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Objective: Described here is the development of an ultrasound matrix transducer prototype for high-frame-rate 3-D
intra-cardiac echocardiography.
Methods: The matrix array consists of 16 × 18 lead zirconate titanate elements with a pitch of 160 µm × 160 µm
built on top of an application-specific integrated circuit that generates transmission signals and digitizes the
received signals. To reduce the number of cables in the catheter to a feasible number, we implement subarray
beamforming and digitization in receive and use a combination of time-division multiplexing and pulse amplitude
modulation data transmission, achieving an 18-fold reduction. The proposed imaging scheme employs seven fan-
shaped diverging transmit beams operating at a pulse repetition frequency of 7.7 kHz to obtain a high frame rate.
The performance of the prototype is characterized, and its functionality is fully verified.
Results: The transducer exhibits a transmit efficiency of 28 Pa/V at 5 cm per element and a bandwidth of 60% in
transmission. In receive, a dynamic range of 80 dB is measured with a minimum detectable pressure of 10 Pa per
element. The element yield of the prototype is 98%, indicating the efficacy of the manufacturing process. The
transducer is capable of imaging at a frame rate of up to 1000 volumes/s and is intended to cover a volume of
70° × 70° × 10 cm.
Conclusion: These advanced imaging capabilities have the potential to support complex interventional procedures
and enable full-volumetric flow, tissue, and electromechanical wave tracking in the heart.
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Introduction

Arrhythmia is an abnormal rhythm of the heart that results from dis-
ruptions or irregularities in the electrical signals that regulate the heart’s
beating. These disruptions can cause the heart to beat too fast, too slow,
or in an irregular pattern, which can affect the heart’s ability to pump
blood effectively. The most frequently occurring arrhythmia is atrial
fibrillation, which is the major cardiac cause of stroke [1]. According to
estimates, more than 5.6 million people will experience this condition in
the United States by 2050 [2], while in the European Union, the number
is expected to reach 17.9 million by 2060 [3]. Atrial fibrillation can ini-
tially be treated with drugs, but in some cases, catheter ablation may be
necessary [4]. Ablation is a procedure that uses heat, cold, or radiofre-
quency waves to create small scars on the heart tissue, disrupting the
abnormal electrical signals responsible for an irregular heartbeat and
restoring the normal rhythm and activation patterns of the heart [5].
Since the inception of ablation procedures, X-ray fluoroscopy has
been employed to provide guidance because of its large field of view
and ability to clearly visualize catheters and other devices. However,
fluoroscopy also has significant disadvantages. First, ionizing radiation
exposure has potentially harmful effects on the practitioner and the
patient and hence imaging time is severely limited. Second, fluoroscopy
provides limited visualization of atrial tissues, which can make it diffi-
cult to identify and target specific areas of interest. To overcome this
limitation, the practitioner must rely on the combination of visual land-
marks and subtle catheter sensations [6]. However, this approach can
increase the risk of incomplete ablation or damage to surrounding tis-
sues, leading to complications or the need for additional procedures [7].

As an alternative to relying solely on fluoroscopy, intra-cardiac ultra-
sound imaging can be used in combination with fluoroscopy to provide
complementary imaging guidance, leading to improved accuracy and
safety during interventional procedures [6]. In intra-cardiac
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echocardiography (ICE), a catheter containing a miniature ultrasound
transducer is inserted into the cardiac cavities during the ablation proce-
dure. This enables the practitioner to navigate the ablation catheter and
visualize cardiac structures from an intra-cardiac perspective [8−10].
Integrating ICE into ablation procedures for atrial fibrillation reduces
both fluoroscopy time and the occurrence of major complications signifi-
cantly [7,11]. In addition to serving as a visualization tool of the cardiac
structure, ultrasound can be used for electromechanical wave imaging
(EWI), which is a novel ultrasound-based modality for mapping the elec-
tromechanical wave (EW), that is, the transient tissue deformations
occurring in immediate response to the electrical activation [12−14].
Several studies have reported a high correlation between cardiac electri-
cal activity and the consequent EW for healthy and arrhythmic cases in
both simulation [15] and in vivo data [12−14,16,17]. Therefore, by use
of EW mapping, the origin of the arrhythmia can be detected, and subse-
quently, ablation can be carried out on the source to terminate the
arrhythmia effectively [17].

At present, EWI is performed primarily using a transthoracic trans-
ducer, which is placed on the surface of the chest. One limitation of that
approach is that it is more prone to generate reflections on high-imped-
ance materials, such as the rib cage and the pacemaker leads, leading to
a poor acoustic window [14,17]. In addition, the transthoracic trans-
ducer is limited in its ability to provide high-quality imaging of certain
regions of the heart that are difficult to access from the surface of the
chest. To overcome these limitations and obtain a more comprehensive
and accurate EW mapping, ICE imaging might be essential. An ICE
device can provide both imaging guidance during interventional proce-
dures and a map of the cardiac electromechanical activation. Further-
more, because of its proximity to the heart, ICE imaging enables the use
of higher central frequencies, resulting in better axial resolution com-
pared with transthoracic imaging [8].

As EWs move with velocities ranging from 0.5 to 2 m/s, a high frame
rate is necessary to capture their rapid movement [8]. Additionally, vol-
umetric imaging is necessary for fully visualizing the complex patterns
of EW propagation. This is because the waves propagate throughout the
entire heart in three dimensions, and their precise patterns of activation
and conduction can be difficult to interpret from 2-D images alone [17].
Furthermore, as the activation patterns in atrial fibrillation are irregular
in time and space [18,19], the EW propagation needs to be visualized
within a heartbeat rather than through the combination of acquisitions
across subsequent heartbeats [17,20]. Therefore, an ICE device that
offers high-frame-rate 3-D imaging capability is critical for effective
visualization of EW propagation [8].

Intra-cardiac echocardiography technology currently faces chal-
lenges in meeting the demands of high-frame-rate 3-D imaging. Design-
ing ICE catheters that can handle these requirements is difficult because
it requires using a 2-D matrix array with a sufficiently large aperture and
a large number of elements. However, the diameter of the catheter limits
the size of the aperture and the number of cables that can fit inside the
shaft. To address the latter limitation, application-specific integrated cir-
cuits (ASICs) can be used in ICE probes, and the cable reduction can be
achieved in various ways, including subarray beamforming, in-probe
digitization, and time-division multiplexing [21−23]. In addition to
reducing the number of channels, an ASIC can also amplify received sig-
nals to prevent attenuation caused by cable loading between the acoustic
elements and the imaging system [24,25]. However, recent 3-D ICE
designs are limited in functionality by the integration challenge. This
expresses itself in the lack of integration of a transmit beamformer [26],
inadequate signal-to-noise ratio (SNR) resulting from low-voltage trans-
mit [27], receive-only architectures [6,22,28], or lower frame rates [6].
Examples of commercially available ICE catheters include the
Verisight Pro from Philips [29], the ACUSON AcuNav from Siemens
[30], and the NUVISION from Biosense Webster [31], which operates
using GE Healthcare Vivid ultrasound systems. Although these probes
offer 2-D and 3-D live imaging guidance, their frame rates are relatively
low for EWI.
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We have recently conducted a simulation study in which we pro-
posed a novel imaging scheme for high-frame-rate 3-D ICE imaging
using a side-looking matrix composed of 64 × 18 square elements [8].
The element pitch was 160 µm, and the center frequency was in the
range 5−6 MHz. For channel count reduction, we implemented 1-D
micro-beamforming in the elevation direction. Additionally, to achieve
a high frame rate while covering a volume of 70° × 70° × 10 cm, we
employed a technique of transmitting fan-shaped diverging beams
steered across seven elevation angles, with a 20° divergence in elevation
and 70° in azimuth. In simulations, the proposed method outperformed
the current state of the art on 3-D ICE in terms of frame rate. The cur-
rently reported prototype transducer fits such an imaging scheme.

Here we describe the development of a side-looking ICE prototype
transducer that uses an array of piezoelectric elements with a pitch of
160 µm × 160 µm integrated with a pitch-matched ASIC. Details on the
circuit implementation of the building blocks of this ASIC have been
reported in Hopf et al. [26]. The primary objective of this work is to
determine the feasibility of this prototype for high-frame-rate 3-D ICE
imaging. We provide a comprehensive analysis of the design, technical
details, characterization and performance of the prototype. To our
knowledge, this is the first study to report an ICE probe that is capable
of generating high-frame-rate 3-D images with a wide field of view and
having a digital output.

Methods

Design choices

The process of designing ICE transducers is very challenging and
complex, as the size of the catheter poses significant physical limitations
on both the transducer aperture and channel count. The prototype trans-
ducer herein presented is designed to fit within a 10-French catheter,
which has an outer diameter of 3.3 mm. This limits the transducer aper-
ture to approximately 3 mm in the elevation direction, while the number
of cables that can be accommodated within the catheter shaft is limited
to ∼100 [6,9]. In our simulations [8], we have opted to use a rectangular
aperture of about 10 mm × 3 mm (azimuth × elevation). The matrix
array consisted of square elements with a pitch of 160 µm in both direc-
tions, resulting in a total of 64 × 18 elements. To achieve a penetration
depth of up to 10 cm, we selected a center frequency of 6 MHz.
Figure 1a shows a schematic representation of the proposed side-looking
ICE transducer.

To achieve optimal 3-D imaging, precise control of transmit and
receive time delays, as well as apodization for every element, is crucial.
This requires addressing each element of the array individually [32]. As
maintenance of an element pitch that is below or close to half the wave-
length is desirable to avoid grating lobes [33], the resulting matrix array
consists of more than a thousand elements, exceeding by far the cable
limit imposed by the catheter shaft. Therefore, it is necessary to reduce
the number of channels of the probe significantly.

Several techniques have been proposed to reduce the complexity of
fully populated matrix arrays, including sparse matrix arrays [34,35]
and row-column addressed matrix arrays [36,37]. However, these tech-
niques have inherent limitations. Sparse matrix arrays suffer from lower
SNR and higher clutter levels [38], while row−column addressed matrix
arrays have more complex read-out sequences and reduced flexibility in
transmit beamforming, severely complicating the implementation of a
diverging wave transmission scheme as is required to insonify the full
imaging volume with a small number of transmissions for high-frame-
rate imaging [39]. One of the most effective ways to achieve channel
reduction is by using the “micro-beamforming” technique, also known
as “subarray/subaperture beamforming,” or “pre-steering” [21]. This
technique performs the first step of beamforming at the probe tip using
an ASIC, by dividing the array into subarrays and combining the RF sig-
nals within each subarray by means of a delay-and-sum operation. This
partial beamforming reduces the number of signals that need to be



Figure 1. (a) Schematic representation of the proposed intra-cardiac echocardiography transducer. (b) Transmit scheme using fan-shaped beams.

Figure 2. Block diagram of the application-specific integrated circuit architec-
ture.
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transmitted through the cables and processed in the ultrasound system.
The remaining beamforming and image reconstruction are performed in
the ultrasound system [22,32]. In our design, we have opted to use
micro-beamforming for channel reduction. Our approach involves divid-
ing the array into small subarrays consisting of 1 × 3 elements, as this
size offered a good balance between channel reduction and image qual-
ity according to earlier simulations [8]. With this, the number of cables
was reduced by a factor of 3. Yet, a further on-chip reduction is still
required to reduce the cable count sufficiently.

Imaging scheme

In our earlier work [8], we introduced a novel imaging scheme that
enables volumetric imaging with a sufficiently high frame rate and
image quality for EWI, while also reducing the data rate to a practical
level. Our objective was to achieve a frame rate of 1000 volumes/s, with
a penetration depth of up to 10 cm and an opening angle of 70° × 70°.
For a depth of 10 cm, the round-trip travel time of ultrasound waves
requires approximately 130 µs, assuming the speed of sound of
1540 m/s. As a result, the pulse repetition frequency (PRF) is limited to
7.7 kHz to allow enough time for the echoes to return before sending
out another pulse. For this PRF and depth, a maximum of seven ultra-
sound pulses can be transmitted per frame to cover the entire region of
interest, leading to a frame rate of 1000 volumes/s. Because we are lim-
ited to only seven transmissions to cover the entire volume, a diverging
wave transmission scheme is necessary.

The proposed transmit scheme involves the use of seven fan-shaped
diverging beams. These beams are steered in different directions in ele-
vation, as illustrated in Figure 1b, and employ a 20° divergence in eleva-
tion and 70° in azimuth. We use a single virtual source to generate the
desired fan-shaped diverging beam. In receive, the subarray beamform-
ers are capable of covering a pre-steering range of ±30° in the elevation
direction. To reduce grating lobes and improve image quality, we use
angular weighted coherent compounding. This technique accounts for
transmit beam contours such that the noise and grating lobes from non-
insonified regions are suppressed, while overlapping areas from neigh-
boring transmissions are weighted and coherently compounded, result-
ing in a more accurate image [40].

ASIC implementation

In Figure 2, the architecture overview of the designed ASIC is
illustrated. It includes high-voltage transmitters, analog frontends,
hybrid beamforming analog-to-digital converters (ADCs), and data
transmission to the imaging system [26]. The element-level circuitry
287
is 160 µm × 160 µm in size and is pitch-matched with the matrix
array.

The transmit (TX) part incorporates an on-chip unipolar pulser [41]
that can generate pulses up to 30 V. In addition to diverging waves, the
implemented TX beamformer can produce other commonly used delay
patterns, such as angled plane waves or focused waves.



Figure 3. (a) Acoustic stack with the indication of the thickness of each layer (not drawn to scale). (b) Microscopic photo of the manufactured prototype.

D.S. dos Santos et al. Ultrasound in Medicine& Biology 50 (2024) 285−294
In receive (RX), the signal from each element is connected to a low-
noise amplifier (LNA), followed by a second-stage programmable gain
amplifier (PGA) [26]. The LNA can be switched in discrete steps of 18 dB
ranging from −12 to 24 dB, while the second stage can be configured in
6 dB steps ranging from 6 to 24 dB. Together, this enables the implemen-
tation of time−gain compensation (TGC) with a range of 54 dB. This is
achieved through the use of 10 discrete steps of 6 dB, spanning from
−6 dB to 48 dB. The outputs of three individual element-level circuits are
merged using a 1 × 3-element subarray beamformer. Two of these subar-
rays are then combined to form a 2 × 3-element subgroup. Following this,
the merged signals are digitized by an ADC at the rate of 24 MS/s with a
resolution of 10 bits. The outputs are received by a periphery-level block,
which provides a datalink to process the received data. To further reduce
cable count in receive, a channel that combines time-division multiplex-
ing (TDM) and four-level pulse amplitude modulation (PAM) data trans-
mission has been implemented [42,43]. This approach, together with the
subarray beamforming, results in an 18-fold reduction in cable count.

Transducer fabrication

To simplify the fabrication process of the prototype transducer, we
made two key decisions. First, we chose to mount the probe onto a cus-
tom daughterboard printed circuit board (PCB) rather than assembling
it into a catheter at this stage. Second, instead of building the full size of
the proposed ICE transducer (a 64 × 18 matrix array), we opted to build
one-quarter of the aperture in the azimuth direction, resulting in a
16 × 18 matrix array. Building a smaller aperture at this stage of proto-
type development reduces cost and complexity while all of the function-
ality can still be tested.
Figure 4. Measurement setup. (a) Transmit characterization. (b) Rece
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Figure 3a illustrates the proposed acoustic stack, which includes a
matrix array made of lead zirconate titanate (PZT) piezoelectric mate-
rial, the ASIC, a buffer layer, a matching layer, an aluminum ground foil,
and a protective top layer. This stack design is similar to those we have
described in our previous articles [24,32,44]. To determine the thick-
ness of each layer within the stack, we conducted simulations using
finite-element analysis software (PzFlex, Weidlinger Associates, Inc.,
Mountain View, CA, USA). To fabricate the acoustic stack, gold balls are
first deposited onto the transducer bond pads of the ASIC. The gaps
between the balls are filled with an electrically isolating epoxy material,
which is then ground down until the gold balls are exposed again. A con-
ductive glue matching layer is applied on top of the piezoelectric mate-
rial (3203HD, CTS Corp., Lisle, IL, USA), followed by gluing of the PZT
and matching layer stack onto the gold balls. The acoustical stack is then
diced using a 20 µm dicing saw. To create a common ground electrode,
7-μm-thick aluminum foil is glued on top of the entire matrix array.
Finally, to prevent moisture and damage, a thin layer of encapsulation
material (AptFlex F7, Precision Acoustics Ltd., Dorchester, UK) is placed
on top of the stack. Figure 3b is a photograph of the acoustic stack
mounted on top of the ASIC and PCB before the ground foil is deposited.

Acoustic characterization

For the acoustic characterization and tests, the prototype was placed
in a watertight box with a 25-µm-thick polyimide acoustic window and
submerged in a water tank filled with deionized water. A custom moth-
erboard was used to interface the prototype with a computer for data
processing through commercial field programmable gate arrays
(FPGAs), as illustrated in Figure 4.
ive characterization. (c) Pulse−echo measurements. (d) Imaging.
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To assess the transmit performance (Fig. 4a), we evaluated the time
and frequency responses of individual transducer elements. For this, we
applied 30 V pulses to the element under test and measured the resulting
acoustic pressure generated by it using a calibrated 1 mm needle hydro-
phone (SN2082, Precision Acoustics Ltd.) placed at a distance of 5 cm
from the transducer. The hydrophone output was then amplified by a
60 dB amplifier (AU-1519, Miteq, Inc., Hauppauge, NY, USA) and digi-
tized by an oscilloscope (DSO-X 4024A, Agilent Technologies, Santa
Clara, CA, USA). Next, we characterized the directivity pattern of spe-
cific transducer elements using hydrophone scans with a calibrated
0.2 mm needle hydrophone (SN3800, Precision Acoustics Ltd.). We per-
formed rotational scans ranging from −60° to 60° at a distance of 5 cm
from the transducer. Using the same setup, we evaluated the directivity
pattern of the entire transducer when transmitting diverging waves
steered at seven different angles in elevation. To provide a comprehen-
sive assessment, we compared the measured directivity patterns with
simulations performed using the ultrasound simulator FOCUS [45].

To assess the receive performance (Fig. 4b), we used a pre-calibrated
1 mm circular single-element transducer (PA865, Precision Acoustics
Ltd.) as a transmitter placed 5 mm away from the prototype. We drove
the single-element transducer with an 8-cycle sine wave generated by an
arbitrary waveform generator (AWG; 33250A, Agilent Technologies)
and measured the response at each individual element of the prototype
to evaluate the sensitivity variation and element yield. With the same
setup, we evaluated the dynamic range of the prototype, which is
defined as the difference between the highest and lowest detectable
pressures. Hence, we varied the surface pressure applied to the proto-
type between 1 Pa and 100 kPa while varying the gain setting of the
ASIC from −6 to 48 dB. Lastly, we measured the directivity pattern of
one subarray when pre-steering it at seven different angles in the eleva-
tion direction. For this, the prototype was rotated from −60° to 60° in
increments of 1°. At each angle, the received data were transferred to
the computer for processing.

For pulse−echo measurements (Fig. 4c), we positioned a quartz flat
plate 5 cm from the prototype. A plane wave was transmitted with all
elements excited with three cycles of 30 V, and the resulting echoes
were received by each individual element.
High-frame-rate 3-D imaging

To assess the high-frame-rate 3-D imaging capability, we used a cus-
tom phantom consisting of three needles. The phantom was positioned
at a distance of about 4 cm from the prototype transducer (Fig. 4d). To
introduce motion into the system, we attached the phantom to a
mechanical shaker (Type 4810, Br€uel & Kjær, Nærum, Denmark) and
applied a low-frequency sine vibration of 20 Hz. To capture the dynamic
movement of the needles in 3-D, we acquired 280 pulse−echo cycles at
Figure 5. (a) Time and frequency responses of individual elements. (b)
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a PRF of 7 kHz. As seven pulse−echo cycles are required to generate
each 3-D volume image, a total of 40 volumetric images were obtained
from the 280 pulse−echo cycles at a 1 kHz volumetric frame rate.

The received data were first digitized by the ADCs and subsequently
transferred to the FPGA boards. After data acquisition, it was down-
loaded to the computer for processing, as detailed in Hopf et al. [43].
The reconstruction of the 3-D volume image was performed offline using
conventional delay-and-sum operations with angular-weighted coherent
compounding, as described in Soozande et al. [8].

To provide a comparison to the high-frame-rate 3-D imaging results,
we used a commercial diagnostic ultrasound machine (Aplio Artida,
Toshiba Medical Systems, Otawara, Japan) with a linear probe (PLT-
704SBT, Toshiba Medical Systems) to measure the displacement of the
needles using M-mode imaging.

Results

Transmit characterization

Figure 5a illustrates the time and frequency responses of five trans-
ducer elements recorded with the hydrophone. At 5 cm, the average
peak pressure for a single element is about 0.85 kPa. In the frequency
domain, the center frequency is about 5.5 MHz, and the average −6 dB
bandwidth is about 60%. In Figure 5b, the directivity pattern of five ele-
ments together with the simulated curve along the elevation direction is
illustrated. The experimental observations reveal a −6 dB beam width of
approximately 55°, while the simulated result is about 112°. This devia-
tion is due to the dips seen at approximately ±40° in the measured direc-
tivity. Similar results were observed along the azimuth direction as the
element has a square geometry.

Figure 6 depicts the locally normalized directivity pattern of the
entire matrix array transmitting diverging waves steered at seven differ-
ent angles ranging from −30° to 30° in the elevation direction. The mea-
sured and simulated profiles are in good agreement, with a −6 dB beam
width of approximately 20° observed in both cases. This confirms the
effectiveness of the prototype in generating and steering diverging
beams. In Figure 7, the directivity pattern along the azimuth direction is
displayed for the current prototype and the full-size aperture. As seen,
there is an excellent agreement between the measured and simulated
profiles , with the −6 dB beam width of about 20° for the current aper-
ture. For the full-size aperture, we observe a −6 dB beam width of about
70°, which is according to our design goal.

Receive characterization

Figure 8a illustrates the sensitivity variation in receive across all
elements of the prototype transducer. The results indicate a high
Measured and simulated directivity pattern of individual elements.



Figure 7. Directivity pattern of the transducer transmitting a diverging wave in azimuth. (a) Current aperture. (b) Full-size aperture.

Figure 6. Directivity pattern of the transducer transmitting steered diverging waves in elevation. (a) Measured. (b) Simulated.

Figure 8. (a) Sensitivity variation in receive. (b) Relation between received pressure and ADC output for all ASIC gains.
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yield, with 282 of 288 elements (i.e., 98%) falling within the range
of 0 to −6 dB. Only one element, indicated in dark blue, exhibits no
signal and is considered defective in receive. Figure 8b illustrates
the relationship between the received pressure at the surface of the
prototype and the corresponding normalized ADC output for all gain
levels. To reduce measurement time, the measurements were con-
ducted using one-third of the array, that is, 96 elements. The plotted
values represent the average across these 96 elements. The lowest
detectable pressure is around 10 Pa, which was measured when the
ASIC gain was set to 48 dB. The highest detectable pressure was about
100 kPa, which was measured for a gain of −6 dB. An overall dynamic
range of about 80 dB is obtained between the 0 dB SNR point of
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the highest gain and the 1 dB compression point of the lowest gain
setting.

Figure 9 illustrates the measured and simulated directivity patterns of a
1 × 3 subarray pre-steering at seven different angles, ranging from −30° to
30° in the elevation direction. The measured and simulated profiles exhibit
good agreement, which indicates that the designed ASIC can efficiently
generate the necessary delays to steer the subarrays toward the intended
directions. The measured −6 dB beam width is approximately 40° for all
steering angles, except for −30° steering, which has a beam width of about
50°. In simulations, the −6 dB beam width is 56° when there is no steering
and about 35° for the other steering angles. Note that as the steering angle
increases, the side lobe levels tend to rise too.



Figure 9. Measured and simulated directivity pattern of a 1 × 3 subarray pre-steered at (a) 0°, (b) ±10 °, (c) ±20° and (d) ±30° in the elevation direction.

Figure 10. Pulse−echo responses obtained from 3-cycle transmissions using all elements and a single-element receiver. (a) Time domain. (b) Frequency domain.
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Pulse−echo measurements

Figure 10 illustrates the pulse−echo measurements obtained by trans-
mitting three cycles with all elements (no steering) and receiving the
echo with individual elements without applying micro-beamforming. The
measurements were conducted using five arbitrarily selected elements as
receivers. All measured elements exhibit a comparable amplitude
response and a center frequency of about 6.1 MHz. Note that a dip around
6 MHz causes the −6 dB bandwidth to narrow to roughly 10%.

Imaging

Figure 11 shows one of the 40 volumetric images of the needle phan-
tom captured by our prototype transducer at a frame rate of
291
1000 volumes/s. After the acquisition, the data were transferred from
the motherboard to a computer for offline image processing. The recon-
structed image clearly distinguishes the needles in 3-D space, and the
positions of the point scatterers closely match the position of the needles
in the photograph of the phantom. Note, however, that each imaged nee-
dle exhibits one main lobe accompanied by secondary lobes in both the
azimuth and elevation directions.

We used the data set consisting of 40 images to track the axial
motion of a single needle to show the high-frame-rate imaging capa-
bility of the ASIC. Figure 12a illustrates the resulting displacement
of one needle, and Figure 12b, its instantaneous velocity derived by
pulsed-wave Doppler processing of the high-frame-rate images. The
20 Hz vibration of the needle is clearly visible, and we were able to
capture about 80% of its sinusoidal motion within the 40 ms



Figure 11. (a) Photograph of the needle phantom. (b) Reconstructed 3-D image acquired with the prototype at a frame rate of 1000 volumes/s.

Figure 12. Motion of a single needle extracted from high-frame-rate 3-D images acquired with the prototype transducer. (a) Needle displacement. (b) Needle velocity.

Figure 13. Images of the needle phantom acquired with the Toshiba system. (a) B-mode image. (b) M-mode image.
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acquisition time. We observed a peak-to-peak displacement of
approximately 1.5 mm, with a maximum measured velocity of
around 5 cm/s.

In Figure 13a is the B-mode image of the needle phantom acquired
with the commercial imaging system, which was used for validation. To
track the motion of one of the needles, we drew a line on it and per-
formed M-mode imaging, as depicted in Figure 13b. The 20 Hz vibration
of the needle is also evident, and we measured the same peak-to-peak
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displacement of about 1.5 mm. This agreement highlights our capability
to achieve high-frame-rate 3-D imaging.

Discussion

We have described the development of a high-frame-rate 3-D imag-
ing prototype ICE transducer. This involved constructing a PZT matrix
array with 16 × 18 elements interfaced with a pitch-matched ASIC. To
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address the challenge of cable count reduction, we implemented subar-
ray beamforming in receive and on-chip digitization, and used a combi-
nation of TDM and PAM data transmission. This allowed us to reduce
the total cable count by 18-fold lower than the acoustic element number,
resulting in a feasible number of cables for practical implementation.
Because of complexity and cost constraints, we built a prototype that
corresponds to a quarter of the full-size aperture design (64 × 18), and
the transducer was mounted on a PCB for convenience. Despite these
modifications, we were able to conduct comprehensive tests to examine
the prototype’s performance and verify its functionality.

As depicted in Figure 5a, the responses of the five individual ele-
ments exhibit similar behavior in transmit. At a distance of 5 cm, each
element has a transmit efficiency of around 28 Pa/V, which is consistent
with previous designs [32,44]. On average, the center frequency of the
elements is 5.5 MHz, and the −6 dB bandwidth is 60% in transmit. Note
that the frequency spectrum exhibits a dip at approximately the center
frequency, which decreases the overall bandwidth. This dip is also
observed in the pulse−echo response, illustrated in Figure 10, and is
likely the result of reflections and standing waves from the ASIC, as we
have previously investigated through simulations [44,46]. To mitigate
this effect, an interposer layer between the PZT and the ASIC could be
used [6,44,47]. We may explore this option in future designs.

The directivity pattern of the single elements, as illustrated in
Figure 5b, generally follows the trend of the simulated directivity. How-
ever, we observed dips at ±40°, which is likely caused by acoustic cross-
talk [48,49], as we have previously reported [44,46]. Note that the
measured electric crosstalk for this probe is about −75 dB between chan-
nels, as determined in our previous work [26]. The directivity pattern of
the entire transducer, as illustrated in Figures 6 and 7, aligns very well
with simulations and demonstrates that the prototype is capable of steer-
ing from −30° to 30° in the elevation direction. Considering that the azi-
muth aperture is extended as originally designed (i.e.,with 64 elements),
our prototype is expected to provide a coverage of 70° × 70°. In receive,
the directivity pattern of the 1 × 3 subarrays (Fig. 9) also exhibits the
expected behavior, albeit with an increase in degradation and artifacts
at higher steering angles [50]. Overall, the directivity pattern measure-
ments confirm that the ASIC is effective in generating the desired delay
patterns, as specified in our design.

The sensitivity map depicted in Figure 8a reveals that 282 of 288 ele-
ments of the prototype are within the −6 dB range. This element yield of
98% indicates the efficacy of our fabrication process and encourages us
to consider scaling up the aperture size to 64 × 18 elements in future
developments. In Figure 8b, we observed that the lowest detectable pres-
sure of 10 Pa is limited by the ASIC’s noise floor for a gain setting of
48 dB, whereas the highest detectable pressure of 100 kPa is limited by
the ASIC’s saturation level for a gain of −6 dB. This results in a total
dynamic range of 80 dB, which is suitable for ICE. The measured peak
SNR for the receive path is 52.2 dB [43]. Note that there seems to be an
overlap in the gain step between 12 and 18 dB, which is not consistent
with the expected 6 dB difference. This is likely due to a mismatch in the
amplifier circuitry which can be easily corrected for in a future re-adjust-
ment of design.

In the imaging experiment with the vibrating needle phantom, we
successfully acquired 40 volumes within a 40 ms interval, achieving the
intended frame rate of 1000 volumes/s. The reconstructed 3-D image of
the needles depicted in Figure 11 confirms the prototype’s 3-D imaging
capabilities, even though some side lobes are present in the image.
Nonetheless, it is worth noting that for the full-size array, the side lobes
will be reduced and the overall imaging quality will be improved. By
analyzing the 40 acquired volumetric images, we were able to extract
the motion pattern of the needle and accurately estimate its velocity
with retrospective pulsed-wave Doppler analysis, as illustrated in
Figure 12. The clean Doppler spectrogram indicates proper internal tim-
ing and digitization of the signals. These results are very promising, as
we were able to precisely validate them with a clinical ultrasound sys-
tem as a reference (Fig. 13).
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As the ICE prototype transducer is currently mounted on a large PCB
for testing purposes, it is not yet ready for (pre)clinical use. In future
work, we plan to assemble a complete prototype and integrate it into a
catheter for EWI validation.

Conclusions

In this study, we have presented the design, fabrication and charac-
terization of a prototype transducer with an integrated ASIC for high-
frame-rate 3-D ICE. By applying subarray beamforming alongside on-
chip digitization time-division multiplexing and pulse amplitude modu-
lation data transmission, we were able to significantly reduce the cable
count to a realistic number that can fit within a catheter shaft. The
acoustic performance of the prototype met the design requirements,
allowing us to achieve 3-D imaging with a large field of view and a frame
rate of 1000 volumes/s. This high frame rate outperforms current state-
of-the-art ICE probes and paves the way toward implementation of elec-
tromechanical wave imaging on future ICE catheters. Future work
should focus on realizing a full aperture transducer inside a catheter to
enable in vivo testing.
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