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Introduction

CHAPTER 1

INTRODUCTION

1.1 Echocardiography

Imaging of the cardiovascular system can be traced back to the early 20th
century, with the discovery of X-rays [1]. With the arrival of echocardiographic
imaging techniques, cardiovascular imaging started to be widely used in clinical
practice for the diagnosis of various cardiovascular diseases (CVDs). In the past
20 years, the development of more advanced cardiovascular imaging techniques
was significantly promoted by the increasing prevalence of CVDs worldwide [2].
The quality improvements in the visualization of the heart and its vasculature not
only allow more accurate diagnosis, but also led to the development of surgical
and percutaneous coronary revascularization and thrombolytic therapy, a better
understanding in the pathophysiology of CVDs, and the development of better
preventive strategies [3].

Among the imaging modalities that have been commonly used in clinical
practice, including echocardiography, myocardial perfusion imaging via nuclear
scintigraphy, magnetic resonance imaging (MRI) and computed tomography
(CT), echocardiography, which was firstly addressed in the literature in the 1950s,
remains the most popular modality today [4]. In echography, ultrasound waves
with a frequency of several MHz up to several tens of MHz propagate through
the human body and are reflected and scattered by tissue boundaries and tissue
inhomogeneities. The acoustic properties as well as the depth information of these
reflectors can be derived from the echo signals. The amplitude of the echo signals
indicates the difference in the acoustic impedance while the depth information is
gained from the time of flight of the echo. Brightness-mode (B-mode) ultrasound
images display the anatomical structures by means of brightness levels, based on
the received echo strength. The velocities of blood flow and tissue motion can
also be displayed in Doppler ultrasound images.
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Imaging using ultrasound has several advantages compared to other imaging
modalities:

e Safe: echocardiography has an excellent safety record in clinical use
since exposure to ultrasound has little or no side effects on the human body.
This 1s a great advantage compared to other imaging modalities like CT,
where the exposure to harmful ionizing radiation is required [5], and MRI,
which is hardly applicable for patients with iron-based metal implants due
to the presence of a strong magnetic field [6];

e Low-cost: echocardiography is widely considered the most cost-
effective imaging modality, which is crucial in its role in CVD diagnosis,
since over three quarters of CVD-related deaths took place in low- and
middle-income countries, according to the data from WHO in 2017 [7];

e Real-time: a frame of an ultrasound image can be generated by about
one hundred transmit-receive cycles. A transmit-receive cycle lasts
typically 50-200 microseconds, depending on the distance between the
ultrasound transducer and the imaging structure [8]. The resulting frame
rate is therefore 50-200 frames per second which makes it possible to
produce images for real-time diagnosis and monitoring.

Transthoracic Echocardiography Transesophageal Echocardiography

Figure 1. 1 Illustrations of TTE (left) and TEE (right) probes

Two main types of echocardiography are routinely used in clinical practice,
characterized by the way they are performed (Fig. 1.1). One is called transthoracic
echocardiography (TTE). In TTE, the heart is imaged by means of a hand-held
probe placed on the chest of the patient [9]. This non-invasive operating
procedure allows it to be used almost unlimitedly without any complications. An
alternative approach is called transesophageal echocardiography (TEE), which is
typically used when TTE cannot produce definitive images. In TEE, an
ultrasound transducer is mounted on the tip of a gastroscopic tube and is guided
through the throat of the patient and passed into the esophagus. The TEE probe
tips are miniaturized (adult 3-D probes: ~17 x 13.5 x 38 mm) to allow safe
insertion into the oropharynx with an acceptable level of discomfort [10]. Since
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esophagus is only a few millimetres away from the heart, ultrasound waves are
less obstructed by the chest wall, muscles, and ribs compared to TTE, allowing
higher frequencies to be used (typically 5 MHz), thus leading to a better
visualization of cardiac structures [9]. Images from TEE typically provide better
image quality and spatial resolution of various cardiac structures. An obvious
inconvenience of TEE is the difficulty of the procedure of guiding the probe into
the patient’s esophagus, for which often light sedation of the patient is required
[11]. TEE outperforms TTE in clinical conditions such as the evaluation of native
valvular diseases, the cardiac source of embolism and aortic dissection [12], and
is also used as an imaging guidance tool for cardiac interventions [13].

/] ~

[ 3
[ 2

Front-end Electronics /

/ || ‘7 HV Transmitter Imaging
=T =

7 Processing
1 [T/RSwitch |rococm e oo,

: | AT
I—'Ir LNA |= TGC |-| ADC [V

IIIIIEIIH...H
N

Transducer Imaging system

Figure 1. 2 Conventional ultrasound imaging system

The transducer at the tip of a TEE probe is connected to an imaging system via
thin coaxial cables. Each transducer element is driven and read out by a front-end
electronics channel in the imaging system to perform the pulse-echo operation.
The front-end electronics, as shown in Fig. 1.2, typically consist of a high-voltage
(HV) transmitter, a low-voltage receiver and a transmit/ receive (TX/ RX) switch
[14]. The transmitter drives the transducer element by an excitation signal with
an amplitude of several tens of Volt up to 100 V, to generate sufficient acoustic
pressure at the penetration depth of interest. At the input of the receiver, a low-
noise amplifier (LNA) conditions the weak echo signals with an amplitude of
only several micro-Volts. Typically the tissue attenuation of the acoustic waves
is also compensated for by time-gain compensation (TGC) in the receiver to
reduce the very wide dynamic range of the ultrasound echoes (for instance > 90
dB in TEE application) into the receiver. The TX/ RX switch protects the low-
voltage receiver from HV transmission events by disconnecting it from the
transducer element during transmission. The conditioned echoes are digitized by
analogue-to-digital converters (ADCs) and processed digitally to construct the
images.
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1.2 Real-time 3-D Echocardiography

While the vast majority of echocardiography devices in use today only provide
cross-sectional 2-D images of the heart, it is highly desirable to be able to
visualize the 3-D anatomy of the heart, especially when using the images to guide
complex cardiac interventions. There are different approaches of realizing that by
the current echocardiography probes. One approach is to combine multiple 2-D
cross-sectional images of the heart from a 1-D ultrasound transducer array into a
volumetric image. This approach requires a physical translation or rotation of a
1-D array, realised by a motor module embedded in the probe or on the imaging
system [15]. The 1-D array is linearly swept or rotated spatially such that the
generated 2-D imaging planes uniformly sample the whole imaging field of view.
Since any inaccuracy in the movement will lead to motion artefacts in the
reconstructed 3-D image, high-precision motor modules with pre-calibration are
needed. This not only raises the overall cost of the imaging system, but also makes
the probe heavy and bulky, which makes it more difficult to operate. More
importantly, the number of generated volumes per second is heavily limited by
the speed of the mechanical sweeping, thus making such probes incapable of
doing real-time 3-D imaging. Missing 3-D motional information of the heart
chambers and valves makes this approach less attractive in clinical practice.

An alternative approach of generating 3-D images is to use a 2-D transducer
array. By spatially expanding a 1-D array into 2-D, the volumetric information of
the 1maging object can be acquired by steering the acoustical beam in three
dimensions by transducer elements positioned in a 2-D matrix pattern, thus
eliminating the need for mechanical sweeping and consequentially enabling real-
time 3-D imaging.

The 2-D array approach has clear advantages compared to probes based on a
1-D array. However, fabricating a transducer array and assembling it in a probe,
especially in a TEE probe, is challenging in practice. To avoid imaging artefacts
caused by insufficient spatial sampling, the pitch of the transducer elements
should be at most half a wavelength of the ultrasound wave (or slightly larger if
the transducer elements have limited directivity) [16]. For a typical ultrasound
frequency of 5 MHz for cardiovascular imaging, the required element pitch is
then only 150 um. In consequence, a 5 mm x 5 mm fully-populated 2-D
transducer array has over 1000 elements. This large element count makes it
challenging in two ways: first to fabricate such an array with high yield, and
second to connect every individual element to the imaging system. For TEE, since

4
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the transducer is placed inside the esophagus, the connections to the imaging
system are normally realized by very thin coaxial cables with a length of several
meters. The cable connection to a 2-D transducer brings two main issues. First,
since the element in a 2-D array is very small, directly connecting an element to
a thin coaxial cable of several meters can attenuate the received echo signal
significantly, due to the large cable capacitance, thus degrading the signal-to-
noise ratio (SNR) of the final image. Second, the number of coaxial cables is
limited to a few hundred [17], [18] and is physically limited by the diameter of
the gastroscopic tube that needs to accommodate all the cables. For a 2-D array
with over 1000 elements, placing the same amount of coaxial cables in the tube
1s impossible.

Besides the challenges of obtaining real-time 3-D echocardiographic imaging
from TEE probes, device miniaturization becomes more and more demanding
since the versatility of performing TEE diagnosis in clinical practice is greatly
limited by the physical dimensions of the probes. Firstly, the duration of a TEE
procedure cannot be very long due to the patient’s discomfort, thus making it
unsuitable for long-term monitoring. More importantly, the large probe size
makes it unsuitable for use in neonatal and pediatric patients.

Significant technology development has happened in recent years on both
probe fabrication with 2-D arrays as well as the device miniaturization. A number
of commercially available TEE probes like X7-2t (Philips Ultrasound, Bothell,
WA), V5M TEE (Siemens Healthcare GmbH, Erlangen, Germany) and 6VT-D
(General Electric Healthcare, Amersham, UK) are capable of producing real-time
3-D images by adopting 2-D transducers. However, these devices are still
restricted to use in adults due to their physical dimensions. A micro-TEE probe
(LTEE: Oldelft Ultrasound, Delft, the Netherlands) was introduced for neonatal
and pediatric patients, but this probe is only capable of producing real-time 2-D
images. However, a real-time 3-D imaging device with 2-D transducers inside a
miniaturized TEE probe is not yet commercially available.

1.3 ASICs for Echocardiography

The challenges of realizing a new generation of miniaturized 3-D TEE probes
can be addressed by implementing a miniaturized “imaging system” next to the
transducer in the probe tip. This can be realized by leveraging deep-sub-micron
integrated circuit (IC) technology, which has led a revolution in the market of
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consumer electronics in the past 20 years. The in-probe “imaging system”, which
is presented as one or multiple application-specific integrated circuits (ASICs),
should be capable of:

- conditioning the received weak echo signals;

- reducing the number of channels between the transducer array and
an external imaging system that require cable connections;

- driving the long coaxial cables.

Integrating ASICs in the tip of a probe is promising to mitigate the interconnect
bottleneck between the transducer and the imaging system; unavoidably, it
introduces additional challenges to the probe design, as will be discussed in the
following section.

1.3.1 Transducer-to-ASIC Integration

Although an ASIC is capable of relaxing the requirements of the interconnect
between the probe head and the system, dense interconnect still remains between
the transducer and the ASIC, due to the large number of elements in a 2-D array.
One approach of realizing the transducer-to-ASIC interconnect is to flip-chip
bond the transducer and the ASICs side-by-side on a common substrate, i.e. a
printed circuit board (PCB); then the transducer elements can be connected one-
to-one to the ASIC inputs via PCB routing traces (Fig. 1.3(a)) [19], [20]. This
method, in principle allows multiple ASICs to be connected to the transducer,
potentially relaxing the area constraint of the ASIC design by decoupling the
pitch of the transducer array from the pitch of the circuitry on the ASIC. However,
in order to distribute the routings of the centre elements, PCB technologies with
very fine-pitch copper traces are essential. Moreover, long interconnect routings
can add non-negligible parasitic capacitance to the small elements, causing SNR
degradation.
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(a) (b)

Figure 1. 3 (a) Illustration of side-by-side integration: 2 ASICs are flip-chip bonded on the
back-side of a PCB substrate while a 2-D array transducer is flip-chip bonded on the top-side
of the PCB; (b) Illustration of pitch-matched integration: an ASIC is wire-bonded on the top-

side of a PCB substrate while a 2-D array transducer is stacked on top of the ASIC.

Another transducer-to-ASIC integration method is a pitch-matched vertical
integration. This method requires the interconnect pads of the ASIC to be
patterned with the same pitch as the transducer elements (Fig. 1.3(b)). Once the
transducer electrodes are vertically aligned to the pads on the ASIC, element
connections can be created by short vertical contacts, eliminating the parasitic
capacitance due to the horizontal routing distribution [21]-[23]. Vertically
stacking the transducer and ASIC is also beneficial to minimize the size of the
probe head, thus making it more attractive than the first approach.

Pitch-matched integration can be realized by flip-chip bonding the well-
aligned transducer and ASIC on both sides of an interposer layer, for instance a
flex PCB and vertical connections can be created by vias on the flex [24]. An
alternative solution proposed in [25] allows a matrix transducer to be directly
mounted and constructed on top of an ASIC with an array of pitch-matched bond-
pads by utilizing a custom metallic interconnect layer. Recently the rapid
development of micro-machined ultrasound transducer (MUT) devices, for
instance, capacitive micro-machined ultrasound transducers (¢cMUTs) [26] or
piezoelectrical micro-machined ultrasound transducers (pMUTs) [27], which is
greatly motivated by their compatibility with IC technology, enables the solution
of direct integration of transducer and ASIC on one silicon die [28]. The single-
die solution minimizes the parasitic capacitance due to the interconnect which is
realized in the back-end metallization process of the standard IC fabrication flow.

1.3.2 Area and Power-Consumption Constraints

Though vertical integration is appealing to improve the signal integrity and
minimize the size of the probe head, the layout of the ASIC must be pitch-

7
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matched to the layout of the transducer. Given an element pitch of 150 um for
5 MHz transducers, the electronics of an element, typically consisting of a HV
transmitter, a T/R switch and a low-noise amplifier (LNA), must be squeezed in
an area of 0.225 mm? which is very challenging for the ASIC design.

The ASICs, as additional blocks integrated in the probe head, inevitably
increase the power dissipation in the probe head. Excessive power dissipation in
the probe head during long-term monitoring will raise the local temperature inside
the patient, and eventually may cause tissue overheating or other thermal damage.
Though detailed guidelines on the power dissipation of a TEE probe cannot be
found, the maximum temperature rise due to the power dissipation in both
transducer and electronics should comply with FDA regulations [29]. With
reference to the power dissipation of an off-the-shelf 2-D TEE probe, the
maximally allowed power dissipation is estimated as 1.0 W [25], thus leading to
a power budget of about 1 mW per element for a 3-D probe with a 1000-element
2-D transducer. This stringent power requirement motivates the need for power-
efficient ASIC design.

1.4 Cable Count Reduction Techniques

Processing signals and communicating with an imaging system via a realistic
number of cables in the probe is the key role of the ASIC. Ideally, techniques that
reduce cable count should be easy to implement, not affect the volume rate and
introduce minimum image quality degradation. Substantial research efforts have
been made in recent years to address the cable count issue for miniaturized
ultrasound probes.

1.4.1 Analogue multiplexing

Analogue multiplexing has been widely studied as an effective solution to
reduce cable count and electronics complexity [30]-[32]. Both intravascular
ultrasound (IVUS) probes described in [33] and [34] realize a 64-to-1 cable count
reduction in receive by only connecting 1 of 64 elements to the receive path in a
pulse-echo period, thus allowing an implementation of synthetic-aperture
imaging by acquiring the received echoes of all the elements in 64 successive
pulse-echo sequences. This approach achieves a high reduction factor and greatly
simplifies the frond-end circuit design. However, the multiple successive
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acquisitions cause a volume-rate reduction, which makes real-time imaging more
difficult when a deeper penetration depth is required.

1.4.2 Sparse array

Selecting and connecting a limited number of elements at irregularly-spaced
or random locations instead of all the elements on a fully populated 2-D array to
the imaging system has also been studied as an effective approach to reduce the
number of cables [35]-[37]. A drawback of such sparse arrays is that the reduced
number of elements will inevitably reduce the transmitted acoustic energy, thus
causing a SNR degradation in the received echoes. Moreover, the side-lobe levels
of sparse arrays increase as the number of elements decreases. Both the reduction
of the SNR and the increase of the side-lobe level limit the final image quality.

1.4.3 Subarray beamforming

Moving the beamforming function from the imaging system to the probe is
considered as one of the most practical methods to reduce cable count.
Beamforming typically refers to techniques that construct acoustic beams by
combining signals of multiple elements in a transducer, and is a fundamental
signal processing procedure in ultrasound imaging. The most well-known
beamforming technique is called delay-and-sum (DAS) beamforming. In transmit,
DAS operation applies individual time delays to the electrical transmit signals of
each element, thus allowing the generated acoustic waves of the elements to focus
at specific points in space or steer to certain angles (Fig. 4). Similarly, in receive,
by applying a proper set of time delays, the received echo signals that are reflected
from the same points can be constructively added, enhancing the SNR of the weak
echo signals (Fig. 1.4).
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Figure 1. 4 Illustrations of DAS beamforming operations for TX (top) and RX (bottom)

An in-probe transmit circuit can be implemented by a transmit beamformer
that drives high-voltage pulsers. Realizing a wide range of time delays for
transmit in a probe is relatively easy since the delay can be implemented in the
digital domain. Time delays equal to integer multiples of a clock period can be
derived from a synchronously clocked low-voltage digital circuit. However, it is
very challenging to fit a HV pulser within the small area of an element since HV
metal-oxide-semiconductor (MOS) transistor devices in IC technologies typically
have lateral dimensions of tens of micrometres in order to sustain a large voltage
range [38], [39]. Besides the area constraint, another drawback of this approach
is the high-power consumption. Since the transducer elements need to be driven
by the HV pulsers in the probe, the in-probe power dissipation inevitably
increases compared to the case where the elements are driven by pulsers in the
imaging system.

In contrast with the transmit signals, the received echo signals are weak
analogue signals. Time delay realization in the analogue domain is subject to
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trade-offs among area, power consumption and the maximum achievable delay.
As the required maximum delay increases proportionally with the size of the
aperture, implementing analogue beamforming for a 2-D array with 1000+
elements would lead to unacceptable hardware cost and hence is not applicable
for an in-probe design. Digitizing the analogue echo signals to utilize the
simplicity of realizing time delays digitally is an obvious solution for receive
beamforming. However, this solution has long been considered impractical due
to the need for implementing an ADC for every element [40]. The stringent power
and area requirements of the ASIC in a TEE probe are far beyond the performance
of the prior-art ultrasound ADC designs. A more practical solution to implement
the in-probe receive beamforming is to utilize the concept of subarray
beamforming proposed in [41]. A fully-populated 2-D array is divided into
identical subarrays with much smaller feature size, thus decreasing the required
maximum time delays within each subarray and allowing the implementation of
in-probe beamformers for every subarray. A second-stage beamforming will then
be applied to the pre-beamformed subarray outputs on the system side which can
provide the required larger time delays (Fig. 1.5). Subarray beamforming makes
cable count reduction possible with a factor of about 10 with almost no image
quality degradation [42]. The feasibility of applying subarray beamforming for a
2-D TEE probe then depends on a power and area efficient implementation of the
analogue beamformer circuit.

—
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Figure 1. 5 Illustrations of DAS RX subarray beamforming operations

1.4.4 Time/ frequency division multiplexing

To reduce the cable count in reception, efforts have also been made in
exploring the maximum capacity of the coaxial cables [32-35]. In [43], the
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received echoes from 8 channels are oversampled at 200 MHz and time-
multiplexed onto one coaxial cable. The operation principle of this time-division
multiplexing (TDM) technique is shown in Fig. 1.6. A similar approach using
frequency-division multiplexing (FDM) is presented in [44]. Echoes from 8
channels are combined onto a coaxial cable by modulating them to different
carrier frequencies within the bandwidth of the cables (Fig. 1.7). These
approaches allow all the raw echo signals of the 2-D array to be captured in the
imaging system, thus not causing any compromises in volume rate. However, the
limited bandwidth and transmission-line effect of the thin coaxial cable will
introduce significant channel-to-channel crosstalk and distortion to the recovered
signals [45]. In order to improve the signal integrity, complex equalization is
typically required in the imaging system to compensate for the nonidealities of
the cables [46]. Moreover, the number of element outputs merged onto one cable
should also be limited, meaning a less-effective cable count reduction.
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Figure 1. 6 Operating principle of time-division multiplexing over 8 channels
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Figure 1. 7 Operating principle of frequency-division multiplexing over 8 channels
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The impact of the cable’s nonidealities on the signal integrity can be minimized
if the echo signals on the cables are in digital format, due to the inherent high
immunity to noise, crosstalk and other environment interferences of digital
signals. Applying approaches such as TDM on digitized echo signals retains the
benefit of fully utilizing the cable capacity without sacrificing the signal integrity,
compared to its analogue counterpart. However, similar to the in-probe digital
receive beamforming approach, it requires the implementation of in-probe ADC:s.
Moreover, for a TEE probe with a transducer frequency of several MHz and an
echo-signal instantaneous dynamic range of over 50 dB, the digitized echo signal
should be serially transmitted at a speed of several hundred Mbit/s. Combining
echo signals of multiple elements would require a datalink circuit operating at a
speed of several Gbits/s. Off-the-shelf discrete datalink ICs for standard
telecommunications can easily run up to several Gbits/s or even higher. However
the excessive power consumption, which is dissipated to achieve excellent
communication quality (typically quantified by the bit-error-rate (BER)) makes
these ICs unsuitable to be merged into the ASIC in the probe. Potentially lower
power consumption can be achieved by relaxing the BER, but the impact of BER
on the quality of ultrasound images has not been investigated yet. The lack of a
BER requirement for digitized echo signals may prevent the optimization of the
in-probe datalink design, thus making the feasibility of utilizing in-probe
digitization for cable count reduction challenging.

In-probe digitization also enables data communication via optical links, which
typically outperform electrical cables for high-speed data communication [47]. A
preliminary study in [48] has proposed the concept of implementing a high-speed
optical data link in the guidewire of an IVUS catheter. While this paper, as a first
step, successfully demonstrates the optical transmission of a 10 MHz clock signal,
the size of the vertical-cavity surface-emitting laser (VCSEL), which functions
as an electrical-to-optical converter, is too large for the IVUS guidewire. Though
optical communication seems to be very promising to address the interconnect
issue in TEE probes with in-probe digitization, the challenge of assembling
optical modules in the probe head remains to be tackled.

1.5 Research Contributions and Thesis Outline

Motivated by the development of miniaturized 3-D TEE probes, in this
research, various IC techniques, including low-power area-efficient subarray
beamforming and digital TDM are proposed to tackle the design challenges of in-

13



Introduction

probe ASICs capable of reducing the interconnect cable count. However, the
application of these techniques is not limited to only the design of TEE probes
and can be easily extended to the design of other ultrasound probes, for instance
intracardiac echocardiography (ICE) probes and IVUS probes, which are facing
similar miniaturization challenges with an increased number of transducer
elements to enhance imaging quality [24], [33], [43]. Besides effectively
simplifying the interconnect between the transducer and the imaging system, the
proposed circuit techniques allow the ASIC to be implemented with affordable
hardware costs (mainly power consumption and area), as well as an affordable
impact on the quality of the final ultrasound images. Such impact on the
ultrasound image quality is also studied within the scope of this thesis.

The organization of this thesis is as follows.

In chapter 2, a front-end ASIC with low power analogue subarray beamformer
circuits designed for a 32 x 32 PZT transducer is presented.

In chapter 3, a receive ASIC with in-probe digitization and digital TDM 1is
presented to further reduce the cable count compared to analogue subarray
beamforming.

In chapter 4, a quantitative study of the impact of bit errors in digitized RF data
on ultrasound image quality is presented, to form a guideline for the design of a
digital datalink connecting the probe to an imaging system, balancing the trade-
off among power consumption, BER and cable count.

In chapter 5, a transmit ASIC is proposed to further reduce the transmit cable
count while maintaining good power efficiency compared to conventional HV
pulsers.
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CHAPTER 2

A FRONT-END ASIC WITH SUBARRAY
BEAMFORMING INTEGRATED WITH A 32 X
32 PZT MATRIX

Based on publication: C. Chen, Z. Chen, D. Bera, S.B. Raghunathan, M. Shabanimotlagh, E.
Noothout, Z.-Y. Chang, J. Ponte, C. Prins, H.J. Vos, J.G. Bosch, M.D. Verweij, N. de Jong and
M.A.P. Pertijs, “A Front-end ASIC with Receive Sub-Array Beamforming Integrated with a 32
x 32 PZT Matrix Transducer for 3-D Transesophageal Echocardiography”, IEEE Journal of
Solid State Circuits, vol. 52, no. 4, pp. 994-1006, Apr. 2017.

2.1 Introduction

Volumetric visualization of the human heart is essential for the accurate
diagnosis of cardiovascular diseases and the guidance of interventional cardiac
procedures. Echocardiography, which images the heart using ultrasound, has
become an indispensable modality in cardiology because it is safe, relatively
inexpensive and capable of providing real-time images. Transesophageal
echocardiography (TEE), as its name indicates, generates ultrasonic images from
the esophagus, by utilizing an ultrasound transducer array mounted at the tip of a
gastroscopic tube (Fig. 2.1). Conventionally, the elements of the transducer array
are connected using micro-coaxial cables to an external imaging system, where
properly-timed high-voltage pulses are generated to transmit an acoustic pulse,
and the resulting echoes are recorded and processed to form an image.

2-D TEE probes are widely used in clinical practice. They employ a 1-D
phased-array transducer to obtain cross-sectional images of the heart. However,
such 2-D images often fall short in providing comprehensive visual information
for complex cardiac interventions, such as minimally-invasive valve
replacements and septal-defect closures. Appropriate real-time 3-D imaging
would be very beneficial for improving the success rate of such procedures [1].
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Figure 2. 1 A miniature 3-D TEE probe with a front-end ASIC.

The relatively large probe heads (typically > 10 ¢cm?®) of current 3-D TEE
probes cannot be tolerated by the patient during longer procedures (unless general
anaesthesia is applied) and are too large for pediatric use. For longer-term
monitoring and pediatric use, the volume of the probe tip should be constrained
to an upper limit of 1 cm?, and the tube diameter to 5 ~ 7 mm [2]. To enable real-
time 3-D imaging, a 2-D phased array is required. For an array of aperture size
D x D, the achievable signal-to-noise ratio (SNR) and the lateral resolution both
improve linearly with D. Therefore, it is desirable to make full use of the available
array aperture within the probe tip (5 X 5 mm?). In addition, the pitch of the
transducer elements should not exceed half of the acoustic wavelength (L) to
minimize grating lobes and to ensure proper spatial imaging resolution [3]. For a
2-D array with a centre frequency of 5 MHz, this corresponds to a pitch of 150
um, leading to at least 32 x 32 elements. For a gastroscopic tube with 5 mm inner
diameter, the number of micro-coaxial cables (assuming 0.2mm cable outer
diameter) that can be accommodated in the tube is limited to about 600, thus
making it impossible to wire out all the elements of that 32 x 32 transducer array.
Moreover, the number of cables should be kept well below this maximum to
prevent the tube from becoming too stiff. Decreasing the aperture size to reduce
the number of channels will lead to a significant deterioration in both the SNR
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and the lateral resolution. As a result, channel reduction should be performed
locally to reduce the number of cables with the aid of miniaturized in-probe
electronics [4].

A variety of approaches have been proposed to reduce the cable count in
endoscopic and catheter-based ultrasound systems. One approach is to partition
part of the beamforming function, which serves to achieve spatial directivity and
enhance the SNR. This is conventionally performed in the external imaging
system, but can be partially moved into the probe [5, 6]. Time-division
multiplexing approaches have been applied in [7, 8] to allow multiple elements
to share a single cable. Solutions based on element-switching schemes [9, 10]
have also been reported. All these approaches rely on the realization of a front-
end ASIC that is closely integrated with the transducer array.

Design of such front-end ASICs is challenging in several aspects. First, the
power consumption of the ASIC, which contributes to the overall self-heating of
the probe, should be kept below an estimated 1 W [11], to avoid excessive tissue
temperature rise [12]. This translates to 1 mW/element for a 1000-element array
and 1s beyond the state-of-the-art of front-end ultrasound ASICs, which consume
at least 1.4 mW/element [10, 13, 14]. Another challenge comes from the dense
interconnection between the ASIC and the transducer array. Direct transducer-
on-chip integration is desired, as it not only helps to get a small form factor, but
also reduces the parasitic interconnect capacitance added to each transducer
element. This calls for an element-matched ASIC layout, with a pitch identical to
that of transducer elements. As a result, a highly compact circuit implementation
for the ASIC is called for. Prior works [13, 15] compromised somewhat on the
imaging quality by opting for a pitch that exceeds half of the wavelength, which
may be acceptable if the resulting grating lobes are sufficiently mitigated by the
limited directivity of the transducer elements. Indirect transducer-to-chip
integration via interposer PCBs [6, 10] allows the use of a different pitch for the
transducer array and the ASIC. However, the limited space within the TEE probe
tip precludes this option.

In this chapter, we present a front-end ASIC that is optimized in both system
architecture and circuit-level implementation to meet the stringent requirements
of 3-D TEE probes [16]. It is directly integrated with an array of 32 x 32
piezoelectric transducer elements, which are split into a transmit and a receive
array to facilitate the power and area optimization of the ASIC [17]. The receive
elements are further divided into 96 subarrays, each with a switched-capacitor-
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based beamformer, to realize a 9-fold cable reduction. Besides, an ultra-low-
power LNA architecture [18], which incorporates an inverter-based operational
transconductance amplifier (OTA) with a bias scheme tailored for ultrasound
imaging, is proposed to increase the power-efficiency of the receive circuitry,
while keeping the area compact. In addition to that, a mismatch-scrambling
technique is applied to mitigate the effects of mismatch between the beamformer
stages, and thus improve the overall dynamic range of the ASIC while receiving.
These circuit techniques, while designed for matrix transducers consisting of
diced lead zirconate titanate (PZT) transducer elements, are also relevant for other
types of ultrasound transducers, such as capacitive micromachined ultrasonic
transducers (cMUTs). The functionality of the ASIC as well as the effectiveness
of the proposed techniques have been successfully demonstrated by imaging
experiments.

This chapter is organized as follows. Section II describes the proposed system
architecture. Section III discusses the details of the circuit implementation.
Experimental results are presented in Section IV. Conclusions are given at the
end of the chapter.

2.2 System Architecture

2.2.1 Transducer Matrix Configuration

In conventional ultrasound probes, each transducer element is used both as
transmitter and receiver. A high-voltage CMOS process is then needed to
generate the transmit pulses of typically tens of Volts [14]. The integration
density of high-voltage processes is generally lower than that of their low-voltage
counterparts with the same feature size, which is disadvantageous for ASICs that
directly interconnect with 2-D transducer arrays with a tiny element pitch.

In this work, we use an array of 32 x 32 PZT elements with separate transmit
and receive elements (Fig. 2.2). An 8 x 8 central subarray is directly wired out to
transmit channels in the external imaging system using metal traces in the ASIC
that run underneath 96 un-connected elements to bond-pads on the chip’s
periphery. These traces are not connected to any junctions in the substrate, and
can hence support high transmit voltages provided that they are sufficiently
spaced to prevent dielectric breakdown and routed in the top metal layers to
minimize capacitive coupling to the substrate. All the other 864 elements are
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Figure 2. 2 Transducer matrix configuration.

connected directly to on-chip receiver circuits, whose outputs are fed to the
imaging system’s receive channels.

The use of a small central transmit array helps in reducing the overall cable
count as well as obtaining a large opening angle while receiving. With respect to
a conventional array configuration in which each transducer element is used for
both transmit and receive, our scheme trades lateral resolution for a higher frame
rate. In our scanning procedure, the transmitter is used to generate only a few
wide beams, illuminating an area that can accommodate a number of parallel
receive beams per transmit pulse, thus yielding a high frame rate. Similar to the
sparse arrays discussed in section 1.4.2, the smaller number of transmit elements
leads to a lower transmitted acoustic energy. This can be partially compensated
for by using a higher transmit voltage amplitude. It should be ensured that the
generated acoustic pressure is adequate for the target imaging depth. According
to our numerical simulations in OnScale (OnScale Inc., 770 Marshall Street
Redwood City, CA, USA), 64 elements driven with 100 V pulses should be
capable to generate sufficient pressure for an imaging depth up to 10 cm [19].
Moreover, despite the missing elements in the receiver aperture, the point spread
function (PSF) is comparable with a fully-populated receiver, as shown by
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simulations in [20]. This configuration allows the use of a dense low-voltage
CMOS technology, thus saving power and circuit area. Compared to [13], which
uses the majority of elements to transmit and a sparse array to receive, it achieves
better receiving sensitivity as well as lower side-lobes. Moreover, it also helps to
reduce the overall in-probe heat dissipation, as transmit circuits normally
consume more power [10].

The transducer array was constructed by dicing a bulk piezoelectrical material
(CTS 3203 HD, CTS Corporation, Albuquerque, MN, USA) into a matrix. It is
directly mounted on top of the front-end ASIC using the PZT-on-CMOS
integration scheme described in [11]. The PZT matrix measures 4.8 mm x 4.8
mm with an element pitch of 150 pm and a dicing kerf width of 20 um. It was
designed for a centre frequency of 5 MHz and a 50% bandwidth (3.75 MHz ~
6.25 MHz).

2.2.2 Subarray Beamforming in Receive

The cable-count reduction approach that we adopted in this work is to perform
partial receive beamforming in the ASIC. The basic principle of ultrasound
beamforming is to apply appropriate relative delays to the received signals in such
a way that ultrasound waves coming from the focal point arrive simultaneously
and can be constructively combined. Full-array beamforming for 32 x 32
transducer elements is impractical for circuit implementation due to the large
delay depth required for each element, which is typically a few microseconds.
The subarray beamforming scheme [5], also known as “micro-beamforming”
[17], mitigates this issue by dividing the beamforming task into two steps. A
coarse delay that is common for all elements within one subarray is applied in the
external imaging system, while only fine delays for the individual elements (less
than 1 us) is applied by subarray beamformers in the ASIC, which significantly
reduces the implementation complexity of the required on-chip delay lines .

The subarray size is determined based on the following concerns. First, in
order to keep the symmetry of the beamforming in lateral and elevation
directions, a square subarray is desired. Besides, a larger subarray brings a more
aggressive cable-count reduction, but comes at the cost of an elevated grating-
lobe level and a greater maximum fine delay in the subarray beamformers. We
selected a 3 x 3 configuration to achieve a reasonable acoustic imaging quality,
while reducing the number of cables by a factor of 9 [21]. Accordingly, the 864
receive elements of the transducer matrix are divided into 96 subarrays and
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Figure 2. 3 Schematic of the 3 x 3 subarray receiver.

interfaced with 96 subarray receiver circuits in the ASIC.

The fine delays are programmable in steps of 30 ns up to 210 ns, allowing the
subarray’s directivity to be steered over angles of 0°, £17°, and £+ 37° in both
azimuthal and elevation directions [11]. All subarrays can be programmed
identically, which is appropriate for far-field beamforming and requires loading
of only 9 delay settings into the ASIC, which has a negligible impact on the frame
rate. The ASIC is also equipped with a mode in which all subarrays can be
programmed individually (i.e. 96 x 9 settings), allowing near-field focusing at the
expense of a longer programming time, and hence a slightly slower frame rate.

2.3 Circuit Implementation

Fig. 2.3 shows the schematic of a 3 x 3 subarray receiver. It consists of 9
LNAs, 9 bufters, 9 analogue delay lines, a programmable-gain amplifier (PGA)
and a cable driver. The LNA output is AC-coupled to a flipped source follower
buffer that drives the analogue delay line. The joint output of all 9 analogue delay
lines 1s then amplified by the PGA. A cable driver buffers the output signal of the
PGA to drive the micro-coaxial cable connecting to the imaging system. A local
bias circuit (not shown) is implemented within each subarray.

The echo signals received by the transducer elements have a dynamic range
of'about 80 dB, 40 dB of which is associated with the fact that echoes from deeper

26



A Front-End ASIC with Subarray Beamforming Integrated with a 32 x 32 PZT Matrix

tissue are attenuated more along their propagation path. The gains of the LNA
and the PGA are programmable to compensate for this attenuation. The LNA is
optimized for a low noise figure (< 3 dB) and provides a voltage gain up to 24
dB, to reduce the impact of noise of the subsequent stages at small signal levels.
The gain can be reduced to -12 dB and 6 dB to avoid output saturation at high
signal levels. The PGA provides an additional switchable gain with finer steps (0,
6, 12 dB) to interpolate between the gains steps of the LNA. Thus, an overall
dynamic range of more than 80 dB, which is sufficient for TEE imaging, can be
achieved.

As described in Section I, all the above circuits, along with their biasing and
digital control circuits, must be implemented within the area of a 3 x 3 subarray,
1.e. 450 um x 450 um, while consuming less than 4.5 mW. Dedicated circuit
techniques have been applied to meet these requirements, which will be discussed
in this section.

2.3.1 LNA

3
10

Goe e oA W R . . B . W B B B . R R R R R ..

N
o

...................
...................

|| [kOhm]

............................................

...............................................

1
10

.Resonancel‘. A

P P R R R R R R R R R R LT S Moodenenn S

P i SRR A A i i
1001 1 2 3 4567

Frequency [MHz]

Figure 2. 4 The measured impedance of a 150 um x 150 um PZT transducer element and
its equivalent electrical model.

The choice of the ultrasound LNA topology is dictated by the electrical
impedance of the target transducer. Trans-impedance amplifiers (TIA) are widely
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Figure 2. 6 Inverter-based OTA with split-capacitor feedback network.

used in readout ICs for CMUT transducers because of their relatively high
impedance [22]. However, a similarly-sized PZT transducer has a much lower
impedance around the resonance frequency, typically a couple of kQs for our
transducers (Fig. 2.4). In view of this, the TIA topology falls short in achieving
an optimal noise/power trade-off, since creating a low enough input-impedance
requires extra power spent on increasing the open-loop gain, rather than on
suppressing the input-referred noise [18]. In this work, instead, we use a
capacitive-feedback voltage amplifier, shown in Fig. 2.5, which offers a mid-
band voltage gain of 4y = C;/ Cr. Its input impedance is dictated by the input
capacitor C; and can be easily sized to tens of kQs within the transducer
bandwidth, so as to sense the transducer’s voltage rather than its current.

A current-reuse OTA based on a CMOS inverter 1s employed to enhance the
power-efficiency of the LNA. In previous inverter-based designs [23], extra
level-shifting capacitors (Crs) are used to independently bias the NMOS and
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PMOS transistors, as shown in Fig. 2.6(a). These level-shifting capacitors and the
associated parasitic capacitors at the virtual ground node form a capacitive divider,
which attenuates the input signal and thus increases the input-referred noise of
the LNA. Enlarging C;s helps in reducing this noise penalty, at the cost of
increased die area. In this work, the level-shifting capacitors are eliminated by
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Figure 2. 7 Dynamic bias control scheme.

applying a split-capacitor feedback network [18, 24]. As shown in Fig. 2.6(b), the
input bias points for the NMOS and PMOS transistors are de-coupled by splitting
the input and feedback capacitors into two equal pairs, which maintains the same
mid-band gain C;/ Cr and the same input impedance.

To maximize the output swing, the bias voltage of the inverter-based OTA
should be properly defined. This is usually achieved with the aid of a DC control
loop, in which a slow auxiliary amplifier keeps the output at the desired operating
point [23]. However, such a DC control loop will recover too slowly from
disturbances coupled from the metal traces that connect the transmit channels in
the external imaging system to the 8 x 8 central array in the ASIC during the
transmit phase. Therefore, instead, we dynamically activate the bias control loop
in synchronization with the transmit/ receive (TX/ RX) cycles of the ultrasound
system, as shown in Fig. 2.7. During the TX phase, the input of the LNA is
grounded and the inverter is essentially auto-zeroed, while the auxiliary amplifier
drives the gate of the NMOS transistor so as to bias the output at mid-supply.
During the RX phase, the auxiliary amplifier is disconnected, and both its inputs
are shorted to the mid-supply. Meanwhile, the LNA starts receiving the echo
signal by operating at the “memorized” bias points. Given that the typical TX/
RX cycle in cardiac imaging is relatively short, ranging from 100 ps to 200 ps,
the bias voltage hardly drifts during the RX phase. The relatively large sizes of
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the input transistors (W/Lyx = 75/0.2, W/Lp = 60/0.2), needed for flicker-noise
reduction, also help to keep the bias voltages stable. The sample-and-hold
operation associated with the auto-zeroing causes broadband white noise to be
sampled on the gate of the NMOS transistor and held constant during the receive
phase. Therefore, it appears as a small offset voltage that is superimposed on the
“memorized” bias point during each transmit/receive cycle, and does not
deteriorate the in-band noise performance of the LNA. Moreover, it is further
filtered out by the AC-coupler following the LNA and has no impact on the bias
condition of succeeding stages.
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Figure 2. 8 Complete schematic of the LNA.

A well-known down-side of a single-ended inverter-based OTA 1is its poor
power-supply-rejection ratio (PSRR) [25]. As the LNAs are closely integrated
with high-frequency digital circuits for beamformer control, the supply line and
the ground are inevitably noisy. To improve the PSRR, we generate two internal
power rails within each subarray by means of two regulators (REGp and REGy in
Fig. 2.8) that are shared by the 9 LNAs of a subarray. Given the fact that the
loading currents of these regulators are known and approximately constant, their
implementation can be kept rather simple to save area. A capacitor-less low-
dropout regulator (LDO) based on a super source-follower [26], capable of
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providing a PSRR better than 40 dB at 5 MHz, is adopted as the topology for both
regulators.

Fig. 2.8 shows the complete schematic of the proposed LNA. The inverter-
based OTA is cascoded to ensure an accurate closed-loop gain, and input
transistors M; and M, are biased in weak-inversion to optimize their current-
efficiency. The bias voltage of M}, V,.p , which is derived from a diode-connected
PMOS transistor via a high-impedance pseudo-resistor, is shared by the input gate
of the positive-rail regulator REGp. Thus, the bias current of the OTA can be
defined by the difference of the reference currents (/,; — /,2) and the dimension
ratio of M; and M,;. In each channel, a unity-gain-connected inverter,
implemented with long-channel transistors and consuming only 0.4 pA, is
connected between the two regulated power rails to generate a mid-supply
reference that is approximately 900 mV. The auxiliary amplifier for DC bias
control is realized as a simple differential pair. With a current consumption of
less than 1 pA, it is capable to settle within the 10 pus TX phase. A switchable
capacitive feedback network, involving capacitors 14C and 7C that can be
switched in or out under control of digital gain-control inputs of the ASIC, is
implemented to provide the mentioned 3 gain levels for dynamic range
enhancement. An explicit loading capacitor (not shown in Fig. 2.8) is added at
the output of the LNA to limit its -3 dB bandwidth below 10 MHz.

2.3.2 Subarray Beamformer

Fig. 2.9 shows the circuit implementation and timing diagram of the subarray
beamformer. It consists of 9 programmable analogue delay lines, each of which
is built from pipeline-operated S/H memory cells that run at a sampling rate of 33
MHz, corresponding to the target delay resolution of 30 ns. Due to the fact that
the sampling rate is higher than the designed bandwidth of the LNA, the increase
in the noise floor caused by aliasing is negligible.

The capacitor in each memory cell is carefully sized to ensure that the
associated kT/C noise is not dominant, while meeting the area requirement. With
300 fF metal-insulator-metal (MIM) capacitors, an input-referred rms noise
voltage of about 118 pV is expected for each delay line, which is smaller than the
output noise of the LNA at its highest gain setting.

The outputs of all 9 delay lines are passively joined together to sum up and
average the charge sampled on the capacitors that are connected to the output
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Figure 2. 9 Schematic and timing-diagram of the subarray beamformer.

node [11]. Compared to voltage-mode summation [27, 28], this scheme
eliminates the need for a summing amplifier, and is thus more compact and
power-efficient. However, a potential source of errors is the residual charge
stored on the parasitic capacitance at the output node, which causes a fraction of
the output of the previous clock cycle to be added to the output signal. This is
equivalent to an undesired first-order infinite-impulse-response low-pass filter.
While this filtering can be eliminated by periodically removing the charge from
the output node using a reset switch [11], here we choose the simpler solution of
minimizing the parasitic capacitance at the output node. It can be shown that an
acceptable signal attenuation of less than 3 dB within the bandwidth from DC to
10 MHz is obtained if this parasitic is less than 20% of the total capacitance at
the output node, which can be easily achieved with a careful layout. Given that
the bandwidth of the transducer only extends from 3.75 MHz to 6.25 MHz, this
low-pass filter does not limit the overall bandwidth of the receiver.

The control logic for programming the delay lines is also integrated within each
subarray. Its core is a delay stage index rotator that determines the sequence in
which the memory cells are used, as conceptually shown in Fig. 2.10. The detailed
circuit implementation is shown in Fig. 2.11. It consists of an 8-stage shift register
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(D;-Dg) in which the 4-bit binary indices of memory cells (1-8) are stored and
rotated. Upon startup, register D, 1s preset to n. D, stores the index of the memory
cell used for sampling the input signals, while D,-Dg store the indices of candidate
memory cells for readout. A 3-bit selection code, provided by a built-in SPI
interface, decides which of these candidates is used, allowing the delay of the
individual delay line to be programmed. One-hot codes derived from the selected
4-bit binary indices are re-timed by non-overlapped clocks to control the
sample/readout switches in the memory cells.

As mentioned in Section II, the SPI interfaces in all subarrays can be either
loaded in parallel, or configured as a daisy-chain to load different delay-patterns
to individual subarrays. With a 50 MHz SPI clock, only 0.54 ps is needed to
program the ASIC’s delay pattern in the parallel mode, while for the daisy-chain
mode it takes about 13 ps (subarrays in each quadrant of the ASIC form one daisy-
chain), leading to a 9% frame rate reduction for an imaging depth of 10 cm. As
such, the daisy-chain mode enables near-field focusing at the expense of a slightly
slower frame rate.

2.3.3 Mismatch-Scrambling

The S/H memory cells suffer from charge injection and clock feed-through
errors, the mismatch of which introduces a ripple pattern with a period of 8 delay
steps (240 ns) at the output of the delay lines. Such ripple pattern manifests itself
as undesired in-band tones in the output spectrum of the beamformer, which
limits the dynamic range of the signal chain.

To mitigate this interference, we propose a mismatch-scrambling technique by
adding an extra memory cell and a redundant index register Dy, as shown in both
Fig. 2.10 and Fig. 2.11. A pseudo-random number generator (PRNG) embedded
in each subarray generates a bit sequence (PRBS) that decides whether the index
of Dg or Dy shifts into D, while the other index shifts into Dy. Thus, memory cells
are randomly taken out and inserted back into the sequence. This operation
randomizes the ripple pattern and converts the interfering tones into broadband
noise. The mismatch-scrambling function can be switched on/off with a control
bit (MS_EN in Fig. 2.11).

The PRNG in each subarray is implemented as a 12-bit Galois linear-feedback
shift register (LFSR) [29]. It can be re-configured as a shift register to allow the
sequential loading of its initial state, i.e. the seeds. Similar to the daisy-chain
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mode of the delay-pattern SPI interface, these shift registers can also be cascaded
to allow different seeds to be loaded into the individual subarrays. Applying a set
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Figure 2. 11 Circuit implementation of the delay line control logic with mismatch-
scrambling.
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of randomized seeds for all subarrays is expected to further de-correlate the
sequences of memory cell rotation on the scale of the full-array. As a result, the
excess noise generated by the scrambling process can be suppressed when the
output signals of the subarrays are combined by the beamforming operation in
the imaging system, thus improving the SNR.

2.3.4 PGA

Fig. 2.12 shows the schematic of the PGA, which is implemented as a current-
feedback instrumentation amplifier [17, 30] with a single-ended output. It
consists of a differential pair of super source followers with a tuneable source-
degeneration resistor Rs, which performs as a linearized trans-conductor, and a
current mirror with a constant load resistor R; which converts the trans-
conductor’s output current to voltage. The voltage gain of the PGA is defined by
the ratio of both resistors R;/Rs. Rs is implemented as a switchable resistor array
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Figure 2. 12 Schematic of the PGA.
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ranging from 6 kQ to 18 k), while R; is constant (24 kQ). To avoid using very
large CMOS switches for getting small on-resistance, Kelvin connections are
used to eliminate errors caused by the on-resistance of those switches (Fig. 2.12).
Compensation capacitors (C¢) are added to ensure the loop stability. These
capacitors are switched along with the gain settings from 800 fF at the lower gain
setting to 400 fF at the highest gain setting. A differential topology is applied to
improve the PGA’s immunity to interference. The negative input terminal (V;,.)
is connected to the output of a replica delay-line buffer, whose input node is AC-
coupled to ground while sharing the same DC bias voltage with the other buffers.

The PGA is located after the subarray beamformer. Therefore, when
comparing its noise contribution with preceding stages, the noise averaging effect
[10] of the beamformer should be taken into account. It is designed to have an
input referred noise density below 30 nV/VHz to prevent adding excess noise
when referred to the input of the LNA.

2.3.5 Cable Driver

The cable driver is required to fan-out the output signal of each subarray across
a micro-coaxial cable with capacitance up to 300 pF. To maximize its power-
efficiency, a class-AB super source follower [31], as depicted in Fig. 2.13, is
adopted as the topology for the cable driver. Instead of using a high-impedance
pseudo-resistor to form a quasi-floating gate, the gate of the PMOS transistor is
only connected to the bias circuit during the TX phase, but kept floating during
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Figure 2. 13 Schematic of the cable driver.
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the RX phase, similar to the dynamic DC bias scheme used in the LNA. When
referred back to the input of the signal chain, the noise contribution of the cable
driver is negligible as it is compressed by the gain of the PGA.

2.4 Experimental Results

The ASIC has been realized in a 0.18 pm low-voltage CMOS process with a
total area of 6.1 x 6.1 mm?, as shown in Fig. 2.14(a). Fig. 2.14(b) presents a zoom-
in view of one subarray receiver that is matched to a 3 x 3 group of transducer

(]
8%

(b)

Figure 2. 14 (a) Micro-photograph of the ASIC; (b) Floor plan of one subarray receiver.
Bond-pads for transducer interconnection are implemented on top of the other circuits in
the top layer metal.

(b)

Figure 2. 15 (a) Photograph of a prototype ASIC with integrated 32 x 32 PZT matrix; (b)
A prototype bonded on a daughter PCB for acoustic experiments.

37



A Front-End ASIC with Subarray Beamforming Integrated with a 32 x 32 PZT Matrix

elements with a pitch of 150 um. While receiving, the ASIC consumes only 230
mW, which is less than half of the power budget for a 3-D TEE probe.

Fig. 2.15(a) shows a fabricated prototype with an integrated 32 x 32 PZT
matrix transducer. The assembly has been bonded to a daughter PCB to facilitate
acoustic measurements (Fig. 2.15(b)). A matching layer and ground foil are
applied on top of the PZT matrix. The ground foil is directly connected to the
ground potential of the ASIC via PCB traces. Bonding wires on the periphery of
the ASIC are covered by a non-conductive epoxy layer for waterproofing.

The ASIC’s 96-channel subarray outputs and 64-channel high-voltage
transmit inputs are connected to a mother-PCB via micro-coaxial cables with a
length of 1.5 m. The mother PCB is directly mounted on a programmable imaging
system (Verasonics V-1 system, Verasonics Inc., Redmond, WA), which acquires
the RF data from the ASIC and drives high-voltage pulses via metal traces in the
ASIC to transmit elements in the transducer array. Counting in the required
power-supply and digital control lines, the total number of cables required for
connecting the ASIC to the imaging system is around 190.

Using this setup, the ASIC’s electrical and acoustic performance has been
characterized experimentally, the results of which are presented in this section.

2.4.1 Electrical Characterization

The electrical performance of the proposed LNA architecture has been fully
characterized and evaluated with a separate test IC [18]. It demonstrates a 9.8
MHz bandwidth, an 81 dB dynamic range and an input-referred noise density of
5.5 nV/NHz @ 5 MHz at its highest gain, while consuming only 0.135 mW per
channel. When interfaced with an external, small PZT array that gives a receive
sensitivity of about 10 pV/Pa, the LNA achieves a noise-efficiency factor (NEF)
[32] that is 2.5 x better than the prior state-of-the-art [14].

Fig. 2.16 shows the measured transfer function of a 3 x 3 subarray receiver in
the ASIC, with a uniform delay pattern applied to the subarray beamformer.
Various combinations of LNA/PGA gain settings were applied to achieve a
programmable mid-band gain ranging from —24 dB to 24 dB with a gain step of
6 dB. The measured absolute values of the mid-band gain levels are
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Figure 2. 16 Measured transfer functions of the ASIC with different combinations of
LNA/PGA gain settings.

approximately 6 dB lower than the theoretical values of the LNA/PGA gain
combinations, which can mainly be attributed to signal attenuation in the delay
line buffers and cable drivers and to the attenuation associated with the parasitic
capacitance at the beamformer’s summing node. This deviation does not
deteriorate the imaging quality, as long as an adequate SNR can be maintained at
the subarray output by an appropriate selection of gain settings. The -3 dB
bandwidth is about 6 MHz, ranging from 0.3 MHz to 6.3 MHz. Note that the sinc-
filtering effect of the sample-and-hold operation in the beamformer also
contributes to the gain roll-off at higher frequencies, which introduces 4 dB extra
attenuation at 16.5 MHz (half sampling frequency).

To investigate the output noise level of the subarray receiver circuits, we use
an ASIC without integrated transducer matrix, in which all bond-pads for
transducer interconnection are electrically shorted to ground by means of wire
bonding. With the highest LNA and PGA gain settings, the electrical output noise
density of a 3 x 3 subarray is measured as 120 nV/VHz at 5 MHz. This is in good
agreement with the simulated value of 106 nV/VHz. With a 300 mV maximum
peak-to-peak output amplitude, the peak SNR at the highest gain setting thus
found is about 51 dB.
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Figure 2. 17 Measured noise spectrum of the summed output of 24 subarrays without (left)
and with (right) mismatch-scrambling. LNA gain = 6 dB and PGA gain = 6 dB.
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Figure 2. 18 Measured rms noise voltage after post-beamforming as a function the number

of subarrays. Noise is integrated over a bandwidth of 2.5 MHz - 7.5 MHz. LNA gain = 6

dB and PGA gain = 6 dB.

Fig. 2.17(a) shows the measured output noise spectrum without enabling the

mismatch-scrambling function. Two interference tones appear at fractions of the

sampling frequency (fs/8, fs/4), which dominate the noise floor and thus reduce
the dynamic range. After enabling mismatch-scrambling (Fig. 2.17(b)), these
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tones get eliminated from the output spectrum, at the expense of a small increase
in the noise floor (about 10 dB at frequencies close to the interference tones).

The noise power reduction associated with the system-level beamforming has
been measured by combining the subarray output signals acquired using the
Verasonics system. Fig. 2.18 shows the measured rms noise voltage after
beamforming as a function of the number of subarrays. Ideally, if the noise at the
outputs of the subarrays is uncorrelated, the noise power after beamforming
should decrease inversely proportionally to the number of subarrays involved.
Without mismatch-scrambling, this is not the case, because the subarray outputs
signals are dominated by (correlated) mismatch-related tones. With mismatch-
scrambling enabled, the noise level shows the expected improvement, i.e.
decreasing at a slope close to 10 dB/dec, provided that randomized seeds are
delivered to the different pseudo-range number generators. With the same seed
used in all subarrays, the tones disappear from the output spectrum, but the
randomized mismatch signals of different subarray are still correlated and hence
are not reduced by the averaging operation of the system-level beamformer.

TABLE I. ASIC PERFORMANCE SUMMARY

Supply voltage Analogue: 1.8 V Digital: 1.4V
228.9 mW
Total power
Analogue: 190 mW Digital: 38.9 mW
-3 dB Bandwidth 6 MHz
Input-referred noise . .
RX . w/o mismatch-scrambling: 1.0 mPa/\Hz
density
@ 5 MHz w/ mismatch-scrambling: 2.0 mPa/NHz (worst case”)
RX sensitivity ~ 5 uV/Pa @ LNA input
Gain steps -12/-6/0/6/12/18/24/30/36 dB
HD2 43 dBc @ 300 mV,, output, 5 MHz
Max. TX pulse S0V,
voltage
TX
TX efficiency ~6 kPa/V @ 5 cm

“The measured input-referred noise with the mismatch-scrambling function enabled varies with
different delay patterns because of a systematic mismatch in the layout of S/H delay lines, which could
be optimized by a better layout.
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Table I summarizes the measured electrical performance of the ASIC. A
system-level comparison with reported works on ASICs for 3-D ultrasound

imaging is given in Table II. Our ASIC achieves both the best power-efficiency
in receiving and the highest integration density.

TABLE II. SYSTEM-LEVEL COMPARISON WITH PRIOR WORKS

[5] [10] [13] [11] This work
Process I.S5SumHV | 025umHV | 0.18 umHV | 018 yum LV | 0.18 um LV
Transducer CMUT CMUT CMUT PZT PZT
Array size 16 x 16 32 x32 16 x 16 9x12 32 x32
Center freq. 5 MHz 5 MHz 5 MHz 5 MHz 5 MHz
Element Pitch 250 um 250 pm 250 um 200 pm 150 pm
Pitch < A/2? No No No No Yes
Beamform . RX RX
Function T T Off-chip Subarray Subarray
#of TX el. 256 960 256 N/A 64
# of RX el. 32 64 256 81 864
Flip-chip Flip-chip
. bonding Flip-chip bonding Direct Direct
Integration method Via bonding Via Integration Integration
Interposer Interposer
ASIC size 10x6mm | 02*92 | gxssmme | 238 | 61x6d
mm mm mm
RX power/el. 9 mW 4.5 mW 1.4 mW 0.44 mW 0.27 mW

2.4.2 Acoustic Experiments

The fabricated prototype shown in Fig. 2.15 was immersed in a water tank (Fig.
2.19) for the evaluation of its acoustic performance. To measure the transmit
efficiency of the center subarray, all 64 TX elements were driven simultaneously
by the Verasonics system and the pressure was measured at 5 cm using a

Daughter PCB Mother PCB
TX x 64
o B b
1+ + | On-board buffers ;
: RX x 96 i i Verasonics
35 mm . : : : I
A ‘ Power supply i [
: : - Power
Scatterers Prototype Y : Digital control i
ASIC & Transducer ' : 9 > FPGA PC
Watertank I : 1.5 m coaxial cables : : Back-end System

Figure 2. 19 Schematic diagram of the acoustic experiment setup. For the beam-steering
measurements and the characterization of transmit pressure, scatterers were replaced by
single-element transducers and a hydrophone, respectively.
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hydrophone. With a 50 V excitation, a transmit pressure of 300 kPa was measured,
leading to a transmit efficiency of 6 kPa/V.

To characterize the receive beam-steering function of the ASIC, a single
element transducer of 0.5 inch diameter and 5 MHz central frequency (Olympus)
has been used as an external source, which generates a quasi-continuous plane
wave at the surface of the prototype transducer. The prototype was mounted on a
rotating stage and turned from -50° to +50° with a step of 2°. The delays of
subarray beamformers in the ASIC were programmed successively to steer the
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Figure 2. 20 Measured subarray beam-profile for steering angles of 0°,17° and 37°.

(a) (b)

Figure 2. 21 (a) Pattern of 7 point-scatterers including 6 steel balls (gray circles) and 1
needle (the dotted circle); (b) volume-rendered 3-D image.

43



A Front-End ASIC with Subarray Beamforming Integrated with a 32 x 32 PZT Matrix

subarrays maximum sensitivity towards 0°, 17° and 37°. The corresponding
measured subarray beam-profiles, shown in Fig. 2.20, are in good agreement with
expectations, with the peak of the beams corresponding well to the programmed
steering angles.

2.4.3 Imaging Results

To demonstrate the 3-D imaging capability of the prototype, a pattern of seven
point scatterers (six steel balls and one needle), forming a letter “M” (Fig. 2.21(a)),
was placed at a distance of approximately 35 mm in front of the transducer array.
A diverging wave was transmitted from the prototype, using a pulse of 18 V
(peak-to-peak), generated by the Verasonics systems and applied to the transmit
subarray through the connections on the ASIC. A 3-D volume image was re-
constructed by combining the subarray output signals recorded using the
Verasonics system from multiple transmit-receive events, and rendered to get a
frontal view of the point scatterers (Fig. 2.21(b)), which clearly shows the layout
of the scatterers.

Currently, the 3-D image reconstruction has been done offline and 169
transmit-receive events were used to generate one volume as shown in Fig. 2.21(b)
[33]. In a future real-time implementation, this would correspond to a frame rate
of 44.4 volumes per second for an imaging depth of 10 cm. When the daisy-chain
mode for delay-pattern programming is enabled, the frame rate reduces to about
40 volumes per second. We have also noted that volumes can be reconstructed
from at minimum 25 transmit-receive events, at the cost of slightly degraded
image quality [33]. This results in a frame rate of 300 volumes per second in the
fast imaging mode.

2.5 Conclusions

A front-end ASIC with a co-integrated 32 x 32 PZT matrix transducer has been
designed and implemented to enable next-generation miniature ultrasound probes
for real-time 3-D transesophageal echocardiography. The transducer array is split
into a transmit and a receive subarray to facilitate the power and area optimization
of the ASIC. To address the critical challenge of cable-count reduction, subarray
receive beamforming is realized in the ASIC with a highly-compact and power-
efficient circuit-level implementation, which utilizes the mismatch-scrambling
technique to optimize the dynamic range. A power- and area-efficient LNA
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architecture is proposed to further optimize the performance. Based on these
techniques, the ASIC demonstrates state-of-the-art power and area efficiency, and
has been successfully applied in a preliminary 3-D imaging experiment.
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CHAPTER 3

A FRONT-END ASIC WITH INTEGRATED
SUBARRAY BEAMFORMING ADC AND
DIGITAL TIME-DIVISION MULTIPLEXER

Based on publication C. Chen", Z. Chen", D. Bera, E. Noothout, Z.-Y. Chang, M. Tan, H.J.
Vos, J.G. Bosch, M.D. Verweij, N. de Jong and M.A.P. Pertijs, “A Pitch-matched Front-End
ASIC with Integrated Subarray Beamforming ADC for 3-D Ultrasound Imaging in Miniature
Probes”, IEEE Journal of Solid-State Circuits, vol. 53, no. 11, pp. 3050-3064, Nov. 2018

“equal I°' author contribution

3.1 Introduction

Data acquisition from 2-D transducer arrays has become one of the main
challenges for the development of endoscopic and catheter-based 3-D ultrasound
imaging devices, such as transesophageal echocardiography (TEE) [1],
intracardiac echocardiography (ICE) [2] and intravascular ultrasound (IVUS) [3,
4] probes. The main obstacle lies in the mismatch between the large number of
transducer elements needed for 3-D imaging, and the limited number of cables
that can be accommodated in these systems. Recent advances in transducer-on-
CMOS integration methods [5, 6] have enabled the use of front-end ASICs
performing signal conditioning and data-reduction close to the transducer. The
concept of subarray beamforming [7], which divides the transducer array in
subarrays and combines the signals received by the elements in each subarray by
a local delay-and-sum operation, is capable of reducing the channel count by an
order of magnitude. This has been successfully demonstrated in several ASIC
prototypes [1, 8] and has made it possible to develop probes with 3000+
transducer elements [9]. However, it is still an arduous engineering problem to
assemble hundreds of cables within endoscopes or catheters of < 5 mm diameter
[2]. Such constraints have forced system designers to trade-off imaging quality
against physical dimension and fabrication cost [2].

A variety of efforts has been made in recent years to further reduce the cable-
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count by making better use of the cable capacity. Time-multiplexing in the
analogue domain [10] allows the signals received by multiple elements to share
a single cable. However, the limited bandwidth and transmission-line effects of
the micro-coaxial cables result in significant channel-to-channel crosstalk [11,
12]. Other analogue modulation methods, such as frequency-division
multiplexing (FDM) [13], also suffer from the cable non-idealities.

A more radical solution is to move ADCs into the probe and perform the
channel-reduction in the digital domain, where complex modulated signals can
be transmitted with much better robustness against noise, interference and
crosstalk. Moreover, in-probe digitization would open up the possibility to
migrate more signal processing functionalities into the probe, such as post-
beamforming [14] and compressive beamforming [15], which are expected to
further reduce the channel count. A prerequisite to achieve this goal is an efficient
way to implement a massively-parallel ADC array within the stringent power and
area constraint of miniature ultrasound probes.

Based on the framework of subarray beamforming, in-probe digitization can
be realized by digitizing the output of an analogue subarray beamformer with per-
subarray ADCs [16]. Alternatively, digital beamforming with per-element ADCs
can be considered [17-19]. The latter approach requires D’ ADCs with an equal
number of preconditioning circuits and input buffers for a D x D subarray, plus
the associated digital FIFOs for the realization of delays. This is difficult to be
directly integrated underneath a pitch-constrained 2-D transducer with an
affordable power consumption. In [17], the area problem was addressed by using
nanoscale CMOS technologies. Nevertheless, the reported element-level AX
ADC is larger than the ideal half-wavelength pitch of 150 um at 5 MHz, and the
power dissipation is more than two orders of magnitude higher than its analogue
counterpart [1]. Moving the ADC to the output of an analogue beamformer helps
in reducing the area and power cost for A/D conversion. The work of [16]
employs subarray beamformers based on S/H circuits followed by a stand-alone
Nyquist-rate ADC. The reported silicon area and power are both dominated by
the analogue beamformer, resulting in a per-channel footprint that is 12x larger
than the dimension of a 5-MHz transducer element and a power consumption far
exceeding the heat dissipation constraint for miniature probes [20]. More recently,
[21] proposes to embed charge-redistribution SAR ADCs with a subarray
beamformer, so as to save power. This approach, however, requires N SAR ADCs
to implement a N-channel beamformer, resulting in a poor area efficiency.
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In this work, we propose an element-pitch-matched ASIC architecture to
demonstrate the feasibility of efficient in-probe digitization in miniature
ultrasound probes [22]. It provides subarray beamforming for a directly integrated
5-MHz PZT matrix with a half-wavelength element-pitch of 150 um. In each 3 X
3 subarray, a compact Nyquist-rate beamforming ADC is implemented following
the analogue front-end circuits. By merging the beamforming and digitization
functions coherently in the charge domain, there is no need for intermediate ADC
buffers, resulting in significant power and area reduction. The outputs of four
beamforming ADCs are fed into a high-speed digital serializer on the periphery
of the ASIC to reduce the total output channel-count by a factor of 4. Thus, the
ASIC achieves a 36-fold channel-count reduction, while consuming less than 1
mW/element in receive mode. The effectiveness of the proposed architecture has
been successfully demonstrated in both electrical tests and a 3-D imaging
experiment.

This chapter is organized as follows. The architecture of the proposed ASIC is
discussed in Section 3.2. Section 3.3 describes the circuit implementation details
of the subarray receiver and the datalink. Section 3.4 presents the experimental
setup and results. A conclusion is given in Section 3.5.

3.2 System Architecture

3.2.1 Overview

Fig. 3.1 shows an overview of the proposed system. It consists of a front-end
ASIC, a 5-MHz 150-um-pitch PZT matrix and the associated external electronics.
The PZT matrix is constructed from a bulk piezoelectric material (CTS 3202 HD,
CTS Corporation, Albuquerque, MN, USA) that is stacked on the ASIC using the
PZT-on-CMOS heterogeneous integration process described in [6]. A metallic
interconnection layer and a conductive glue layer connect the bottom electrodes
of the PZT elements to a bondpad array on the ASIC.

As a proof-of-concept, we use a PZT matrix with a relatively small aperture in
this work, while the proposed circuit architecture and layout are both designed to
facilitate the future extension to a larger array size, such as the 32 x 32 array
presented in chapter 1. The matrix is divided into 3 x 24 transmit (TX) elements
and 6 x 24 receive (RX) elements. Similar to [1, 6], the TX elements are directly
wired-out to external high voltage pulsers using metal traces in the ASIC, thus
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Figure 3. 1 System overview

enabling the use of a low-voltage CMOS process [3]. Nevertheless, the concepts
presented in this chapter are equally applicable to an ASIC using high-voltage
CMOS technology in which local pitch-matched TX pulsers are also included. In
this prototype, every 3 TX elements in the same column are connected together
in the ASIC to reduce the overall I/O count, turning them into a 1-D phase array
with a broad beam profile in elevation direction. In a future extension to a larger
array, an alternative more symmetrical transmit layout would be preferred, such
as the central transmit subarray described in [1]. In RX, subarray beamforming is
applied on 3 % 3 elements to realize a 9-fold channel-reduction, yielding in total
16 subarrays.

Fig. 3.2a shows the architecture of RX electronics in the ASIC. Each subarray
receiver consists of a 9-channel analogue front-end (AFE) that acquires echo
signals from the transducer elements and conveys them to programmable delay
lines. The output of the nine delay lines are added and digitized in the charge
domain by a successive approximation register (SAR) ADC. The digitized data
is transferred to a datalink at the periphery of the ASIC, where the data from 4
subarrays are combined on a shared LVDS (low-voltage differential signaling)
output channel, thus realizing an extra 4-fold channel-count reduction. At the
system side, an FPGA [23] receives and stores the data, which is then transmitted
to a PC for image reconstruction.
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Figure 3. 2 (a) Architecture of receive electronics; (b) Signal dynamic range at the input of
the LNA; (b) Signal dynamic range at the output of the LNA; (c¢) Signal dynamic range at the
output of the PGA.

3.2.2 AFE

The AFE in each channel consists of a low-noise amplifier (LNA) and a
programmable-gain amplifier (PGA). Fig. 3.2b illustrates the expected peak-to-
peak voltage signal received by a transducer element as a function of time. Note
that the time axis, assuming a constant speed of sound, is equivalent to the axial
depth. Echoes resulting from deeper scatterers will arrive later, and will be more
attenuated, leading to an overall peak-to-peak amplitude range from 30 pV to 500
mV, while the instantaneous dynamic range (DR), i.e. the ratio between the
largest and smallest echoes at a given imaging depth, is about 40 dB. The depth-
dependent (and hence time-dependent) attenuation can be compensated by
applying time-varying gains in the AFE. Such time-gain compensation (TGC)
function is implemented by distributing discrete gain-steps between the two
stages in the AFE. The LNA provides a high gain for small echo signals from
deep scatterers, where the acoustic and electrical noise determine the detection
limit, and a lower gain for large echoes from nearby scatterers, where linearity
matters. With a gain step of 18 dB, the DR is thus compressed to approximately
58 dB (Fig. 3.2c¢). This is further reduced by the PGA, which provides gain steps
of 6 dB, resulting in an output DR of 46 dB, with peak-to-peak amplitudes ranging
from 4 mV to 800 mV (Fig. 3.2d). This arrangement effectively reduces the noise
and DR requirements of the succeeding circuits, while keeping the complexity of
the TGC implementation modest, thus bringing significant power and area
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