectional shape of the transducer region. This

permits a shorter transition zone between the two regions and a shorter overall scanner
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length. The resulting device is more flexible and, therefore, able to maneuver through
complicated vascular branches.

Some embodiments utilize a super-die manufacturing configuration for the control
circuitry. Multiple dies comprising the scanner control circuitry are manufactured as a single
super-die that incorporates the multiple dies on asingle substrate. The dies can then later be
freed from the super-die. For example, the dies may be divided after they have been attached
to aflexible circuit substrate. The super-die may contain aremovable support structure that
maintains a precise spacing and orientation of an array of devices such as transducer control
circuits. This improves placement accuracy during assembly and enables the use of
automated manufacturing tools instead of hand assembly. Likewise, the increased precision
allows the use of smaller components. Furthermore, assembling multiple controllers as a
group saves assembly time.

Additional embodiments utilize a microfabrication process to form acircuit structure
on a semiconductor wafer used to manufacture transducer components. Forming the circuit
structure on the wafer allows the use of precise semiconductor techniques resulting in more
uniform connections and dramatically fewer alignment issues. It also eliminates the need to
align and mount the semiconductor devices on aflex circuit. Instead once released from
wafer, the pliable substrate takes the place of aflex circuit. 1n one such embodiment,
remaining segments of the wafer are used to align any additional devices to bejoined to the
pliable substrate.

Additional aspects, features, and advantages of the present disclosure will become

apparent from the following detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

Illustrative embodiments of the present disclosure will be described with reference to
the accompanying drawings, of which:

Fig. lisadiagrammatic schematic view of an imaging system according to an
embodiment of the present disclosure.

Fig. 2isasimplified schematic illustration of an ultrasound scanner assembly
according to an embodiment of the present disclosure.

Fig. 3isasimplified schematic illustration of an interface decoder according to an
embodiment of the present disclosure.

Fig. 4 isatiming diagram of an exemplary protocol for transmitting data to an
ultrasound scanner assembly utilizing a PIM+/- pair according to an embodiment of the
present disclosure.

Fig. 5is across-sectional view of acable according to an embodiment of the present
disclosure.

Fig. 6isatop view of aportion of an ultrasound scanner assembly depicted in its flat
form according to an embodiment of the present disclosure.

Fig. 7 isacross-sectional view of atransducer region of an ultrasound scanner
assembly according to an embodiment of the present disclosure.

Figs. 8aand 8b are cross-sectional views of control regions of ultrasound scanner
assemblies according to embodiments of the present disclosure.

Fig. 9isalongitudinal perspective view of aportion of an ultrasound scanner
assembly depicted initsrolled form according to an embodiment of the present disclosure.

Fig. 10 isaflow diagram of amethod of manufacturing an ultrasound scanner
assembly utilizing a super-die according to an embodiment of the present disclosure.

Fig. 11isasimplified top view of a super-die for use in an IVUS imaging device
according to an embodiment of the present disclosure.

Fig. 12 isasimplified cross-sectional view of a super-die taken along an axis
indicated in Fig. 11 according to an embodiment of the present design.

Fig. 13 isatop view of aportion of an ultrasound scanner assembly in a stage of
manufacturing according to an embodiment of the present disclosure.

Fig. 14 isaflow diagram of amethod of wafer-based microassembly of an ultrasound
scanner assembly according to an embodiment of the present disclosure.

Fig. 15 isatop view of aportion of a semiconductor device in a stage of

microassembly according to an embodiment of the present disclosure.
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Figs. 16-22 are simplified cross-sectional side views of a semiconductor device in
various stages of amethod of microassembly according to an embodiment of the present
disclosure.

In particular, Fig. 16 is across-sectiona side view of a semiconductor device in a
stage of amethod according to an embodiment of the present disclosure.

Fig. 17 isacross-sectional side view of a semiconductor device similar to that of Fig.
16 showing aresilient materia filling etched areas of a substrate.

Fig. 18 isacross-sectional side view of a semiconductor device similar to that of Fig.
17 having interconnects formed on a substrate.

Fig. 19 isacross-sectional side view of a semiconductor device similar to that of Fig.
18 showing apliable film formed on a set of interconnects.

Fig. 20 isacross-sectional side view of a semiconductor device similar to that of Fig.
19 showing a substrate having undergone awafer thinning process.

Fig. 2lais across-sectional side view of a semiconductor device similar to that of
Fig. 20 showing a substrate after removing aresilient material.

Fig. 21bisacross-sectiona side view of a semiconductor device similar to that of
Fig. 21a where an ultrasound scanner assembly includes an ultrasound transducer.

Fig. 22 isacross-sectional side view of a semiconductor device similar to that of Fig.
21b after removing areas of attached substrate.

Fig. 23 isatop view of aportion of a semiconductor device in a stage of
microassembly according to an embodiment of the present disclosure.

Fig. 24 isaflow diagram of amethod of manufacturing an ultrasound scanner
assembly according to an embodiment of the present disclosure.

Fig. 25 isaflow diagram of amethod of utilizing an IVUS catheter according to an
embodiment of the present disclosure.

Fig. 26 is adiagrammatic schematic view of an IVUS in operation according to an

embodiment of the present disclosure.
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DETAILED DESCRIPTION

For the purposes of promoting an understanding of the principles of the present
disclosure, reference will now be made to the embodiments illustrated in the drawings, and
specific language will be used to describe the same. It is nevertheless understood that no
limitation to the scope of the disclosure isintended. Any alterations and further
modifications to the described devices, systems, and methods, and any further application of
the principles of the present disclosure are fully contemplated and included within the present
disclosure aswould normally occur to one skilled in the art to which the disclosure relates.
For example, while the IVUS system is described in terms of cardiovascular imaging, itis
understood that it is not intended to be limited to this application. The system isequally well
suited to any application requiring imaging within aconfined cavity. In particular, itisfully
contemplated that the features, components, and/or steps described with respect to one
embodiment may be combined with the features, components, and/or steps described with
respect to other embodiments of the present disclosure. For the sake of brevity, however, the
numerous iterations of these combinations will not be described separately.

Fig. lisadiagrammatic schematic view of anintravascular ultrasound (IVUS)
imaging system 100 according to an embodiment of the present disclosure. In some
embodiments of the present disclosure, the IVUS imaging system 100 is a piezoelectric
zirconate transducer (PZT) solid-state IVUS imaging system. In some embodiments, the
system 100 incorporates capacitive micromachined ultrasonic transducers (CMUTS), and/or
piezoelectric micromachined ultrasound transducers (PMUTSs). The IVUS imaging system
100 may include an IVUS catheter 102, apatient interface module (PIM) 104, an IVUS
console or processing system 106, and/or a monitor 108.

At ahigh level, the IVUS catheter 102 emits ultrasonic energy from a scanner
assembly 110 at the tip of the device. The ultrasonic energy isreflected by tissue structures
surrounding the scanner 110 and the echo signals from the tissue are received and amplified
by the scanner 110.

The PIM 104 facilitates communication of signals between the IVUS console 106 and
the IVUS catheter 102 to control the operation of the scanner assembly 110. This includes
generating control signals to configure the scanner and trigger the transmitter circuits and
transferring echo signals captured by the scanner assembly 110 to the IUV'S console 106.
With regard to the echo signals, the PIM 104 forwards the received signals and, in some
embodiments, performs preliminary signal processing prior to transmitting the signals to the

console 106. In examples of such embodiments, the PIM 104 performs amplification,
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filtering, and/or aggregating of the data. In an embodiment, the PIM 104 also supplies high-
and low- voltage DC power to support operation of the circuitry within the scanner 110.

The IVUS console 106 receives the echo data from the scanner 110 by way of the
PIM 104 and processes the data to create an image of the tissue surrounding the scanner 110.
The console 106 may aso display the image on the monitor 108.

In some embodiments, the IVUS catheter includes some features similar to traditional
solid-state IVUS catheters, such asthe EagleEye® catheter available from Volcano
Corporation and those disclosed in U.S. Patent No. 7,846,101 hereby incorporated by
reference in its entirety. For example, the IVUS catheter 102 includes the ultrasound scanner
assembly 110 at adistal end of the device 102 and acable 112 extending aong the
longitudinal body of the device 102. The cable 112 terminates in aconnector 114 at a
proximal end of the device 102. The connector 114 electrically couples the cable 112 to the
PIM 104 and physically couples the IVUS catheter 102 to the PIM 104. In an embodiment,
the IVUS catheter 102 further includes aguide wire exit port 116. Accordingly, in some
instances the IVUS catheter is arapid-exchange catheter. The guide wire exit port 116 allows
aguide wire 118 to be inserted towards the distal end in order to direct the device 102
through avessel 120. Vessel 120 represents fluid filled or surrounded structures, both natural
and man-made, within aliving body that may be imaged and can include for example, but
without limitation, structures such as: organs including the liver, heart, kidneys, gall bladder,
pancreas, lungs, ducts; intestines, nervous system structures including the brain, dura sac,
spinal cord and peripheral nerves; the urinary tract; aswell asvalves within the blood or other
systems of the body. In addition toimaging natural structures, the images may also include
imaging man-made structures such as, but without limitation, heart valves, stents, shunts,
filters and other devices positioned within the body. In an embodiment, the IVUS catheter
102 dso includes an inflatable balloon portion 122 near the distal tip. The balloon portion
122 isopen to alumen that travels adong the length of the IVUS catheter and ends in an
inflation port (not shown). The balloon 122 may be selectively inflated and deflated via the
inflation port.

The IVUS catheter 102 isdesigned to provide high-resolution imaging from within
narrow passageways. To advance the performance of IVUS imaging devices compared to the
current state of the art, embodiments of the present disclosure incorporate advanced
transducer technologies, such as PMUT, that offer wide bandwidth (>100%). The broad
bandwidth isimportant for producing a short ultrasound pulse to achieve optimum resolution

in the radial direction. The improved resolution provided by PMUT and other advanced

-10-
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ultrasound transducer technologies facilitates better diagnostic accuracy, enhances the ability
to discern different tissue types, and enhances the ability to accurately ascertain the borders
of the vessel lumen. Embodiments of the present disclosure also have improved flexibility
and reduced diameter allowing greater maneuverability and leading to increased patient
safety and comfort. Specific embodiments also provide faster, more accurate, and less
expensive methods of manufacturing the device 102.

Fig. 2isasimplified schematic illustration of an ultrasound scanner assembly 110
according to an embodiment of the present disclosure. In contrast to conventional designs,
this embodiment provides an improved transducer interface that requires fewer signa lines,
thereby reducing the number of conductors needed to operate the transducers. The scanner
110 includes six magjor blocks, the interface decoder 202, the transmit controller 204, the
receive controller 206, the driver and multiplexer array 208, the ultrasound transducers 210,
and the echo amplifier 212. In physical implementations, any of the major blocks of the
scanner 110 may be divided among one or more separate integrated circuit chips.

The scanner 110 receives four inputs. A High Voltage signal supplies D C voltage to
the high power driver circuits that power the ultrasound transducers 210 when in transmit
mode. A GND signa provides acommon ground for the scanner circuitry. The remaining
inputs, PIM+ and PIM-, are adifferential pair of bidirectiona multipurpose signals. In some
implementations, the PIM+/- signal pair isused to: (1) supply low-voltage DC power (V4
to drive the circuitry of the scanner 110, (2) operate as a serial communication channel to
permit the configuration of the transmit controller 204, the receive controller 206, and the
multiplexer array 208, (3) operate as a serial communication channel to support advanced
features such as programmability and status reporting, (4) carry the transmit trigger pulses as
abalanced differential signal from the PIM 104 to activate the transmitter and timing
circuitry included on the scanner, and (5) conduct the balanced output signal from the echo
amplifier 212 to the PIM 104.

In order to supply an operating voltage, the PIM+/- differential pair maintains a
substantially constant common mode offset voltage relative to ground (GND) as described by
the equation:

Vaa= (Voo + Ve )/2

V 4q is the voltage supplied to power the low-voltage circuitry of the scanner 110,
which typically includes circuitry other than the power transmit drivers. VvPIM, isthe voltage
of the PIM+ input, and V Ry-is the voltage of the PIM- input. In some instances, V4, is

between about 1.2 V and about 5.0 V. In one example, V is3.3V DC. By maintaining a
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constant offset voltage, the PIM+/- pair can be used to power the circuitry of the scanner 110
while also serving the other functions described.

In order to carry data to the scanner, including the aforementioned configuration data,
control data, and/or transmit triggers, the PIM+/- pair may utilize athree-state encoding. For
example, the PIM+/- pair may be limited to three valid states, positive (V g, = high, V omm-=
low), negative (V oy = low, V opv-= high), and idle (V. = Vpv-= Vaq). |N SOMe instances,
the low state is defined asbetween OV and 0.5 x V 44, the high state is defined as between 1.5
X Vdd and 2 x Vdd, and the idle state is defined asbetween Vvdd and 1.25 x vdd- In an
exemplary embodiment where V , = 3.3V, each of the PIM+ and PIM- may have a peak-to-
peak amplitude from 3.3V p-t-p to 6.6V p-t-p, or adifferentia voltage ranging from 6.6V to
13.2V. Commonly these signal amplitudes scale in proportion to the V 4, supply voltage.

These high, low, and idle values are used to implement a serial data protocol.

Because the PIM+/- pair does not necessarily have an associated clock, some embodiments
make use of asynchronous serial protocols. Exemplary asynchronous protocols include
Manchester code, return-to-zero (RZ), and asynchronous non-return-to-zero (NRZ). A range
of bitrates is contemplated for the PIM+/- pair between about 10 MHz and 60MHz, with an
exemplary bitrate of 20 MHz given. However, it isunderstood that other bitrates are
supported.

Accordingly, the serial data conveyed via the PIM+/- lines can be used to configure
one or more aspects of the scanner 110 including, without limitation, the designated
transmitting and receiving transducers, and the length, duration, frequency, and other
characteristics of the emitted waveform. To do so, the interface decoder 202 may convert the
three-state encoded PIM+/- signals into binary control signals for the transmit controller 204,
the receive controller 206, and other associated circuitry.

In one example, configuration data received over via PIM+/- inputs selects
transmitting and receiving transducers. The interface decoder 202 converts the three-state
PIM+/- instruction into abinary value. In some embodiments incorporating addressable
transmit and receive registers within the transmit controller 204 and receive controller 206,
the binary value contains an address for the registers that enables one or more transducers. In
this manner, the address contained within the binary value selects transmitting and receiving
transducers for subsequent ultrasonic imaging. In some embodiments incorporating shift
transmit and receive registers, the binary vaue shifts an active logic value through one or

more of the registers in order to enable the designated transducers. In some such
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embodiments, the binary values correspond to clock, load, and shift direction inputs
associated with each shift register.

Transmit triggers may aso be received over the PIM+/- inputs. Transmit triggers
initiate an ultrasonic transmission by activating one or more channels of driver circuits. In
response, the drivers excite one or more selected transmit transducers causing the selected
transducer(s) to produce an ultrasonic waveform. The waveform isreflected by the tissue
and other structures near and around the scanner 110 creating ultrasonic echoes that are
captured by one or more receiving transducers selected by multiplexer array 208.

In some embodiments, the PIM+/- pair transmits the echo signal captured by the
designated receiving transducer(s) 210 from the scanner 110 to the PIM 104. The electrical
signals generated by the selected receiving transducer from the echoes are routed by the
multiplexer array 208 to the echo amplifier 212. Intheillustrated embodiment, the echo
amplifier 212 is adifferential amplifier, although other amplifier types are contemplated.
The outputs of the echo amplifier 212 are tied to the PIM+/- pair. To ensure the integrity of
incoming signals on the PIM+/- lines, the echo amplifier 212 may have ahigh impedance
differential current source output stage with output impedance much greater than the cable
termination resistance 214. To avoid distortion of the echo data, the echo amplifier 212
inputs may have high input impedance aswell. In some embodiments, the echo amplifier
212 need not produce ahigh voltage gain since ultrasound transducers 210 may be capable of
generating a significant voltage when driving a high impedance load (such as the amplifier
input). However, even with avoltage gain of 1, the amplifier provides a significant power
gain (e.g. ~16dB) due to the low (e.g. -100 Q) characteristic impedance of the cable 112
extending along the length of the device 102.

The PIM+/- pair isterminated within the scanner 110 by apair of resistors 214 that
form abalanced differential termination to minimize cable reflections and distortion of the
signals propagating over the cable 112. Typically, the total differential resistance matches
the characteristic impedance of the cable 112. In some instances, the line resistance isin the
range of 50-100 Q, with an exemplary resistance of approximately 75Q. In some
embodiments, the terminating resistance provided by the resistors 214 may be greater than
the characteristic impedance of the cable. Such embodiments may rely on the PIM
termination and cable losses to dampen ringing that may arise from the imperfect match to
the cable characteristic impedance, while benefiting from the lower losses associated with the

higher resistance of terminating resistors 214.
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The resistors 214 may also be used in the generation of the V44 operating voltage.
Accordingly, in some embodiments, the resistors 214 form avoltage divider. Inthe
illustrated embodiment, the PIM+/- pair maintains afixed differential offset voltage, as
discussed above. The voltage divider produces avoltage equa to the midpoint of the PIM+/-
pair and thereby supplies the operating voltage V44- T0 suppress voltage swings, in one such
embodiment, the voltage divider includes acapacitor 216. An exemplary capacitor 216 is of
the order of |OOpF.

Fig. 3isasimplified schematic illustration of an interface decoder 202 according to
an embodiment of the present disclosure. In some embodiments, the line receiver 302
trandates the three-state PIM+/- differential signal pair into binary signals. In such
embodiments, this includes rectifying hysteresis, debouncing, and/or filtering of the PIM+/-
pair, and may further include trandating the PIM+/- signals into an alternate voltage domain.
The associated binary PIM values are then sent from the line receiver 302 to a state machine
304, aseria to parallel converter 306, and transmit logic 308. The state machine 304
determines whether the PIM+/- data indicates a command to configure the scanner assembly
110 and/or atransmit trigger. Note that, in some embodiments, the first bit of the data
sequence determines whether the incoming data isa command or atransmit trigger. In
alternate embodiments, all data sequences are treated as commands with a transmit trigger
being aparticular command within the command set.

For data sequences corresponding to configuration commands, the serial-to-parallel
converter 306 parallelizes the serial PIM+/- data and provides it to the command decoder
310. The command decoder 310 then determines the corresponding control signal.
Exemplary control signals include, without limitation, Reset, TX Clock, TX Load, RX Clock,
RX Load, and Left/Right (shift control). For data sequences corresponding to transmit
triggers, the state machine 304 enables the transmit logic 308. Inresponse, the transmit logic
308 drives one or more selected transducers to emit an ultrasonic waveform and activates one
or more receiving transducers.

Fig. 4isatiming diagram of an exemplary protocol for transmitting data to a scanner
utilizing aPIM+/- pair according to an embodiment of the present disclosure. Inthe
exemplary protocol illustrated, the scanner 110 begins in anidle state, asindicated by the
signal IDLE_STATE. IDLE_STATE, COMMAND_STATE, and TRANSMIT_STATE are
signals internal to the state machine 304 representing three distinct operating states.

In the exemplary protocol, acommand isindicated by transmitting a negative value

viathe PIM+/- pair (vPim . = low, v Py = high). Such acommand instruction isillustrated
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beginning at time TI. The initial negative state directs the state machine 304 to transition
from IDLE_STATE to COMMAND_STATE. Thereafter, the subsequent sequence of values
of the PIM+/- pair are treated as a command code specifying and issuing a configuration
command. An exemplary command code is 4 bits long, athough command codes of any
length are supported. Command codes may be used to define the active transmitter and
receiver pair, to determine waveform characteristics for the ultrasonic emission, and/or to
configure other device behavior. After transmission of the command code, the PIM+/- pair
returns to idle. The state machine 304 times out after aperiod of time substantially larger
than the data rate, for example 1.0 psec, and returns to the IDLE_STATE. This time-out
function may help to maintain synchronization during startup or in the event of atransient.

In the exemplary protocol, atrigger instruction to emit an ultrasonic waveform is
issued by transmitting apositive value on the PIM+/- pair (V g+ = high, V o;py-=low). An
exemplary command instruction isillustrated beginning at time T2. The trigger instruction
may include a sequence of trigger pulses that define the pulse width and number for cycles
for the transmit burst. After the PIM+/- pair returns to idle for aperiod of time, for example
1.0 psec, the state machine 304 returns to the IDLE_STATE.

At any time the PIM+/- pair isidle (V. = Ven- = V<jd), the echo amplifier 212 may
be used to drive an echo signa from the scanner 110 to the PIM 104 via the PIM+/- pair. An
exemplary echo signal isillustrated beginning at time T3.

Fig. 5isacross-sectiona view of acable 112 according to an embodiment of the
present disclosure. The cable includes four conductors 502, 504, 506, and 508. Conductors
502 and 504 are designated for transmitting afirst operating voltage (High Voltage) and a
ground (GND) respectively between the PIM 104 and the scanner 110. In an embodiment,
the conductors 502 and 504 aso provide a distributed capacitance that suppresses transient
voltage spikes between the common mode voltage of the 502 and 504 signal pair and/or
between the common mode voltage of the 506 and 508 signal pair. Asan example, a3m
cable may have atypica capacitance of 40 to 160 pF/m.

Conductors 506 and 508 are designated PIM+ and PIM- respectively. PIM+ and
PIM- are bidirectional multipurpose signals. Asdisclosed with reference to Figs. 3 and 4, the
PIM+/- pair configures the scanner 110 and initiates ultrasound emission and reception as
well as transmitting received echo data from the scanner 110 to the PIM 104. In the depicted
embodiment, conductors 502, 504, 506, and 508 are arranged in a star quad configuration.
By pairing conductors of opposite polarity (e.g. conductor pair 502 and 504 and conductor
pair 506 and 508) the star quad configuration reduces external interference, crosstalk, and
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signal distortion. Compared to interface designs requiring more conductors, the cable 112
has a smaller diameter than such designs. In fact, atwisted quad such as a star quad occupies
only adlightly larger cylindrical space (20% larger diameter) than atwisted pair of the same
size conductors.

Reducing the number of conductors to four also decreases the stiffness of the cable.
Thus, in an embodiment, adevice containing afour-conductor cable is more flexible than a
similar device containing a seven-conductor bundle. Additionally, in afurther embodiment,
the four-conductor cable allows the use of a narrower gauge device body. For example, the
four-conductor cable may enable catheters 3Fr and smaller in diameter. Such sizes are
preferred for interventionary cardiology applications since many balloon and stent catheters
fall within thisrange. Devices below 3.5Fr are preferred for radial access procedures as such
procedures typically use asmaller gauge guiding catheter compared to traditional femoral
access.

In an embodiment, the four-conductor cable 112 requires a smaller contact area at the
scanner 110 than acable having more conductors. During assembly of the device 102, the
contact area may not conform to the shape of the scanner 110 during the rolling process. This
can result in abulge at the contact area. A bulge can increase the outer diameter of the device
102, which can prevent the passage of the device 102 through constricted areas. Aninward-
protruding bulge has the potentia to impinge on the guide wire and prevent the smooth
advance of the device to adesired location. In an embodiment, the smaller contact area used
in conjunction with the four-conductor cable 112 significantly reduces or eliminates the
formation of such abulge.

In an embodiment, the cable 112 incorporates thicker conductors than typical 7-
conductor transmission line arrangements. A four-wire bundle of comparable diameter to a
seven-wire bundle can have individual conductors with nearly twice the cross-sectional area
and half theresistance. For example, atypical 7-conductor bundle may utilize 44 AWG
gauge wires. 44 AWG wires are flexible but are fragile, difficult to manipulate, and possess
high resistivity. In contrast, a comparable 4-conductor cable 112 may utilize 41 AWG gauge
wires. Increased wire gage improves durability and reduces resistivity, which can improve
signal quality.

To further improve signal transmission and reduce interference, including outside
electromagnetic interference (EMI) as well as noise and crosstalk between conductors, the
conductors 502, 504, 506, and 508 may be individually isolated by grounding shields 510.

The grounding shields 510 reduce induced voltages in the conductors and reduce line loss. In
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some embodiments, the cable 112 includes an outer grounding shield 512. These electrical
isolation measures, either alone or in combination with larger gauge conductors, alow the
cable 112 to carry signals with greater amplitude and fidelity and with reduced distortion and
interference.

Fig. 6isatop view of aportion of an ultrasound scanner assembly 110 according to
an embodiment of the present disclosure. Fig. 6 depicts the ultrasound scanner assembly 110
inits flat form. The assembly 110 includes atransducer array 602 and transducer control
circuits 604 (including controllers 604a and 604b) attached to aflex circuit 606. Asindicated
by the common reference numbers, the ultrasound transducers 210 of the transducer array
602 are substantially similar to those disclosed with reference to Fig. 2. The transducer array
602 may include any number and type of ultrasound transducers 210, although for clarity
only alimited number of ultrasound transducers are illustrated in Fig. 6. In an embodiment,
the transducer array 602 includes 64 individual ultrasound transducers 210. In afurther
embodiment, the transducer array 602 includes 32 ultrasound transducers. Other numbers are
both contemplated and provided for. In an embodiment, the ultrasound transducers 210 of
the transducer array 602 are piezoelectric micromachined ultrasound transducers (PMUTS)
fabricated on amicroelectromechanical system (MEMS) substrate using a polymer
piezoelectric material, for example as disclosed in U.S. Patent 6,641,540, which is hereby
incorporated by reference inits entirety. In alternate embodiments, the transducer array
includes piezoelectric zirconate transducers (PZT) transducers such asbulk PZT transducers,
capacitive micromachined ultrasound transducers (cMUTS), single crystal piezoelectric
materials, other suitable ultrasound transmitters and receivers, and/or combinations thereof.

In the illustrated embodiment, scanner 110 having 64 ultrasound transducers 210
includes nine transducer control circuits 604, of which five are shown. Designs incorporating
other numbers of transducer control circuits 604 including 8, 9, 16, 17 and more are utilized
in other embodiments. In some embodiments, asingle controller isdesignated a master
controller and configured to receive signals directly from the cable 112. The remaining
controllers are slave controllers. In the depicted embodiment, the master controller 604a does
not directly control any transducers 210. In other embodiments, the master controller 604a
drives the same number of transducers 210 as the slave controllers 604b or drives areduced
set of transducers 210 as compared to the slave controllers 604b. In theillustrated
embodiment, asingle master controller 604a and eight slave controllers 604b are provided.

Eight transducers are assigned to each slave controller 604b. Such controllers may be

-17-



10

15

20

25

30

WO 2014/105725 PCT/US2013/077044

referred to as 8-channel controllers based on the number of transducers they are capable of
driving.

The master controller 604a generates control signals for the slave controllers 604b
based on configuration data and transmit triggers received via the cable 112. The master
controller 604a also receives echo data from slave controllers 604b and retransmits it on the
cable 112. To do so, in some embodiments, the master controller 604a includes the echo
amplifier 212 of Fig. 2. In this configuration, the master controller 604a receives unamplified
or partially amplified echo data and performs the necessary amplification for driving the echo
data along the conductors 506 and 508 of the cable 112. This may provide additional room
for alarger high-fidelity amplifier.

In an embodiment, the flex circuit 606 provides structural support and physically
connects the transducer control circuits 604 and the transducers 210. The flex circuit 606
may contain afilm layer of aflexible polyimide material such as KAPTON™ (trademark of
DuPont). Other suitable materials include polyester films, polyimide films, polyethylene
napthalate films, or polyetherimide films, other flexible printed circuit substrates aswell as
products such as Upilex® (registered trademark of Ube Industries) and TEFLON®
(registered trademark of E.I. du Pont). The film layer is configured to be wrapped around a
ferrule to form acylindrical toroid in some instances. Therefore, the thickness of the film
layer isgenerally related to the degree of curvature in the final assembled scanner 110. In
some embodiments, the film layer isbetween 5 wn and 100 wn, with some particular
embodiments being between 12.7 wn and 25.1 n.

In an embodiment, the flex circuit 606 further includes conductive traces 610 formed
on the film layer. Conductive traces 610 carry signals between the transducer control circuits
604 and the transducers 210 and provide a set of pads for connecting the conductors of cable
112. Suitable materials for the conductive traces 610 include copper, gold, aluminum, silver,
tantalum, nickel, and tin and may be deposited on the flex circuit 606 by processes such as
sputtering, plating, and etching. In an embodiment, the flex circuit 606 includes a chromium
adhesion layer. The width and thickness of the conductive traces are selected to provide
proper conductivity and resilience when the flex circuit 606 isrolled. In that regard, an
exemplary range for the thickness of a conductive trace 610 is between 10-50 wn. For
example, in an embodiment, 20 wun conductive traces 610 are separated by 20 wn of space.
The width of aconductive trace 610 may be further determined by the size of apad of a

device or the width of awire to be coupled to the trace.
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Asthe circuit may berolled to form the finished scanner assembly, the control circuits
604, including both master and slave controllers, may be shaped accordingly. This may
include acontrol circuit 604 edge configured to interface with an edge of an adjacent control
circuit 604. 1n some embodiments, the control circuits 604 include interlocking teeth 612a
and 612b. For example, control circuits 604 may be formed with arecess and projection
612athat interlocks with arecess and projection 612b of an adjacent control circuit 604 to
form abox joint or finger joint. In some embodiments, acontrol circuit 604 includes a
chamfered edge 614, either alone or in combination with arecess and projection. The
chamfered edge 614 may be configured to abut an edge of an adjacent control circuit 604. In
some such embodiments, the edge of the adjacent controller is chamfered aswell. In some
embodiments, each of the controllers 604 interlocks with two adjacent controllers utilizing a
similar recess and projection interface. Other combinations, including embodiments utilizing
anumber of different mechanisms, are contemplated and provided for. For example, in an
embodiment, edges of slave control circuits interfacing with amaster control circuit have a
recess and projection configuration with achamfered region while edges of dave control
circuits interfacing with other slave control circuits have arecess and projection configuration
without achamfered region. Edge configurations that interlock adjacent control circuits 604
may allow for closer control circuit spacing 604 and areduced diameter in the rolled
configuration. Such configurations may also interlock to create arigid structure and thereby
provide additional structural support for the rolled scanner assembly.

Fig. 7 isacross-sectional view of atransducer region 700 of an ultrasound scanner
assembly 110 according to an embodiment of the present disclosure. The transducer region
700 is depicted initsrolled form. In that regard, in some instances the scanner is transitioned
from aflat configuration to arolled or more cylindrical configuration. For example, in some
embodiments, techniques are utilized as disclosed in one or more of U.S. Patent No.
6,776,763, titled "ULTRASONIC TRANSDUCER ARRAY AND METHOD OF
MANUFACTURING THE SAME" and U.S. Patent No. 7,226,418, titled "HIGH
RESOLUTION INTRAVASCULAR ULTRASOUND TRANSDUCER ASSEMBLY
HAVING A FLEXIBLE SUBSTRATE," each of which ishereby incorporated by reference
in its entirety.

Asthe name implies, the transducer region 700 of the scanner contains the transducers
210, which, as previously disclosed, are attached to the flex circuit 606, and in particular, to
the traces of the flex circuit 606. In the illustrated embodiment, the flex circuit 606 also

includes aconductive ground layer 702. In afurther embodiment, the flex circuit includes an
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outer membrane 704 used to insulate and cover the ground layer 702 and to protect the
scanner 110 from the environment. Insulator materials for the outer membrane 704 may be
selected for their biocompatibility, durability, hydrophilic or hydrophobic properties, 1ow-
friction properties, ultrasonic permeability, and/or other suitable criteria. For example, the
outer membrane may include Parylene™ (trademark of Union Carbide). Other suitable
materials include heat shrink tubing such as polyester or PVDF, amelt-formable layers such
as Pebax® (registered trademark of Arkema) or polyethylene, and/or other suitable
membrane materials. In some instances, encapsulating epoxy 706 fills the spaces between
the ultrasound transducers 210 and the ferrule 708. The lumen region 710 inside the ferrule
708 is open to allow the scanner 110 to be advanced over aguide wire (not shown). Ascan
be seen, the size, shape, and spacing of the ultrasound transducers 210 at least partialy define
the shape of the transducer region 700. In embodiments with 64 ultrasound transducers 210,
the cross-section of the transducer region is circular or nearly circular.

Figs. 8aand 8b are cross-sectional views of control regions 800 and 850 of an
ultrasound scanner assembly 110 according to embodiments of the present disclosure.
Referring first to Fig. 8a, the control region 800 contains the transducer control circuits 604
bonded to the flex circuit 606. In some embodiments, the control circuits 604 include contact
bumps 802 coupling the contral circuit to the traces of the flex circuit 606. The contact
bumps 802 may include ametal core, such as acopper core, with a solder portion. During
formation, the contact may be heated, causing the solder to flow andjoin the meta core of
the contact bump 802 to the flex circuit 606 trace. Anunderfill material 804 between the
control circuits 604 and the flex circuit 606, may be applied to increase the bond strength, to
provide structural support for the control region 800, to insulate conductive structures
including the contact bumps 802, and/or to promote thermal conduction.

In an embodiment, the control region 800 includes aretaining structure 806 applied
over the transducer control circuits 604. The retaining structure 806 may be used during the
rolling process, for example, to secure components including the control circuits 604.
Encapsulating epoxy 706 fills the space between the transducer control circuits 604 and the
retaining structure 806 and between the retaining structure 806 and the ferrule 708 in some
embodiments. Similar to the transducer region 700, the transducer control circuits 604 at
least partially define the shape of the transducer region. Because portions of the flex circuit
606 adjacent to the transducer control circuits 604 are flat, utilizing narrower and more
numerous transducer control circuits 604 in place of larger controllers produces amore

circular cross-section. It follows that designs utilizing 8, 9, 16, or more transducer control
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circuits 604 will have amore circular cross-section than designs with 4 or 5 controllers. This
has the advantage of reducing the effective diameter 808 of the scanner 110 and of reducing
the length of the transition zone along the longitudinal axis of the device 102 aswill be
discussed below.

Asillustrated, the control circuits 604 may be configured to contact adjacent control
circuits in therolled configuration. This may include interlocking recesses and/or projections
(e.g., recess and projection 612a), chamfered edges, and/or other edge profiles. In the
illustrated embodiment, each of the controllers 604 interlocks with two adjacent controllers
utilizing arecess and projection interface. Other combinations, including embodiments
utilizing anumber of different mechanisms, are contemplated and provided for. For example,
in an embodiment, edges of dave control circuits interfacing with a master control circuit
have arecess and projection configuration with achamfered region while edges of slave
control circuits interfacing with other slave control circuits have arecess and projection
configuration without a chamfered region.

With respect to Fig. 8b, the control region 850 is substantially similar to control
region 800 of Fig. 8a. Inthe illustrated embodiment, the contact bumps 802 of the control
circuits 604 are configured to allow the encapsulating epoxy 706 to fill the void between the
control circuits 604 and the flex circuit 606. This may eliminate the need for an underfill
material saving manufacturing time and expense. It may aso eliminate amaterial junction
between the underfill material and the encapsulating epoxy 706 and thereby avoid a potential
point of failure. In order to allow the encapsulating epoxy 706 to flow between the control
circuits 604 and the flex circuit 606, the contact bumps 802 may have adifferent aspect ratio
than those of an underfill application, for example being longer in alongitudina direction. In
some embodiments, such asthat illustrated in Fig. 8b, the contact bumps 802 are aligned
along asingle axis (e.g., axis 810, perpendicular to the plane of the illustrated cross section).
This may improve the flow of the encapsulating epoxy 706 between the control circuits 604
and the flex circuit 606.

Fig. 9isalongitudina perspective view of aportion of an ultrasound scanner
assembly depicted initsrolled form according to an embodiment of the present disclosure.
Referring to Fig. 9, the transition zone 900 is located between the transducer region 700 and
the control region 800. In contrast to the transducer region 700 and the control region 800,
the transition zone 900 is free of rigid structures. Instead, the cross-sectional shape is defined
by the adjacent regions 700 and 800. Thus, the shape of the transition zone 900 transitions

between that of the transducer region 700 and the controller region 800. The transition zone
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900 may be used to reduce sharp angles that can stress the flex circuit 606 and/or the
conductive traces 610. Because of the more circular cross-section of the associated controller
region 800 of the present disclosure, embodiments utilizing, for example, 8, 9, 16, or more
transducer control circuits 604 support ashorter transition zone 900. In other words, because
both transducer control circuits 604 and ultrasound transducers 210 produce flat areas within
the flex circuit 606, substituting physically narrower devices reduces the noncircular regions
of the flex circuit 606 caused by each individual device. Therefore, adesign utilizing, for
example, nine transducer control circuits has amore cylindrical controller region 800 than a
design utilizing four transducer control circuits and likewise accommodates a shorter
transition zone 900. In an exemplary four-control circuit embodiment, the transition zone
900 is approximately 1to 1.5 catheter diameters in order to transition from square to
substantially round. This works out to be between 1000 and 1500 win for a 3Fr catheter. In
an exemplary nine-control circuit embodiment, the transition zone 900 is approximately 0.5
to 0.75 catheter diameters, or between 500 and 750 wn for a 3Fr catheter.

Aspreviously explained, eight channel controllers are capable of operating up to eight
transducers, whereas sixteen channel controllers are capable of operating up to sixteen
transducers. In an embodiment with 64 transducers, the eight channel controller used in an
nine controller design (with one master controller and eight slave controllers) is physically
shorter than a sixteen channel controller such asthat used in acomparable five controller
implementation. A four channel controller may be shorter than even the eight channel
controller. Inthis way, designs incorporating fewer channels per controller may produce a
shorter scanner assembly 110. Because the scanner assembly 110 istypically inflexible or
rigid compared to the surrounding portion of the device, reducing the length of the assembly
110 results in amore agile IVUS catheter capable of maneuvering through complex vascular
branches and producing less discomfort in the patient.

A method 1000 of manufacturing an ultrasound scanner assembly utilizing a super-die
1100 is described with reference made to Figs. 10-13. Fig. 10 isaflow diagram of the
method 1000 of manufacturing the ultrasound scanner assembly 110 utilizing a super-die
1100 according to an embodiment of the present disclosure. It isunderstood that additional
steps can be provided before, during, and after the steps of method 1000, and some of the
steps described can be replaced or eliminated for other embodiments of the method. Fig. 11
isasimplified top view of a super-die 1100 for use in an IVUS imaging device according to
an embodiment of the present disclosure. Fig. 12 isasimplified cross-sectional view of a

super-die 1100 taken along an axis indicated in Fig. 11 according to an embodiment of the
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present design. Fig. 13 isatop view of aportion of an ultrasound scanner assembly 110ina
stage of manufacturing according to an embodiment of the present disclosure. The super-die
1100 contains aplurality of transducer control circuits 604 intended for use in asingle
scanner 110. For clarity, Figs. 11 and 13 show alimited number of controllers 604.

However, it isunderstood that the present disclosure contemplates super-dies incorporating
any number of controllers. In various embodiments, the number of controllers ranges from as
few asfour to as many as one per transducer element. Furthermore, to be able to clearly
illustrate elements of the present disclosure, Figs. 11-13 are not necessarily drawn to scale.

In fact, the dimensions of the various features may be arbitrarily increased or reduced for
clarity of discussion.

Referring to Fig. 11, in an exemplary embodiment, the small size of each individual
transducer control circuit 604 causes problems during fabrication and assembly. For
example, in a 16-controller, 64-transducer design, each die may be on the order of 100 win
wide. This small footprint can lead to device loss during dicing and can make the controllers
604 difficult to handle and manipulate. This proves especially problematic when securing the
controllers 604 to the flex circuit 606. Referring to block 1002 of Fig. 10 and referring till to
Fig. 11, in an embodiment, asuper-die 1100 having one or more controllers 604 is provided.
The super-die 1100 is designed to act as aframework for the controllers 604 during assembly
of the scanner. As such, the controllers 604 are spaced apart by a sacrificial area 1102. In
some embodiments, the amount of sacrificia area 1102 between controllers 604 is
determined by the final positioning of the controllers on the flex circuit. In one such
embodiment, the pitch width of the controllers 604 (i.e., the spacing between adjacent
controllers) on the super-die 1100 isthe same as the pitch width of the mounting locations of
the controllers 604 on the flex circuit. To further aid in assembly, in an embodiment, the
sacrificial area 1102 includes a scribe line, aregion used when dicing the controllers 604 to
remove aportion of the sacrificial area 1102.

The sacrificial area 1102 may aso include a support member 1104 adjacent to the
controllers 604. The support member 1104 maintains the alignment of the controllers 604
during processing and may be formed as part of the same substrate that forms the controllers
604 and the sacrificial area 1102. The support member 1104 may also be a separate material,
for example arigid material, releasably adhered to the set of controllers 604. In an
embodiment, the super-die 1100 contains one support member 1104 attached to all of the
controllers 604. In an aternate embodiment, the super-die contains more than one support

member 1104, each attached to two or more controllers 604 such that every controller is
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attached to at least one other controller. In some embodiments, the support member 1104
includes acleavage junction 1110 to facilitate removal of the support member 1104. An
exemplary cleavage junction 1110 includes arecessed or thinned region configured to create
afracture point.

Asthe controllers may be incorporated into arolled scanner assembly, the control
circuits 604, including both master and slave controllers, may be shaped to provide additional
support in the rolled form. To do so, contral circuits 604 may include an edge configured to
interface with an edge of adjacent control circuits 604. In some embodiments, the control
circuits 604 include interlocking teeth 612a and 612b. For example, control circuits 604 may
be formed with arecess and projection 612a that interlocks with arecess and projection 612b
of an adjacent control circuit 604 to form abox joint or finger joint. In such embodiments,
the shape of the sacrificial area 1102 is configured to accommodate the shape of the control
circuits 604.

The controllers 604 may include contact bumps 802 to electrically couple the
controllers 604 to a substrate as disclosed above. In theillustrated embodiment, the contact
bumps 802 of the control circuits 604 are configured to allow encapsulating epoxy to fill the
void between the control circuits 604 and the flex circuit 606. This may eliminate the need
for an underfill material saving manufacturing time and expense and avoiding a material
junction and apotentia point of failure. In some embodiments, such asthat illustrated in Fig.
11, the contact bumps 802 are aligned along asingle axis (e.g., axis 810). This may improve
the flow of the encapsulating epoxy between the control circuits 604 and the flex circuit 606.

Fig. 12 illustrates across-section of the module 1100 taken along the axis 1112 of Fig.
11. The module 1100 includes a substrate 1200 upon which the transducer control circuits
604 are formed. Substrate 1200 may be awafer, a semiconductor substrate, or any base
material on which processing is conducted to produce layers of material, pattern features,
and/or integrated circuits such as those used to manufacture atransducer control circuit 604.
Examples of semiconductor substrates include abulk silicon substrate, an elementary
semiconductor substrate such as a silicon or germanium substrate, a compound
semiconductor substrate such as a silicon germanium substrate, an alloy semiconductor
substrate, and substrates including non-semiconductor materials such as glass and quartz. An
exemplary method for forming the controllers 604 includes growing apad oxide layer over
the substrate, depositing a nitride layer by chemical vapor deposition, reactive ion etching to
form atrench, growing a shallow trench isolation feature oxide, chemical-mechanical

planarization, channel implantation, formation of agate oxide, polysilicon deposition, etching
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to form a gate structure, source-drain implantation, forming of sidewall spacers, self-aligned
silicide process, formation of one or more interconnect layers, formation of apad layer,
and/or other fabrication processes known to one of skill inthe art. In some instances, the
method for forming the controllers 604 produces gate structures 1202, shallow trench
isolation features 1204, conductive layers 1206, insulator layers 1208, and/or contact bumps
802. In an embodiment, the method includes forming acleavage junction 1110 in the support
member 1104 at alocation adjacent to the controller 604. In the illustrated embodiment,
forming the cleavage junction 1110 includes performing an etching of the substrate 1200 and
layers formed above the substrate 1200 to define the cleavage junction 1110.

Referring again to Fig. 10, in block 1004, aportion of the sacrificial area 1102 not
corresponding to the support member 1104 isremoved from the super-die. In some
instances, the sacrificial area 1102 isremoved by aprocess that includes chemical etching
(such aswet or dry etching), laser etching, mechanical sawing, and/or other suitable etching
or removal process. In some embodiments, the removing of the sacrificial areaincludes
forming aphotoresist layer on the super-die 1100, performing a photolithographic exposure
of the photoresist layer, patterning of the exposed photoresist, and/or etching of the super-die
1100 based on the patterned photoresist. In an embodiment, the removal process includes
one or more deep reactive-ion etching processes utilizing fluorine-containing etchant such as
sulfur hexafluoride, and one or more depositions of apassivation layer.

Referring to block 1006 of Fig. 10 and Fig. 13, the controllers 604 are then placed as a
unit and secured, such as by conductive adhesive or soldering, to aflex circuit 606. In some
embodiments, the flex circuit 606 includes an underfill material configured to secure the
controllers 604 to the flex circuit 606. The remaining support member 1104 maintains the
alignment and spacing of the controllers 604 during placement. In an embodiment, the
support member 1104 provides a contact point for an automated tool such as an assembly
robot. In an example of such an embodiment, the support member 1104 is grasped by the
automated manufacturing tool. The tool places the controllers 604 on the flex circuit 606
utilizing the support member 1104. The controllers 604 are then secured to the flex circuit
606. Thereafter, the automatic manufacturing tool release the support member 1104.

In block 1008 of Fig. 10, in an embodiment, the support member 1104 isremoved
from the controllers 604 once the controllers 604 are fixed to the flex circuit 606. Suitable
methods for separating the support member 1104 include physical force, saw dicing,
mechanical cutting, laser cutting, and other suitable removal processes. In embodiments

having a support member 1104 with acleavage junction 1110, separating the support member
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may involve directing force along the cleavage junction 1110 to facilitate removal. In block
1010 of Fig. 10, the flex circuit 606 isprovided to afinishing facility for final assembly,
which may include applying aretaining structure 806, rolling or otherwise shaping the flex
circuit 606, applying an encapsulating epoxy 706, attaching the cable 112, and/or sealing the
scanner 110.

Utilizing a support member in combination with a sacrificial area designed to ensure
proper spacing and alignment of the controllers 604 greatly improves manufacturability of the
scanner. For example, in some embodiments, the super-die 1100 alows for faster and more
accurate assembly of the scanner. This improves efficiency and reduces misalignment errors
and lost yield. In some embodiments, the super-die 1100 allows the use of automated pick-
and-place equipment to assemble the scanner. Asdiscussed above, the support member 1104
provides acontact point for the pick-and-place equipment in some instances. The improved
manufacturing precision also allows the super-die 1100 to be assembled from smaller
components. This can reduce the overall outer diameter of the scanner 110 and of the IVUS
catheter 102.

Referring now to Figs. 14-22, amethod 1400 of wafer-based microassembly of an
ultrasound scanner assembly 110 isdescribed. Fig. 14 isaflow diagram of the method 1400
of wafer-based microassembly of an ultrasound scanner assembly according to an
embodiment of the present disclosure. It isunderstood that additional steps can be provided
before, during, and after the steps of method 1400, and some of the steps described can be
replaced or eliminated for other embodiments of the method. Fig. 15 isatop view of a
portion of a semiconductor device in a stage of microassembly according to an embodiment
of the present disclosure. Figs. 16-22 are simplified cross-sectional views of a semiconductor
device 1500 in various stages of the method 1400 of microassembly according to an
embodiment of the present disclosure. To be able to clearly illustrate elements of the present
disclosure, Figs. 15-22 are not necessarily drawn to scale. In fact, the dimensions of the
various features may be arbitrarily increased or reduced for clarity of discussion. Fig. 23isa
top view of aportion of an ultrasound scanner assembly in a stage of microassembly
according to an embodiment of the present disclosure. For clarity, Figs. 15 and 23 show only
five controllers 604. However, it isunderstood that the present disclosure contemplates
super-dies incorporating any number of controllers including 4, 5, 8, 9, 16, and more
controllers per module.

Referring to block 1402 of Fig. 14 and Fig. 15, a semiconductor device 1501 is

provided that includes atransducer control circuit 604 along with a sacrificial region 1502
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and areserved region 1504 corresponding to an areareserved for one or more transducers
210. The semiconductor device 1500 includes a substrate 1501, which may be awadfer, a
semiconductor substrate, or any base material on which processing is conducted to produce
layers of material, pattern features, and/or integrated circuits such as those used to
manufacture atransducer control circuits including transducer control circuits 604a and 604b.
The fabrication of acontroller 604 on the substrate 1501 may be substantially similar to that
described with reference to Fig. 12.

Asthe controllers may be incorporated into arolled scanner assembly, the control
circuits 604, including both master and slave controllers, may be shaped to provide additional
support in the rolled form. To do so, contral circuits 604 may include an edge configured to
interface with an edge of adjacent control circuits 604. In some embodiments, the control
circuits 604 include interlocking teeth 612a and 612b. For example, control circuits 604 may
be formed with arecess and projection 612a that interlocks with arecess and projection 612b
of an adjacent control circuit 604 to form abox joint or finger joint. In such embodiments,
the shape of the sacrificial region 1502 is configured to accommodate the shape of the control
circuits 604.

Referring to block 1404 of Fig. 14 and Fig. 16, the substrate 1501 within the
sacrificial region 1502 isrecessed to form afirst recess 1604 that defines an outer boundary
of the controller 604 and to form a second recess 1606 within the reserved region 1504 that
defines an eventual location for atransducer 210. In an embodiment, the first and second
recesses 1604 and 1606 arejoined. In afurther embodiment, aportion of the sacrificial
region 1502 isleft unetched to form an alignment structure 1602. Utilizing an alignment
structure 1602 allows for rapid and accurate placement of the transducers 210 later in the
manufacturing process. The sacrificia region 1502 may be recessed by a process that
includes chemical etching (such as wet or dry etching), laser etching, mechanical sawing,
and/or other suitable etching or removal process. In some embodiments, the removing of the
sacrificial area includes forming aphotoresist layer on the substrate 1501, photolithographic
exposure of the photoresist layer, patterning of the exposed photoresist, and/or etching of the
substrate 1501 based on the patterned photoresist. In an embodiment, the removal process
includes one or more deep reactive-ion etching processes utilizing fluorine-containing etchant
such as sulfur hexafluoride, and one or more depositions of a passivation layer.

Referring to block 1406 of Fig. 14 and Fig. 17, the first and second recesses 1604 and
1606 are filled with aresilient material 1702. Exemplary resilient materials for filling the
etched area include polydimethysiloxane (PDMS). In an embodiment, after performing the
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fill, acircuit structure isformed on the substrate. For example, referring to block 1408 of
Fig. 14 and Fig. 18, ametallization process isperformed to form interconnect layer 1802. In
some embodiments, metallization includes forming alayer of conductive material, such as
copper, gold, aluminum, silver, tantalum, and/or tin, and thereafter patterning the conductive
layer utilizing a patterning method. Examples of such patterning methods include
photolithography (such as binary photolithography, phase shift photolithography, and
maskless photolithography) coupled with etching (such aswet or dry etching), aswell as
methods such electron beam writing, ion beam writing, and/or other alternative patterning
techniques. In alternate embodiments, the metalization process includes depositing aresist
layer such as apolyimide or a semiconductor nitride resist layer, patterning the resist layer,
applying conductive material to the patterned resist layer, and thereafter planarizing the
applied conductive material. Metalization processes of this type may be recognized by those
of skill in the art as damascene metallization.

Referring to block 1410 of Fig. 14 and Fig. 19, apliable film 1902 isformed over the
interconnect layer 1802. In various embodiments, the pliable film 1902 includes aflexible
polyimide material such as KAPTON™ (trademark of DuPont), other polyimide film
material, polyester film material, polyethylene napthalate film material, polyetherimide film
material, and/or other flexible printed circuit substrates. In an embodiment, aconductive
material isformed over the pliable substrate to form aground layer 1904. An outer insulating
layer 1906 isformed over the ground layer 1904, in some embodiments. Materials for the
outer insulating layer 1906 may be selected for their biocompatibility, durability, hydrophilic
or hydrophobic properties, low-friction properties, ultrasonic permeability, and/or other
suitable criteria. In some instances, the interconnect layer 1802, the pliable film 1902, the
ground layer 1904, and the outer insulating layer 1906 perform substantially the same
function asthe flex circuit 606 described with reference to Fig. 6.

Referring to block 1412 of Fig. 14 and Fig. 20a, awafer thinning process removes a
portion of the semiconductor substrate 1501 from the bottom or backside of the substrate
1501 asviewed in Figs. 19 and 20. Thinning may include mechanical grinding, wet or dry
etching, chemical-mechanical polishing, and/or other removal processes. In an embodiment,
the wafer thinning process includes mechanical grinding of the substrate 1501. Mechanical
grinding uses abrasive force to remove substrate material. In another embodiment, the wafer
thinning process includes chemical-mechanical polishing (CMP). In an exemplary CMP
process, apolishing pad isinstalled on arotating platen. A slurry of reactive compounds

such as NH,OH and/or abrasive particles such assilica (Si0 ,), alumina (AI20 ), and ceria
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(Ce0 ,) is dispensed on the polishing pad. The substrate 1501, secured in a CMP chuck, is
forced against the polishing pad as both the platen and the CMP chuck rotate. The reactants
in the dlurry loosen atomic bonds within the surface of the substrate 1501, while the
mechanical abrasion removes the loosened materia. CMP istypicaly sower than purely
mechanical grinding but produces less damage to the substrate 1501.

Referring to block 1414 of Fig. 14 and Fig. 20b, the resilient material 1702 is
removed. Accordingly, in some instances, the pliable film 1902 and/or interconnect layer
1092 are exposed from the backside of the device. The controller 604 remains attached to the
pliable film 1902, and, in embodiments utilizing alignment structures 1602, the alignment
structures 1602 remain attached aswell. Referring to block 1416 of Fig. 14 and Fig. 21,
ultrasound transducers 210 of the transducer array 602 are attached to the pliable film 1902 in
the reserved area 1504 where the resilient material 1702 was removed. Soldering, chemical
adhesion, and other methods may be used to fixedly attach the transducers 210. In an
embodiment including alignment structures 1602, the alignment structures 1602 are used to
guide the transducers 210 into place on the pliable film 1902. Referring to block 1418 of Fig.
14 and Fig. 22, remaining areas of attached substrate 1501 not associated with the controllers
604 are removed. From Fig. 23, it can be seen that the controllers 604, the transducers 210,
the pliable film 1902, and the interconnect layer 1802 make up a scanner 110 in an unrolled
form. Referring to block 1420, the unrolled scanner 110 is provided for rolling and final
manufacturing.

Utilizing microassembly in fabricating the scanner 110 may improve yield, reduce
manufacturing time, and/or alow scaling to smaller device widths. For example, forming
interconnects 1802 directly on the substrate allows manufacturers to use more precise
substrate-based metallization processes such as those used in semiconductor manufacturing.
This offers greater control over interconnect width, thickness, location, and pitch.
Furthermore, by forming interconnects 1802 and the pliable film 1902 directly on the
substrate 1501 used to manufacture the controllers, such methods of the present disclosure
avoid introducing alignment issues when bonding elements to the flex circuit 606. Alignment
issues impact yield, increase manufacturing complexity, and prevent utilizing smaller
components. Additionally, embodiments utilizing alignment structures 1602 to place the
transducers 210 aleviate another source of alignment problems. Moreover, forming
interconnects 1802 directly on the controller 604 eliminates a solder junction that might

otherwise present apotential yield loss and apoint of failure.

29-



10

15

20

25

30

WO 2014/105725 PCT/US2013/077044

A method 2400 of utilizing an IVUS catheter 102 is disclosed with reference to Figs.
24 and 25. Fig. 24 isaflow diagram of the method of utilizing the IVUS catheter 102
according to an embodiment of the present disclosure. It isunderstood that additional steps
can be provided before, during, and after the steps of method 2400, and some of the steps
described can be replaced or eliminated for other embodiments of the method. Fig. 25isa
diagrammatic schematic view of an IVUS system in operation according to an embodiment
of the present disclosure.

Referring to block 2402 of Fig. 24 and Fig. 25, in an illustrative example of atypical
environment and application of the system, a surgeon places aguide wire 118 in the vascular
structure 120. The guide wire 118 isthreaded through at least aportion of the distal end of
the IVUS catheter 102 either before, during, or after placement of the guide wire 118.
Referring to block 2404 of Fig. 24, once the guide wire 118 isin place, the IVUS catheter
102 is advanced over the guide wire. Referring to block 2406, the scanner 110 is activated.
Signals sent from the PIM 104 to the scanner assembly 110 viathe cable 112 cause
transducers within the assembly 110 to emit a specified ultrasonic waveform. The ultrasonic
waveform isreflected by the vascular structure 120. Referring to block 2408 of Fig. 24, the
reflections are received by the transducers within the scanner assembly 110 and are amplified
for transmission viathe cable 112. The echo data isplaced on the cable 112 and sent to the
PIM 104. The PIM 104 amplifies the echo data and/or performs preliminary pre-processing,
in some instances. Referring to block 2410 of Fig. 24, the PIM 104 retransmits the echo data
to the IVUS console 106. Referring to block 2412 of Fig. 24, the IVUS console 106
aggregates and assembles the received echo data to create an image of the vascular structure
120 for display on the monitor 108. In some exemplary applications, the IVUS catheter is
advanced beyond the area of the vascular structure 120 to be imaged and pulled back asthe
scanner 110 is operating, thereby exposing and imaging alongitudinal portion of the vascular
structure 120. To ensure aconstant velocity, apullback mechanism isused in some
instances. A typical withdraw velocity is0.5 mm/s. In some embodiments, the device 102
includes an inflatable balloon portion 122. Aspart of atreatment procedure, the device may
be positioned adjacent to a stenosis (narrow segment) or an obstructing plague within the
vascular structure 120 and inflated in an attempt to widen the restricted area of the vascular
structure 120.

Persons skilled in the art will recognize that the apparatus, systems, and methods
described above can be modified in various ways. Accordingly, persons of ordinary skill in

the art will appreciate that the embodiments encompassed by the present disclosure are not
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limited to the particular exemplary embodiments described above. In that regard, although
illustrative embodiments have been shown and described, awide range of modification,
change, and substitution is contemplated in the foregoing disclosure. It isunderstood that
such variations may be made to the foregoing without departing from the scope of the present
disclosure. Accordingly, it is appropriate that the appended claims be construed broadly and

in amanner consistent with the present disclosure.
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CLAIMS

What isclaimed is;

1. An intravascular ultrasound (1VUS) device, comprising:

aflexible elongate member;

an ultrasound scanner assembly disposed at a distal portion of the flexible elongate
member, the ultrasound scanner assembly including an ultrasound transducer array;

an interface coupler disposed at a proximal portion of the flexible elongate member;
and

a cable disposed within and extending along alength of the flexible elongate member
between the ultrasound scanner assembly and the interface coupler, the cable including four

conductors electrically coupling the ultrasound scanner assembly and the interface coupler.

2. The device of claim 1, wherein the cable further comprises aground shield.

3. The device of claim 2, wherein the ground shield circumscribes at least one of the

four conductors

4. The device of clam 3, wherein a least one of the four conductors is not

circumscribed by the ground shield.

5. The device of clam 1, wherein the ultrasound scanner assembly further includes a

logic device and avoltage divider.

6. The device of claim 5, wherein the voltage divider is arranged to supply an operating

voltage to the logic device.
7. The device of claim 6, wherein afirst pair of conductors of the four conductors is
electrically coupled to the voltage divider, the first pair of conductors arranged to supply an

input voltage to the voltage divider.

8. The device of clam 7, wherein the ultrasound scanner assembly further includes an

amplifier electrically coupled to the first pair of conductors.
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9. The device of claim 8, wherein the first pair of conductors is arranged to transmit a

signal from the amplifier to the interface coupler.

10. The device of clam 5, wherein the ultrasound scanner assembly further includes an

interface decoder electrically coupled to the first pair of conductors.

11. The device of claim 10, wherein the first pair of conductors is arranged to transmit a

control signal from the interface coupler to the interface decoder.

12. The device of clam 1, wherein the four conductors are arranged in a star quad

configuration.

13. The device of claim 1, wherein the four conductors are arranged to include apair of
balanced signal leads.

14. The device of claim 13, wherein the four conductors are arranged to include apair of
unbalanced signal leads.

15. The device of claim 14, wherein the pair of balanced signal leads are diagonally
opposed to one another and wherein the pair of unbalanced signal |eads are diagonally

opposed to one another.

16. The device of claim 1, wherein the four conductors are arranged to include two pairs
of balanced signal leads.

17. The device of clam 1, wherein the ultrasound scanner assembly further includes a
transducer control circuit, wherein the transducer control circuit is electrically coupled to the

cable and the ultrasound transducer.

18. The device of claim 17, wherein the ultrasound transducer and the transducer control

circuit are electrically and physically coupled to aflex circuit.

19. The device of claim 1, further comprising:

-33-



10

15

20

25

30

WO 2014/105725 PCT/US2013/077044

apatient interface module (PIM) coupler coupled to aproximal portion of the flexible

elongate member.

20. The device of claim 1, wherein the ultrasound scanner assembly includes:

a controller portion including a plurality of transducer control circuits, the
controller portion disposed adjacent a proximal portion of the ultrasound scanner
assembly;

a transducer portion including a plurality of ultrasound transducers, the
transducer portion disposed adjacent a distal portion of the ultrasound scanner
assembly; and

atransition portion disposed between the controller portion and the transducer

portion.

21. The device of claim 20,
wherein the controller portion has afirst longitudinal length,
wherein the transition portion has a second longitudinal length, and
wherein the second longitudinal length is less than or equal to the first longitudinal

length.

22. The device of claim 20, wherein the controller portion has a cross-sectional shape that

is substantially circular.

23. The device of claim 20, wherein the plurality of transducer control circuits includes at

least nine transducer control circuits.

24. The device of claim 23, wherein the plurality of transducer control circuits consists of

nine transducer control circuits.

25. The device of claim 24, wherein one of the nine transducer control circuits is a master

controller and the remaining eight transducer control circuits are slave controllers.

26. An ultrasound scanner assembly comprising:

a substrate;
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a plurdity of ultrasound transducers disposed on the substrate in an annular
configuration; and

a plurality of transducer control circuits disposed on the substrate, wherein a
transducer control circuit of the plurality of transducer control circuits includes a first edge
configured to interface with a second edge of an adjacent transducer control circuit of the

plurality of transducer control circuits.

27. The scanner assembly of claim 26, wherein the first edge is configured to maintain an

alignment between the transducer control circuit and the adjacent transducer control circuit.

28. The scanner assembly of claim 26, wherein the first edge includes a projection
configured to align with arecess of the second edge and further includes arecess configured

to align with aprojection of the second edge.

29. A method of manufacturing an intravascular ultrasound (IVUS) device, the method
comprising:

providing a semiconductor device having a controller, a sacrificial region, and a
reserved region;

removing aportion of the sacrificial region to define one or more recessed sections;

introducing aresilient material into the one or more recessed sections,

forming a circuit structure on the semiconductor device, the circuit structure
contacting the resilient material and the controller such that the controller is electrically
coupled to the circuit structure;

removing the resilient material from the circuit structure; and

attaching an ultrasound transducer to the circuit structure.

30. The method of claim 29, wherein the removing of the resilient material from the
circuit structure includes removing the sacrificial region of the semiconductor device from

the circuit structure.

31 The method of claim 29, wherein the forming of the circuit structure includes:
performing metallization on the semiconductor device to form interconnects; and
forming a pliable film on the semiconductor device, the pliable film joined to the

i nterconnects.
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32. The method of claim 31, wherein the forming of the circuit structure further includes:
performing a second metallization on the pliable film to form aground layer; and

depositing an outer insulator on the ground layer.

33. The method of claim 29,

wherein the recessing of the sacrificia region further forms an alignment structure;
and

wherein the attaching of the ultrasound transducer to the circuit structure is performed

utilizing the alignment structure.
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