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INTRODUCTION

1.1. Motivation

1.1.1. Cardiovascular Conditions

ccording to the World Health Organization (WHO), "cardiovascular diseases
A. (CVDs) are the leading cause of death globally, taking an estimated 17.9
million lives each year.” [1]. Of these, roughly 150,000-200,000 deaths are caused
by abdominal aortic aneurysm (AAA) ruptures [2]. AAA is a condition where a
person’s abdominal aortic diameter is widened to 3.0 cm or more, with general risk
of rupture increasing with width. Figure 1.1 shows an illustration of the condition.
Surgical intervention is considered when a patient’s abdominal aorta (AA) has a
diameter exceeding 5.5 cm for men or 5.0 cm for women, and/or a yearly increase
in diameter of more than 1.0 cm [3], [4].

Depending on the circumstances of the patient, two kinds of surgical inter-
ventions are possible, both with associated risks of complications and/or death.
One is endovascular aortic aneurysm repair (EVAR), which is a minimally-invasive
surgery in which a foldable graft is guided from the femoral artery (Figure 1.1)
to the AA, and then anchored above and below the aneurysm. Once the graft
is placed, it acts as a strengthening inline for the vessel, reducing risk of rupture
[2], [5], [6], [7]. The other intervention is open aortic aneurysm repair (OR). This

is an invasive operation in which the chest and aorta are opened, and a graft is
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Figure 1.1: Illustration of AAA.

sewn inside the vessel [2], [8], [9]. To avoid negative patient outcomes, the risks of
complications during and after these operations, versus the risk of AAA rupture
are carefully weighted by specialists [2], [4].

However, in practice, specialists mostly rely on statistical data on the geome-
tries of the vessel to assess these risks [2], [4]. While this results in a positive patient
outcome in most cases, a non-insignificant amount of patients are still given an
operation unnecessarily [10], [11] or die of AAA rupture due to an underestimation
of the risk [12]. In addition, AAA repairs are expensive, costing tens of thousands
of euros per operation including aftercare [13], [L4]. Therefore, improving the ac-
curacy of risk assessment both leads to improved patient outcomes and reduced
cost of care. To do so, it is important to understand the current method of AAA

diagnosis and what its shortcomings are.

1.1.2. Ultrasound Imaging for AAA Diagnosis

As aforementioned, as the AA increases in diameter, the more the patient is at
risk of rupture. Given that patients with AAA do not experience symptoms, early
diagnosis of patients often result in improved outcomes [2], [4], [15]. As such, the
barrier for screening needs to be as low as possible. Currently, ultrasound imaging
is used for diagnosing AAA [4], as it offers the following benefits towards this end:
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e Fast: The operator can image the AA in real time [16], [17].

e Safe: Ultrasound imaging is regarded very safe, as it is non-invasive and
does not expose the patient to harmful radiation [2], [4], [17], unlike imaging
such as X-ray scans, computed tomography (CT) scans or Fluoroscopy, which

expose patients to ionizing radiation [18].

e Low cost: Ultrasound imaging systems and their operation are less ex-
pensive than alternatives, such as (real-time) magnetic resonance imaging
((RT-)MRI) or radiation-based scans [16], [19].

e Portable: Ultrasound imaging does not require a dedicated space in a
clinic or hospital [16], making it flexibly applicable, unlike with (RT-)MRI

or radiation-based scans.

e Sufficient resolution: Ultrasound offers a sufficiently high resolution for

(cardio)vascular imaging [4], [17].

However, clinical ultrasound systems can typically only make 2-dimensional (2D)
images (at a high frame-rate), and those that can make 3-dimensional (3D) images
do so at a reduced frame-rate, which in some cases is too low when imaging the AA.
To understand why this limitation exists and why it matters for treating AAAs,
the operation and utilized imaging techniques of ultrasound systems are covered

next.

1.2. Background

1.2.1. Operation of Ultrasound Imaging Systems

The working principle behind ultrasound imaging involves transmitting ultrasound
beams and receiving their reflections. Images are then reconstructed from the time-
of-flight and magnitude of the receive (RX) signals, the former mapping object
locations and the latter determining contrast. Figure 1.2(a) shows a block dia-
gram of a typical ultrasound imaging system. An array of ultrasound transducer
elements connects to a transmit (TX) circuit or a RX circuit via transmit/receive
(T/R) switch. Historically, the transducer elements in a probe were individually
connected via micro-coaxial cables to the rest of the ultrasound system, an example

of which is shown in Figure 1.2(b). However, parts of the system are increasingly
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Figure 1.2: (a) Diagram of a typical ultrasound system with an n-channel transducer array. (b) Image

of clinical ultrasound system.

integrated in the probe [20], [21], [22], [23], [24], [25], which is also covered in
Section 1.3.

The TX circuit consists of programmable transducer drivers, and a TX beam-
former (TX BF) that delays the actuation of the drivers by a programmable
amount while also controlling the signal waveforms and amplitudes that the drivers
produce. The RX circuit consists of low-noise variable-gain amplifiers (VGAs) and
an RX signal processor. The signal processor, in turn, typically consists of analog-
to-digital converters (ADCs), an RX beamformer (RX BF) that combines the
amplified RX data into focused outputs, and an envelope detector to reconstruct

the signal intensities in the ultrasound image [26].
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While the RX channels only require a signal-to-noise ratio (SNR) around 30-
50 dB, the RX dynamic range (DR) is typically much higher, as the human body
exponentially attenuates ultrasound waves proportional to s X f,, where s is the
propagation distance and f, the frequency of the ultrasound waveform. Therefore,
the VGAs typically have a time-gain compensation (TGC) feature [26], which
involves the exponential increase in the VGA gain over each pulse-echo acquisition.
This reduces the DR requirements for the following RX processor, improving power
efficiency of the system.

Historically, imaging probes consisted of a 1-dimensional (1D) transducer ar-
ray, allowing for 2D images to be made. However, probes with a 2D transducer
array are increasingly common, enabling 3D imaging [26], [27], [28]. The size and
operating frequency of a transducer array is a trade-off between form factor, the
imaging depth requirement, and the required resolution of the reconstructed im-
ages, where the achievable resolution R, is determined by the focus that the TX
and RX beamformers can achieve. This, in turn, scales with the aperture of the
probe A, and f, [29].

Figure 1.3(a) shows the typical operation of a TX BF. By making use of inter-
ference between the waveforms produced by each transducer element, the TX BF
controls the steering angle and shape of the TX beams. Depending on the appli-
cation, the amplitudes of the waveforms transmitted by each element are weighted
to more accurately shape the direction in which energy is transmitted. The typical
TX waveform is a Gaussian pulse, which is generated by driving the transducer
array with an n-period pulse, where n depends on the frequency response of the
transducer elements in the probe. This waveform is common, as it has a compact
envelope in the time domain, which results in a high axial resolution, and is rela-
tively easy to generate [26]. However, depending on the imaging application, more
complex waveforms such as chirps or coded sequences are also used to improve
performance [30], [31], [32], [33], [34], [35].

Figure 1.3(b) shows the typical operation of a RX BF. Similar to a TX BF,
it uses interference to focus the probe to programmable points in space. A delay-
and-sum algorithm is commonly used as a computationally-efficient method of
combining the RX signals to a focused output, representing intensities of reflections
at a focal point in the medium of interest. Weighting is also typically applied to the
RX channels before summing to improve the directivity of the array to the focal
point, and/or to improve the signal-to-noise ratio (SNR) of the focused waveform
[26], [36].
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Figure 1.3: (a) Illustration of a typical TX BF for an 8-clement transducer array. (b) Illustration of a

typical RX BF for an 8-element transducer array implementing a delay-and-sum algorithm.

Conventionally, the transducer array consists of bulk-fabricated piezo-electric

transducers [20], [21], [26].

However, micro-fabricated ultrasound transducers,

such as capacitive micromachined ultrasound transducers (CMUTs) and piezo-

electric micromachined ultrasound transducers (PMUTS) are increasingly used for

their improved scalability, ease of integration with application-specific integrated

circuits (ASICs) (further covered in Section 1.3) and bandwidth, compared to
bulk-fabricated transducers [20], [21], [37].
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1.2.2. Conventional Ultrasound Imaging Techniques

Focussed TX beam 1 Expanded TX beam 1

Expanded TX beam n

Focussed TX beam n
(a) (b)

Figure 1.4: (a) Imaging with an 8-element transducer array, using n line scans for image reconstruction.

(b) Imaging with an 8-element transducer array, using n subsector scans for image reconstruction.

Brightness mode (B-mode) imaging is a standard method for visualizing struc-
tures within a medium, such as the AA. It displays a 2D image where the brightness
at each point represents the amount of reflected ultrasound energy [17]. These im-
ages are conventionally reconstructed from multiple pulse-echo acquisitions, where
in each acquisition, the probe produces a focused beam along a scan line. After
this, the RX BF focuses along that line to reconstruct reflection intensities. This
process is repeated to reconstruct all points in the image, as shown in Figure 1.4(a).
This method directly trades-off image resolution and/or size with frame-rate, as
more scan lines require more pulse-echo acquisitions, each introducing a time delay
stemming from the propagation speed of sound through the medium and back. As
a frame rate between 30 Hz and 60 Hz is usually acceptable for real-time feedback,
this trade-off does not present issues for structure visualization.

As aforementioned, when assessing the risk of AAA rupture, the diameter
of the AA is currently the most strongly weighted biomarker. However, other
imaging modes are also used to evaluate the health of the vessel, such as Doppler

ultrasound, which is used to track blood flow through the vessel [16]. As the name
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implies, the Doppler shift of returning ultrasound waveforms from the motion of
blood are used to estimate flow speeds. Historically continuous waveforms were
used (continuous wave (CW) Doppler), where the imaging array is sub-divided into
transmitting and receiving sub-arrays. The received continuous waveform would
be down-modulated by the TX frequency, such that the resulting signal represents
the Doppler shift. By focusing the TX array and RX array at the same region,
movement information is derived from there. However, this focal region can be
quite broad, resulting in a poor spatial resolution [26], [38].

Pulsed-wave Doppler (PW Doppler) addresses this by transmitting wide-band
waveforms instead. This imaging mode is similar to the aforementioned B-mode
imaging, however, now the changes between pulse-echo acquisitions are used to
determine the phase shift between successive pulse-echo acquisitions at each focal
point, as this is easier to detect than the relatively narrow Doppler frequency shift
that occurs. With the associated improvement in spatial resolution, turbulence
and local gradients in flow speeds can now be evaluated [16]. However, since this
method samples the phase shift at the pulse-echo rate, the maximum measurable
flow speed is constrained by the Nyquist criterion [26]. This requires the probe to
image at high frame rates to correctly reconstruct the high flow rates in the AA
[39].

Figure 1.4(b) shows such a method. Instead of imaging with line scans, data is
acquired with (sub)sector scans. This entails expanding the scanning region of the
TX beams, where the RX beamformer focuses the digitized RX data along multiple
lines within each TX beam. This enables larger subsectors of the medium to be
imaged per pulse-echo acquisition, requiring fewer acquisitions to reconstruct an
image. The benefit is an increased frame rate, but this comes at the cost of image
quality: image resolution degrades due to an increased reliance on the achievable
focus in RX only, the contrast will degrade by a reduced round-trip SNR per pulse-
echo acquisition and increased clutter, and aberration effects by an inadequate
estimation of the ultrasound propagation speed may be exacerbated. This trade-off
remains as the size of each subsector scan is increased in return for increased frame-
rate. While the scanning regions can be partially overlapped to focus in RX at the
same points from multiple angles to improve the image resolution and contrast,
this comes at the cost of a reduced frame-rate. Nevertheless, this approach can
still achieve a higher frame rate for the same resolution than serial line scans [40],
[41].
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Another biomarker of interest is the wall strength of the vessel, which relates
to its ability to withstand stresses before rupturing. This, in turn, may be related
to the elastic properties of the vessel [42], [43]. Historically, for applications such
as imaging certain types of cancers, such data could be acquired via ultrasound
by strain elastography. This involves first acquiring B-mode image data with a
probe lightly placed on the body, and subsequently reacquiring the data after an
added compression is applied. Due to the compression, the reflected waveforms
have a time-displacement, yet remain highly correlated to the reference data. As
the time-displacement is correlated to the compression of the medium, the relative
elasticity can be estimated. However, while this method can give a good indication
of local variations in elasticity, the results strongly rely on the compression applied.
As this is very inconsistent in practice, the results also have high tolerances. [26],
j44]

For cardiovascular monitoring, physiologically generated displacements, such as
those resulting from the beating of the heart, can also be used to measure elastic
properties of vessels. For AAAs, this can involve measuring the change in volume
and area of the vessel for a given change in blood pressure [42]. An alternative
method of evaluating elasticity is by shear-wave elastography. This method tracks
the propagation of shear-waves in the medium, which are induced by TX waveforms
generated by the probe. As these shear-waves have low propagation speeds, they
can be tracked in real time at frame rates in the kHz range.[26], [44], [45] As such,
the trade-offs with this imaging mode are similar to those associated with Doppler

ultrasound.

1.2.3. Emerging Imaging Techniques

As aforementioned, (shear-wave) elastography and Doppler ultrasound offer more
biomarkers to assess the disease state of a AAA, improving accuracy of risk as-
sessment. However, both methods historically have been used for evaluating a
2D plane. As blood flow and elasticity have 3D properties, more modern tech-
niques such as 3D-flow and 3D-elastography are increasingly of interest [46], [47],
[48], [49], [50]. As aforementioned, this is enabled by ultrasound systems with 2D
transducer arrays. However, conventional 3D probes have not adequately been
able to image the volume of interest at the required volume-rate due to hardware
restrictions.

As will be covered more extensively in Chapter 2 and Chapter 4, due to the
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high rates of movement and the large volume involved when imaging AAAs, very
few volumetric subsector scans can be done to reconstruct each frame. Therefore,
to maintain an acceptable resolution, a large aperture A, is required. Moreover,
a large A, typically also comes at the cost of a large transducer element count to
avoid grating-lobe artifacts in the field-of-view (FoV). The grating lobes of a beam
generated by a 1D matrix array appear at the following angles [29]

Og.m = Farcsin (?) (1.1)

where Oy, are the angles of the grating lobes for m # 0, p is the pitch of the
transducer elements in the matrix array and A is the wavelength of the transmitted
ultrasound waveform, with the same principle applying for 2D arrays [26], [29].
By requiring a large element count to image at a large FoV, multiple engineering
challenges are introduced that affect the imaging strategies that the system can
employ. The most significant of these is managing channel-count while retaining
a high volume rate and flexibility in how the probe is used.

Commercial probes that use direct-element connections to an ultrasound sys-
tem are constrained to arrays of roughly 1000 elements [51], [52] due to interconnect
limitations [53], resulting in sharp performance compromises. For example, sparse
arrays are carefully designed such that a minimal amount of elements occupy A,
while minimizing grating-lobe artifacts [54]. However, this increases clutter levels
and reduces the transmitted and received signal amplitudes of the probe, result-
ing in a degraded image contrast and penetration depth. Alternatively, smaller
dense arrays can be used [51], [52] at the cost of resolution [53] and/or penetration
depth. Probes with imaging arrays exceeding 1000 elements that use row-column
addressing have a limited FoV [55], making them unsuitable for AAA imaging.

1.3. Proposed Solution

Probes with array sizes exceeding 1000 elements that retain a sufficiently large
FoV require channel-count reduction techniques, for which in-probe ASICs are well
suited. In addition, these ASICs can provide added signal conditioning, such as
pre-amplification, to improve the achievable imaging depth of the system. More-
over, by directly interfacing the transducer array with one or multiple ASICs,
channel parasitics and in-probe interconnect can be minimized [22], [23], [24], [56].

However, the ASICs may not excessively limit the volume rate of the probe for its
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intended application.
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The targeted specifications for the probe are shown in Table 1.1. As the probe
is intended for research on improved imaging of AAA, it needs be as flexibly
applicable as possible. Therefore, a high flexibility in TX waveform definition
and beamforming are also desirable properties. Moreover, the probe has to be
compatible with existing research imaging systems to ease adoption.

Table 1.1: System specifications

Aperture Imaging Depth | Field of View | Volume Rate | Acoustic Bandwidth | Element Pitch
23x23 mm? >10 cm 60°x60° 2000 vol/s 2 - 4 MHz 365 pm

To accommodate these requirements, a novel 3D probe has been designed,
which achieves the highest volume-rate for designs with in-probe channel-count
reduction reported to date. The full probe consists of 2 tiled ASICs, each accom-
modating a 32x64-element transducer array. Each ASIC provides 8x channel-
count reduction by means of 2x2 delay-and-sum micro-beamformers (nBFs) and
2x time-division multiplexing (TDM), thus exploiting the benefits of both tech-
niques without reducing the frame rate below the acceptable limit (2000 volumes/s)
or straining the requirements for the back-end receive system — Thus, the probe
can interface with 2 commonly-used Verasonics Vantage-256 (VSX) imaging sys-
tems [52], [53], [57]. The probe also contains a novel TX BF that provides a high
degree of flexibility in TX waveform definition by steering arbitrary pulse-density
modulated (PDM) waveforms to pulsers, driving each element.

In addition, the probe was designed to be compatible with multiple different
transducer technologies for added flexibility in its fabrication and to enable fu-
ture fabrication of more application optimized variants. One of these are CMUTs
[58], [59] that are monolithically fabricated on the ASICs. As these devices are
fabricated at a wafer-level, they can result in reduced probe costs and improved
yield. Moreover, CMUTs have a relatively high bandwidth compared to more
traditionally integrated PZT transducers [60].
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1.4. Outline

This thesis is organized as follows.

Chapter 2 covers the design and evaluation of the aforementioned probe with
a 4096-element CMUT array that is monolithically integrated onto two custom
ASICs developed in-house. Each ASIC in the probe interfaces with a custom
motherboard that can be mounted to a Vantage-256 imaging system for ease of
integration in existing medical R&D setups. The design scales the combination of
micro-beamforming and TDM to an array of thousands of elements for the first
time, while also implementing a novel TX BF, enabling the targeted state-of-the-
art volume-rate to be demonstrated.

Chapter 3 covers the element-level acoustic evaluation of both the aforemen-
tioned CMUT transducers and a custom bulk-fabricated PZT transducer array,
using the developed ultrasound probe as a test platform. Circuit, layout and
packaging design trade-offs for having the system be compatible with these dif-
ferent transducers are also covered. With this, a more universal and consistent
test platform for comparison of ultrasound transducers is demonstrated, while also
presenting further evaluation of the imaging probe for its intended application.

Chapter 4 covers the design and evaluation of imaging schemes for the fabri-
cated probes. They use 30°x30° diverging TX beams per pulse-echo acquisition,
where they differ in the amount of beams transmitted per reconstructed image,
and in whether TDM or synthetic aperture imaging is used. While all schemes are
suited for evaluating the volume of interest, they mainly trade-off image resolu-
tion for volume-rate. Therefore, the achievable resolution and performance when
imaging fast moving targets are also compared.

Chapter 5 summarizes the main findings and contributions of this work, and
discusses potential points of improvement for the system. This is covered for
both the near- and long-term. Additionally, future methodological performance

evaluation improvements are discussed.
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This chapter is based on the publication “A 2000-Volumes/s 8D Ultrasound Probe
with Monolithically-Integrated 23x23-mm? 4096-Element CMUT Array” in IEEE
Journal for Solid State Circuits, vol. 60, no. 4, pp. 1397-1410, April 2025, doi:
10.1109/J55C.2025.8534087

2.1. Introduction

s covered in Chapter 1, the goal is to design a probe with a 4096-element
A capacitive micromachined ultrasound transducer (CMUT) array, monolith-
ically integrated on application-specific integrated circuits (ASICs) that apply
channel-count reduction to reduce the amount of channels coming out of the probe

to a manageable amount. Broadly, channel-count reduction techniques can be di-
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vided into two categories: techniques that reduce channel count at the cost of a
reduction in volume rate, and techniques that exploit RX signal characteristics to
reduce channel count without reducing volume rate. The first category includes
techniques such as micro-beamforming [1], [2], [3], [4], [5], [6], element summation
[7] and/or synthetic aperture imaging [6], [7], [8], [9]. As each of these techniques
requires multiple transmit/receive (T/R) acquisitions to reconstruct a volume,
they can only be applied for high-volume-rate (HVR) imaging to a limited extent.
With micro-beamforming [1], [2], [3], [4], [5], [6], the transducer array is divided
into multiple sub-arrays, in which the RX signals per element are combined into
a single channel by a delay-and-sum operation. This operation yields a prepro-
grammed directivity of the sub-array, i.e., only a smaller sub-volume is scanned
with one single T /R acquisition. Therefore, scanning the full FoV requires multi-
ple T/R acquisitions, which are combined to reconstruct the full volume. Element
summation, i.e. summing without delaying [7], can be seen as a simplification of
micro-beamforming, where the sub-arrays can only be ‘forward’ looking. As a re-
sult, the volume that can be imaged compared to micro-beamforming is reduced.
Synthetic aperture imaging [6], [7], [8], [9] is a multiplexing (MUX) technique, in
which only a subset of elements is selected during transmit (TX) and/or receive
(RX) per acquisition, and all signals are combined in the later volume reconstruc-
tion step. However, multiple acquisitions are required to obtain a full volumetric
data set, reducing volume rate. Moreover, since the recorded sub-volumes are cap-
tured sequentially, any motion in between the capturing leads to reconstruction
artifacts [10], [11].

Techniques in the second category, which reduce channel count without sacri-
ficing volume rate, include analog time-division multiplexing (TDM) [4], [12], [13],
[14], frequency-division multiplexing (FDM) [15] or digital TDM (D-TDM) [3],
[7]. These techniques exploit the limited bandwidth of element-level RX signals
by modulating multiple signals onto a higher-bandwidth output channel. However,
this introduces crosstalk (for TDM and FDM) or bit-errors (for D-TDM), leading
to imaging artifacts. Moreover, these techniques are limited by the bandwidth of
the cable that connects the probe to an imaging system, or by that of the system
RX channel [16], [17]. As a result, practical ultrasound systems can only make

limited use of these techniques.

Currently reported probes with ASICs also have constrained TX waveform
programmability, resulting from limitations in their counter-based TX beamformer
(TX BF) architecture [3], [6], [18], [19], on-chip pulsers [7], [20] and/or signal



2.1. INTRODUCTION 25

distribution network [20]. The extent of this limitation varies per design. For
instance, some designs can transmit an arbitrary pulse train, with a semi-fixed duty
cycle [3], [18]. The design in [20] provides more pulse shape programmability, but
the waveform length and BF delays are restricted. These restrictions have been
reduced with a BF that propagates a more freely programmable TX waveform
across its array [7]. Nevertheless, no design has made both the pulse shape and
length arbitrary to the same extent as probes with direct-element connections,
trading off flexibility in TX waveform generation with system complexity, often
precluding applications requiring more complex waveforms than simple pulses or
pulse trains [21], [22].

This chapter covers a probe design that can image a 60°x60°x10 cm volume
at 2000 volumes/s, which is sufficient to image the flow and wall motion of the
abdominal aorta (AA), and is the highest volume-rate for designs with in-probe
channel-count reduction reported to date. The full probe consists of 2 tiled ASICs,
each monolithically integrated with a 32x64-element array of capacitive microma-
chined ultrasound transducers (CMUTSs) with a 2.6 MHz center frequency. Each
ASIC provides 8x channel-count reduction by means of 2x2 delay-and-sum micro-
beamformers (nBFs) and 2x TDM, thus exploiting the benefits of both techniques
without reducing the frame rate below the acceptable limit (2000 volumes/s) or
straining the requirements for the back-end receive system — Thus, the probe can
interface with 2 commonly-used Verasonics Vantage-256 (VSX) imaging systems
[16], [23], [24]. The pBF architecture in the ASIC is based on the design in
[19], but provides an 80% larger delay range to image the specified FoV. TDM-
induced crosstalk from channel-bandwidth limitations is mitigated with equalizers
(EQs), consisting of finite-impulse-response (FIR) filters that the system trains
with a pseudo-random bit sequence (PRBS) generated on chip. By calibrating the
frequency response of each channel, the on-chip cable driver bandwidth can be

reduced, in turn making the system more power efficient.

The probe also contains a novel TX BF that provides a high degree of flexibil-
ity in TX waveform definition, while having a relatively low system complexity. It
steers arbitrary pulse-density modulated (PDM) waveforms to 2-level 65 V unipo-
lar pulsers, driving each element. Similar to the TX BF presented in [7], waves are
propagated across the array by means of programmable delay cells, integrated per
element. However, the presented probe does so in a row-column fashion, rather
than with a delay mesh. This simplifies the per-element TX BF logic, while main-
taining the ability to define arbitrary BF delays.



2. A CMUT-0N-ASIC PROBE DESIGN FOR 3D HIGH-VOLUME-RATE
26 LARGE-VOLUME ABDOMINAL AORTA IMAGING

This chapter is structured as follows. Section 2.2 covers the design requirements
for the intended application and the associated system architecture. Section 2.3
covers the circuit design of the ASICs and Section 2.4 covers their integration with
CMUTs and packaging. Section 2.5 presents the characterization and imaging
results of fabricated prototypes. The paper ends with Section 2.6, which contains
a comparison to prior designs and a conclusion.

2.2. System Design

2.2.1. Application & System Overview

Imaging System

RX Channel Buffers
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Figure 2.1: (a) Overview of the developed system and its application. (b) Overview of an ASIC +
CMUTSs and a breakdown of the replicated modules. (c) Simplified cross-section of the CMUT design.

Figure 2.1(a) shows an overview of the developed system and its application.
It consists of the imaging probe with ASICs plus CMUTs, the aperture of which is
divisible in two halves (tiles) that can independently interface with a system back-
end. This consists of two duplicate motherboards and imaging systems. Each
motherboard buffers the RX channels from one tile, regulates its various supplies
and contains an FPGA to configure the probe. The imaging systems digitize the
RX signals and do image reconstruction.

Although the main targeted application is imaging of the AA, the features of

the probe are equally applicable in other parts of the cardiovascular system, such as
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the heart [25]. The probe’s packaging was designed to be compatible with various
research setups by having a flat waterproof front-side and various mounting points
at the back of the casing. This packaging is covered in more detail in Section 2.4.

Figure 2.1(b) shows an overview of one tile. It consists of two independent
32x32-element halves that are subdivided into 4x2-element subgroups reducing
the echo signals received by the 8 subgroup elements to one output RX chan-
nel. These are routed to the periphery of the chip, where they are buffered and
connected to the off-chip system back-end.

Figure 2.1(c¢) shows the simplified monolithically-integrated CMUT layer stack.
The CMUTSs are Philips 365-pm-pitch CM5 devices [26], [27] and have been fab-
ricated on an ASIC that is made with a TSMC 0.18 pm bipolar-CMOS-DMOS
(BCD) process. This process provides both high-voltage (HV) double-diffused
metal-oxide-semiconductor (DMOS) and low-voltage (LV) complementary metal-
oxide semiconductor (CMOS) devices, the former being required for the on-chip
TX circuits and the latter for the RX circuits and logic. Each CMUT connects
to a TX and RX front end, which are separated with a T/R switch. Although
the probe presented in this work contains CMUTs, both the RX and TX front-
ends have been designed to also be compatible with bulk-piezo transducers (PZT),

similar to those used in [6], [19], but at a lower frequency.

2.2.2. Architecture

Figure 2.2 shows the system architecture implemented in the presented design.
Because each tile is subdivided in independent ASIC halves, the full probe consists
of independently operable quarters. Each ASIC half contains periphery circuitry
and a core that consists of an array of subgroups. The system clock (CLKgygr)
operates at a frequency (fsyst) of 31.25 MHz, which defines a time resolution
(Tsysr) for both the TX BF and pBF of 32 ns.

The probe targets a 10 cm imaging depth. Given the speed of sound in
human tissue, the resulting maximum pulse-repetition frequency (PRF) is 7.7
kHz. To achieve the targeted volume-rate of ~2000 volumes/s, the full volume
of 60°x60°x10 cm needs to be reconstructed from at most 4 T/R acquisitions.
As a result, to accommodate the pBF restrictions (covered later in this section)
and to maximize the probe’s round-trip dynamic range (DR), the 4 targeted TX
beams diverge 30° in both azimuth and elevation directions. However, in order

to freely configure the probe for other imaging modes, narrower angles in both
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Figure 2.2: Overview of the developed system architecture.

azimuth and/or elevation may be desired. Therefore the probe is capable of freely
configuring its delay profile for each T/R cycle.

Figure 2.3(a) shows the TX BF architecture. It contains a column and row
section, each consisting of an array of delay cells. The column section is located
at the ASIC periphery. By means of an input-selection multiplexer, each cell can
either take the external PDM-modulated input TXy (indicated with ‘E’ on the
multiplexer), or take its input from a neighboring cell (indicated with vertical
arrows on the multiplexer). This allows the signal to propagate vertically and
be passed to the row sections. Similarly, the cells in each row take either the
output of the corresponding column cell or of a neighbor, as indicated with the
‘R’ and the horizontal arrows, respectively, in the row-cell input-selection mux,
propagating the signal horizontally. Both row and column cells implement a delay
range of 0-7 clock periods (delays are indicated with the é-blocks). This provides
a cumulative delay range of 7 x (64 4 64) x Tgyst ~ 28.7 nus across the array, as
needed to implement the maximum delay difference between elements in the array.
Because the TX BF only delays TXyy, the waveform can have an arbitrary shape
and length.

The TX BF is programmed with a shift-register (SR) that is controlled by
an external data and clock signal. As shown in Figure 2.3(b), the TX BF can be
programmed in a row-column fashion for optimal speed, or in a daisy-chain fashion
for optimal flexibility. Figure 2.3(c) provides a few example delay profiles and their
corresponding programmed settings with this TX BF. As indicated, the arbitrary
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Figure 2.3: (a) TX BF architecture. (b) Overview of programming configuration modes. (c¢) Example
delay profiles and programmed settings for a simplified 6x6 array. Profile 1 is an angled focused beam,

profile 2 is an angled diverging beam and profile 3 is an angled plane wave.

sum of delays in both column and rows provide a wide range of waveforms that
can be generated. Implementation details of the TX BF are discussed in Section
2.3.1.

In TX, CMUTs are driven element-level with a 2-level unipolar pulser. Al-
though the pulser is capable of producing pulses with amplitudes between 5 V and
65 V, the transmit voltage is limited to 40 V. This ensures that the CMUTSs remain
in collapse mode and operate reliably when biased at +120 V at their AC ground
[27]. The HV regulator at the ASIC periphery provides an additional supply for
the pulser, which will be covered in Section 2.3.2.

For RX, each CMUT connects to a low-noise variable-gain amplifier (VGA).
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As ultrasound waves exponentially attenuate with distance in human tissue, the
round-trip DR per T/R cycle can be in the order of 100 dB [3], [18]. However,
signal-to-noise ratio (SNR) requirements are typically only 40 dB. Therefore, the
RX front-end implements time-gain-compensation (TGC) to decouple the system’s
SNR from its DR, resulting in an improved average power dissipation. The VGA
has a continuous-gain range of 36 dB, which is controlled by an external analog
signal (VC).

Each 4x2-element subgroup is divided into two 2x2-element subarrays, the
echo signals of which are combined using a pBF with a programmable delay be-
tween 0 and 8 clock periods. As a result of the summing operation involved with
pBF, the FoV of each CMUT subarray reduces to 30°, thus requiring 2 viewing
angles to cover a 60° FoV and 4 for a 60°x60° FoV. As mentioned, the required
60°x60°x10 cm imaging volume is reconstructed from 4 T/R acquisitions using
TX waveforms that cover a 30°x30° FoV, one for each quadrant. Therefore, the
directivity of the pBFs can be configured such that the FoV in RX matches TX.
Both the VGA and pBF are based on the design in [19], but the pBF in this design
has an 80% larger delay range to enable proper matching of the TX and RX FoV.

TDM is realized by having one of two pBFs periodically provide its output to a
cable driver at the ASIC periphery. To minimize the load of the cable drivers, each
RX channel is buffered at the system back-end before entering a VSX system. The
VSX systems digitize and equalize all RX channels to compensate bandwidth lim-
itations of the cable drivers. This reduces their bandwidth requirements, allowing
for more power-efficient scaling. The EQs are trained with an on-chip generated
PRBS, covered in more detail in Section 2.5. Similar to the TX BF, the RX circuits
can also be programmed in a row-column or daisy-chain fashion with a separate

external data and clock signal.

2.3. Circuit Design

2.3.1. TX Beamformer

As indicated in Figure 2.3, the TX BF consists of element-level delay cells that
provide a delay difference between elements before transmitting TXy. Figure
2.4 shows their implementation. As TXiy is a PDM waveform that is sampled
by CLKgysr, it can be represented by a clocked binary sequence. Therefore, its
delays can be implemented by a cascade of D-flip-flops (DFFs). To configure the
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Figure 2.4: Implementation of the element-level TX BF and pulser. DEL<2:0> configures the signal
delay, DIR<1:0> configures the signal propagation direction and 1 bit enables the element HV pulser.

per-element delays, the output of one of the cascaded DFFs is selected to be passed-
on to the low-side level-shifters (LS LS) of the HV pulser, and neighboring delay
cells (TXour). The DFFs that are not used per delay cell are disabled to reduce
switching losses.

The following 6 bits are used to configure each delay cell: a 3-bit delay code
(DEL) for selecting the output of the delay DFF, a 2-bit select code (DIR) for
selecting the input propagation direction and a 1-bit enable for the element HV
pulser. To allow for fast switching between delay profiles, each cell contains 9x6
configuration DFFs, providing space for 9 pre-loaded profiles. Their upload settings
are configured with 3 external control signals. The CONFIG signal controls the
data upload fashion (see Figure 2.3(b)). The MODE<1:0> signal controls whether
1 or 9 profiles should be uploaded and whether the register should receive external
data or loop previously uploaded local TX BF profile data per rising-edge of its
input clock.

Each ASIC half contains one external data and clock signal for the TX BF
registers (Figure 2.2), but they are split into two signals at the periphery. This
allows them to be routed together for both upload modes, guaranteeing them to

be in-phase for each delay cell, preventing possible bit errors.
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2.3.2. TX Pulser
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Figure 2.5: Implementation of the element-level pulser and HV regulator at the ASIC periphery.

Figure 2.5 shows the element-level pulser design. The unipolar pulser driver
stage, consisting of Mp;, Mx1, My and Mygs, is the same as the design in [18], [28],
but with an improved guard-ring design for prevention of latch-up. The DMOS
transistors Mp; and My; switch the output voltage level, whereas Myy and Mg
implement the T/R switch, connecting the CMUT to the VGA through My; and
My during RX, while isolating it from HV pulsing during TX. Mp; was scaled for
driving strength, My; was scaled for driving strength and noise, My, was scaled
for noise, and Myj3 was scaled to minimize voltage ripple at the source of My;.

Two LS LS [29] stages convert the digital supply domain (DVDD-DGND) input
signals to the 5 V domain (VDD5V-HVGND) and drive the T/R switch, high-
side level-shifter (HS LS) and My;. Due to the large trace inductances from the
long supply routing across the array, the high-side (PVDD-HVSS), power (PVDD-
HVGND) and 5 V domains can experience significant ripple when in TX mode.
Therefore, the diode-connected Myi2 and Mz are added to limit the voltage
swing over My1; and Mp;. The LS LS output is a latch that implements a break-
before-make function to ensure that Mp;/My; and Mys/Mys are not on at the
same time. The HS LS propagation delay is compensated with a dummy delay
before the driver of Myj.

The HS LS is based on the design in [30]. Its output is defined by a HS latch
that operates in hold mode when both set and reset are ’1’ or ’'0’, providing a

high robustness against supply ripple. The latch is set or reset by means of pulsed
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inputs, generated through the IR drop across resistors R; and Ry and the current
drawn by a LS current-mirror, which is steered through DMOS transistors Myg
and My7. The pulse width is derived from a delay cell with a delay larger than
the propagation delay of the TX signal through the HS LS and the HV pulser to
ensure that the state of the HS latch does not change while the supply is most
active.

The HS LS is powered by the pulser supplies PVDD and HVGND. PVDD can
be varied between 5 V and 65 V. The HVSS voltage, generated by a HV regulator
at the ASIC periphery, is PVDD - 5 V. The regulator is the same as in [18], [28],
while clamping diodes D;_4 are added per HS LS. These diodes ensure that the
HS latch set and reset node voltages are kept between PVDD and HVSS =+ diode
voltage Vp. They also ensure that HVSS does not increase by more than Vp while
the set or reset nodes are pulled down. This ensures reliable operation of the HS
LS while transmitting longer pulse sequences, as the local supply capacitor C; can
be recharged without transient currents from the regulator at the periphery, thus

avoiding excessive voltage ripple at HVSS.

2.3.3. Variable-Gain Amplifier

The VGA is based on the design in [19], [31]. As shown in Figure 2.6, it con-

sists of a cascaded low-noise capacitive-feedback trans-impedance amplifier (TTA),

capacitively-coupled to a current amplifier (CA). The TTA provides a low-impedance
input for interfacing with a CMUT transducer, while the CA has a high-impedance

output for driving the boxcar-integration-based pBF. Both stages implement half

the total variable continuous gain range of 36 dB, which is controlled by a VC that

is supplied per ASIC half. The VGA is scaled for an input-referred noise-density

of 0.6 pA/vHz within a 1.4-to-3.8-MHz bandwidth at its maximum gain (VC =

1.2V).

2.3.4. RX Channel-Count Reduction and Transmission

Figure 2.6 shows the pnBF and TDM circuit diagram. Like in [19], the boxcar-
integration-based nBF consists of 4 time-interleaved integrator stages, followed
by 2 ping-ponged sample-and-hold (S/H) stages. The current outputs of the 4
preceding CAs are steered to one of the 4 integrators in a cyclic fashion by means
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Figure 2.6: Implementation of the RX front-end and the timing diagram of its delay-and-sum pBF and
S/H + TDM stages.

of input switches W;_g<1:4>. The phases for the clocks driving W;_g<1:4> are
programmable, while the integrator output charge is transferred to the S/H stages
at a fixed cyclic timing via clock signals Nj_4 and Q;_». The S/H stage that is
not in charge-transfer mode is connected to the output, following clock signals
S1—4. As the timing for the integrators and charge-transfer is fixed, but the timing
of the input currents can be shifted, the relative delay between input integration
and output S/H is programmable for each input channel. Thus, a sum-and-delay
operation is realized.

Since switched S/H stages define the RX channel output, TDM is easily re-
alized having 4 S/H stages drive the input of the following cable driver instead
of 2. Conceptually, more than 2x TDM could be realized by interleaving more
stages, but the channel-bandwidth of the targeted VSX back-end limits this design
freedom. The cable driver is a super source follower with a class-AB driver [32].
Like the LNA and nBF OTAs, the class-AB driver has a sampled-and-held bias
that is reset every T/R cycle by the RX¢rry signal. Mpp, Mnp and Ry are scaled

to achieve a 50 2 output impedance.

2.3.5. Channel Equalization and Calibration

To reduce TDM channel crosstalk, after digitizing the RX channels in the VSX,
equalization is applied to flatten the frequency response. This technique is based
on what was demonstrated in [14]. The EQs are implemented as adaptive linear

equalizers (ALEs) from the Matlab communications library [33]. This is a finite-
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Figure 2.7: Circuit diagram of the Ipgpg current source generating training data for the EQ in the
system back-end and the signal path that is equalized.

impulse-response FIR filter that uses the least-mean-square algorithm to scale its
coefficients.

The training data for each RX channel EQ is generated on-chip with a pro-
grammable 2-level current source Ipgps at each pBF input. The implementation
of the current sources is shown in Figure 2.7. They output an off-chip supplied
pseudo-random-bit-sequence (PRBS), which propagates through the on-chip pBF
and cable driver, and the off-chip cable and buffer before being digitized by the
VSX in the system back-end.

In addition to calibrating bandwidth-limitations, the system also calibrates
static ripple signals at each RX channel output, resulting from switching artefacts
introduced by the nBF. This is done by first collecting averaged RX channel data
without an input signal, which only contains the ripple. This ripple is then sub-
tracted from both the RX signals collected during imaging and the training data
for the EQ.

2.4. System Integration

2.4.1. CMUT Integration

As mentioned in Section 2.2, the CMUTs are biased at a voltage Vj;qs of +120 V
to reliably operate in collapse mode. The CMUT top electrodes (Figure 2.1(c))
are routed to the ASIC periphery to be bonded to the printed circuit board (PCB)
that provides Vp;qs. Figure 2.8(a) shows the applied biasing scheme. The CMUTs
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Figure 2.8: (a) Overview of the CMUT biasing per two columns of the imaging array. (b) Overview of
the system packaging.

in every 2 columns of an ASIC half share one biasing pad. This allows only a
section of the array to be disconnected if one or multiple CMUTs are faulty. Bias
capacitor Cp provides an AC ground for the CMUTs, whereas the HV supply Vg
only operates as a direct-current (DC) bias source by means of resistor Rg. As both
the sensitivity and center frequency of the CMUTs depend on Vj;as [27], indepen-
dent biasing of CMUT columns along the x-axis of the array enables apodization.
However, this is not done in the presented system, where Vj;,s = +120 V for

simplicity.
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To accommodate the CMUT devices on the standard TSMC BCD process
wafers, a few layout restrictions were introduced. The microfabrication of the
CMUTs requires a wafer surface topography that is as flat as possible. While the
CMUT fabrication contains a planarization step, the top-metal thickness of the
ASICs was also restricted as a precaution to improve the initial surface flatness,
which added additional constraints to its power distribution design. Additionally,
sufficient spacing is required all-around any in-ASIC CMUT bias trace to prevent
dielectric breakdown, as the TSMC 180nm BCD process is not designed for trace-
to-trace potential differences beyond 70 V.

2.4.2. Acoustic Packaging

To avoid excessive energy loss in both TX and RX, acoustic impedance matching
of the array to the medium of interest is necessary. This requires a package with a
similar impedance to water, while providing a water-tight seal for the underlying
electronics. Additionally, the surface of the imaging aperture must be flat to ensure
a good contact with the medium of interest. Figure 2.8(b) shows the designed
package to meet these requirements.

The tiles are glued on an interposer plate that both ensures a flat imaging aper-
ture and provides good thermal coupling to a PCB. After bonding the tiles to the
PCB, a viscous glue is applied to the imaging array. This glue has a similar acous-
tic impedance to water while being electrically isolating. A Polymethylpentene
(TPX) window is then mounted on the array, pushing the glue outwards, coupling
the array to the window while sealing the bonding wires. To ensure water-tightness
around the window, the PCB is mounted in an anodized-aluminum casing, where
an O-ring provides the water-tight seal. Pressure is applied to the O-ring via a

backside clamp that also functions as a heatsink for the ASICs.

2.5. Experimental Results & Discussion

2.5.1. General Measurement Setup

As shown in Figure 2.8(b) and Figure 2.9(a), each tile in the probe is bonded to
a daughterboard PCB. In the measurements presented, the digital inputs and RX
output channels of 1 tile are connected via 1.65 m Samtec micro-coax cables with
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Figure 2.9: (a) Picture of one of the ASICs without CMUTs connected to a probe card. (b) Diagram
of the measurement setup for 1 input channel.

HQCD connectors [34] to the system back-end. The FPGA module that programs
the tile is a DE10-Nano evaluation board [35] and the RX channel buffers on the
motherboard in the system back-end are high-speed op-amps [36] configured as
voltage followers with 50 € input termination. In addition to voltage regulation
on the motherboard by means of linear-drop-out regulators (LDOs), the analog
supply is also regulated on the daughterboard to avoid TGC-related IR drop in
the cables affecting the ASIC performance.

2.5.2. Electrical Characterization

ASICs without the monolithically-integrated CMUTs were used to validate both
the electrical performance of the TX pulser and the RX front-ends. Selected trans-
ducer pads were bonded to a custom probe card. An overview of this measurement
setup is shown in Figure 2.9(b). Cy, Cy and the input capacitance of the 200 MHz
passive probe approximate the load of a CMUT, while also attenuating the voltage
from the HV TX pulsers on the ASIC by 13.4x. This attenuation was calibrated
and corrected for in TX measurements. The oscilloscope is connected for both TX
and RX measurements, but the AWG is only connected for RX.

Figure 2.10(a) shows the probed pulser output when transmitting various PDM
waveforms at the maximum TX voltage of 65 V. The 2-period pulse is used for most
standard imaging applications, but chirps or pseudo-random sequences can be used
instead to increase the contrast from low-reflective objects, as these waveforms
contain more energy. Figure 2.10(b) shows the corresponding acoustic outputs,
which are covered in more detail in subsection 2.5.3. Figure 2.11 shows the pulser

output when transmitting the same chirp as shown in Figure 2.10(a) after being
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Figure 2.10: (a) Transducer pad output for various PDM signals at the maximum ASIC transmit
amplitude. (b) Normalized transmitted acoustic signal corresponding to the transducer pad signals at

a 40 V transmit amplitude.

delayed between 0 and 8Tsyst by the TX BF. Combining the results from Figure
2.10 and 2.11 demonstrates the ability to BF arbitrary PDM waveforms.
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Figure 2.11: Pulser outputting a chirp sequence, shifted between 0 and 8 Tsygt by the TX BF.

Figure 2.12(a) shows the subarray gain versus frequency for multiple TGC VC
settings. Figure 2.12(b) shows the gain at the 2.6 MHz center frequency and -3-
dB BW versus VC. The gain range is 36 dB and the BW varies from 3.0 MHz to
3.8 MHz across VC. Given a 1.4-MHz-t0-3.8-MHz BW of interest and 2.6 MHz
center frequency defined by the CMUTSs, the fractional bandwidth of the amplifier
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Figure 2.12: (A) Measured RX channel gain versus frequency for various VC settings. (B) Gain at 2.6
MHz and -3-dB BW versus the VC control voltage.

varies from ~60% to ~90%, which is more than the required 50% across the gain
range. These results also approximate the same attenuation that will occur for
the CMUT-to-LNA input current, as the impedance of Cs is similar to that of the
CMUT.

To validate the subgroup crosstalk, test signals are applied to an RX channel
(Figure 2.9(a)). The EQs applied for the crosstalk measurements and imaging
results (subsection 2.5.4) have 18 taps. They equalize the VSX 14-bit ADC output
data, which is sampled at 3x the TDM frequency at 62.5 MHz. As such, the EQs
are configured fractionally spaced, using 3 samples per symbol. They are trained
with a 2500-times-repeated 16382-bit PRBS.

Figure 2.13(a) and Figure 2.13(b) show the crosstalk from subarray 1 to subar-
ray 2 and vice-versa with and without back-end equalization in the time domain.
The test signals are 2.6-MHz-center-frequency 2-period pulses. With equalization
applied, the peak-peak crosstalk from subarray 1 to subarray 2 improves from -11.4
dB to -20.9 dB and from subarray 2 to subarray 1 from -10.9 dB to -21.4 dB.

Figure 2.13(c) and Figure 2.13(d) show the power spectral density (PSD) of
the RX channel output when a 2.5 MHz tone is applied to the subarray inputs.
The reduction in a pBF-induced ripple tone at 2.6 MHz is also shown after calibra-
tion. Figure 2.13(e) and Figure 2.13(f) show the crosstalk improvement when the
frequency of the input tone is swept across the 1.4-MHz-t0-3.8-MHz bandwidth of
interest. The effectiveness of the equalization varies over frequency, but the aver-
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Figure 2.13: (a) Crosstalk from a pulse into subarray 1 to subarray 2. (b) Crosstalk from a pulse
into subarray 2 to subarray 1. (c¢) Crosstalk from a 2.5 MHz tone into subarray 1 to subarray 2. (d)
Crosstalk from a 2.5 MHz tone into subarray 2 to subarray 1. (e) Crosstalk from tones within the
bandwidth of interest into subarray 1 to subarray 2. (f) Crosstalk from tones within the bandwidth of
interest into subarray 2 to subarray 1.

age crosstalk from subarray 1 to subarray 2 improves to -22.4 dB and the average
crosstalk from subarray 2 to subarray 1 to -25.7 dB.

As the power dissipation of the pulser is directly related to the pulse transmis-
sion density, Figure 2.14(a) shows the dissipation versus the number of transmitted
pulse periods when an ASIC half is transmitting with no TX BF delays. This is
shown for a prototype with and without CMUTs. As most imaging modes using
this probe transmit a 2-period pulse per T/R cycle, the typical number of pulse
periods/second is 16000 when imaging at 2000 volumes/s with 4 diverging waves
per volume. The associated power/element drawn from the HV supply is 186 pW,
which is much lower than the RX power dissipation.

A breakdown of the power dissipation of the probe is shown in Figure 2.14(b).

All power dissipation was measured during active operation using a prototype
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Figure 2.14: (a) Relation between the HV supply power/element and the amount of pulse periods
transmitted, using a repeated chirp sequence as a test signal (Figure 2.10). The solid sections of the
line are measured data points, while the dotted sections are from interpolation. (b) Element-referred
power breakdown for 16 kperiods/s TX and VC ramping per T/R cycle. (c) Area breakdown of
the tiles. The 'Remainder’ category contains decoupling capacitors, bond pads, interconnect, ESD
protection circuits and unused area.

with CMUTs. The pulse-repetition frequency (PRF) is 8 kHz, as needed for 2000
volumes/s imaging. However, to measure different parts of the RX circuitry in-
dependently, parts of the ASIC were disabled. The RX front-end dissipates 0.79
mW /El. when applying a ramp function to VC during each T/R cycle.

A breakdown of the ASIC area is shown in Figure 2.14(c). Although active
circuits use most area, because of the pad-limited nature of the design, a substantial
44% of the total area consists of bond pads, pad protection circuitry, decoupling
capacitors and interconnect. Of the active design, the RX front-end dominates
with 36% of the total area, while the combined TX circuit only uses 15% of the
total area.
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2.5.3. Acoustic Characterization
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Figure 2.15: Acoustic measurement setup.

Figure 2.15 shows the measurement setup for the acoustic measurements. A
3D-printed water tank is placed on top of the ultrasound probe. The interface
between the two consists of acoustic gel and a plastic bag with a thickness much
lower than the 600 pm nominal wavelength of the ultrasound waves, thus not
significantly attenuating signals. From the top of the water tank, an xyz stage
with a holder positions imaging objects or instrumentation, depending on the
measurement.

Figure 2.10(b) shows the measured normalized pressure of the transmitted
waveforms using the driving signals shown in Figure 2.10(a). All elements on 1
tile were transmitting with no time delays. The waveforms were transmitted at
the nominal maximum of the probe, where TX is limited to 40 V. As is shown,
the probe is capable of producing a wide range of acoustic waveforms by means of
the arbitrary PDM driving signal for the CMUTs.

Figure 2.16 demonstrates the TX BF functionality by comparing four scanned
C-planes of TX beams with their ideal Field II [37] simulation result. These
diverging beams are the same as used in the TX scheme for 60°x60°x10 cm 2000
vol/s imaging. As the results are presented for 1 tile, the imaging scheme only
uses the central 32x32 elements, as a symmetrical transmit aperture is needed to
create the desired symmetrical diverging waves.

The ASIC was configured to cycle through 9 pre-uploaded TX profiles, as it
also does for HVR imaging. The C-plane has a 3.5 cm distance from the array. The

peak-peak pressures were measured using a 200 pm diameter hydrophone and an
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Figure 2.16: (a) Simulated C-planes at 3.5 cm from the probe for the diverging waves used in the TX
scheme for imaging of 60°x60°x10 c¢cm at 2000 vol/s. (b) Measured C-planes of the same TX waves at
3.5 cm from the probe.
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xyz stage, scanning a grid of 4.6x4.6 cm with 1 mm steps. The PRF of the ASIC
during this measurement is 18 kHz. As shown, the measured diverging waves are
in good agreement with the simulations. The elevated clutter is from reflections

in the water tank, originating from prior scan point transmissions.
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Figure 2.17: (a) Subarray SNR vs input peak pressure for varying VC control voltages. (b) Example
PSD of output signal at high signal levels.

Figure 2.17(a) shows the output signal-to-noise ratio (SNR) versus the peak
input pressure of a subarray for varying VC control voltages. The lowest signal
level is at an SNR of 0 dB in the highest gain setting. The highest signal level is at
the point where the SNR diverges 1 dB from the dB-linear SNR-to-pressure curve
at the lowest gain setting. In total, the measurable peak pressure range is between
0.99 Pa and 4559 Pa, which gives a 73 dB dynamic range (DR). The peak SNR is
52 dB and was measured at the highest gain setting. Distortion of the RX signals
does not significantly affect the image quality, as received pulse amplitudes, widths
and times-of-arrival define the reconstructed image. Therefore, SNR is used as a
metric for DR instead of the signal-to-noise+distortion ratio (SNDR).

Given that the SNR is 0 dB for a peak input pressure of 0.99 Pa, the input
pressure noise is calculated to be 0.452 mPa,/ VvHz in the 1.4 MHz to 3.8 MHz
bandwidth of interest. The simulated conversion efficiency of the CMUTs is be-
tween 2.5 nA/Pa and 4.0 nA/Pa. When combining this conversion efficiency with
the estimated measurement uncertainties of the acoustic measurement setup, the
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input referred current noise density is estimated at 1.4 pA,us/ vHz with an un-
certainty of +0.7 pA.us/vHz, which is in line with expectations. Figure 2.17(b)
shows the output PSD used for deriving one data point in Figure 2.17(a). The
signal tone is at 2.5 MHz. At high amplitudes, odd-harmonics that alias back into

the bandwidth of interest dominate distortion.

2.5.4. Imaging Results
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Figure 2.18: (a) 3D B-mode image of 3D-printed "TUD” logo without equalization. (b) 3D B-mode
image of the same 3D-printed "T'UD” logo with equalization.

To demonstrate imaging capabilities of the probe, images were made of a tissue
mimicking phantom (CIRS 040GSE) [38] and multiple objects in a water tank.
The 3D images shown in Figure 2.18 and 2.19 were made with 1 tile, using the
same TX scheme as is shown in Figure 2.16 in the same water tank, using a 5
V TX amplitude. Figure 2.18 shows a 60°x60°x10 cm volume 3D B-mode image
of 3D-printed "TUD” logo with and without channel equalization. As the images
demonstrate, the artefacts in the image are reduced with decreased TDM-induced
crosstalk.

Figure 2.19(a) shows a similarly obtained 3D B-mode image of a set of needle
heads, connected to a shaker, which oscillated the needles along the Z-axis at 20
Hz. Given that the probe is imaging at 2000 volumes/s, it is oversampling the
needle head positions by 50x, as is demonstrated in Figure 2.19(b) where the
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Figure 2.19: (a) 3D B-mode image of cross-shaped needle phantom. (b) M-Mode image of needle 3,

which is moving along the Z-axis at a 20 Hz frequency.
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Figure 2.20: (a) B-mode image of tissue mimicking (CIRS 040GSE) phantom. Region 1 shows a
hyperechoic cylinder, region 2 shows nylon strings, region 3 shows shows nylon strings with a smaller
size and region 4 shows the background speckle of the phantom. (b) Reference image of the phantom

[38].

position of center needle 3 is shown versus time.

Figure 2.20 shows a B-mode image of the tissue mimicking phantom, which
attenuates ultrasound waves by 0.5 dB/cm/MHz. To reconstruct the image, 3
beams were used that are diverging along the Y-axis and plane waves along the

out-of-plane X-axis, rather than the transmission scheme shown in Figure 2.16.
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Just like that scheme, only the center square is used in TX for the same reason.
The opening angle of the TX beams are also the same along the Y-axis. The
image was recorded at 8000/3=x2.7 kHz at a 5 V TX. This lower TX voltage
was chosen as a precaution to prevent damaging the limited number of imaging
prototypes available. Despite this, the probe has enough round-trip DR to obtain
a penetration depth of >8.8 cm with a sufficiently high contrast. This gives ample
margin for features that have lower contrast when imaging with 40 V TX. Note,
the imaging depth is limited by the depth that the VSX can process at an 8 kHz
PRF, which is roughly 7 mm less than the theoretically achievable depth at a 1540
m/s speed of sound in human tissue.

Table 2.1: Performance summary and comparison with the prior art.

This work [7] [20] 3] [4] [6]
Technology 180 nm BCD + MEMS | 180 nm BCD + MEMS | 180 nm BCD | 180 nm BCD | 180 nm BCD | 180 nm BCD
Transducer 2D CMUT 2D CMUT 2D PZT 2D PZT CMUT 2D PZT
TX/RX Channels 4096 / 4096 8960 / 8960 128 / 3072 288 / 288 40 / 40 256 / 256
Center Frequency 2.6 MHz 5.5 MHz 2 MHz 6 MHz 5 MHz 9 MHz
Element Pitch 365 pm 208 pm 300 pm 160 pm N/A 125 pm
Arbitrary-Wave TX v ' X X X X
TX BF v v v v
Crosstalk Calibration v X X X X X
Volume Rate [vol/s] 2000 N/A N/A 1000 N/A N/A
Channel Reduction 8X 64x 24x 18 40x 128x
. L 8x MUX
Channel Reduction 4x pBF 8x Summing / MUX 24 BF 3x nBF 5x pnBF Ax uBF
Method(s)™ 2x TDM 8x RX Pre-processing™ 6x D-TDM 8x TDM .
4x D-TDM
RX Output Type Analog Digital Analog Digital Analog Digital
Max TX Voltage [V] 6573 50 138 30 70 20
Active Area / EL [mm? 0.12" 0.043 0.09 0.03 0.15 0.016
RX Power / EL [mW] 0.85" 0.66°0 0.74 1.12 4.65 1.83
Peak SNR [dB] 52 54.56 N/A 52.2 N/A 54
Input DR [dB] 73 N/A 85 91 76 83

*1 : micro-beamformer (nBF), analog time-division multiplexing (TDM), multiplexing (MUX),
digital time-division multiplexing (D-TDM)

*2 1 A combination of signal-processing techniques to realize channel-count reduction.

*3 : Voltage can be generated by the ASICs, but the acoustic prototypes are limited to 40 V TX.

*4 : This excludes the 'Remainder’ category from Figure 2.14.

*5 : Given a ramp function applied to VC over each T/R period. RX Power per Element consists of
the power consumed by the VGAs, nBFs and cable drivers divided by the number of elements.

*6 : From the results presented in [39)].
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2.6. Conclusion

To address the emerging need for large-volume HVR imaging, this paper has pre-
sented a 4096-element 3D ultrasound probe. The probe is based on 365-pm-pitch
CMUTs with a 2.6 MHz center-frequency, which are monolithically integrated on
2 tiled ASICs that were fabricated in a 180nm BCD process. For TX, these con-
tain a novel arbitrary-PDM-wave TX BF, implemented as a programmable digital
pipeline. It interfaces with element-level 2-level 65 V unipolar pulsers that drive
the CMUT array. In RX, the ASICs pre-amplify signals with element-level low-
noise VGAs with a 36-dB gain range and provide 8x channel-count reduction by
applying 2x2 pBF and 2x TDM. Together, the proposed system architecture en-
ables imaging a 60°x60°x10 cm volume at 2000 volumes/s, the highest volume
rate for designs with in-probe channel-count reduction reported to date, while
providing sufficient RX-channel reduction for the probe to interface with exist-
ing imaging systems. Moreover, PRBS-trained EQ reduces RX-channel crosstalk,
which allows power efficient scaling of the in-probe cable drivers. A set of proto-
types have been developed for both electrical and acoustic performance evaluation.
With the acoustic prototypes, the targeted imaging performance was demonstrated
with both water tank measurements and tissue-mimicking phantom images.
Table 2.1 shows a summary of the achieved results and a comparison with
the prior art. While previous works have also reported combinations of micro-
beamforming and signal modulation techniques to reduce channel count [3], [4],
[6], this work demonstrates its scalability to imaging arrays with thousands of ele-
ments, while retaining a high volume rate. In addition, the system has a high flex-
ibility in TX waveform definition at a reduced complexity compared to arbitrary-
wave TX BFs in the prior art. Together with competitive power consumption and
DR, it is a promising solution for use in medical R&D targeting improved diag-
nosis and treatment of abdominal aortic aneurysms, as well as other applications

requiring HVR imaging of a large volume.
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DESIGN AND CHARACTERIZATION
orF CMUT-0N-ASIC AND
PZT-o0N-ASIC PROTOTYPES

This chapter is planned for publication in IEEE Transactions on Ultrasonics,

Ferroelectrics, and Frequency Control

3.1. Introduction

hapter 2 has presented an ultrasound probe design with a Philips (now

Xiver) CM5 capacitive micromachined ultrasound transducer (CMUT) [1] ar-
ray monolithically integrated on 2 application-specific integrated circuits (ASICs),
one of the first successful active probes with a large transducer array integrated
this way. In addition, the ASIC was designed to be compatible with bulk lead
zirconate titanate (PZT) transducers. This provides the unique benefit of a high-
end ultrasound imaging system serving as a test platform for multiple different
transducer technologies. As a result, a consistent comparison between transducer
technologies is more easily done. Moreover, broadened compatibility offers reduced
project risks, as a specific transducer technology can prove too difficult to inte-

grate without the overall probe development being negatively affected. However,
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the increased flexibility comes at the cost of increased design complexity of both
the ASIC itself, and the integration into the full probe casing.

Two types of transducers were initially considered: the CM5 device and a PZT
transducer that was designed within the Ultra-X-Treme consortium, both intro-
ducing different design challenges. As mentioned in Chapter 2, the CM5 transducer
requires a 120 V bias, which is not natively compatible with the TSMC 180-nm
bipolar-CMOS-DMOS (BCD) fabrication process that is used for the ASIC. More-
over, while not a fundamental issue, damaged elements can destructively discharge,
(partially) damaging the underlying ASIC. To mitigate the risk of rendering a pro-
totype completely unusable, the ASIC is electrically partitioned in sections with
different bias sources. However, this adds significant packaging complexity. More-
over, the desired transducer pad layout for PZT is centered to the transducer,
unlike with CMUTs, where the pads are at the corners of the transducers, further
increasing design complexity. The two different transducers also have a signifi-
cantly different performance characteristics. Mainly the impedance difference of
both devices have design implications for both the transmit (TX) and receive (RX)
circuits.

This chapter gives an overview of the trade-offs in circuit design and system
integration, and presents the results from characterization of both aforementioned
devices. The structure of this chapter is as follows. In Section 3.2, the layout and
design trade-offs in the ASIC are presented, as well as the packaging of both the
CMUT and PZT arrays. The measurement setup for evaluation of both devices
is also shown. In Section 3.3, the results from the device characterizations are

presented. Sections 3.4 and 3.5 present a discussion and conclusions, respectively.

3.2. Methods

3.2.1. Overview of Integrated Transducer Technologies

Figure 3.1(a) shows a (simplified) layer stack of the CMUT transducer on the
ASIC. It consists of a vibrating membrane with a conducting layer on top of
a conducting plate, acting as two electrodes, separated by a cavity and a thin
dielectric. The membrane is actuated by a time-varying electrostatic force between
the electrodes. To increase the sensitivity of the transducer, a large direct-current
(DC) bias voltage Vias is applied to the top membrane. To produce acoustic

waveforms, an alternating current (AC) voltage is applied to the bottom plate.[1],
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Figure 3.1: (a) Simplified layer stack of CM5 CMUT. (b) Layer stack of TU Delft In house’ PZT.

[2] As mentioned in Section 2.4.1, the CM5 device operates in ’collapse mode’ [1],
[2]. This requires the voltage across the CMUT to remain above 80 V [1]. The
nominal Vj;.s of the CM5 device is 120 V, leaving 40 V of headroom for the pulser
in the ASIC to drive the device.

R
" c. Cm L R
=_cC. Cnm CM5 (V05 = 120 V) 3.6pF | 1.7pF [2245pH| 53kQ
L Bulk PZT 3.5 pF 3.3 pF 921 pH 5.6 kQ
m

(a) (b)

Figure 3.2: (a) BVD model for ultrasound transducer. (b) BVD model parameters for CM5 and bulk
PZT transducers.

Figure 3.1(b) shows a layer stack of the PZT transducer on the ASIC. The
PZT interfaces via a conductive backing layer to a bottom electrode, and via a
conductive matching layer to a top electrode. The device uses the piezoelectric
properties of PZT to produce acoustic waveforms when actuated, where the geome-

tries of the PZT dictate its electrical and acoustic characteristics [3], [4]. Figure
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3.2 shows the Butterworth-Van Dyke (BVD) model [5] of both transducers. The
small-signal model parameters of the CMUT are with the device linearized around
Viias- Ce is the electrical parasitic capacitance of the transducer. C,,, L,, and
R,,, represent the electro-mechanical resonance behavior of both devices. While
C. for both devices is similar, the main impedance difference at resonance stems

from R,,.

3.2.2. Fabrication of Transducer Arrays

| ASIC Wafer Diced
i

| Wafer thinned to 300 ym | | ASIC Assembly on PCB H PZT Fabrication on ASIC |
| Passivation R d | A bled to PZT Variant | | Bonding ASIC to PCB |
| TSMC 180 nm BCD Wafer | | PCB Without Components | | Acoustic Packaging H PZT Variant Probe |
| Passivation Kept | | Assembled to CMUT Variant | | Acoustic Packaging H CMUT Variant Probe |
| Wafer thinned to 300 pm | | ASIC Assembly on PCB H Bonding ASIC to PCB |

| CMUT Fabrication on ASIC |

{

| Passivation Removed |

| cmuT+AsIC Wafer Diced |—— 1

Figure 3.3: Basic fabrication flow for both probe variants.

Figure 3.3 shows the fabrication flow for both probe variants. Both the ASIC
and printed circuit board (PCB) in the probe are designed to be reconfigurable for
both fabrication flows, each having their own design trade-offs. To fabricate both
variants of the probe, both the ASIC and PCB undergo a processing split. For the
device wafers containing the ASIC, the passivation layer is processed differently.
The PCB on which the ASICs and acoustic array are manufactured are assembled
with different components. Section 3.2.3 covers the ASIC design trade-offs and
Section 3.2.4 covers the packaging and PCB design trade-offs.

CM5 Transducer Design

The micro-fabrication of the CM5 transducer array on the ASIC device wafers is

similar as described in [6], which covers the same device. First the TSMC device
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wafers are thinned and flattened. After which, holes are etched in the passivation
to the transducer pads on the ASIC. An aluminum alloy is then deposited and
patterned, which acts as the CMUT bottom electrode and forms an electric contact
to the transducer pads. A dielectric (SiOs) layer is then deposited. After which, a
sacrificial metal layer is deposited and patterned, which acts as a sacrificial layer
to form the vacuum cavity shown in Figure 3.1(a). Next, another dielectric layer
is deposited, on which the top electrode is deposited and patterned. A part of the
membrane (SiO3Ny) layer is then deposited and holes are etched at the edge of
the CMUTs, through which the sacrificial material is removed. Finally, another
membrane layer is deposited, finishing the CMUTs. Contacts to the bond pads of
the ASICs are etched and patterned, finishing the ASIC+CMUT tiles.

PZT Transducer Design

The fabrication of the probe variant with the custom PZT array is similar to the
processing steps in [7], [8], [9], [10]. First, ASIC(s) are mounted on the same PCB
as with the CMUT variant. After which, gold balls are placed on the transducer
pads and the acoustic surface area is filled with a buffer epoxy layer. This buffer
epoxy is then ground down, to expose flat electric contacts. The acoustic region
is then coated with a conductive glue, after which the PZT and matching layer
are deposited. This acoustic stack is diced with a 50 pm dicing blade to form the
315x315 pm? PZT transducers. The ASIC(s) are then bonded to the PCB and
coated with an insulator. Finally, a ground foil is applied over the PZT array and

electrically insulated with a protective acoustically transparent layer [11].

3.2.3. ASIC Compatibility with Different Transducers

Circuit Design Considerations

Figure 3.4(a) shows a simplified diagram of the circuits interfacing with each trans-
ducer, which are covered in detail in Section 2.3. These consist of a 2-level class-D
driver and a transmit/receive (T/R) switch for TX, and a variable gain amplifier
(VGA) which consists of a trans-impedance amplifier (TIA) cascaded by a current
amplifier (CA) for RX. HVGND is the ground of the driver, TGND is the trans-
ducer ground, and TGND’ is an on-chip routed sense line of the off-chip TGND,
which acts as reference for the VGA.

The driver and T/R switch consist of transistors Mp;, My1, M2, and My;.
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Figure 3.4: (a) Simplified diagram of the TX and RX circuits interfacing with a transducer. (b)
Simplified circuit diagrams of the pulser in TX. (c¢) Simplified loop gain circuit diagram of the TTA.

Most of the time they operate in the triode region, or are off. As such, to maximize
power transfer in TX, they are all scaled such that the transducer impedance Zp
dominates. Given that the resistive part of the transducer impedance is dominant
within the bandwidth of interest, for scaling of the transistors, the pulser can be
modeled as shown in Figure 3.4(b), where Ry is the series on-resistance of My
and Mys, and Rp is that of Mp;.

Given that Z7 of the PZT transducer is much lower than that of the CMUT
transducers (Figure 3.2), the scaling of Rp and Ry are based on that lower
impedance, resulting in the necessary over-scaling for the CMUT transducers.
Similarly, as the VGA takes a current input, the series on-resistance of My; and
Mg is scaled for noise assuming the Zp of the PZT transducer. As is covered
later in this section, the trace impedance of the power supplies is finite and care-
fully scaled. Therefore, to relax their requirements, the drivers of Mp; and My
are scaled as a trade-off between minimizing the supply current changes per pulse
transition (dI/dt) and power efficiency.

Figure 3.4(c) shows the simplified loop-gain circuit model of the TIA, where
the loop gain is Vipep/Vin, 7o is the output impedance of the TIA, Cy, its feedback
capacitor, and Cp, its feedforward capacitor. As the TIA is the first stage in the
RX circuit, its trans-conductance g, o is ideally scaled for noise. As described
in Section 2.3.3, the VGA implements a time-gain compensation (TGC) range of
36 dB, where the thermal noise of its stages ideally scale with this TGC range to
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maximize power efficiency. However, given the low Zp of the PZT transducers,
at low TGC gain settings, gm +iq is scaled to retain a sufficiently high loop gain
within the bandwidth of interest. Therefore, the TIAs are overscaled for the CMUT
transducers in a part of the TGC gain range.

Pad Placement

X 365 ym | 76 pm

Withcfut Passivation
= L] -]
| ||

Supply Traces & Transducer Grounds

!l lI 0l lI lI I lIle

Figure 3.5: Section of the ASIC without transducers, with indications of the positions of the different

transducer arrays.

As shown in Figure 3.1, the CMUT interfaces with the ASIC through a micro-
machined via next to the device bottom electrode, whereas the PZT does so
through a gold ball contact. As a result, the desired location of the transducer
pad, relative to the center of the transducer is offset. To accommodate both de-
vices, the pad layout on the ASIC is as shown in Figure 3.5. While the pads are
equidistant along the X-axis, they are shifted outwards per subgroup along the
Y-axis. This provides a landing zone compatible with both the CMUT vias and
the PZT bottom electrodes.

As aforementioned, for fabrication of the ASIC, two variants of the mask that
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defines the openings in the passivation layer were produced. The CMUT variant
has none of the passivation layer removed, while the PZT variant has passivation
removed around the wire bond pads and a 76x73 pm? section from the trans-
ducer pads. This leaves at least 100 pm spacing (Figure 3.5) between exposed
sections for a 50 pm dicing blade to pass through (covered in Section 3.2.2). To
ensure alignment for the dicing blade, marking structures were placed at the ASIC

periphery.

Trace Routing

As the transducer ground is the return path for a large part of the currents drawn
during TX, the ASIC supply lines are routed directly under the transducers, fol-
lowing this return current (Figure 3.5), to minimize their loop inductance. For
RX, a transducer ground sense line is used as a reference for the VGAs (Section
2.3.3), routed in the same way as the supply lines. A supply ring in the periphery
around the transducer array connects the LV supplies going into the transducer
array to the periphery LV circuits and bond pads.

3.2.4. Packaging for CMUT Arrays

Figure 3.6(a) shows the packaging also shown in Section 2.4.2, with added layer
thicknesses (along Z). The co-integrated ASICs + CMUTs are tiled on a steel
plate that is mounted on a PCB. The steel plate serves as a flat mounting surface
and a thermal conductor. After bonding the ASICs to the PCB, an injection
molded TPX-MX002 window is mounted on top of the array and makes acoustic
contact via a silicone viscous glue. An O-ring, pressurized via a custom anodized
aluminum casing and backside clamp, ensures that the entire front side of the
probe is watertight. The backside clamp also serves as a heatsink, and makes
thermal contact to the steel plating via a thermal paste and an array of thermal
vias in the PCB.

As covered in Chapter 2, the CM5 transducer is biased at a voltage Vi;qs of
+120 V to reliably operate in collapse mode. To accommodate this, the CMUT top
electrodes are routed to the ASIC periphery to be bonded to the PCB that provides
Vbias. Figure 3.6(b) shows the applied biasing scheme. To easily disconnect faulty
CMUT columns, the decoupling capacitor Cp that AC grounds the CMUT bias
lines (Figure 2.8) is split into a capacitor Cp; that is shared by two bias lines, and
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Figure 3.6: (a) Overview of the CMUT variant probe packaging. (b) Overview of the CMUT biasing
per two columns of the imaging array. (c) Front of PCB in probe. (d) Back of PCB in probe.

a global second-level decoupling capacitor Cpy. These are separated by an array
of jumpers Jg, which can be removed to disconnect 2 columns from the array, thus
avoiding faulty CMUTSs (further) damaging the underlying ASIC.

Figure 3.6(c) shows the front-side of the PCB. Each CMUT bias bond pad is
also separately connected to an array of probe points, which can be used to power 2
columns at a probe station. This is intended for future validation of arrays, and/or
to test potential apodization techniques. However, they are currently unused. The
ground foil pads serve a dual purpose of acting as alignment markers for the metal
casing, and serving as the ground for the PZT transducers, which are covered in
more detail later in this section. Figure 3.6(d) shows the backside of the PCB. To
limit the damage to the ASIC when a CMUT discharges and/or shorts, high-speed
fuse Fp connects the dc bias supply Vg to the CMUTs. The resistance of Fy is
low enough such that the supply network time constants are much lower than a

T/R cycle to ensure that the bias voltage remains constant over continuous use.



3. DESIGN AND CHARACTERIZATION OF CMUT-0N-ASIC AND PZT-0N-ASIC
64 PrROTOTYPES

3.2.5. Packaging for PZT Arrays
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Figure 3.7: (a) Overview of the PZT variant probe packaging and layer stack. (b) PZT array without
ground foil and top coating. (c) Back of PCB in probe.

Figure 3.7(a) shows an overview of the packaged PZT probe with layer dimen-
sions. While the front side of the probe is watertight, it requires mounting in a
casing to safely interface with water, which is covered in more detail in Section
3.2.7. Figure 3.7(b) shows the front side of the PCB without ground foil and
protective coating. While for a fully working array, a steel interposer is present
between the ASICs and the PCB, it is omitted in the measured sample, as only
one ASIC is mounted on the PCB. Therefore, the added thermal coupling and tile
flattening it provides is not needed. Moreover, the fabricated array is also smaller
than what one ASIC can accommodate. This resulted from yield issues, likely orig-
inating from damage to the specific diced ASICs that were used and mechanical
damage from the dicing process during the array manufacturing. However, these
are not fundamental issues, which is covered in more detail in Section 3.4.

Figure 3.7(c) shows the backside of the PCB, and changes made versus the
CMUT variant. As the CMUT landing pads on the ASIC do not need to be
biased, capacitors Cp; (Figure 3.6) are replaced by an array of jumpers. Moreover,

Cgo, Fp and Jg are omitted. A heatsink is also not mounted on the backside of
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the PCB for the same relaxed thermal sinking requirements for this prototype as
aforementioned.

3.2.6. Measurement Setup for Validating Transducer Pro-

cess Spread

]— XYZ stage

Transducer /
Hydrophone

Imaging array

Water tank
Probe

256x Motherboard /
VSX-256

N

Oscilloscope
| AWG

Figure 3.8: (a) Picture of the measurement setup for measuring the RX spread. (b) Diagram of the
measurement setup for measuring the RX and TX spread. For the RX measurements, a transducer is

connected to an AWG. For the TX measurements, a hydrophone is connected to an oscilloscope.
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Figure 3.8 shows the measurement setup for validating the spread over the
transducer array. A 3-D-printed water tank is placed on a probe with standoffs to
level it relative to an XYZ stage. For measuring the TX sensitivity of the array, a
pre-calibrated 200 pm hydrophone [12], connected to an oscilloscope, is placed 1.0
cm from the imaging array, and centered to a CMUT element in a 32x32-element
grid. To ensure that the XY movement of the stage tracks the XY coordinates of
the array, the hydrophone is aligned to a subset of elements in advance.

While scanning the 32x32-element element grid, each element produces a 50-
period pulse at a 10 V amplitude, with the hydrophone centered to that trans-
mitting element. To compensate for small misalignments between the center of
the transducer and the hydrophone, the estimated distance and the known pre-
calibrated distance along the Z-axis are used to estimate the angle of the misalign-
ment. The gain error from the hydrophone directivity function Dy (6) is adjusted
using the following equation [13]:

sin[krsin(6)]

Do) = krsin(0)

(3.1)
D(#) is the directivity of a cylindrical piston, k = 27 f/c, f is the frequency of the
sound wave, c is the speed of sound, and r is the radius of the piston. To adjust
for the gain error from the directivity of the CMUT, its directivity measurements
are used as a reference, which are covered later this chapter.

For measuring the RX sensitivity of the array, a pre-calibrated 2 mm diameter
transducer [14], connected to an arbitrary waveform generator (AWG), is placed
10.4 cm from the imaging array. A similar alignment method is used as with TX.
However, the transducer is moved to the center of a 4 x4-element sub-array instead.
At the center of each sub-section, the transducer produces 8 2.5 MHz 30-period

pulses as the ASIC multiplexes between the 8 input channels of each subgroup.

3.2.7. Measurement Setup for Validating Transducer Direc-
tivity

Figure 3.9 shows the measurement setup for validating the RX directivity. The

prototype probes are placed in a waterproof casing [7] that can be rotated along a

center axis of the probe’s array (6). The casing contains a 25 nm thick polyamide

acoustic window, to which the probes are interfaced via an acoustic gel. The casing

has mounting/alignment screws for the PCB used in each prototype probe. How-
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Figure 3.9: (a) Picture of the measurement setup for measuring transducer RX directivity. (b) Diagram

of the measurement setup.

ever, it is incompatible with the aluminium casing of the CMUT variant. There-
fore, a sample is used without this casing, but with the same polymethylpentene
(TPX) window. An XYZ stage positions a pre-calibrated 2 mm diameter circular

single element transducer [14] to the center of a transducer in the probe’s array at

a 20 cm distance.

Figure 3.10 shows the measurement setup for validating the TX directivity.
The probe is placed in the surface of the water tank, with a pre-calibrated 200
pm diameter hydrophone [12] facing it from the bottom. This hydrophone is

(b)
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Figure 3.10: (a) Picture of the measurement setup for measuring CMUT TX directivity. (b) Diagram

VSX-256

of the movement of the hydrophone around a CMUT transducer. (c) Diagram of the measurement
setup.

connected to the XYZ stage via a bracket, allowing it to make an arcing motion
around the transducers. The radius of the arc is 3 cm as a trade-off between
minimizing measurement tolerances and the SNR of the measured data. The
hydrophone connects to a two-stage pre-amplifier. The first stage [15] connects
to the hydrophone in the water tank, the second stage [16] is added for increased
signal gain outside of the water tank. To adjust for misalignments between the
plane of the imaging array and the hydrophone, it is triangulated using three corner
elements of the array. Equation 3.1 is used to compensate for the directivity of the
hydrophone. The ASIC pulsers drive the CMUTs at a 5 V peak-peak amplitude.

Two types of excitation are used for characterizing the directivity of the trans-
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ducers: a 2-period pulse and a 2.6 MHz continuous-wave function. While the
pulsed waveform is more representative of the waveform used when imaging, the
continuous waveform shows the effects of measurement asymmetries and crosstalk
better, due to any resulting constructive/destructive interference being represented
in the magnitude of the waveform, which is only partially the case for the pulsed

waveforms.

3.3. Results

3.3.1. Prototypes Under Test

(a) (b) (c)

Figure 3.11: (a) Picture of the measured PZT probe prototype in waterproof casing. (b) Picture of the
CMUT probe prototype used for measuring RX directivity. (¢) Picture of a CMUT probe prototype

with aluminium casing as used for all other measurements.

Figure 3.11 shows pictures of the prototypes used for the measurement results
presented in this section. Figure 3.11(a) shows the measured PZT probe prototype
in the waterproof casing shown in Figure 3.9. Due to the aforementioned yield is-
sues, no fully working PZT probe prototype has been produced. For the prototype
shown, a short between the TX power line (PVDD) and a ground line (Section
2.3.2) prevents the sample from working in TX. Therefore, the sample can only
be operated in RX mode. Figure 3.11(b) shows the CMUT probe prototype used
for measuring RX directivity. As aforementioned, this sample does not have the
aluminum casing shown in Figure 3.6(a) to be mountable in the waterproof casing
shown in Figure 3.11(a). Figure 3.11(c) shows a CMUT probe prototype with the
aluminium casing, used for all measurements except RX directivity.
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3.3.2. CMUT Sensitivity Spread
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Figure 3.12: (a) Histogram of the normalized TX sensitivity of 1013 elements. (b) Spatial map of the
normalized TX sensitivity of 1024 elements.

Figure 3.12 shows the distribution of the TX sensitivity of 1024 elements. The
TX pressures shown are derived from a fast Fourier transform (FFT) of 40 periods
of the 2.6 MHz 50-period square wave transmitted, only taking into account the
first harmonic. The measured sample mean pressure magnitude is 1.15 kPa. Using
the exact diffraction derivation of a circular piston [17], the estimated CMUT
surface pressure is 60.8 kPa, which results in a TX efficiency of approximately
12.2 kPa/V. Elements are considered working if their recorded pressure is no less
than -8 dB from this mean. The element yield is 98.9%, and the 1013 working
elements have sample standard deviation of 1.9 dB.

Figure 3.13 shows the distribution of the RX sensitivity of 1024 elements for
varied gain settings of the VGAs in the ASIC. Their gain is controlled by a control
voltage (VC), which is varied between 0 V and 1.2 V, as covered in Section 2.3.3.
The RX pressures shown are derived from an FFT of 20 periods of the 2.5 MHz
30-period sine wave transmitted, only taking into account the first harmonic. It
should be noted that this is a distribution from a different sample than for the TX
sensitivity measurement, as that sample broke before the RX sensitivity could be
measured, which is covered in more detail in Section 3.4.

The measured sample mean RX sensitivity is 1.4 nA/Pa, or ~23.2 pV/Pa
through the Thévenin equivalent using the simulated impedance of the CMUTs at
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resonance (see Figure 3.2). This was determined at the highest gain, as the ASIC
electronics influence the measurement result the least in this setting. Elements
with a recorded pressure above -8 dB from the sample mean at the highest gain
setting are considered working. Of the 1024 elements, 1019 meet this condition,
resulting in an element yield of 99.5 %, which is in line with the TX sensitivity
measurements. Figure 3.14 shows the change in sample standard deviation versus
the VGA gain setting. At the highest and lowest gain settings, the sample standard
deviation of the working elements is 2.0 dB, which is in line with the TX sensitivity
measurements. Between these gain settings, a small gradient in the sensitivity is
observed, increasing the sample standard deviation up to 3.2 dB. The expected

reason for this gradient is covered in Section 3.4.
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3.3.3. Transducer Directivity
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Figure 3.15: Transmitted 2-period pulse by the CMUT probe: (a) time domain waveform; (b) spectrum.
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Figure 3.16: TX directivity pattern of 4 typical elements of the CMUT probe: (a) based on the peak-
peak amplitude of a transmitted 2-period pulse; (b) based on the magnitude of a transmitted 2.6 MHz

continuous wave.

Figure 3.15 shows the recorded TX waveform of a 2-period pulse produced
by the CMUT probe and its spectrum after adjusting for the frequency response
of the hydrophone. Due to a peak around the center-frequency, the -6-dB band-
width reduces to 39% compared to the 58% from simulation. Figure 3.16 shows
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the normalized TX directivity pattern of 4 typical elements in the CMUT probe
compared to simulation when transmitting the 2-period pulse and when transmit-
ting a 2.6 MHz continuous wave. The average -6-dB beam widths are 54° and
60°, for the 2-period pulse and continuous waveform, respectively. When taking
into account crosstalk, the measurements align well with simulations up to £25°
when transmitting a 2-period pulse, but diverge from simulations when transmit-
ting a continuous wave. However, although the amplitudes are different, similar
side-lobes are observed.
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Figure 3.17: (a) CMUT probe RX directivity pattern of 4 typical elements based on the peak-peak
amplitude of a transmitted 2-period pulse. (b) CMUT probe RX directivity pattern of 4 typical
elements based on the magnitude of a transmitted 2.6 MHz continuous wave. (c) PZT probe RX
directivity pattern of 4 typical elements based on the magnitude of a transmitted 2.6 MHz continuous

wave.
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Figure 3.17 shows the normalized RX directivity pattern of 4 elements of both
probe variants. The average -6-dB beam widths of the CMUT variant are 61°
and 60°, for the 2-period pulse and continuous waveform, respectively. The sim-
ulation results shown are the same as in Figure 3.15, assuming reciprocity. Like
with TX, measurement results align well with simulations when transmitting a
2-period pulse, but diverge when transmitting a continuous wave. The observed
asymmetries between beam profiles are likely a result of crosstalk, which is covered
in Section 3.4.

The average -6-dB width of the PZT variant is 58.4°, which is between the
simulated beam widths, with and without crosstalk. The notches observed around
+30° are consistent with the observations in [7], [8], making the acoustic window
of the waterproof casing and the presence of more elements in the measured array
than modeled the likely causes of the measurements diverging from the simulations,
as is also covered in more detail in Section 3.4.

The RX sensitivity was also determined based on the peak magnitude of 40
measured elements, which is 2.5 nA/Pa and 1.1 nA/Pa for the PZT and CMUT
variant, respectively. Through the Thévenin equivalent with their respective
impedances at resonance (see Figure 3.2), the RX sensitivities translate to 13.3
1V /Pa and 17.9 pV/Pa. These results for the CMUT sample are consistent with
results presented in Section 3.3.2. However, the RX sensitivity of the PZT variant

is about 3x higher than simulations predict.

3.4. Discussion

3.4.1. Comparison Between Measurements

In Section 3.3.1 it was mentioned that the RX and TX sensitivity distribution
were measured using different samples as a result of the first breaking. This was
as a result of using a TX voltage above 10 V after CMUTs destructively discharged
beforehand. It is likely, that either a destructive discharge, where a CMUT breaks,
or a non-destructive discharge, where a faulty CMUT injects charge in the pulser
as it is biased, damages the pulser to which the CMUT is connected. As a result,
it still functions at lower voltages, but displays latch-up-like conditions when op-
erating at voltages above 5-20 V. These yield issues are the reason why samples
are currently operating at a TX voltage of 5 V as a precaution. However, a com-

bination of ASIC4+CMUT screening and improved device processing is likely to
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completely remove these issues in future samples.

As aforementioned, different CMUT samples were also used between directivity
and sensitivity measurements, due to compatibility issues with the rotation stage of
the water tank. To improve consistency, in future measurements, a full waterproof
encapsulation of the aluminum casing is intended to be fabricated. This allows,
with some added mounting points, for the CMUT samples to become compatible,
thus addressing this discrepancy. Alternatively, a smaller transducer could be used
than the currently used 2-mm-diameter device, lowering compensation errors of
the device directivity, enabling sufficiently low measurement errors when measuring
directivity for RX the same way as done for TX.

Because of time restrictions and yield issues with the PZT sample fabrication,
its characterization was limited to RX for a relatively low number of elements. The
most likely cause of these yield issues is damage to the ASICs during the wafer
dicing process. This issue is not fundamental, and is expected to be resolved in
the near future. After which, new samples can be produced with the described

method and re-measured in the same way as done for the CMUT samples.

3.4.2. Comparison with Simulation Results

For the CMUT variant, both the TX sensitivity and the RX sensitivity are lower by
a factor of 2-3 versus simulations. However, this is only the case for measurements
that use the 200-pm-diameter hydrophone as a reference. For measuring the TX
sensitivity, it was the recording instrument. For the RX measurements, it was used
to calibrate the 2-mm-diameter transducer. While not reported in this Chapter,
the TX sensitivity was also measured using a 1-mm-diameter hydrophone [18], with
a similar setup as shown in Figure 3.9. In these measurements, the CMUT RX
sensitivity is in line with simulations. It is therefore assumed that the sensitivity of
the hydrophone is not correctly calibrated. However, this does not explain the gap
between the measured and simulated RX sensitivity of the PZT transducers, for
which there currently is no clear explanation other than a high acoustic crosstalk.

As aforementioned, the CMUT directivity is in line with simulations when
transmitting a 2-period pulse. However, this is when taking into account the
acoustic window and crosstalk between adjacent elements. A single CMUT drum
has a directivity similar to what Equation 3.1 would predict, which is significantly
broader than what was measured. Moreover, the axis-symmetric model used for

simulations does not take into account the dampening that occurs in the TPX
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and silicone glue layers (see Section 3.2.4) and also does not accurately take into
account the symmetries of the rectangular CMUT grid. Therefore, the effects of
crosstalk are only modeled qualitatively. This also explains why the measurement
results do not align well with simulations when transmitting a continuous wave,
where mismatches in crosstalk magnitudes are more exacerbated.

The inconsistency observed in the PZT element RX directivity in Figure 3.17(c)
is expected to be due to the added window of the waterproof casing (Figure 3.9),
which was not modeled. Moreover, the simulations taking into account crosstalk
from adjacent elements only model a 3x3 (sub)array, which does not take into
account the crosstalk from the full array. As noted in [7], [8], a combination of
acoustic crosstalk and the addition of the window cause dips in the directivity

pattern, which also explains the dips observed in Figure 3.17(c).

3.4.3. VC-Dependent RX Sensitivity Gradient

In Figure 3.13, a gradient was observed in the measured RX sensitivity as the
VGAs are in the middle of their gain range. As aforementioned, the gain of the
VGAs is derived from a control voltage VC, which is compared to a globally routed
supply reference. However, the VGA supply has a limited effect on this reference.
Therefore, due to the voltage drops across the global VGA supply network, a small
gain gradient is caused, which scales with VC. As the VGA gain saturates, this
gradient disappears, as also observed.

While this gradient could be removed from the measurements by disabling
sections of the array, reducing the supply voltage gradients, this would not be
representative for nominal operation. Moreover, the spread of the CMUT array
itself can still be assessed based on the lowest and highest VGA gain settings.
Additionally, the increased channel spread is still considered acceptable for the
imaging application of the probe. Also, given that this gradient is systematic,
the probe’s RX channels can be calibrated based on the presented measurement

results if a decreased device spread is required across the VGA gain range.
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3.5. Conclusion

Table 3.1: Overview of measurement results.

TX Sensitivity RX Sensitivity RX Sensitivity TX/RX Beam Width TX Pulse BW
n [kPa/V] / o |[dB] | n [nA/Pa| / o [dB] n [nV/Pa) Pulse [°] / Continuous Wave [°] |%]
M5 122 /19 14720 23.3 TX:54 /60 39
RX : 61 / 60
Bulk PZT N.A. 2.5 / N.A. 13.3 RX : 56 / 58 N.A.

In this chapter, the fabrication and design trade-offs of an imaging system
that is compatible with multiple transducer technologies have been presented.
This reduces project risk and presents an improved method for characterizing
and comparing transducer array technologies. The prototype probe consists of 2
ultrasound ASICs, integrated on a PCB, accommodating a transducer array of
up to 64x64 elements. The ASICs are compatible with monolithic integration of
CMUT devices and bulk PZT devices. This is achieved by a combination of careful
layout of the transducer pad array, subgroups and supply routing, and routing in
the periphery of CMUT HYV bias lines. The PCB is made configurable, such that
only modest component changes are required for compatibility with the different
devices.

Characterization results of both devices were presented, of which an overview
is shown in Table 3.1. In terms of device performance, the PZT array has a higher
RX current sensitivity, whereas the CMUT array has a broader RX directivity.
Moreover, co-integration of a large CMUT array on an ASIC has a higher yield
than of a large bulk PZT array. While for different reasons yield of both character-
ized probe variants can still be improved, both variants are (partially) functional.
Together with a high flexibility in TX waveform definition and element address-
ing, the system is a promising solution for standardization of future transducer

technology validation and imaging array development.
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HiGH-VOLUME-RATE IMAGING
UsiING THE CMUT-0N-ASIC
PROBE

This chapter is planned for publication in IEEE Transactions on Ultrasonics,

Ferroelectrics, and Frequency Control

4.1. Introduction

his chapter covers the characterization and comparison of a set of imaging
T strategies that have been designed for the abdominal aorta (AA) probe de-
scribed in Chapters 2 and 3, using both simulation and experimental results. As
aforementioned, a 60°x60°x10 cm imaging volume is targeted to image all but the
most extreme abdominal-aortic-aneurysm (AAA) sizes at various depths, as indi-
cated in Figure 4.1. Given a 1540 m/s (typical) speed of sound in human tissue,
imaging a 10 cm depth allows for a pulse-repetition frequency (PRF) of 7.7 kHz,
allowing 4 pulse-echo acquisitions to reconstruct a volume at a ~2 kHz volume
rate. This necessitates diverging-wave transmissions with large opening angles
to cover the full volume, with synthetic focusing in receive (RX) to reconstruct

images.
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Figure 4.1: Overview of volume to be imaged to cover most AAAs.

Section 2.5.4 qualitatively demonstrated the performance of this imaging strat-
egy. However, to evaluate suitability for AAA imaging, a quantitative analysis of
the probe’s imaging performance is also necessary. Moreover, as demonstrated
in [1], image resolution improves marginally and contrast improves substantially
with coherent compounding of beamformed RX data from differing angles, at the
cost of volume-rate. As flow speeds in the AA and other medical applications
where this probe is potentially suitable can widely vary [2], [3], it is desirable to
understand how trading off volume-rate for improved image quality works out for
this probe. Imaging schemes with up to 9 pulse-echo acquisitions per image are
considered, as that many transmit (TX) profiles can be pre-loaded in the probe to
maximize the volume-rate.

The probe consists of 2 32x64-element tiles, the imaging arrays of which are
subdivided into 8-element subgroups, consisting of two 2x2-element sub-apertures
(SAPs) (Section 2.2.2). The SAPs implement 4x channel-count reduction via a
delay-and-sum micro-beamformer (uBF), the outputs of which are combined via
2x time-division multiplexing (TDM). In addition, the reduction in TDM-induced
crosstalk by channel equalization was demonstrated (Section 2.5). However, the
effect of this crosstalk on image quality was not quantified, which this chapter also
aims to do.

Due to yield issues with getting both tiles in a probe fully functional, imaging
performance has been evaluated with only one tile. While a loss in resolution along

the short-axis of one tile is expected, use of one tile still provides a significant
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improvement over the state-of-the art [1], [4], [5], [6], [7], [8]. A comparison of
image performance along the long-axis of one tile is expected to give a decent
quantitative indication of how the full array will perform along both axes due to
Syminetry.

The outline of this chapter is as follows. Section 4.2 covers the methods for the
comparison of the imaging schemes of interest. This involves a short overview of
the imaging array used, the set of TX beams used for all imaging schemes, and the
method of RX beamforming. In addition, the measurement setups for quantifying
the achievable image resolutions and capabilities of tracking flow speeds are cov-
ered. Section 4.3 covers the TX and RX performance of the array, and presents
a comparison of the imaging performances achieved. Section 4.4 discusses these
results and Section 4.5 presents the conclusions of this chapter.

4.2. Methods

4.2.1. Imaging Array Definition

Il Blevatio: ||
T ——

32x32
Elements
Used in TX

=
5
1=
<

Used in/RX
Y

JRUUBID YRV RYURYY

Figure 4.2: Definition of the imaging array dimensions of the probe used.

For AA imaging, pulses with a center frequency around 2 MHz to 4 MHz are
typically used. This is a result of the trade-off between penetration depth, which
decreases with a higher center frequency, and resolution, which increases with a

higher frequency [9]. The choice of center frequency also affects the amount of
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channel-count reduction possible for a given RX channel bandwidth and volume
rate. As a trade-off between these different design considerations, a transducer
array with a center frequency around 3 MHz and a -6 dB bandwidth of at least
50% was targeted. Towards this end, results with the Xiver CM5 capacitive micro-
machined ultrasound transducer (CMUT) device are presented, which has a drum
size of 364 um, a 2.6 MHz center frequency (f.) and 93% bandwidth (BW) [10],
and a 365 pm pitch.

Figure 4.2 shows the definition of the array that will be adhered to in this
chapter. As one tile is used for imaging, the array consists of 32x64 elements,
where the Y-axis is the short side of the array, and the X-axis is the long side.
The elevation axis is along the Y-axis of the array and the azimuthal axis is along
the X-axis of the array.

4.2.2. Definition of Imaging Schemes

As the aforementioned imaging array has a pitch that is larger than half the
wavelength of the transmitted ultrasound waveforms, and consists of 2x2 SAPs
with pBFs, the grating-lobe-free FoV that can be imaged per pulse-echo acquisition
is limited. As such, to avoid illuminating grating lobes, while maximizing the
field-of-view (FoV) per acquisition, the TX beams and SAP directivity used for

the investigated imaging schemes are covered next.

Definition of TX Beams

Figure 4.3 shows the dimensions of the set of 9 TX beams used for all imaging
schemes under test and simulated cross-sections of 3 beams. The beams were
simulated in Field-IT [11] using the same delays that are programmed to the TX
BF in the probe. The central 32x32-element section of the array is used to make
the beams symmetrical along azimuth and elevation to avoid illuminating grating
lobes in RX (see Appendix A.1). Each TX beam has a 30°x30° opening angle,
where the angles along both azimuth and elevation are varied from -15° to 15°. The
transmitted waveforms are 2-period pulses at f., which have a 39% BW (Section
3.3.3).



4.2. METHODS 87
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Figure 4.3: Overview of TX beams for investigated imaging schemes and simulated cross-sections of 3

beams.

Table 4.1: Overview of imaging schemes

Scheme TX Beams Subgroup SAP Output

1 1379 TDM (Both 1 and 2)

2 [123456789] | TDM (Both 1 and 2)
3 (11337799 12121212
4 [123456789 111111111
123456789 222222222

Overview of Investigated Imaging Schemes

Table 4.1 gives an overview of the TX beams and the subgroup settings used to
image a volume at a high volume-rate. The steering angle of all SAPs in the array
are configured to be the same as the TX beam steering angle. In total, 4 imaging
schemes are compared: One with 4 pulse-echo acquisitions per frame (Scheme
1), one with 9 (Scheme 2), one with 8 (Scheme 3), and one with 18 (Scheme 4).
Schemes 1 and 2 use TDM to output both SAPs in each subgroup per acquisition.
Schemes 3 and 4 multiplex the SAPs, thus requiring sections to be scanned twice
to read out the whole array. In static phantoms, the only difference in image
quality between Schemes 1 and 3, and 2 and 4, are TDM-induced crosstalk, thus

allowing the degradation in image quality from this artifact to be quantified. For




88 4. HIGH-VOLUME-RATE IMAGING USING THE CMUT-0N-ASIC PROBE

investigating Doppler imaging performance and image quality, only Schemes 1-3
are used due to their higher volume rate versus Scheme 4. At a PRF of 8 kHz,
these are 2 kHz, ~888 Hz, and 1 kHz respectively.

| TX Diverging Beams | | Pre-process RX Data H Beamform Pulse-Echo Data I
| RX Element-Level Data | Apply 2x Multiplexing | De-multiplex RX Data | |Compound Beamformed Datal
| 2x2 Sub-array Beamforming Apply 2x TDM Digitize RX Channels in VSX | | Image Post-processing I

Figure 4.4: Block diagram of the imaging acquisition and processing steps.

Figure 4.4 shows a block-diagram of the imaging acquisition and processing
steps. As will be covered in more detail in Section 4.3.1, once the VSX digitizes
the RX output channels of the probe, equalization can be applied during the
de-multiplexing step to reduce TDM-induced crosstalk. The RX data is then
post-processed, which involves correcting for any time-offsets between TX and RX
that the system introduces and optionally applying TGC. Data from individual
pulse-echo acquisitions are then beamformed, where the data is apodized with a
Tukey window with 50% tapering and an f-number as close as possible to 1.0 is
used for beamforming each point. The sub-images are apodized with a Hanning
window and an f-number of 1.2 is used when reconstructing the final image data
by compounding the beamformed data from a set of pulse-echo acquisitions (see
Table 4.1). To render the images, the image data is post-processed by applying
the Hilbert transform and log compression.

For Doppler imaging, which is further covered in Section 4.2.6 and Section
4.3.4, a singular value decomposition (SVD) is applied to the beamformed frames.
The first N columns and last M columns of the resulting singular value matrix (¥)
are made zero to band-pass-filter the data. A lag-1-autocorrelation is then applied
to ensembles with a length of 15 frames. These are spatially filtered with a 3x3x3
Hamming window. The phase is then extracted to find the estimation of the axial
velocity, after which 85 resulting frames are averaged to produce the final Doppler

image.
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Figure 4.5: Measurement setup for validating the SAP directivity.

4.2.3. Simulation and Measurement of TX and RX Direc-
tivity

Figure 4.5 shows the measurement setup for validating the SAP directivity, which
is the same as the setup used for measuring the element RX directivity in Section
3.2.7 (Figure 3.9). The same sample was also used. All other measurements use the
sample shown in Figure 4.2. A first-order approximation of the SAP directivity in
one dimension (D(©, ®)), which is used as a reference, is described by the following
equation [12]:

_ sin[Mks(sin © — sin @) /2]
b, 2) = M sin [ks(sin © — sin @) /2] (4.1)

where M is the SAP element count in one dimension, k = 27 f/c with f the RX
frequency and c the speed of sound, s is the element pitch, ® is the steering angle,
and O is the RX angle.

Figure 4.6 shows the measurement setup for validating the directivity of the
set of TX beams, which is the same as the setup used in Section 2.5.3 (Figure
2.16). The hydrophone is the same as the pre-calibrated 200 pm device [13] used
in Section 3.2.6, and the same method for compensating for the directivity of
the hydrophone is applied. The TX beams are also simulated in Field-II [11] for
reference, where the same 2-period pulse is used for excitation and the same delays
are used for the 32x32-element TX array.
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Figure 4.6: Measurement setup for validating the TX beams used in Schemes 1-4.

4.2.4. Simulation and Measurement of the Point Spread Func-

tion

To evaluate the point spread function as a function of depth, the elevation and
azimuth angle, a 3-dimensional (3D) phantom was made using wires with diameters
less than 10 pm [14], which is about 60x smaller than the wavelength at the center
frequency f. of the pulses transmitted, and thus will not significantly affect the full-
width-half-maximum (FWHM) of the point-spread-function (PSF). Figure 4.7(a)
shows a picture of the wire phantom and Figure 4.7(b) shows a diagram with the
approximate locations of the wires. The wires are spun at 5 angles along both
the X and Y axis of the probe, covering most of the full FoV. To image the wires,
the phantom is placed in a container filled with demiwater, on which the probe is
mounted. As demiwater is an (almost) non-attenuating medium, the application-
specific integrated circuit (ASIC) pulsers drive the CMUTS in the array at a 5 V
peak-peak amplitude, rather than the 40-V maximum they are capable of.

The exact positions of the wires are determined from imaging the phantom
(covered in Section 4.3.2). The imaging schemes are also simulated in Field-IT [11]
with an emulated phantom that models the cross-section of each wire in azimuth
and elevation as a single point scatterer in the same positions as measured. In
measurement, the FWHM in the axial direction (p) is determined from cross-
sections of all spun wires, whereas the FWHM in elevation is determined from
the cross-section of wires spun along the X-axis of the probe and the FWHM in
azimuth from those spun along the Y-axis. In simulation, as the cross-section of

each wire is modeled as ideal point scatterer, all points are used to determine the
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FWHM in all three dimensions.
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Figure 4.7: (a) Picture of the fabricated wire phantom outside of a water tank. (b) Diagram of the
wire phantom in a water tank.
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4.2.5. Simulation and Measurement of Image Quality

A CIRS 040GSE phantom [15] is used to evaluate the image quality of Schemes 1-
3. Figure 4.8(a) shows an overview of the measurement setup used to evaluate the
image quality along elevation and azimuth. In both cases, the probe is positioned
to approximately cover the same region in the phantom. An ultrasound gel pad
[16] is used as interposer to acoustically couple the probe to the phantom. Figure
4.8(b) shows a diagram of the imaged medium with the associated offset from the
interposer.

The image quality is assessed based on the hyperechoic cylinder and the two
stepped anechoic cylinders, of which the diameters change in the phantom, within
the FoV. As the metric for quantifying contrast varies in literature [17], [18], [19],
[20], both the contrast ratio in dB (CRgp) and contrast-to-noise ratio (CNR) are
used. The CRyp is determined using the following equation [17], [18]:

CRyp = 10log (4.2)

Ho

where p; is the mean signal power inside a cylinder, and p, is the mean signal
power outside a cylinder. As both the spatial resolution (in cartesian coordinates)
and signal-to-noise ratio (SNR) decrease versus distance, u, is determined based
on speckle close to the evaluated cylinders. The blue, purple and red circles in
Figure 4.8(b) indicate where the CRqp are calculated for the hyperechoic and two
anechoic cylinders, which will be referred to as the CRqpn, CR4B,a1 and CRyg a2,
respectively.
The CNR is determined using the following equation [19], [20]:

CNR = M (4.3)

2 2
0 +00

where p; and p, are the mean signal powers, and o; and o, are the standard
deviation of the signal powers within the assessed regions inside and outside a
cylinder, respectively. Similar to the CRqp, the CNRy, CNR,; and CNR,, repre-
sent the CNR for the same cylinders, calculated using the same blue, purple and
red highlighted regions in Figure 4.8(b).

To validate the effect of noise on the image quality, the CMUTs in the array are
driven with the same 5 V 2-period pulse as for the aforementioned wire phantom
measurements. To distinguish between noise and clutter, the CRqg and CNR will
be compared for one acquired frame, and with 16 averaged frames. In addition, to

minimize the effect of signal attenuation in the medium, an exponential time-gain
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compensation (TGC) is applied such that the average background signal intensity
from speckle and clutter is p-independent.

To ensure this, the average attenuation in the medium and a first-order indi-
cation of the imaging depth that the probe can achieve are derived by averaging
the beamformed data in azimuth and elevation, which provides an estimate of the
average signal levels in the medium along p. The scatterers in the CIRS phantom
are assumed to have a random, uncorrelated distribution. As a result, the back-
ground speckle, clutter, and noise in the signal floor are expected to scale in the
same way with averaging, whereas correlated signals from the wires and cylinders
coherently add. As the speckle and clutter signal levels scale with the attenuation
in the phantom, but the system noise is medium-independent, the signal floor is
flat when speckle and clutter dominate after a correct TGC is applied, whereas
the signal floor will exponentially increase when noise becomes dominant. This
transition provides a first-order indication of the achievable imaging depth.

To compare measurement results, two similar phantoms were constructed and
simulated in Field-IT [11]. The objects in Figure 4.8(b) highlighted in purple are
modeled in both. One phantom (Sim 1) consists of 100,000 point scatterers spread
out over a 60x10x80 mm region, which visually emulate the speckle in the CIRS
phantom, at a 30 mm depth from the probe aperture. The wire targets are also
modeled as single point scatterers. While the anechoic stepped cylinders vary in
diameter across the region of interest in the CIRS 040GSE phantom, the diameter
of the bottom anechoic cylinder is fixed to 10 mm, and the top cylinder has a 6.7
mm diameter.

The second phantom (Sim 2) consists of 1,400,000 point scatterers spread out
over a 140x60x80 mm region at a 30 mm depth from the probe aperture, and has
the same scatterer density as Sim 1. The hyperechoic cylinder and wire targets
are the same as in the first phantom, but the modeled anechoic cylinders have
their diameters reduced to 6.7 mm and 4.5 mm, for the bottom and top cylinder,
respectively. While the first phantom is a more ideal model for assessing the
expected image quality, this second phantom more accurately models measurement

conditions.
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Figure 4.8: (a) Pictures of the measurement setup for imaging a CIRS 040GSE phantom oriented along
azimuth and elevation. (b) Diagram of the objects imaged in the phantom. The colored circles indicate
sections of the phantom used for CRqp and CNR calculations. The objects highlighted in purple are
modeled in Field-II simulations.
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4.2.6. Flow Imaging Setup

Figure 4.9 shows the measurement setup for evaluating the Doppler imaging per-
formance of the probe when using Schemes 1-3. CIRS 769DF Blood-mimicking
fluid [21] is pumped at a constant flow rate by a syringe pump [22] through a CIRS
ATS524 flow phantom [23] containing a tube with a 4 mm diameter. To acous-
tically couple the aperture of the probe to the acoustic medium of the phantom,
the cavity on top of the phantom (see Figure 4.9(a)) is filled with water.

To determine the performance of the probe for flow in both azimuth and eleva-
tion, the phantom is angled along both the X and Y axis of the array, respectively.
In both cases, the center of the probe is at an angle of approximately 8° and a
radial distance of 26 mm to the cross-section of the tube, which is 15 mm below
the surface of the phantom [23]. As this is lower than the maximum depth the
probe is capable of, with an attenuation coefficient of 0.5 dB/cm-MHz, the medium
attenuates ~19-22 dB less than at the 10 cm depth the probe is designed for. To
obtain an SNR comparable to what would be expected at the maximum depth,
the voltage at which the ASICs pulsers drive the CMUTs in the imaging array is
proportionally lowered to 5 V.




96 4. HIGH-VOLUME-RATE IMAGING USING THE CMUT-0N-ASIC PROBE

Phantom Oriented Along Elevation Phantom Oriented Along Azimuth

- ?—b’\—*‘

it
v

{)

VSX-256

Flow
Phantom

Syringe Pum)
4-mm Diameter yring P
Tube — Blood
Floi imickit
( 10 gz ()
Prob “ /\ \ ¥
robe \7,, . .,

-

(b)

Figure 4.9: (a) Pictures of the measurement setup for imaging the flow through a 4 mm tube in a CIRS
ATS524 flow phantom oriented along azimuth and elevation. (b) Diagram of the measurement setup.

4.3. Results

4.3.1. TX and RX Directivity

Figure 4.10 shows the measured directivity of a SAP when its nBF steers to the
angles corresponding to TX beams 2, 5 and 8 (Figure 4.3). When receiving a
2-period pulse, which is representative for the typical ultrasound waveform trans-
mitted, the average -3-dB beam widths of 20 SAPs are 29°, 38° and 28° for the
-15°, 0° and 15° steering angles, respectively. When receiving a 2.6-MHz continu-
ous wave, which is a conservative waveform for evaluating directivity, the average
-3-dB beam widths are 26°, 41° and 27°. At 0°, the results are in line with equa-



4.3. RESULTS 97

Amplitude (dB)
Magnitude (dB)

—0°
—-15¢

h —-150

L +159 ; ; ; +159 ;
-15 ' : — i -15-— ' : — —
-40 -20 0 20 40 -40 -20 0 20 40
Angle (9) Angle (9)
(a) (b)

Figure 4.10: SAP directivity at a -15°, 0° and 15° steering angle. The solid lines are measured results,
the dashed lines are from an analytical model. (a) Based on the peak-peak amplitude of a transmitted

2-period pulse. (b) Based on the magnitude of a transmitted 2.6-MHz continuous wave.

tion 4.1. However, at -15° and 15°, the measured beams are more narrow than
the model predicts, which is likely due to crosstalk, which has been evaluated in
more detail in Chapter 3. Nevertheless, the SAP has a sufficiently large FoV at
all steering angles to cover the region of interest.

Figure 4.11(a) shows C-planes of the set of 9 TX beams (Figure 4.3) at 35
mm from the aperture and their respective -6-dB beam widths. As aforemen-
tioned, these results were simulated in Field II [11] using the same array delays as
programmed in the probe. Figure 4.11(b) shows the corresponding measurement
results. As the hydrophone acquired each point in the C-plane, the probe cycled
through the 9 pre-loaded TX beam profiles at a PRF of 18 kHz. As demonstrated,

the measured TX beams are in good agreement with the simulations.
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Figure 4.11: C-plane at 35 mm from the array of 9 TX beams: (a) simulated; (b) measured.
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4.3.2. Point Spread Function
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Figure 4.12: B-mode images of a wire phantom in azimuth and elevation. In the simulated phantom,
wires are modeled as single point scatterers at the cross-sections of wires in the measured phantom.
(a) Simulated using Scheme 1/3. (b) Measured using Scheme 1 with EQ. (c) Simulated using Scheme
2/4. (d) Measured using Scheme 2 with EQ.
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Figure 4.13: Distribution of the FWHM of the wire phantom using Schemes 1-4: (a) simulated; (b)

measured.

Figure 4.12 shows an overview of B-mode images of the simulated and measured

wire phantom along the X-axis and Y-axis of the probe. As the B-mode images

using Scheme 1, with and without an equalizer (EQ) applied, and Scheme 3 look

almost identical, only the images using Scheme 1 with EQ are shown in Figure
4.12(b). The same applies for Figure 4.12(d) regarding the use of Scheme 2 with
EQ or without EQ, and Scheme 4.

Figure 4.13 shows corresponding box plots of the FWHM in elevation, azimuth

and p compared to simulation.

The median FWHM from measurement corre-
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sponds well to simulation, where the medians using Schemes 1/3 diverge between
3-6%, and the medians using Schemes 2/4 diverge between 1-8%. As shown in
Figure 4.13(b), the difference in the median FWHM between Scheme 1 and 3, and
Scheme 2 and 4 is <3%, meaning that TDM-induced crosstalk does not signifi-
cantly effect it, although the difference increases for outlying points. The typical
reduction in FWHM when using 9 angles versus 4 (Schemes 2/4 versus Schemes

1/3) is 9%, 4% and -3% for elevation, azimuth and p, respectively.

4.3.3. Image Quality
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Figure 4.14: B-mode images of simulated CIRS phantoms Sim 1 and 2 with the probe rotated along
azimuth and elevation. The colored circles indicate the regions used for CNR/CR calculations. (a) Sim
1 acquired with Scheme 1/3. (b) Sim 2 acquired with Scheme 1/3. (c) Sim 2 acquired with Scheme
2/4. (d) Sim 2 acquired with Scheme 2/4.
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Figure 4.15: B-mode images of a measured CIRS phantom with the probe rotated along azimuth and
elevation. The colored circles indicate the regions used for CNR/CR calculations. (a) Acquired with
Scheme 1, with EQ. (b) Acquired with Scheme 1, with EQ, and with 16x averaging. (c¢) Acquired with
Scheme 2, with EQ. (d) Acquired with Scheme 2, with EQ, and with 16x averaging. (e) Acquired with
Scheme 3. (f) Acquired with Scheme 3, with 16x averaging.
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Table 4.2: Overview of CRqg and CNR simulations and measurements at the points shown in Figures
4.14 and 4.15.

Elevation Azimuth
1 Frame 16x Avg. 1 Frame 16x Avg.

h al a2 h al a2 h al a2 h al a2
CNR 1 w/o EQ 1.2 0.5 0.1 1.2 0.6 0.1 1.2 0.4 0.0 1.1 0.6 0.5
1w/ EQ 1.2 0.5 0.2 1.2 0.6 0.0 1.1 0.4 0.0 1.1 0.6 0.5
2 w/o EQ 1.2 0.3 0.3 1.2 0.4 0.6 1.0 0.7 0.2 1.0 0.8 0.5
2w/ EQ 1.2 0.1 0.1 1.2 0.2 0.3 1.0 0.7 0.3 1.0 0.8 0.6
3 1.2 0.5 0.0 1.2 0.6 0.5 1.2 0.3 0.1 1.2 0.4 0.2
Sim1:1/3 | 09 0.8 08 | N/JA | N/JA | N/A | 11 0.8 1.0 | N/JA | N/JA | N/A
Sim2:1/3 | 0.7 1.0 08 | N/JA|N/A|N/A | 09 0.9 0.8 | N/JA | N/A | N/A
Sim1:2/4| 1.0 0.8 0.7 | NJA | N/A | N/A | 11 1.0 1.0 | NJA | N/A | N/A
Sim2:2/4 | 0.8 1.1 09 | N/JA|N/A|N/A| 1.0 0.8 09 | N/A | N/JA | N/A
CRaB 1w/o EQ | 13.7 | 4.4 0.4 144 | -54 | -04 | 123 | -3.0 0.2 124 | 48 | -3.2
1w/ EQ 122 | -3.7 1.1 126 | 44 0.3 | 11.8 | -3.3 0.2 119 | 4.6 | -2.9
2w/oEQ | 131 | -1.7 | -22 | 13.2 | -26 | -39 | 127 | -51 | -1.6 | 128 | -5.7 | -6.2
2w/ EQ 119 | -0.7 | -0.8 | 121 | -1.4 | -1.9 | 124 | 46 | -2.0 | 125 | -5.3 | -6.3
3 150 | -5.0 | -0.3 | 152 | -7.0 | -3.5 | 124 | -2.1 0.9 123 | -2.7 | -1.1
Sim1:1/3 | 135 |-123 | -13.7 | N/A | N/A | N/A | 17.7 | -14.2 | -11.9 | N/A | N/A | N/A
Sim2:1/3 | 146 | -84 | -90 | N/JA | N/A | N/A | 157 | -10.3 | -9.2 | N/A | N/A | N/A
Sim1:2/4 | 166 | -16.9 | -16.7 | N/A | N/A | N/A | 21.1 | -20.8 | -17.5 | N/A | N/A | N/A
Sim 2:2/4 | 182 | -14.6 | -13.0 | N/A | N/A | N/A | 19.6 | -14.8 | -16.5 | N/A | N/A | N/A

h : hyperechoic cylinder at ~46 mm depth.
al : anechoic cylinder at ~61 mm depth.

a2 : anechoic cylinder at ~86 mm depth.

Figures 4.14 and 4.15 show a set of B-mode images of the CIRS phantom
oriented along azimuth and elevation using Schemes 1-3. Table 4.2 shows the
CRgp and CNR in the highlighted regions in both figures. All schemes perform
well in the hyperechoic region (h) along both axes, although a slight degradation in
performance for both the CRqg and CNR are observed with EQ applied. However,
performance in the anechoic regions (al,a2) is substantially worse.

Using Scheme 1/3, the CNR,; does not significantly improve with averaging in
elevation and by <0.2 dB in azimuth. When using Scheme 2, averaging improves
the CNR,; by <0.1 dB in both directions. Similar for the CRgp a1, averaging
only provides a minor improvement, meaning that it is likely a higher clutter that
degrades imaging performance versus Sim 1 and 2. The CNR,2 and CRgp a2 see
an improvement with averaging of 0-0.5 and 0.8-4.6 dB, depending on the imaging
scheme, respectively.
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Figure 4.16: Mean power levels along p (j1p), averaged in azimuth and elevation of the beamformed
image data of a tissue mimicking (CIRS 040GSE) phantom, with and without TGC applied. (a)
Acquired with Scheme 1, without EQ. (b) Acquired with Scheme 1, with EQ. (¢) Acquired with
Scheme 2, without EQ. (d) Acquired with Scheme 2, with EQ. (e) Acquired with Scheme 3.
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This is in line with observations of the average background power levels in the
beamformed data after TGC, as shown in Figure 4.16. Here, the mean power
levels along p (11,), averaged in azimuth and elevation of the beamformed image
data of the tissue mimicking (CIRS 040GSE) phantom, with and without TGC
applied are shown. As mentioned in Section 4.2.5, the peaks are from reflections
of wires and cylinders in the medium, whereas the signal floor is from reflections
of the tissue-mimicking medium, clutter and noise, of which noise dominates from
~75 mm with Scheme 1/3 and from ~80 mm with Scheme 2 without averaging.
With 16x averaging, this noise corner shifts to ~85 mm with Scheme 1/3 and to
~100 mm with Scheme 2.

However, even with averaging, there is a significant discrepancy in CRgp and
CNR between measurements and simulations, as shown in Table 4.2. The discrep-
ancy between the averaged measured CRgqg and Sim 2 in regions al and a2 are
1.4-13.2 dB and 5.5-11.1 dB, respectively. The discrepancy between the averaged
measured CNR and Sim 2 in regions al and a2 are 0.0-0.9 and 0.3-0.8, respectively.
These discrepancies are expected to be due to added clutter, as the image quality
of Sim 2 is significantly lower than Sim 1, which only models a larger part of the
phantom and a different section of the stepped anechoic cylinders.

4.3.4. Flow Imaging

Figure 4.17 and 4.18 show color Doppler images of the flow phantom (Figure
4.9), oriented along elevation and azimuth at varying flow speeds, imaged using
Schemes 1-3. These images have been made from 100 beamformed frames. During
the SVD-filtering step (see Section 4.2.2), the first 8 and 13 columns of ¥ are made
zero when imaging 100 mm/s and 400 mm/s flow speeds, respectively. In both
cases, columns 69 and above are also made zero. In both directions, Scheme 1
and 2, with and without EQ perform similar at 100 mm/s, whereas images using
Scheme 2 have aliasing artifacts at a flow speed of 400 mm/s. This can be observed
through the apparent velocity in the middle of the tube, where the flow speed is
the highest, which is opposite to the expected flow direction in the tube. Similar
artifacts are also present in the Doppler images when using Scheme 3, in addition
to an overestimation of flow speeds at 100 mm/s.
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Figure 4.17: Color Doppler images of blood mimicking fluid flowing along elevation through a tube
with a 4-mm inner diameter at varied velocities, scaled to the maximum velocity that can be tracked
[24] without compensating for the angle between the probe and the tube. (a) Acquired with Scheme
1, without EQ. (b) Acquired with Scheme 1, with EQ. (¢) Acquired with Scheme 2, without EQ. (d)
Acquired with Scheme 2, with EQ. (e) Acquired with Scheme 3.
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Figure 4.18: Color Doppler images of blood mimicking fluid flowing along azimuth through a tube
with a 4-mm inner diameter at varied velocities, scaled to the maximum velocity that can be tracked
[24] without compensating for the angle between the probe and the tube. (a) Acquired with Scheme
1, without EQ. (b) Acquired with Scheme 1, with EQ. (¢) Acquired with Scheme 2, without EQ. (d)
Acquired with Scheme 2, with EQ. (e) Acquired with Scheme 3.
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4.4. Discussion

4.4.1. Directivity Measurements

As demonstrated in Section 4.3.1, both the TX and RX directivity cover the desired
FoV. However, there is a discrepancy in the method of evaluating both, where the
RX directivity was evaluated radially along one axis of the array using the axis-
symmetry of the SAPs, whereas the TX beams were evaluated based on a C-plane
scan. These discrepancies are present due to limitations in the XYZ-stage used
for the TX directivity measurements (see Figure 4.6), where movements in the
XY-plane can be automated, but adjustments along the Z-axis are manual. A
more consistent method of evaluating the TX directivity would be to use a similar
method as described in Section 3.2.7 (Figure 3.9), where the XYZ-stage is capable
of moving in an automated way along all three axis, thus allowing radial scanning
around the origin of the array and providing a direct measurement of directivity

in degrees, rather than a derived one.

4.4.2. Image Quality

As aforementioned, the measured PSF in the evaluated images and contrast mea-
surements of the hyperechoic cylinder in the evaluated CIRS phantom align with
expectations. However, the measured contrast of the anechoic cylinders are lower
than simulations predict. While noise partially contributes to this reduction in
contrast for anechoic cylinders deeper in the phantom, it does not explain the
discrepancy for the cylinder evaluated at a relatively shallow depth (~60 mm).
While higher-than-expected clutter is therefore the more likely cause, it is cur-
rently unknown what the source of this clutter is. A possible explanation for the
discrepancy could be due to the limitations of the Born approximation used in
Field-II [11], [25], which does not take into account multiple scattering within the

phantom.

4.4.3. Flow Imaging

While a laminar flow of blood-mimicking fluid through a phantom was measured to

showcase the basic capabilities of the probe and the evaluated imaging schemes,
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further evaluation is required to determine how effective the presented imaging
strategies are for imaging the 3D flow through a AAA. The maximum average
flow speed evaluated was 400 mm/s, as this is the maximum speed that could be
generated through the phantom by the syringe pump that was available. While
this is similar to typical peak velocities in AAAs [26], [27], they can be as high
as 1 m/s [28]. As such, a repeat of the presented measurements at higher flow
speeds using a different pump could act as a better benchmark. In addition, a
well-defined pulsatile flow through a larger tube would also be more representative
for imaging a AA than the evaluated constant laminar flow.

As indicated in Section 4.2.6, the angle at which the flow was measured is
also the most conservative orientation of the probe, where it is at a 90° angle to
the flow direction. While a region at an up to 30° angle to the probe is scanned,
the outer angles of the 60°x60° scanning volume have a 6 dB or lower SNR than
at the peak-SNR regions of any evaluated imaging scheme. Therefore, for future
evaluation, it could also be valuable to measure the flow with the probe oriented

at multiple angles, which are more realistic in practical applications.

4.4.4. Expanding the Number of TX Beams

As the TX BF register of the probe can contain at most 9 TX profiles, the number
of TX beams was limited. However, at the cost of a reduction in the PRF, more
TX beams can also be used. For a single TX beam profile to be uploaded in the
row-column mode (see Figure 2.3), 384 bits are required. While the ASIC in the
probe can handle a higher bit-rate, the FPGA on the motherboard (see Figure 2.2)
currently programs the ASIC at a bit-rate of 10 MHz, meaning that the upload
of a new profile takes ~40 ps. While this is less than one pulse-echo acquisition
when uploading in parallel to RX, this is currently avoided as a precaution to
ensure minimal supply noise in the ASICs. Given a 1540 m/s speed of sound in
human tissue, one pulse-echo acquisition takes ~130 ps when imaging a 10 cm
depth. Adding this potential upload time per pulse-echo acquisition would result
in a maximum PRF of ~6 kHz, which depending on the application could still
yield a sufficient volume-rate when more than 9 TX beams are desired.
Moreover, a higher PRF could be achieved by uploading during echo reception,
although the impact of potential associated crosstalk to the RX signals has not
been investigated yet. Given that not all applications require the high volume-

rate that the probe was designed for, a potentially valuable expansion to the
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results presented in this chapter could be an evaluation of the achievable imaging
performance when the amount of pulse-echo acquisitions per volume are not as

constrained.

4.4.5. Expanding the Array

As covered in Section 4.1, while the probe consists of 2 tiles, due to yield issues,
no probe has been produced so far of which both tiles are fully functional in both
RX and TX. While the evaluation of the imaging performance along the X-axis
of one tile is indicative of the potential performance of the probe along both axes,
a fully-functional probe is expected to provide an additional increase in SNR. As
the full array can be used to transmit in the same region, rather than a 32x32
subsection (see Section 4.2.2), the SNR can increase by up to 12 dB. In addition,
as the amount of elements in RX doubles, a further 3 dB improvement in SNR is
expected, leading to a total increase in SNR up to 15 dB. The added SNR is not
as critical for imaging static phantoms (see Figure 4.15), as the maximum voltage
at which the probe can drive the transducers already lowers the noise below the
clutter level. However, the benefit for flow imaging can be more substantial, as
the SNR currently limits the accuracy of velocity estimations along the Y-axis of
1 tile.

4.5. Conclusion

In this chapter, a quantitative analysis of the imaging performance of a 32x64-
element section of the developed AA probe has been presented. This analysis
serves the goal of estimating the performance for the full 64 x64-element array of
the probe, and to find how well one of the two tiles in each probe performs by itself.
In addition, multiple imaging schemes that can be pre-loaded into the probe have
been compared to find how a modest increase in TX beams and the use of TDM
affect image quality. Besides image quality, how well the schemes would perform
for 3D Doppler imaging has also been evaluated.

While a small reduction in the PSF was observed for Scheme 2 versus Scheme
1/3, the improvement when increasing the amount of TX beams from 4 to 9 is
modest, the largest being in elevation with a median decrease in the FWHM of

9%. Rather, the main benefit is an increased contrast at large imaging depths
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from an improved SNR. However, as expected, this benefit comes at the price of
aliasing at flow speeds typical for AAAs. Therefore, the use of more than 4 TX
beams has limited overall benefits for the intended application.

When comparing Scheme 1 and 3, where TDM or multiplexing is applied, a
small reduction in image quality with TDM due to induced artifacts was observed.
The FWHM increases by 3-6%, and the contrast when imaging a hyperechoic
cylinder reduced by <2.8 dB when assessing CRqp and <0.4 when assessing CNR.
However, these reductions in image quality are considered minor, whereas the
added channel-count reduction that TDM provides without the need of multiplex-
ing substantially improves accuracy when assessing flow imaging performance.
The biggest difference was observed for flow along the X-axis of the array, where
Doppler images using Scheme 3 suffer from aliasing.

Overall, the imaging performance with only 1 tile is promising for the high-
volume-rate large-volume imaging that the probe was designed for. However, the
penalty of not using the full array is a significant reduction in image quality along
the Y-axis of the array. While future activities should focus on improving the
yield of the array, such that the full 64 x64-element array can be utilized, a probe
variant containing only 1 tile is a promising intermediate solution for imaging of
the AA.
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CONCLUSION

In this dissertation, the design, fabrication and evaluation of a high-volume-rate ul-
trasound probe for imaging large volumes, primarily abdominal aortic aneurysms,
has been presented. In this chapter, the main contributions and general findings
are summarized. In addition, recommendations for future activities to further

develop the probe and for ultrasound systems in general are given.

5.1. Main Contributions

Chapter 2

An ultrasound probe has been presented which is the first to scale the combina-
tion of micro-beamforming and time-division multiplexing (TDM) to thousands
of elements (4096) by means of in-probe application-specific integrated circuits
(ASICs). It is capable of imaging a volume of 60°x60°x10 cm at a state-of-the-
art volume-rate of 2000 volumes/s, demonstrating the scalability and efficacy of
this channel-count reduction strategy. Moreover, the probe also contains a novel
transmit beamformer (TX BF) that can steer arbitrary pulse-density modulated
(PDM) waveforms, implemented as a programmable digital pipeline that treats
its binary input as a sampled PDM signal. This significantly simplifies the im-
plementation compared to the prior art [1], while retaining a very high degree of
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flexibility in waveform definition. The performance of the probe has been evalu-

ated in electrical, acoustical and imaging experiments.

Chapter 3

The ASICs in the ultrasound probe, presented in Chapter 2, have been used to
do a systematic comparison between two different ultrasound transducer technolo-
gies. An overview of the design trade-offs for the ASIC and packaging design have
been presented to make the probe compatible with both a bulk-fabricated piezo-
electric transducer and capacitive micromachined ultrasound transducer (CMUT)
technology. Two prototype variants have been produced and acoustically verified,
demonstrating the potential of using the probe as a prototyping platform for fur-
ther research activities, where validation of ultrasound arrays of up to thousands

of elements can be done.

Chapter 4

Using the probe presented in Chapter 2 and the array characterization in Chapter
3, the imaging performance of one 32x64-element tile in the probe has been quan-
tified. This includes an imaging scheme for achieving the peak volume-rate of 2000
volumes/s, as well as imaging schemes that trade off volume-rate for resolution and
contrast by increasing the amount of pulse-echo repetitions per volume. The imag-
ing performance characterization included a detailed quantification of resolution
within the full field of interest, of achievable contrast and of Doppler performance
when imaging high flow rates. Together, these results showcase the imaging ca-
pabilities of one tile and provide an indication of the expected performance of the
full 64 x64-element probe.

5.2. General Findings

The following items summarize the main findings during the development of the

probe presented in this dissertation:

e An effective and scalable method of in-probe channel-count reduction is a
combination of maximizing the utilization of the available bandwidth per
output RX channel and exploiting the characteristics of the incoming ul-
trasound signals. As such, combining TDM and micro-beamforming is an

effective method of maximizing the amount of channel-count reduction at
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minimal cost. (Chapter 2)

e PDM modulating TX waves enables the use of highly flexible and relatively
simple-to-implement TX BF architectures, as signals can directly be rep-
resented as bit-sequences without the need of decoding. For instance, the
TX BF design for the probe presented in this dissertation is implemented as
a programmable pipeline of D-flip-flops (DFFs), which is simple yet highly
flexible. (Chapter 2)

e While monolithic integration of CMUT arrays with ASICs requires careful
circuit and layout design, it is a highly scalable and well performing tech-
nology for ultrasound imaging, and is therefore very well suited for active

imaging probes with thousands of elements. (Chapters 2, 3 & 4)

e While equalization is effective for reducing TDM-induced crosstalk, the over-

all effect on image quality is modest if the imaging array is sufficiently large.
This is likely caused by the coherent compounding of the signal contents
of each sub-aperture (SAP) when beamforming, while artifacts not being
compounded coherently are thus suppressed. (Chapters 2 & 4)

e Probe yield becomes a significant fabrication challenge once active probes
are scaled to arrays with thousands of elements. As different fabrication
steps affect it, an effective intermediate screening procedure may prove crit-
ical when scaling fabrication of such ultrasound probes. This could involve
pre-sorting dies on wafers with micro-fabricated ultrasound transducers and
sorting the bonded ASICs with ultrasound array before further packaging

based on an electrical evaluation. (Chapters 3)

e The main challenges in the design of ASICs for high volume-rate (HVR)
ultrasound imaging are power consumption and power distribution, circuit
area, and channel management. The first is mainly restricted by the sharp
limit on temperature rise, which in turn is limited by the amount of heat that
the packaging of a probe can sink. The second is mainly restricted by a finite
supply impedance, both inside the ASICs and the electronics they interface
with. The last two relate to managing the finite area per channel and limited
cable count and bandwidth of each receive (RX) channel. (Chapter 2)

e An effective power distribution strategy in ultrasound ASICs with large ar-

rays is to minimize the size of high-frequency loops as much as possible.
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Typically this involves a multi-tiered approach, where there is a form of reg-
ulation at each supply at the sub-array-level, array-level, and packaging-level.
These can be as simple as appropriately sized supply traces and decoupling
capacitors, and more complex active regulation. As a result, power manage-
ment design can not be done after-the-fact and must be co-designed with
the load it is meant to supply. In this design, all supplies are stabilized by
capacitive decoupling within the ASIC. Most supplies are also stabilized by
capacitive decoupling at the packaging-level, but active regulation is used
for the low-voltage (LV) analog supplies, which draw a large current relative
to the other supplies. (Chapters 2 & 3)

When the amount of in-probe channel-count reduction is limited, for active
arrays consisting of thousands of elements, the ASIC’s pad design and trace
routing on the printed circuit board (PCB) to which the ASICs are bonded
should be taken into account at an early stage in the project to avoid fabri-
cation issues after the ASIC is finished. As such, fixing the amount of signal
and power supply connections and designing the PCB trace routing was one

of the early design activities for the probe in this work. (Chapters 2 & 3)

As transducer arrays and their supplies are not well modeled in computer-
aided design (CAD) tools, sufficient margin should be budgeted when de-
signing and scaling interfacing circuits with these devices. Moreover, as
most transducers have a ground that is not supplied from the ASIC they in-
terface with, their integration must be considered from a system perspective,
i.e. also taking into account the PCB on which the ASICs are mounted, and
potentially also the supplies provided to the PCB. While difficult to validate
its necessity in practice, this conservative design approach was applied to en-
sure that the probe presented in this work functions as intended. (Chapters

2 & 3)

When designing a transducer array, it is important to take into account
acoustical crosstalk between transducer elements, as this narrows their field
of view. While an array that is sufficiently large may still produce beam-
formed images that have a sufficient signal-to-noise ratio (SNR) at large
viewing angles, the effect on system-level imaging performance has to be
taken into account, such as in the definition of the dynamic range of the
probe. (Chapters 3 & 4)
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e To avoid latch-up like behaviors and excessive substrate noise, strategic seg-
mentation of supplies, the placement of isolation wells around all major cir-
cuit blocks, and ensuring sufficient spacing for guard rings have proven an
effective strategy as the ultrasound ASICs in probes scale to accommodate

thousands of elements.

5.3. Future Work

5.3.1. Near-term Improvements of the Imaging System

By ’'near-term improvements’, improvements are meant that do not require the
ASIC described in Chapter 2 to change except for minor revisions that could be
achieved with a metal mask change, in order to produce an improved version of

the probe prototypes presented in this dissertation.

Achieving Further Channel-count Reduction (Analog)

The design presented in Chapter 2 only applies 2x TDM due to bandwidth limita-
tions of the system back-end (Verasonics Vantage-256 (VSX) [2]). However, this is
not a fundamental limitation, as demonstrated in [3]. Moreover, while 512 cables
is a workable number (Chapter 2), it is not ideal, as cables form a significant part
of the cost of an ultrasound probe in addition to requiring multiple of the most
popular back-end systems [2], [4] to operate at peak capacity, further increasing
cost. To further reduce channel-count, there are a few viable options that can be
considered.

The most simple, but potentially restrictive solution would be to redesign the
motherboard that connects to the imaging systems, or to design an add-on board
that implements 2x multiplexing. As this only requires an array of off-the-shelf
multiplexing chips, it is a cheap method of reducing the amount of system back-
ends from two to one, while still being able to interface with all SAPs in a probe.
However, this comes at the price of a 2x reduced volume rate, making the probe
less suitable for tracking high flow rates, as demonstrated in Chapter 4.

An alternative, yet more demanding solution, would be to introduce a compan-
ion chip in the probe that implements an additional nx TDM to further reduce
channel-count at the cost of increased bandwidth requirements per output chan-

nel. While this precludes the use of most conventional system back-ends, newer
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systems have increased bandwidth [5], which the probe would still be compatible
with. Moreover, this companion chip could still include a multiplexing option to
offer compatibility with conventional systems at reduced performance. Alterna-
tively a back-end could be custom built, in which case channel bandwidth becomes
a design parameter, although this might cause issues with adoption.

Rather than increasing bandwidth, the aforementioned companion chip could
also make more efficient use of the bandwidth available. A typical ultrasound
transducer, including those compared in Chapter 3, has a bandwidth of <100%
around its center frequency. As such, by 1Q demodulating (and down-sampling)
the RX signals, which is a well known technique for ultrasound signal processing
[1], [6], [7], more TDM can be realized at the same overall bandwidth. For the
design presented in Chapter 2, each SAP produces a ~10 MHz sampled-and-held
output of a ~2.4 MHz bandwidth signal. By IQ-demodulating this signal, a ~1.2
MHz bandwidth in-phase and quadrature signal are generated, which can each be
sampled at a 4x lower frequency. To utilize the same ~20 MHz bandwidth as the
probe currently does, 8x TDM can be applied to modulate 4 IQ-pairs on a single
output RX channel, achieving an additional 2x channel-count reduction over the
current design, and reducing the amount of required system back-ends to one.
However, this solution requires a suitable anti-aliasing filter before down-sampling

to avoid excessive noise folding.

Achieving Further Channel-count Reduction (Digital)

As aforementioned, a companion chip to the design presented in Chapter 2 of-
fers multiple options for reducing channel-count in the analog domain. However,
further channel-count reduction is possible with in-probe digitization via digital
TDM (D-TDM) without a crosstalk penalty such as with analog TDM. Moreover,
while an ultrasound front-end is typically fabricated in a process suitable for im-
plementing high-voltage (HV) transmitters to increase roundtrip SNR [1], [3], [8],
[9], [10], the LV transistors in such nodes typically are much larger than processes
containing only LV devices can achieve. As such, a companion chip is not limited
to the same 180-nm LV devices that the design presented in Chapter 2 is.
Therefore, while the analog-to-digital converters (ADCs) required for in-probe
digitization come at the cost of additional in-probe power dissipation, this may be
offset to some extent by a potential reduction in power for data transmission with a
proper choice of process node. This reduction in power can either be in the form of

a more power-efficient data-link, and/or in-probe RX data pre-processing, which is
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more easily achieved in the digital domain than in the analog domain. However, it
should be noted that the aforementioned solutions require a custom system back-
end to process the digitized data-stream from the probe. While overall system
performance would likely improve, it might also introduce a barrier for adoption

by users that currently use conventional ultrasound systems.

Reducing the Form-factor of the Probe

The prototype probe(s) presented in this dissertation were designed to have a form
factor that is mainly suitable for research measurement setups and is usable for
potentially measuring real AAs. However, for most applications, the large front-
side dimensions are undesirable, as it makes manipulating the probe more difficult
and it also increases difficulty when trying to image where bone blocks the region
of interest, such as around the ribcage or cranium. To reduce the front-side form
factor, the PCB on which the ASICs in the probe are mounted could be made
rigid-flex [11]. This would allow regions on the PCB that mainly consist of routing
traces and low-frequency power regulation to be mounted perpendicular to the
probe’s front side. Alternatively, the ASICs could be mounted on a rigid board
that has mounting points for the assembly of additional perpendicular rigid PCBs.

Improving the Yield of the Probe

As briefly discussed throughout this dissertation, managing device yield has been
a persistent challenge to overcome. The main challenges that were faced so far
have been bonding yield and transducer yield. As bonding was done in a flexible
research & development (R&D) environment, its process is not as tightly controlled
as in a dedicated commercial setting. In addition, each probe requires more than
a thousand bonds to be faultless. In practice, this resulted in a tile yield of ~50-
70%, meaning that only 1-in-3 to 1-in-4 probes would have two fully bonded tiles
without any shorts. By using a better controlled process, this yield is expected to
improve. Alternatively, the ASICs could be flip-chipped on an interposer with an

opening for the array, avoiding the bonding process altogether.

Regarding the transducer yield, while a small amount of faulty elements do not
affect the performance of the probe significantly, depending on the type of trans-
ducer, they can damage the underlying ASIC during and/or after their fabrication.
For the probe variant with CMUTs (see Chapters 2 and 4), when a faulty CMUT
shorts as its bias voltage is applied, the bias line discharges into an underlying
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pulser in the ASIC, damaging its HV devices and either causing a latch-up like
event, or reducing the maximum TX voltage they can withstand. To avoid inte-
grating tiles with such faulty elements into probes, the fabrication process would
benefit from a wafer-level screening process where the CMUTs are pre-validated,
such as described in [12].

5.3.2. Long-term Improvements of the Imaging System

By ’long-term improvements’, improvements are meant that could involve a com-
plete revision of the probe(s) presented in this dissertation, including any ASICs

it may contain.

Improving the Tileability of the Probe

As shown in Figure 2.1(b), each tile in the probe is bonded from three sides for ease
of fabrication. The LV bond pads on the long side of a tile are a dense staggered
array, while the HV bond pads on the top and bottom of the tile are widely spaced
single rows. As shown in Figure 3.6(c,d), the layout eases routing complexity and
allows the PCB on which the tiles are bonded to be fabricated in a standard process
(with the exception of trace spacing and thickness) [13]. However, this solution
only allows the pitch-matched tiling of two arrays. By adopting a more complex
triple- or quad- staggered array, all pads could be fitted on one side of each ASIC,
allowing additional pitch-matched tiling along the Y-axis of the probe, further
increasing the array size if applications require it. However, this would require the
design of a more complex and non-standard PCB, increasing fabrication costs and

potentially decreasing yield.

Dynamic Scaling of the Probe Front-end

As shown in Section 3.3.2, the transducer, and by derivative the load of the inter-
facing front-end, has a non-negligible process spread. While this spread is deemed
acceptable for imaging purposes, in a future design iteration, integrating a calibra-
tion option such as measuring C. (see Figure 3.2(a)) by integrating a voltage on
the transducers via a direct-current (DC) current source at the input would offer
a simple method of further reducing it. Moreover, R, can also be estimated with
a second measurement where a current at f. is injected.

As covered in Section 3.2.3, the front-end was scaled to handle a widely ranging
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transducer input impedance. However, this came at the cost of power efficiency
when a load is relatively modest. With C, and R,, known, the gain can be
trimmed to compensate transducer spread, but the g,, of the low-noise variable-
gain amplifiers (VGAs) in the probe’s ASICs can also be trimmed for a sufficient
gain-bandwidth given their load. This would potentially (depending on the trans-
ducer) result in an improved power efficiency, while retaining a high degree of

compatibility with a range of transducer technologies.

Improving the Transmit Beamformer

Section 2.2.2 describes the current implementation of the in-probe TX BF, which
can delay an arbitrary PDM waveform across the array. However, a limitation is
that this waveform is the same for all elements. This precludes TX apodization
for reducing side-lobe levels [14] and/or transmitting multiple encoded TX beams
in parallel, such as done in [15]. Therefore, a potential improvement to the probe
could be to encode multiple TX waveforms in the arbitrary bit-sequence that is
delayed across the array, similar as described in [1], where the beam of interest
would be locally decoded an transmitted. Moreover, delay information can also

be encoded in the same way by simply adding zeros to a sequence.

As such, an alternative architecture to the one described in Section 2.2.2 could
be a TX beamformer where a signal is transferred via a data bus to all elements in
the array instead. The signal would contain encoded delayed TX waveforms, where
each element would pass the signal on the bus through a look-up table, decoding
matrix, or digital filter to reconstruct when and what waveform to transmit (TX).
While this could partially involve operating the data-bus at a higher clock rate
than the TX BF described in Section 2.2.2, the redundancy that it introduces by
allowing any bit-sequence also means that multiple waveforms could already be
encoded at the same data rate.

Pulser Integration & Size Constraints

While not as big of a design constraint for the design in this dissertation as oth-
ers [8], [9], [16], [17], a significant part of the available per-element area is con-
sumed by the double-diffused metal-oxide semiconductor (DMOS) transistors in
the pulsers that produce the HV waveforms to actuate the transducer array. In the
bipolar-CMOS-DMOS (BCD) technology that was used, HV regions are isolated
by reverse-biased PN junctions with a large lateral area. Alternatively, a silicon-
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on-insulator (SOI) technology could be used, which uses an oxide layer for isolation
[18]. This allows the lateral footprint of (HV) DMOS transistors in an SOI tech-
nology to decrease, allowing the pulsers to decrease in size. Alternatively, the TX
voltage could be increased [10], [19], or multi-level pulsers could be implemented
instead for added power efficiency and/or pulse-inversion [10], [20]. Conversely,
the size of the pulser circuit can also be reduced by lowering its maximum TX
voltage. While this would lower the roundtrip dynamic range of the probe for the
same transducer, innovations in LV transducer technologies such as LV CMUTs

allow for the same roundtrip dynamic range to be maintained.
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APPENDIX

A.1. Analysis of the Maximum Field-of-View per

Pulse-Echo Acquisition

In Chapter 4 Section 4.2.2 it was mentioned that the TX beams were dimensioned
to avoid illuminating grating lobes. Moreover, as covered multiple times in this
dissertation, the maximum FoV that can be imaged per acquisition is 30°x30°.
This section provides a brief overview on the analysis to justify this, which is

based on the two-way beam profile analysis in [1].

Figure A.1 shows the two-way beam profile of one of the pulse-echo acquisitions
covered in Section 4.2.2, simulated in Field-II [2]. A TX beam with a 30°x30°
opening angle and -15°x-15° steering angle is used. The SAP steering angle is also
-15°%-15° and the system beamformer focal point was varied between 0°x0° and -
40°x-40° at a 4.1 cm distance from the array. As indicated, when beamforming the
RX data, to keep grating lobe levels at least 20 dB lower than the focal point, the
FoV per acquisition is constrained to 30°x30°, which is also the reason that the TX
beams are constrained to the same width. As a result, at least 4 acquisitions are

required to reconstruct the 60°x60° field of interest, as covered in this dissertation.
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Figure A.1: Two-way directivity, normalized at the system beamformer focal point, evaluated at the

boundaries of a sphere at 4.1 cm from the center of the probe (see Figure 4.2). The SAP steering

angle is -15°x-15° , as indicated by the white markers. The system beamformer focus is varied between
0°x0° and -40°x-40°, as indicated by the red marker. The -6dB-boundary of the normalized TX beam
pressure crossing the boundaries of the sphere is highlighted by the dotted purple line.
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SUMMARY

This dissertation covers the design, fabrication, and application of an ultrasound
probe that can image a large (60°x60°x10 cm) volume at a very high (2000 vol/s)
volume-rate to facilitate modern imaging techniques such as 3-dimensional (3D)
flow and elastography, mainly for improved imaging of abdominal aortic aneurysms
(AAAs). To achieve these goals, the probe needs a large aperture consisting of a
dense 2-dimensional (2D) array of transducers to achieve the desired resolution and
contrast, the resulting element count calls for in-probe channel-count reduction.
Moreover, the potential initial users of such a probe are ultrasound researchers,
which also require a high flexibility in how the probe can be operated. To meet
these requirements, tileable application-specific integrated circuits (ASICs) have
been developed which can directly interface with an imaging array of 4096 ele-
ments. Multiple prototypes have been fabricated and evaluated. This dissertation
provides a detailed description of the design and evaluation of the ASICs, how
they are integrated with different transducer technologies, and how they are pack-
aged into usable prototypes. Moreover, a detailed description is given on how they
perform for their intended application based on acoustic measurements. In the

following, the individual chapters of the dissertation are summarized.

Chapter 1

This chapter covers the motivation and background of this work. It starts with
a description of why improved diagnosis and risk assessment is necessary for im-
proved treatment of AAAs, and how this benefits society. This is followed by
a description of why ultrasound imaging is currently used for diagnosis and how
these systems operate. The trade-off between frame-rate and resolution is then
explained, leading to the main challenge associated with modern imaging schemes,
which require both a high frame-rate, resolution, and imaging volume. To address
this challenge, the probe that is covered in this dissertation is presented as a so-
lution, together with the main requirements it should meet. Lastly, an outline of

the remainder of the dissertation is given.
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Chapter 2

This chapter covers the design of an ultrasound probe that can image a 60°x60°x 10
cm volume at 2000 vol/s, mostly focusing on the ASIC and system electronics
design. First, an overview is given of its architecture. The ASIC achieves 8x
receive (RX) channel-count reduction with 4x delay-and-sum micro-beamformers
(uBFs), of which two outputs are combined with 2x time-division multiplexing
(TDM). An automatic calibration function trains equalizers (EQs) to reduce the
associated TDM-induced crosstalk by 10 dB. In addition, the ASIC contains a
novel transmit (TX) beamformer (BF) that operates as a programmable digital
pipeline that steers arbitrary pulse-density modulated (PDM) waveforms to 65
V unipolar pulsers that drive a monolithically-integrated 365 pm pitch 32x64-
element capacitive micromachined ultrasound transducer (CMUT) array. Two
ASIC tiles are packaged into the 64 x64-element probe prototype, which interfaces
with two custom motherboards that connect to 2 Verasonics Vantage-256 (VSX)
imaging systems. Electrical validation of the ASICs, which were produced in a
TSMC 0.18 ym HV BCD technology, and acoustic validation of the packaged

prototype demonstrate the performance of the system.

Chapter 3

This Chapter covers the design, fabrication process, and evaluation of two dif-
ferent ultrasound transducer arrays that were fabricated on two variants of the
ultrasound probe which was covered in the previous chapter. One variant con-
tains a 2.6 MHz CMUT array (Xiver, The Netherlands), and the other contains a
2.6 MHz in-house bulk-fabricated piezo-electric transducer array. First, the manu-
facturing flow for both probe variants are presented, followed by circuit and layout
design trade-offs in the probe to be compatible with both transducer technologies.
The packaging of both probe variants are then covered in detail. This is followed
by the measurement setups for characterizing both transducer arrays in RX and
TX. The CMUT array has a mean TX efficiency of 12.2 kPa/V with a 1.9-dB stan-
dard deviation and a mean RX efficiency of 0.93 nA/Pa with a 2.0-dB standard
deviation. Due to fabrication issues, the piezo-electric transducer array could only
be evaluated in RX, and has a mean efficiency of 2.5 nA/Pa. The directivity of
both devices is more narrow than simulations predict, likely because crosstalk is
not accurately modeled. Despite fabrication issues, the chapter demonstrates that
the developed system can serve as a useful measurement platform for systematic

evaluation of different transducer arrays.
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Chapter 4

This chapter covers an evaluation of the imaging performance of one 32x64-
element tile in the probe with integrated CMUT array, which was covered in the
previous chapters. Multiple imaging schemes were compared that use a (sub)set
of 9 diverging TX beams to cover the 60°x60°x10 cm volume of interest. To
evaluate the schemes, a custom 3D wire phantom was made to estimate the point-
spread-function (PSF) across the full volume. In addition contrast was measured
via a CIRS 040GSE phantom and the 3D Doppler performance was evaluated by
imaging blood mimicking fluid being pumped through a 4 mm tube in a CIRS
ATS524 flow phantom. It was found that TDM-induced crosstalk does not have
a significant affect on image quality. In addition, an imaging scheme requiring 4
pulse-echo acquisitions per volume is capable of tracking flow speeds that can be
expected in AAAs (0.4 m/s), while retaining a sufficient resolution. However, the
image contrast in anechoic regions using this scheme is lower than expected. While
this contrast improves when using an imaging scheme that reconstructs volumes
with 9 pulse-echo acquisitions, this comes at the cost of being able to track desired

flow speeds.

Chapter 5

This chapter concludes the dissertation and provides an overview of the achieve-
ments. Multiple original contributions were made. One of the most important
is that the presented probe scales an effective channel-count reduction strategy of
micro-beamforming and TDM to an array of thousands of elements. Another main
contribution is the TX beamformer in the probe, which achieves a high flexibility
in TX waveform definition while being relatively simple to implement. Further-
more, the probe is also one of the first to monolithically integrate a CMUT array
with thousands of elements on ASICs. The chapter also provides an outlook on
future improvements to the developed system, both in the short and long term.

The most important of which are means of further channel-count reduction.






SAMENVATTING

Dit proefschrift behandeld het ontwerp, de fabricatie, en de toepassing van een
ultrageluid-probe die een groot (60°x60°x10 cm) volume kan beeldvormen met
een zeer hoge snelheid (2000 vol/s) om moderne beeldvormingstechnieken zoals
3-dimensionale (3D) flow en elastografie te faciliteren, voornamelijk voor verbe-
terde beeldvorming van abdominale aorta-aneurysma’s (AAA’s). Om deze doelen
te bereiken, heeft de probe een grote apertuur nodig die bestaat uit een dense 2-
dimensionale (2D) matrix van transducers om de gewenste resolutie en contrast te
behouden, wat als gevolg kanaalreductie binnen de probe vereist. Bovendien, aan-
gezien de initiele gebruikers van deze probe ultrageluid onderzoekers zijn, is ook een
hoge flexibiliteit in hoe de probe gebruikt kan worden noodzakelijk. Om aan deze
eisen te voldoen, zijn betegelbare applicatie-specifieke geintegreerde schakelingen
(ASICs) ontwikkeld, die direct kunnen interfaceren met een beeldvormingsmatrix
met 4096 elementen. Meerdere beeldvormingsmatrices met ASICs zijn geinte-
greerd in prototypes voor de beoogde gebruikers en getest. Dit proefschrift geeft
een gedetaileerde beschrijving van het ontwerp en de evaluatie van de ASICs, hoe
ze geintegreerd zijn met verschillende transducer technologieén, en hoe ze in bruik-
bare prototypes zijn geintegreerd. Bovendien wordt aan de hand van akoestische
metingen een gedetailleerde omschrijving gegeven hoe goed ze voor de beoogde
applicatie zullen werken. In de rest van deze samenvatting zullen de individuele

hoofdstukken in dit proefschrift samengevat worden.

Hoofdstuk 1

Dit hoofdstuk behandelt de motivatie en achtergrond van dit werk. Het begint met
een beschrijving van de redenen waarom verbeterde diagnose en risicoanalyse nood-
zakelijk zijn om AAA’s beter te kunnen behandelen, en waarom dit waardevol is
voor de samenleving. Vervolgens wordt beschreven waarom echografie momenteel
wordt gebruikt voor diagnose en hoe echografiesystemen werken. Daarna wordt de
afweging tussen beeldsnelheid en resolutie uitgelegd, wat leidt tot de hoofduitda-
ging die geassocieerd is met moderne beeldvormingstechnieken, die zowel een hoge
beeldsnelheid als resolutie vereisen. Om deze uitdaging aan te pakken, wordt de

probe die in dit proefschrift beschreven wordt, gepresenteerd, samen met de eisen
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waaraan deze moet voldoen. Tot slot wordt een overzicht gegeven van de rest van

het proefschrift.

Hoofdstuk 2

Dit hoofdstuk behandelt het ontwerp van een echoprobe die een volume van
60°x60°x 10 cm kan beeldvormen met een snelheid van 2000 vol/s, waarbij vooral
de focus ligt op het ASIC- en systeemelektronica-ontwerp. Eerst wordt een over-
zicht gegeven van de systeem architectuur. De ASIC reduceerd de ontvangst (RX)
kanalen met 8x middels 4x delay-and-sum micro-beamformers (uBFs), waarvan
twee uitgangen worden gecombineerd met 2x time-division multiplexing (TDM).
Een automatische kalibratiefunctie traint equalizers (EQs) om de bijbehorende
TDM-geinduceerde overspraak met 10 dB te verminderen. Daarnaast bevat de
ASIC een nieuwe zend (TX) beamformer (BF) die functioneert als een program-
meerbare digitale pijplijn die willekeurige pulsdichtheid gemoduleerde (PDM) golf-
vormen stuurt naar 65 V unipolaire pulsers die een monolithisch geintegreerde 365
pm pitch 32x64-element capacitieve microgefabriceerde echotransducer (CMUT)
matrix aansturen. Twee ASIC-tegels zijn verpakt in een probe-prototype met
64%x64 elementen, die interfaceert met 2 op maat gemaakte moederborden die
verbinding maken met 2 Verasonics Vantage-256 (VSX) beeldvormingssystemen.
Elektrische validatie van de ASICs, die geproduceerd zijn in een TSMC 0,18 ym
HV BCD technologie, en akoestische validatie van het verpakte prototype demon-

streren de prestaties van het systeem.

Hoofdstuk 3

Dit hoofdstuk behandelt het ontwerp, het fabricageproces en de evaluatie van
twee verschillende echotransducermatrices die zijn gefabriceerd op twee varianten
van de echoprobe die in het vorige hoofdstuk is beschreven. Een variant bevat
een 2,6 MHz CMUT-matrix (Xiver, Nederland), en de andere bevat een 2,6 MHz
inhouse bulk-gefabriceerde piézo-elektrische transducermatrix. Eerst wordt het
fabricageproces voor beide probevarianten gepresenteerd, gevolgd door ontwerp-
en layout afwegingen in de probe om compatibel te zijn met beide transducer-
technologieén. Vervolgens wordt de verpakking van beide probevarianten in detail
besproken. Daarna worden de meetopstellingen voor het karakteriseren van beide
transducermatrices in RX en TX behandeld. De CMUT-matrix heeft een gemid-
delde TX-efficiéntie van 12,2 kPa/V met een standaardafwijking van 1,9 dB en
een gemiddelde RX-efficiéntie van 0,93 nA /Pa met een standaardafwijking van 2,0
dB. Vanwege fabricageproblemen kon de piézo-elektrische transducerarray alleen
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in RX worden geévalueerd en heeft een gemiddelde efficiéntie van 2,5 nA/Pa. De
richtingsgevoeligheid van beide apparaten is smaller dan simulaties voorspellen,
waarschijnlijk omdat overspraak niet nauwkeurig wordt gemodeleerd. Ondanks
fabricageproblemen toont het hoofdstuk aan dat het ontwikkelde systeem kan die-
nen als een nuttig meetplatform voor systematische evaluatie van verschillende

transducermatrices.

Hoofdstuk 4

Dit hoofdstuk behandelt de evaluatie van de beeldvormingsprestaties van één
ASIC-tegel met een 32x64-element CMUT matrix in de probe, die in vooraf-
gaande hoofstukken behandeld is. Meerdere beeldvormingsschema’s die zijn verge-
leken gebruiken een (sub)set van 9 divergerende TX-bundels om een 60°x60°x10
cm volume in beeld te brengen. Om de schema’s te evalueren, is een speciaal
3D-draadfantoom gemaakt om de puntspreidingsfunctie (PSF) over het volledige
volume te schatten. Daarnaast is het contrast gemeten met een CIRS 040GSE
fantoom en zijn de 3D Dopplerprestaties geévalueerd door beeldvorming van bloe-
dimiterende vloeistof die door een 4 mm buis in een CIRS ATS524 flow fantoom is
gepompt. Er werd vastgesteld dat TDM-geinduceerde overspraak geen significante
invloed heeft op de beeldkwaliteit. Bovendien kan een beeldvormingsschema dat
4 puls-echo opnames per volume vereist de stroomsnelheden volgen die in AAA’s
(0,4 m/s) te verwachten zijn, met behoud van voldoende resolutie. Het beeldcon-
trast in echovrije gebieden met dit schema is echter lager dan verwacht. Hoewel
dit contrast verbetert bij gebruik van een beeldvormingsschema dat volumes re-
construeert met 9 puls-echo opnames, gaat dit ten koste van de mogelijkheid om

de gewenste stroomsnelheden te volgen.

Hoofdstuk 5

Dit hoofdstuk sluit het proefschrift af en biedt een overzicht van de resultaten.
Er zijn meerdere originele bijdragen geleverd. Een van de belangrijkste is dat de
gepresenteerde probe een effectieve strategie voor kanaalreductie, bestaande uit
micro-beamforming en TDM, schaalt naar een matrix van duizenden elementen.
Een andere belangrijke bijdrage is de TX-beamformer in de probe, die een hoge
flexibiliteit in de definitie van TX-golfvormen bereikt en tegelijkertijd relatief een-
voudig te implementeren is. Bovendien is de probe een van de eerste die een
CMUT-matrix met duizenden elementen monolithisch integreert op ASIC’s. Het
hoofdstuk biedt ook een vooruitzicht op toekomstige verbeteringen aan het ont-

wikkelde systeem, zowel op de korte als de lange termijn. De belangrijkste hiervan
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zijn manieren om het aantal kanalen verder te reduceren.



1D

2D

3D

AA
AAA
AC
ADC
ALE
ASIC
AWG
BCD
BF
BVD
BW
CA
CAD
CMOS
CMUT
CNR
CR
CT
CVD
CwW
DC
DFF
DMOS
DR
D-TDM
EQ

LiST OF ABBREVIATIONS

1-Dimensional

2-Dimensional

3-Dimensional

Abdominal Aorta

Abdominal Aortic Aneurysm

Alternating Current

Analog-to-Digital Converter

Adaptive Linear Equalizer
Application-Specific Integrated Circuit
Arbitrary Waveform Generator
Bipolar-CMOS-DMOS

Beamformer

Butterworth-Van Dyke

Bandwidth

Current Amplifier

Computer-Aided Design

Complementary Metal-Oxide Semiconductor
Capacitive Micromachined Ultrasound Transducer
Contrast-to-Noise Ratio

Contrast Ratio

Computed Tomography

Cardiovascular Diseases

Continuous Wave

Direct Current

D-Flip-Flop

Double-diffused Metal-Oxide Semiconductor
Dynamic Range

Digital Time-Division Multiplexing

Equalizer
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EVAR Endovascular Aortic Aneurysm Repair
FDM Frequency-Division Multiplexing

FFT Fast Fourier Transform

FIR Finite Impulse Responsee

FoV Field-of-View

FPGA Field-Programmable Gate Array
FWHM Full-Width Half Maximum

HS LS High-Side Level-Shifter

HV High Voltage

HVR High Volume-Rate

LDO Linear Drop-Out Regulator

LS LS Low-Side Level-Shifter

LV Low Voltage

MRI Magnetic Resonance Imaging

MUX Multiplexing

OR Open Aneurysm Repair

OTA Operational Transimpedance Amplifier
PCB Printed Circuit Board

PDM Pulse-Density Modulated

PMUT Piezo-electric Micromachined Ultrasound Transducer
PRBS Pseudo-Random Bit Sequence

PRF Pulse-Repetition Frequency

PSD Power Spectral Density

PSF Point-Spread-Function

Pw Pulsed-Wave

PZT Lead Zirconate Titanate

R&D Research & Development

RT-MRI Real-Time Magnetic Resonance Imaging
RX Receive

RX BF Receive Beamformer

SAP Sub-Aperture

SNDR Signal-to-Noise+Distortion Ratio
SNR Signal-to-Noise Ratio

SOI Silicon-on-Insulator

SR Shift Register

T/R Transmit/Receive
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TDM (Analog) Time-Division Multiplexing
TGC Time-Gain Compensation

TIA Trans-Impedance Amplifier

TPX Polymethylpentene

TX Transmit

TX BF Transmit Beamformer

\Y & Control Voltage

VGA Variable-Gain Amplifier

VSX Verasonics Vantage-256

WHO World Health Organization

pBF Micro-Beamformer
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