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Abstract

Acoustoelectric imaging is an emerging technology confirmed by in-vivo experiments
that can help diagnose and evaluate peripheral nerve neuropathy. The ultrasound
transmitter (TX) is required in such systems to selectively focus and apply acoustic
pressure on the target volume. Within the ultrasound TX, the power amplifier (PA,
commonly called pulser) can dominate up to 99% of total TX power consumption.
In this case, the pulser must be power-efficient and integrated with modern comple-
mentary metal-oxide semiconductor (CMOS) compatible transducers to enable minia-
turized AE imaging systems. However, the small form factor is the natural limit for
high-energy-efficiency pulser design.

The class-D switched-mode PA is the most common approach to drive ultrasonic
transducers in recent research publications and commercialized products (e.g., TUSS
4470 by Texas InstrumentsTM, STHVUP32 by STMicroelectronicsTM). Although the
class-D PA manifests inherently simple and area-efficient features, it suffers from
power loss on switching the plate parasitic capacitor 𝐶𝑝 of the transducer. Prior arts
use excessive off-chip capacitors, inductors, and high-frequency switch-clocking sig-
nals generated by frequency synthesizers to switch the PA in different configurations
to save power on 𝐶𝑝. However, these approaches increase the system form factor
and introduce high-speed clock routing. Additionally, efforts to flip and short both
terminals of the transducer for increased PA efficiency are not practical for CMOS-
compatible transducer arrays. The trade-offs involved in optimizing switched-mode
pulser efficiency extend beyond a simple consideration of 𝐶𝑝.

This work proposes a new baseline power-efficiency analysis that comprehen-
sively explains the switched-mode PA efficiency considering transducer characteris-
tics. A switched-mode pulser based on the stepwise-charging technique, controlled by
a stepwise sequencer based on a symmetrically-modulated delay cell, is implemented
in 130 nm technology. The proposed architecture achieves an overall acoustic effi-
ciency of 82.5% in simulation while maintaining an average efficiency of 81% in global
PVT andmismatch corners. The PA achieves a 9.9% acoustic-efficiency improvement
compared to its baseline and significantly outperforms the work with a similar base-
line by 6.9%. The achieved efficiency is also comparable to the work featuring a 9.1%
higher baseline, while this work demonstrates a 20x saving in capacitance budget.
The PA signal chain is estimated to have an area of 108 𝜇m x 520 𝜇m, which can
be fit into a 115𝜇m-pitch 1-D transducer channel without extra reference resources,
offering promising prospects for compact multi-channel integrations.

Keywords—Acoustoelectric imaging, ultrasound transmitter, power amplifier, step-
wise charging, self-timed circuit.
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1
Introduction

Peripheral nerves are crucial in transmitting signals between the brain, the spinal cord,
and the rest of the body. These nerves control voluntary movements, convey sensory
information, and regulate vital bodily functions. Consequently, any damage or im-
pairment to these delicate neural pathways can result in a wide range of debilitating
conditions, from chronic pain and motor dysfunction to loss of sensation and mus-
cle weakness. The overall prevalence of peripheral neuropathy is 2.4%; however, it
increases to 8% in individuals above 55 years old [1].

Diagnosing and evaluating peripheral nerve neuropathy posed significant chal-
lenges. Traditional clinical diagnosing relied heavily on subjective assessment from
clinicians, often leading to delayed or misdiagnosed conditions. The advent of imaging
techniques for peripheral nerve systems (e.g., magnetic resonance imaging [2], high-
resolution ultrasound [3]) offers healthcare professionals a highly accurate means of
visualizing these intricate nerve networks in real-time. Among these imaging tech-
niques, acoustoelectric (AE) imaging is an emerging technology confirmed by in-vivo
experiments [4, 5] for nerve systems to provide sub-millimeter resolution of current
flow mapping.

The application-specific integrated circuit (ASIC) serves as a promising means
to minimize the system form factor. This thesis explores the ASIC specifications for
the transmit channel in AE imaging applications and aims to design a miniaturized
and highly power-efficient ultrasound power amplifier (PA, commonly referred to as a
pulser in ultrasonic applications) suitable for future biomedical implants.

This chapter serves as an introduction to this adventure. The basic principle and
the measurement setup of AE imaging prototypes are introduced at the beginning.
Following this, the conceptual application for this thesis is presented. Essential spec-
ifications for the system are summarized together with state-of-the-art high-efficiency
PA circuit design methodologies. Based on these, the research questions of this work
are proposed. The final section presents the structure of this thesis.

1.1. Acoustoelectric Imaging
1.1.1. Theory
The acoustoelectric effect was initially predicted by Debye [6] in 1933 and then ob-
served and reported by Fox [7] in 1946, revealing that the electrical conductivity of
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2 1. Introduction

saline solutions can be modulated periodically by focused ultrasound waves. Over
the ensuing decade, scientists have strived to quantitatively measure the AE effect in
different solutions [8, 9] as well as within living tissues [5]. The analysis and modeling
for such phenomena are intensively researched to understand the strict mechanism
behind this effect [10–14].

The general principle of the AE effect is depicted in Fig. 1.1(a). When a focused
ultrasound wave is applied to a volume Ω of biological tissue, a change in pressure
Δ𝑃 is induced at the focal area. This pressure fluctuation subsequently alters the
focal region’s electrical conductivity 𝜎. If a current with density 𝐽 conducts through the
volume, a voltage difference, also known as acoustoelectric interaction (AEI) voltage
𝑉𝐴𝐸𝐼, can be measured at the volume boundary.

Figure 1.1: Generalized principle and measurement setup of acoustoelectric imaging in [8, 9, 15], (a)
a conceptual diagram of AE imaging for bio-current mapping with implanted electrode pair forming a
dipole (or so-called lead), (b) side view of the measurement setup, (c) the timing diagram illustrates a
set of motion-mode AE scans.

Sub-diagram (a) shows the concept of acoustoelectric imaging. An implantable
ultrasound transmitter (TX) is positioned close to the imaging area. It emits acoustic
pulses to perform scanning with a three-dimensional (3-D) pattern. The tissue cur-
rent can be captured with depth and time information by adjusting the focal position
(𝑥, 𝑦, 𝑧) and sampling the boundary potential variation via electrodes. The readout
channel would acquire a voltage 𝑉𝐴𝐸𝐼 and then send it to the post-processing system.
Sub-diagram (b) depicts the side view of the AEmeasurement setup. A single-element
transducer is placed deep inside a water tank. A measurement cell filled with 0.9%
saline solution is merged into the water tank on top of the transducer. A biomedical
tissue sample held by a flexible tube is positioned within the measurement cell. The
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stimulation and recording electronics are connected to the sample in a dipole con-
figuration and operate simultaneously. In the timing diagrams (c), the red waveform
represents the stimulus that imitates the behavior of nerve current. When performing
a scan, the ultrasound transducer starts pulsing acoustic waves to apply focal pres-
sure at different depths within the measurement cell. The acoustoelectric signal is
shown in blue, of which the amplitude indicates the potential variation that electrodes
measured in the focal depth.

The precise mechanism of acoustoelectric field generation in electrolytic liquids
and biological tissues is still under debate. Several works proposed different mathe-
matical models to demonstrate the phenomena, including but not limited to the acous-
tic momentum theory [16], the Hitherto model [8, 17], and the Gauss model [18]. Ex-
ploring the math of the acoustoelectric effect falls beyond the scope of this thesis,
but acknowledging the valuable modeling and measurement results from biomedical
scientists is crucial. These insights enable us electrical engineers to build ASIC pro-
totypes.

Two following conclusions can be drawn from published acoustoelectric measure-
ments [8, 9, 19, 20]:

(1) The amplitude of the acoustoelectric interaction signal, 𝑉𝐴𝐸𝐼, is directly proportional
to the magnitude of the current 𝐼 injected into the tissue and the level of applied
acoustic pressure 𝑃:

𝑉𝐴𝐸𝐼 ∝ 𝐼, 𝑃. (1.1)

(2) The acoustoelectric interaction constant, denoted as 𝐾 in Equation (1.2), is an
inherent property of various materials. This constant quantifies the extent to which
the resistivity 𝜎 changes in response to the local pressure variation Δ𝑃 induced by
acoustic waves. The conductivity of the medium and the corresponding variation
are denoted by 𝜎0 and Δ𝜎.

𝐾 = − Δ𝜎
𝜎0Δ𝑃

(1.2)

1.1.2. Conceptual System for Peripheral Nerve Recording
The conceptualized system for this work is presented in Fig. 1.2. The application is
intended to selectively monitor peripheral nerve activities based on the acoustoelectric
effect to serve as a method of prediagnosis or long-term treatment for peripheral nerve
disease.

Let’s take the sciatic nerve bundle as an illustrative example. This type of nerve
bundles the tibial and fibular nerves together in the same connective tissue sheath
[21]. The ultrasound phased-array transmitter should be implanted near the periph-
eral nerve bundle. Once in place, the transmitter emits focused ultrasonic waves
towards the target nerve within the bundle. These waves exert pressure on the target
volume, leading to local potential variations. By observing and analyzing these vari-
ations, the system can glean valuable insights into the physiological responses and
characteristics of the targeted nerve.
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Measuring the potential variation within the bundle in vivo remains challenging,
both biologically and in terms of invasive surgical procedures [22–24]. This thesis will
not discuss the design of the receiver (RX) channel for AE imaging systems.

Figure 1.2: Conceptualized system for peripheral nerve recording based on AE effect.

1.1.3. System Specifications
To the best of the author’s knowledge, AE-effect-based nerve activity recording sys-
tems are still in the prototyping stage. To enable miniaturization for future invasive
purposes, aligning the biological measurement results with electrical system specifi-
cations is essential. The main system specifications include pressure level, current
intensity, heat density, potential variation, and resolution, as can be concluded from
available AE prototypes [4, 5, 8, 9].

Pressure Level
The suitable pressure level for acoustoelectric imaging mainly depends on the ac-
tion potential threshold of the neuron. According to AE theory, neural activities can
be recorded only when the ultrasound waves are precisely focused and exert a cer-
tain pressure upon the nerve tissue. The applied pressure should remain balanced
while avoiding extremes because the nerve would be excited if the ultrasonic-induced
potential variation between the cell membrane exceeds the action potential of a neu-
ron (typically around -53 mV as indicated in [25]); conversely, if the amplitude of the
AEI signal is too low, readout electronic design can be particularly challenging due to
the signal-to-noise ratio (SNR) limit. Owing to the above reasons, unlike ultrasound-
powered neural stimulation [26] and medical imaging applications [27], which typically
require tunable focal pressure of above 1 MPa to enable fine control of the stimulus
intensity or to improve the SNR at the largest imaging depth, acoustoelectric mea-
surements are predominantly performed in hundreds of kPa range [8, 9, 18].

Current Intensity
Measuring the current intensity threshold during the peripheral-nerve excitation period
remains challenging, as it highly depends on the nerve type, the contact position,
the nerve-to-contact distance, and the sampling rate [28–30]. As listed in Table 1.1,
results from publications suggest that the thresholds are within the range of a few
milliamperes.
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Nerve Type Current Intensity

Elbow [29] 0.12 - 4 mA
Axillary [29] 0.28 - 5 mA

Brachial Plexus [28] 0.06 - 0.32 mA
Motor Axons [31] 5 - 9 mA

Sciatic [30] 0.3 - 1.9 mA

Table 1.1: Measurement results of action current amplitude for different types of nerves.

Heat Density Limit
Furthermore, the constraints posed by battery size and thermal considerations within
biological tissue hold back the upper power dissipation achievable for electronic im-
plants. As examples highlighted in the marketing clearance regulation for ultrasound
systems and transducers from the United States Food and Drug Administration [32],
the acoustic output exposure level for the spatial-average temporal-average inten-
sity 𝐼𝑆𝐴𝑇𝐴 of the ultrasound transducer face1 for heart monitoring applications, as ex-
pressed by Equation (1.3), where 𝑃 is the ultrasonic power at the transducer face, 𝐷 is
the area corresponding to entrance beam dimensions, should stay below 20 mW/cm2.
In the absence of sufficient empirical data, this value is adopted as an established
guideline for invasive AE imaging systems.

𝐼𝑆𝐴𝑇𝐴 =
𝑃
𝐷 (1.3)

Acoustoelectric Interaction Signal Amplitude

Figure 1.3: A plot of fitted acoustoelectric measurement results from Lavandier’s [8] and Li’s [9] pub-
lications with the same biological conditions: 0.9% NaCl solution, 400 kPa of focal pressure, injected
current in mA range. The original voltage scale in Li’s paper is in peak-to-peak format with a current
range from 0 mA to 5 mA. The author fitted the diagram with the same 3.3 mΩ slope stated in the
original article, plotted the corresponding voltage amplitude, and extended the current range to 12 mA
for better comparison with Lavandier’s result.

1It is not explained what the ‘transducer face’ is in the original regulation file.
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The acoustoelectric interaction signal is the directly measurable electrical signal of
the system. The amplitude of the AEI signal is proportional to the potential variation
of the focal volume. Fig. 1.3 shows the fitted result from two similar measurement se-
tups [8, 9]. The measurements are performed in 0.9% saline solution to emulate the
biological environment. In both cases, currents are injected externally into the mea-
surement cell with 400 kPa of ultrasonic focal pressure. The measured AE interaction
voltage amplitudes closely align with a current sweeping from 1 mA to 12 mA. Since
the AEI signal’s amplitude is proportional to the applied pressure, a voltage range from
noise floor up to around 50 𝜇𝑉 can be estimated with a pressure below 1 MPa.

Focal Resolution
Regarding focal resolution, it is observed from the samples that the diameter of most
fibers within the human peripheral nerve bundle is larger than 200 𝜇m [33]. This sug-
gests that the resolution of focal pressure should be around or below 200 𝜇m to ensure
that sufficient pressure can be applied to most of the fibers.

To conclude, the general system specifications for implantable acoustoelectric
imaging prototypes are shown in Table 1.2.

Target Area Nerve bundle with 4mm diameter
Focal Pressure Limit < 1 MPa

Range of Current Density 0.12 - 9 mA
Range of AEI Signal Amplitude < 50 𝜇V

Heat Flux Density Limit 20 mW/cm2

Focal Resolution < 200 𝜇m

Table 1.2: General system specifications for implantable acoustoelectric imaging prototype.

1.2. Ultrasound Transmitter
The integration of ultrasound transducers with ASICs based on complementary metal-
oxide semiconductor (CMOS) technology has emerged as a significant breakthrough
over conventional FPGA-based systems with discrete transducers [34]. This integra-
tion reduces components’ wiring and routing, enhances energy efficiency, and shrinks
overall form factors, enabling smart and portable ultrasound systems. One critical
component in AE imaging systems is the ultrasound transmitter, which is responsible
for producing the required pressure in the target area. This section introduces the
typical signal chain of the ultrasound transmitter. A review of high-efficiency pulser
design is briefed to raise research questions.

1.2.1. Typical Transmitter Signal Chain
A representative ultrasound transmitter architecture for phased-array systems is shown
in Fig. 1.4. During the transmitting phase, the ultrasound transducer is driven by a
power amplifier, converting electrical signals into acoustic pulses. This process is
controlled by a beamforming controller (or so-called beamformer), which provides
digitized delay patterns for pulsers in different channels to ensure that the emitted
ultrasound waves can be properly focused on the target spatial position.
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Figure 1.4: Typical ultrasound transmitter array architecture.

1.2.2. High-Efficiency Pulser State-of-the-Art
The ultrasound power amplifier (PA), or so-called pulser, is the core block in the trans-
mit channel. Depending on applications, prior works on ultrasound ASIC design sug-
gest that the TX can be up to 10x more power-hungry than the RX channel [27]. Within
the TX channel, the consumed power on the pulser itself can dominate up to 99% of
the total TX power [35]. High energy efficiency is the biggest challenge in making such
a power-consuming block suitable for biomedical implants, which require compact in-
tegration and often have limited or no access to batteries.

Figure 1.5: Butterworth-Van Dyke equivalent circuits for ultrasound transducer (resonator) and flip-chip
bonded transducer array.

The transducer, which provides the load for ultrasonic pulsers and is by nature a
resonator, is commonly modeled using the Butterworth-Van Dyke (BVD) model first
published in 1928 [36]. The increased precision in characterizing the BVD model [37]
over the past century, as well as the simplicity of the model itself, have contributed
significantly to the model’s prevalence in contemporary circuit design practices. Other
models, such as the Krimholtz-Leedom-Matthaei [38] model and Mason’s model [39],
provide a more precise way to separate the behavior of the electrical, mechanical,
and acoustic domains. However, these models can be challenging to characterize
[40] and can be overly complex for circuit design.

Twomethods are commonly used to drive a transducer/resonator: negative-resistance
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circuits and amplifiers. In clock reference applications, the resonator is driven by ac-
tive −𝑔𝑚 circuits to provide reference signals with clean spectra and high rail-to-rail
swing. However, this approach suffers from slow start-up and redundant energy loss
during the starting period. The starting procedure usually takes hundreds of oscillation
cycles [41] and up to 7360 cycles, as reported in [42]. On the contrary, a spectral-clean
reference is out of interest for ultrasonic transducers, but a fast response is necessary
to excite duty-cycled acoustic bursts. Linear amplifiers, such as class-A, class-B, and
class-AB amplifiers, can provide excellent linearity and low harmonic distortion. How-
ever, the efficiency of linear amplifiers is generally low.

Due to the above reasons, the most common approach to drive ultrasonic trans-
ducers in recent research publications and commercialized products (e.g., TUSS4470
by Texas InstrumentsTM [43], STHVUP32 by STMicroelectronicsTM [44]) is the switched-
mode power amplifier, especially the class-D PA [45]. The idea of switched-mode
PA is to generate a fast-switching squarewave signal with a frequency equal to the
transducer’s series resonance frequency 𝑓𝑠 at the PA output node. In this case, the
transducer can be operated at its intrinsic mechanical oscillation.

Although the class-D PA manifests inherently simple and area-efficient features, it
still suffers from drastic switching power loss 𝑃𝑆𝑊 during charging and discharging the
plate parasitic capacitor 𝐶𝑝 of the transducer. As a result, the reported class-D mode
pulser efficiency, defined as the ratio between the power delivered to the resistive
load of the BVD model and the total power consumption, is usually very low, typically
around 50%, as stated in [46].

Figure 1.6: Ultrasonic switched-mode pulser architectures, (a) class-D PA, (b) charge-redistribution
PA, (c) energy-replenishing PA.

Several techniques have been proposed to reduce the switching loss in ultrasound
pulsers. The charge-redistribution pulser is proposed in [47, 48]. The loss on 𝐶𝑝 is
saved by shortening the two electrodes of the transducer during the off phase of the
class-D driver. This helps balance the charge within the transducer so that the po-
tential on both plates returns to the common mode. In this case, the potential differ-
ence Δ𝑉 between the plates becomes zero, forcing the piezoelectric layer to its initial
state (no relaxation). This approach would ideally achieve 50% 𝐶𝑝𝑉𝐷𝐷𝑓𝑠 loss saving
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on the plate capacitance. However, it introduces inevitable challenges to integrated
transducer fabrication and signal routing, since the CMOS-compatible flip-chip bond-
ing solution for piezoelectric thin film transducer [49, 50] ties the top electrodes of all
transducer channels together as a global ground, which means all channels need to
be switched at the same time, increasing the difficulty for precise timing control for
beamforming. In addition, routing the electrodes from the top plate would require long
wiring and affect the design of the transducer matching layer. Efforts have been made
in [51] to customize the transducer fabrication process, introducing two electrodes
within each array channel. However, this is at the cost of significantly decreasing
the quality of the piezoelectric membrane. Hence, this technique is not suitable for
high-efficiency CMOS-transducer integration.

To achieve above 50% of switching loss saving, a two-stage energy-replenishing
pulser [52] is proposed, which ideally would save all power loss on 𝐶𝑝 and, as reported,
achieved 73.1% of loss reduction. However, this approach requires a high-quality in-
ductor in every PA channel to preserve the energy loss on 𝐶𝑝, and it must incorporate
the body diodes of high-voltage (HV) transistors. Therefore, the energy-replenishing
pulser is unsuitable for low-power implantable applications in which system miniatur-
ization is highly prioritized.

Figure 1.7: Stepwise pulser and its variants. The parallel capacitors can be replaced by BUCK DC-DC
converters with different voltage conversion ratios (VCR) [53] at the cost of a larger system form factor.
The output can also be differential to boost the output power by flipping two terminals of the BVD circuit.

Another way to save most switching loss is through so-called stepwise charging.
Since it was first proposed in 1994 [54], stepwise charging has drawn extensive re-
search interest in different applications. The idea is to extract the charge on 𝐶𝑝 with 𝑁
levels of flying capacitors and recharge the 𝐶𝑝 using the charge preserved on these
capacitors. Once this process reaches the steady state, the voltage levels on the ca-
pacitors are roughly equal [55]. In this pattern, the power loss on the capacitor can be
ideally reduced to 1

𝑁𝐶𝑉
2𝑓 [54]. This approach was widely used in different applications

as long as the load is a pure capacitor, for example, capacitive readouts [56], clock
drivers [57], DC-DC converters [58, 59], memory circuits [60], screen driver [61], high-
speed IOs [62]. These works can achieve significant energy savings using multiple
capacitor levels with a very large flying-capacitor-to-load-capacitor ratio (Φ𝐶𝐴𝑃, cap
ratio) of up to 2.5×106 in [56]. However, excessive capacitors are area-consuming
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and, thus, not well-suited for system miniaturization.
Stepwise charging an ultrasound transducer was initially introduced in [53] by im-

plementing a switched-capacitor (SC) BUCK DC-DC converter with off-chip capacitor
tanks, which leads to a large form factor with extra clocking resources. To address
this issue, follow-up works tried to implement charge sharing across different PA chan-
nels, but still, a large cap ratio is needed [63]. Besides, this work only characterized
their pulser with a pure capacitive load, and no consideration for either stepwise ris-
ing/falling time or the characteristics of the resonating branch are investigated. In [64],
the internal levels of stepwise circuits are implemented by cascaded charge pumps,
boosting the maximum output swing to 𝑁 times supply voltage by using 𝑁 charge
pumps, leading to the highest acoustic efficiency of 81.7% (performed in simulation)
in the reported literature. Nevertheless, massive sub-drivers are used to protect the
cascaded cells from high-voltage breakdown, and nF-level external capacitors are
used to provide enough energy for high-swing resonance. Additionally, three trans-
ducers with different quality and electrical characteristics are used in this design to
randomly search for the maximum efficiency and 𝐶𝑝 loss saving point without reason-
ing. In [46], it reported an acoustic efficiency of 75.6% in simulation by implementing a
differential stepwise charging structure similar to [56], which doubled the output swing
leading to ideally quadrupled output power on the resistive part while only doubling
the power loss on 𝐶𝑝. Nonetheless, as previously mentioned, periodically flipping the
supply and ground terminals of the transducer can be costly in flip-chip bonding array
fabrication.

1.3. Design Challenges and Research Questions
The design challenges of a high-efficiency pulser for acoustoelectric imaging applica-
tions are as follows:

• From a system-design perspective: While the primary goal of this thesis is not
to design a complete transmitting system, it is essential to ensure that the func-
tions and performance of the designed PA signal chain align with the implantable
system specifications concluded in the prior sections as much as possible.

• From a circuit-design perspective: In the application scenario of this work,
the pulser design needs to achieve state-of-the-art energy efficiency while main-
taining a minimal form factor, enabling integration of the complete pulsing signal
chain with CMOS-compatible transducers. The small form factor is a natural limit
for high-energy-efficiency pulser design. To increase the energy efficiency, prior
arts use excessive off-chip capacitors, inductors, and high-frequency switch
clocking signals generated by frequency synthesizers, which significantly in-
crease the system form factor and high-speed clock routing. These works also
tend to flip or short both terminals of the transducer to increase the power effi-
ciency inherently; however, they are not practical for CMOS-compatible trans-
ducers.

• From an analysis perspective: A more analytical and systematic approach is
needed to understand the relationship between high 𝐶𝑝 loss saving and acous-
tic efficiency. The pursuit of extremely high 𝐶𝑝 saving is a common goal for
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existing efficiency-oriented switched-mode ultrasonic pulser designs. However,
no publication analytically testifies that a high 𝐶𝑝 saving would lead to a higher
acoustic efficiency. Despite the fact that modeling the transducer and measur-
ing the power transferred into the acoustic domain remains challenging, most
publications only measure the pulser with pure capacitive loads, while few pub-
lications illustrate the motivation for omitting the resonance behavior of the trans-
ducer. Some attempts have been made to fabricate different transducers with
varying quality to search for the pulser-transducer combination with the highest
efficiency. However, no explanation is provided for such a random search.

The objective of this thesis is to investigate the system specifications for invasive
acoustoelectric imaging systems. A comprehensive approach, which takes into ac-
count the entire system, from system specifications down to individual transistors, is
employed to analyze and alleviate the above-mentioned design challenges. The fi-
nal goal is to develop a high-efficiency ultrasonic PA signal chain that achieves high
efficiency and a small form factor without needing off-chip components and complex
routing. The area and power consumption of the circuit design should align with the
system requirements, facilitating future integration into the overall system and en-
abling surgical experiments.

1.4. Thesis Outline
This thesis presents the author’s journey in conceptualizing and designing a high-
efficiency power amplifier for implantable acoustoelectric imaging applications. The
article is organized into five chapters, each contributing to a comprehensive under-
standing of the subject matter.

This opening chapter serves as a concise introduction to the implantable acousto-
electric imaging system concept. It outlines the basic principle and design target for
the prospective application. An overview of state-of-the-art pulser designs emphasiz-
ing high energy efficiency is presented. The design challenges for the system and
circuits are explored.

Chapter 2 focuses on system design for the intended application. Thorough anal-
yses of the switched-mode PA driving a transducer are presented. The acoustic sim-
ulation is conducted to serve as a step in estimating detailed ASIC specifications and
system performance.

Chapter 3 dives into the circuit-design strategy for the proposed pulser signal
chain, including the main PA, level shifter, and self-timed sequencer. Different circuit
architectures are systematically investigated, paving the way to the proposed high-
efficiency design.

Chapter 4 demonstrates the overall circuit-design results.
Chapter 5 ends this research journey, presenting performance comparisons with

state-of-the-art high-efficiency pulser designs. The thesis contribution and future work
are discussed in the end.





2
System Analysis

This chapter evaluates the system-level design of the proposed transmitter signal
chain for AE imaging applications. The design starts with the analysis and modeling
of the ultrasonic transducer. Following this, the energy efficiency baseline for conven-
tional switched-mode PA is proposed to demonstrate the basic constraints of high-
efficiency switched-mode PA design. The last section presents the result of acoustic
modeling for the application scenario to settle basic TX specifications.

2.1. Transducer Analysis
The initial phase of designing an ultrasound system for specific applications generally
starts with the transducer, given its pivotal role within the signal chain. When the
transducer acts as the load for the transmit channel, it converts electrical signals into
the acoustic domain, and as the receiver channel’s input (e.g., in ultrasonic imaging
applications), it performs conversion reversely. For invasive AE imaging applications,
the transducer is the immediate interface between the human body and the ultrasound
transmitter, leading to more complex biological and surgical considerations.

2.1.1. Transducer Types
Rather than relying on bulky clinical transducer probes (e.g., the ClearVue series
from PhillipsTM Professional Healthcare [65]), CMOS-compatible transducers are pre-
ferred for implantable electronics due to their compact size and seamless integration
with modern integrated circuit (IC) technology. These transducers are typically cat-
egorized based on the materials used for their fabrication, including lead zirconate
titanate (PZT) transducers (or so-called ceramic piezo transducers), piezoelectric mi-
cromachined ultrasonic transducers (pMUTs), and capacitive micromachined ultra-
sonic transducers (CMUTs).

CMUTs offer several advantages, including higher acceptance angle, reduced tem-
perature sensitivity, higher RX spectral sensitivity, and wider reception fractional band-
width over PZT [66]. However, in CMUT ASICs, a large DC bias voltage (typically tens
of volts), known as collapse voltage, is typically required for both transmission and re-
ception to ensure that the electrostatic forces between the transducer’s membrane
and the substrate are strong enough to cause the membrane to collapse and contact

13
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with the substrate. Another inherent limitation arises from the fabrication process: the
intrinsic frequency of CMUTs generally cannot go below 1MHz [67], limiting its ap-
plications to high-resolution scenarios only. Additionally, the bias electrode is often
directly exposed to the patient, thus limiting the system reliability as well as its form
factor [68].

To date, pMUTs have gained considerable research interest from both research in-
stitutes and companies. This interest grew substantially, especially after QualcommTM

successfully commercialized the world’s first pMUT-based ultrasonic fingerprint sen-
sor in 2018 [69]. Compared to CMUT, pMUT does not require a large DC bias, and
it has a higher capacitance and lower electrical impedance. These characteristics
enhance the transducer sensitivity, facilitating the integration with low-voltage CMOS
technology nodes [70]. However, it comes at the cost of a reduced MUT coupling fac-
tor since the piezoelectric material layer of pMUT is deposited with plasma-enhanced
chemical vapor deposition, making it suffer more from material degradation issues
[67]. Nevertheless, at this stage, pMUT fabrication and electrical modeling remain
challenging with concerns including the fragility of the membrane, interconnect fabri-
cation for arrays, and piezoelectric thin-film fabrication [71, 72].

The PZT transducer stands as a well-established and commercialized technol-
ogy widely employed in conventional ultrasound equipment. However, single-element
piezo-ceramic transducers face challenges related to labor-intensive production pro-
cesses and difficulties in miniaturization [67]. The transducer utilized in this work is a
flip-chip-bonded PZT transducer array, as detailed in [73]. This technology enables
the PZT transducer to seamlessly integrate with CMOS circuits, addressing some
of the miniaturization challenges associated with single-element piezo-ceramic trans-
ducers. Fig. 2.1 illustrates the simplified PZT-on-CMOS structure. On top of the silicon
ASIC, a metallic interconnection layer is applied to the bond pads. A nonconductive
epoxy layer is deposited to bridge the gaps between the metals. Subsequently, the
PZT matrix is constructed by connecting the electrodes and the back side of the PZT
using a conductive glue layer. For acoustic matching purposes, a conductive match-
ing layer is applied over the piezoelectric layer. The stack is then diced to form a
transducer array. Finally, a ground foil is affixed to the matching layer, serving as a
common counter electrode for all elements.

Figure 2.1: Simplified structure scheme of PZT with flip-chip bonding integration [73].

A noteworthy distinction between the off-chip transducer array and the on-chip
one is that the ground terminal of the on-chip array cannot be readily interchanged
between the power supply and ground, as demonstrated in [35, 46], leading to mal-
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function in array beamforming. This is due to the fact that the ground connections of
on-chip transducer arrays are intricately linked through a dedicated ground layer [73].
In attempts to address this limitation, modifications to the pMUT fabrication process
have been explored, as seen in [35], where two electrodes are introduced between
two layers of piezoelectric material inside each channel. This modification enables
beamforming with terminal flipping. However, it comes at the cost of a significant re-
duction in the pMUT quality factor, approximately 30x lower compared to that in [64],
as indicated in Table 2.2. This reduction in quality factor could lower the efficiency
baseline and potentially complicate the circuit design strategy.

The challenges in designing and fabricating different transducers impose limita-
tions on the considerations for designing an integrated AE imaging system. The
intricacies of on-chip transducer arrays, especially regarding ground terminal inter-
changeability, demand careful circuit design strategies to ensure proper functional-
ity and beamforming capabilities. These challenges underscore the importance of a
holistic approach that takes both transducer fabrication and circuit design into account
to achieve optimal performance.

2.1.2. Electromechanical Modeling
Modeling the behavior of transducers serves as a foundation for system engineers and
IC designers to properly design an integrated system. The mechanical-to-electrical
conversion of film bulk acoustic resonators (FBARs) can be accurately characterized
by equipment and represented by the lumped Butterworth-Van Dyke (BVD) model in
Fig. 2.2(a). This model is adopted in most modern ultrasound ASIC designs [27, 46,
48] thanks to its simplicity and effectiveness. While alternative circuit models like the
KLM model [38] and Mason’s model [39] exist, which separate the behavior of the
electrical, mechanical, and acoustic domains, they can be challenging to characterize
and may introduce unnecessary complexity for circuit design [40]. The adoption of
the BVD model reflects a pragmatic approach that balances accuracy and simplicity
in the context of ultrasonic transducer modeling for integrated circuit design.

The BVD model represents the mechanical resonance of the transducer through a
resistor-inductor-capacitor (RLC) branch. Additionally, the electrical parasitics on the
transducer plates are modeled by the capacitance term 𝐶𝑝 in parallel with the RLC
branch. AgilentTM reports that this model can achieve below 3% inaccuracy [37], and
a study in [74] indicates an error less than 1% in finite-element-method analysis. This
level of accuracy makes the BVD model a reliable choice for capturing the essential
characteristics of ultrasonic transducers in circuit simulations.

𝑍𝐵𝑉𝐷 =
1
𝑠𝐶𝑝

// (𝑅 + 𝑠𝐿 + 1
𝑠𝐶) =

𝑠2𝐿𝐶 + 𝑠𝑅𝐶 + 1
𝑠3𝐿𝐶𝐶𝑝 + 𝑠2𝑅𝐶𝐶𝑝 + 𝑠 (𝐶 + 𝐶𝑝)

(2.1)

Thanks to the author’s colleagues, the BVD parameters of the PZT transducer
used in this work have been characterized. The transducer is diced to a one-dimensional
(1-D) array with 115 𝜇m pitch and 25 𝜇m kerf. The transducer array has a channel
length of 920 𝜇m. The BVD circuit acts as a resonator or a bandpass filter (BPF).
The impedance seen in the two-terminal network can be calculated in the 𝑠-domain
by Equation (2.1), and its frequency response is depicted in Fig. 2.2(b).
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Figure 2.2: The BVDmodel and its frequency response, (a) lumped BVD circuit model with parameters
characterized for 5 mm x 5 mm PZT transducer, (b) frequency response of the BVD model.

The BVD load has two intrinsic resonance frequencies that are inversely propor-
tional to the thickness of piezoelectric material, namely series resonance 𝑓𝑠 and par-
allel resonance frequency 𝑓𝑝, where

𝑓𝑠 =
1

2𝜋√𝐿𝐶
, (2.2)

𝑓𝑝 =
1
2𝜋√

1
𝐿𝑠
(1𝐶 +

1
𝐶𝑝
) = 𝑓𝑠√

𝐶 + 𝐶𝑝
𝐶𝑝

. (2.3)

The intrinsic mechanical frequency of the piezoelectric material is the series res-
onance 𝑓𝑠, at which the inductance and capacitance on the RLC branch cancel each
other so that the branch exhibits a resistive behavior. On the other hand, parallel res-
onance occurs when the plate parasitic capacitance cancels the impedance of 𝐿 and
𝐶.

Two commonly used methods to drive a resonator are the negative-resistance cir-
cuit and the switched-mode power amplifier. The negative-resistance circuits have
the advantage of producing reference signals with sufficiently clean spectra across
the bandwidth. However, they suffer from extended startup time issues and energy
losses during the starting period [41, 75, 76]. The startup time for LC circuits ranges
from hundreds to thousands of oscillation periods [41]. On the contrary, in the case
of ultrasound transmitter design, the generation of acoustic bursts requires precise
duty-cycling and delay control to perform phased-array beamforming with minimal en-
ergy loss. Due to these reasons, it’s desirable to drive the ultrasonic transducer with
a switched-mode PA at the series oscillation frequency 𝑓𝑠 to maximize the acoustic
power.

Fig. 2.3 shows the simulated plot of the root-mean-square (RMS) current 𝐼𝑅𝑀𝑆 on
the RLC branch versus the class-D mode driving frequency with a fixed 5 V supply.
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Figure 2.3: Simulated waveforms of a class-D PA driving a transducer. (a) The class-D driving signal
with a 5 V swing (in blue) and the resonance waveform across the resistance on the RLC branch at 𝑓𝑠
(in red), (b) the RMS current on the RLC branch with different driving frequencies. It is observed that
𝐼𝑅𝑀𝑆 reaches its maximum when the transducer is being driven at 𝑓𝑠.

The peak RMS current occurs at series oscillation, suggesting that the highest output
power is obtained when the transducer is driven at 𝑓𝑠.

To quantify the intrinsic performance of a resonator, quality factor 𝑄 and pulling fac-
tor 𝑃 are further introduced. The quality factor [77], which indicates the ratio between
the energy stored and dissipated per oscillation cycle, can be expressed as:

𝑄 = 2𝜋𝑓𝑠
𝐿
𝑅 =

1
2𝜋𝑓𝑠𝑅𝐶

. (2.4)

BVD Specifications 5 mm x 5 mm PZT Transducer 115 𝜇m x 920 𝜇m PZT

𝑅 6.3 Ω 2430 Ω
𝐿 0.77 𝜇H 297.5 𝜇H
𝐶 0.54 nF 1.4 pF
𝐶𝑝 1.56 nF 4.04 pF
𝑓𝑠 7.8 MHz 7.8 MHz
𝑓𝑝 9.05 MHz 9.05 MHz
𝑄 6 6
𝑃 16.04% 16.04%

Table 2.1: Characterized BVD parameters for the flip-chip bonding PZT 5H transducer. The scaled
parameters are based on the assumption that dicing would remove the piezoelectric material within the
kerf completely, and the dicing procedure would not change the intrinsic properties of the transducer
but only decrease the output power of each transducer element.

In order to correlate the behavior of 𝐶𝑝, the pulling factor 𝑃 was first introduced
in a high-performance crystal reference design in 1988 [78]. It describes the relative
amount of frequency pulling above the mechanical resonant frequency caused by the
plate parasitic 𝐶𝑝. In the context of transducer design, the pulling factor can be adopted
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to characterize the capacitive nature of the transducer. This factor can be expressed
as a percentage by the formula:

𝑃 =
𝑓𝑝 − 𝑓𝑠
𝑓𝑠

= √1 + 𝐶𝑠𝐶𝑝
− 1 ≈ 𝐶𝑠

2𝐶𝑝
. (2.5)

The above-mentioned electrical specifications for the PZT model used in this work
are concluded in Table 2.1.

2.1.3. Pulsing Pattern
The desired pulse repetition frequency 𝑓𝑃𝑅 of acoustic scans in AE imaging applica-
tions highly depends on the frequency of the neural impulse, which, as suggested,
lies in the range below 500 Hz [79]. Hence, according to the Nyquist sampling cri-
terion, the transducer should produce a sequence of ultrasound bursts with a 𝑓𝑃𝑅 at
least above 1 kHz, ensuring acoustic pressure is applied on nerve tissue when neural
impulses are presented.

The desired pulsing pattern can be visualized in Fig. 2.4. The control signal is duty-
cycled to have a burst of five consecutive pulses with a repetition frequency larger than
1 kHz. The resulting acoustic output follows the same pattern.

Figure 2.4: Transmit switching control and pulse pattern for AE imaging.

2.2. Transmitter Efficiency
The ultrasound PA is the driver of the transducer and represents the most power-
consuming block in the ultrasound transmit chain, dominating up to 99% of the total TX
power [35]. The conventional class-D approach wastes a large portion of the energy
on charging and discharging the parasitic capacitance of the transducer. This can
lead to a low overall TX efficiency.

In the pursuit of higher energy efficiency, it’s essential to model and understand the
behavior of a switching mode PA driving a BVD load. This section employs a pulser-
BVD co-analysis approach to evaluate the efficiency of PA designs with transducer
loads.
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2.2.1. Definition
The transmitter efficiency is defined as the ratio between the output acoustic power
𝑃𝐴 and the total power consumption 𝑃𝑡𝑜𝑡 of the TX. However, measuring the exact
acoustic power in ultrasound systems can be challenging due to the medium degra-
dation and hydrophone positioning. Therefore, many studies [46, 64] approximate
the acoustic power as the electrical power delivered to the resistive part of the BVD
model in circuit simulation. This concept is adopted in this work as well to describe
the energy efficiency of the pulser. It’s important to note that this approximation does
not capture the complete real-world scenario as the resistive component accounts for
the resistive behavior of the electrodes, the mechanical resistance of the membrane,
and the actual acoustic power generated.

𝜂𝐴 =
𝑃𝐴
𝑃𝑡𝑜𝑡

× 100% (2.6)

In various studies [47, 52, 59, 63, 64], the concept of ”𝐶𝑝 loss saving” is adopted
to characterize the efficiency of the pulser. As indicated in Equation (2.7), it repre-
sents the percentage of power saved in relation to the charge and discharge of the
transducer’s parasitic capacitor in the case of class-D PA (𝐶𝑝𝑉2𝐷𝐷𝑓𝑠). The concept is
under the assumption that the energy loss on 𝐶𝑝 is the primary bottleneck for the TX
efficiency degradation. The more the 𝐶𝑝 loss saving, the higher the total TX efficiency.

𝜂𝐶𝑝 =
𝐶𝑝𝑉2𝐷𝐷𝑓𝑠 − 𝑃𝑙𝑜𝑠𝑠,𝐶𝑝

𝐶𝑝𝑉2𝐷𝐷𝑓𝑠
× 100% (2.7)

Attempts are made in prior art [64] to fabricate multiple transducers with varying
characteristics. These transducers are driven by the same PA in order to empirically
identify the best combinations that would result in the highest efficiency and the great-
est 𝐶𝑝 loss saving. Interestingly, it is reported that the combination for maximized
power efficiency does not necessarily align with the one that achieved the most 𝐶𝑝
loss saving. This finding may suggest a more intricate relationship between trans-
ducer characteristics and PA efficiency, which is one of the research questions to be
addressed in the next chapter.

2.2.2. Efficiency Baseline Derivation
The BVD parameters (𝑅, 𝐿, 𝐶, 𝐶𝑝) alone can not properly describe the performance
of the transducer. Hence, attention needs to be paid to how the transducer’s intrinsic
performance affects the energy efficiency of the switched-mode power amplifier. To
observe this relation, the author proposes to analyze the PA efficiency using a pulser-
BVD co-analyze approach. An efficiency baseline for conventional class-D PA driving
an ultrasound transducer is introduced. This novel method can serve as a guideline
to systematically design and compare a high-efficiency combination of PAs and trans-
ducers.

If an ideal class-D driving signal with a frequency of 𝑓𝑠 and a peak-to-peak ampli-
tude of 𝑉𝐷𝐷 is applied to drive the transducer, the driving signal can be expressed by
the following Fourier series:
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𝑉(𝑡) =
∞

∑
𝑛
𝑣𝑛(𝑡) =

2𝑉𝐷𝐷
𝜋

∞

∑
𝑛

1
𝑛 sin(𝑛𝜔𝑠𝑡), 𝑛 = 1, 3, 5… (2.8)

where 𝑣𝑛(𝑡) is the 𝑛-th corresponding harmonic of the class-D driving signal.
The power of each harmonic, 𝑃𝑛, can be calculated by integrating the instanta-

neous power in a complete oscillation period 𝑇 and then taking the average over time:

𝑃𝑛 =
1
𝑇 ∫

𝑇

0

𝑣2𝑛
𝑅 𝑑𝑡 =

1
𝑇
(2𝑉𝐷𝐷)2
(𝑛𝜋)2𝑅 ∫

𝑇

0
sin2(𝑛𝜔𝑠𝑡)𝑑𝑡 =

1
𝑇
(2𝑉𝐷𝐷)2
𝑛2𝜋2𝑅 ∫

𝑇

0

1 − cos(2𝑛𝜔𝑠𝑡)
2 𝑑𝑡.

(2.9)
The band-pass resonance branch of the BVD model ideally filters out every har-

monic component except the fundamental wave. Assuming zero output impedance
of the class-D PA, the transient voltage on the resistive part of the BVD load can be
expressed as:

𝑉𝑅(𝑡) = |𝑉𝑅| sin(𝜔𝑠𝑡) =
2
𝜋𝑉𝐷𝐷 sin(𝜔𝑠𝑡). (2.10)

Furthermore, the power delivered to the resistive part can be expressed by:

𝑃𝑅 =
( |𝑉𝑅|√2 )

2

𝑅 =
( 2𝜋 × 𝑉𝐷𝐷)

2

2𝑅 = 2𝑉2𝐷𝐷
𝜋2𝑅 . (2.11)

The power loss during charge and discharge of the plate capacitance of the trans-
ducer, denoted as the switching loss 𝑃𝑆𝑊, can be expressed as:

𝑃𝑆𝑊 = 𝐶𝑝𝑉2𝐷𝐷𝑓𝑠. (2.12)

Finally, the total power consumption of the class-D PA can be shown by:

𝑃𝑡𝑜𝑡 = 𝑃𝑅 + 𝑃𝑆𝑊 =
( 2𝜋 × 𝑉𝐷𝐷)

2

2𝑅 + 𝐶𝑝𝑉2𝐷𝐷𝑓𝑠 =
2𝑉2𝐷𝐷
𝜋2𝑅 + 𝐶𝑝𝑉2𝐷𝐷𝑓𝑠. (2.13)

Neglecting the power consumption of any other semiconductor-technology-dependent
block (e.g., digital control logic, level shifting, switch driver), the total acoustic effi-
ciency of the class-D PA driving a transducer is:

𝜂𝐷 =
𝑃𝑅
𝑃𝑡𝑜𝑡

=
2𝑉2𝐷𝐷
𝜋2𝑅

2𝑉2𝐷𝐷
𝜋2𝑅 + 𝐶𝑝𝑉

2
𝐷𝐷𝑓𝑠

(2.14)

Expressing the BVD parameters by the quality and pulling factor of the resonator,
the factors become as followed:

𝐶𝑝 =
𝐶

(1 + 𝑃)2 − 1, (2.15)
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𝑅𝐶𝑓𝑠 =
1
2𝜋𝑄 . (2.16)

Substituting Equations (2.15) and (2.16) into (2.14), the relation between class-D
PA efficiency and the intrinsic properties of the transducer can be concluded by:

𝜂𝐷 =
2𝑉2𝐷𝐷
𝜋2𝑅

2𝑉2𝐷𝐷
𝜋2𝑅 + 𝐶𝑝𝑉

2
𝐷𝐷𝑓𝑠

= 1
1 + 𝜋2

2 𝑅𝐶𝑝𝑓𝑠
= 1
1 + 𝜋

4𝑄[(1+𝑃)2+1]
. (2.17)

2.2.3. Comparative Study to Prior Works
Three important observations can be found in Equation (2.17). When driving an ultra-
sound transducer with a switched-mode PA:

(1) The baseline indicates the best efficiency achievable for a class-D PA driving
a transducer with different characteristics: Once the BVD parameters are ac-
curately characterized with an error below 3% or 1%, as reported in [37] and [74], it
becomes possible to derive an efficiency baseline for a conventional switch-mode
PA using Equation (2.17). This equation reveals that the maximum achievable
acoustic efficiency, without considering silicon-technology-dependent factors, is
fixed for a given transducer. A well-designed class-D pulser has the potential to
maintain acoustic efficiency close to this baseline. This understanding establishes
a benchmark for efficient pulser design.

(2) High-quality 𝑄 (narrowband) and high pulling 𝑃 (low capacitive) transduc-
ers are preferred for high-efficiency design: In pulser design that prioritizes
energy efficiency, it is desirable to have a transducer with a high quality factor 𝑄
(narrowband) and a high pulling factor 𝑃 (low capacitive). It is worth noting that
the 𝑃 factor plays a much more significant role in the overall efficiency compared
to the 𝑄 factor, as it has a quadratic relation with energy efficiency.

(3) The co-optimization of the pulser and transducer becomes imperative when
integrating a large amount of transmit channels to reduce channel area and
routing complexity: Transducers with a high efficiency baseline are particularly
beneficial because they work efficiently with simple class-D PAs. This synergy
between efficient transducers and area-efficient PAs can lead to significant die
area savings and simplified routing, making it more feasible to implement large-
scale ultrasound transceiver systems.

The relation between switched-mode PA efficiency baseline, quality factor 𝑄, and
pulling factor 𝑃 is visualized in Fig. 2.5. In general, a transducer with higher 𝑄 and
higher 𝑃 (lower capacitive) can achieve relatively high efficiency.

Transducer models reported in publications have significant differences in BVD
parameters as shown in Table 2.2. For example, [51] and [46] use PZTs with similar
quality factors; however, the one with 14% higher pulling factor has a baseline almost
doubled.

A higher baseline for the transducer indicates that using simple class-D driver can
already achieve high efficiency if properly designed. In such cases, further efforts
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Figure 2.5: Acoustic efficiency for class-D switched-mode PAs with different 𝑄 and 𝑃 factors. Hexag-
onal stars note calculated baseline efficiency for transducer models in different publications.

JSSC’22 [46] TCAS-II’21 [64] JSSC’21 [51] ESSCIRC’21 [63] This work

𝑅 358 Ω 1100 Ω 3870 Ω 410 kΩ 2430Ω
𝐿 333 𝜇H 31.5 mH 0.68 mH 1.69 H 297.5 𝜇H
𝐶 125 pF 0.77 pF 1.93 pF 490 fF 1.4 pF
𝐶𝑝 278 pF 37.7 pF 15.4 pF 32 pF 4.04 pF
𝑄 4.56 183.87 4.85 4.53 6
𝑃 20.4% 1.016% 6.08% 0.7% 16.04%
𝑓𝑠 780 kHz 1.02 MHz 4.39 MHz 175 kHz 7.8 MHz
𝑓𝑝 939 kHz 1.03 MHz 4.66 MHz 176 kHz 9.05 MHz

Efficiency Baseline 72.3% 82.7% 39.6% 8.1% 72.6%
Achieved Efficiency 175.6% 181.7% N.A. N.A. 182.5%
Achieved 𝐶𝑝 Saving N.A N.A. 242.6% 280% 147.7%
1 Simulated result.
2 Measured result.

Table 2.2: Comparison of BVD parameters and efficiency baselines of different transducers in prior
arts.

to save more energy loss, such as power loss on 𝐶𝑃, might not be as meaningful
and could potentially over-complicate the circuit design without significant efficiency
gains. It highlights the importance of striking a balance and tailoring the design strat-
egy based on the inherent characteristics of the transducer.

For the transducer model used in this work, the efficiency baseline is determined
to be 72.6%, which is only 0.3% higher than the baseline reported in [46]. In that
work, the model had a 72.3% baseline, and the power amplifier achieved a 3.3%
improvement relative to their baseline. This suggests that a successful PA design for
this work should aim for an efficiency higher than 72.6%.

In fact, the effect of nonidealities plays an important role in switched-mode PA
design. However, if the PA and transducer are co-designed properly, nonidealities
can be readily mitigated. Details are discussed in the circuit design chapter.
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2.3. Acoustic Modeling
Focusing ultrasonic waves and exerting targeted pressure on a specific volume re-
quires the use of phased-array beamforming. To enable this technique, the transducer
must be diced into an array with multiple channels, each of which has a precisely con-
trolled driving-signal delay. This section illustrates the acoustic simulation for an AE
imaging application targeting a peripheral nerve bundle with a 4-mm diameter. More
detailed research on beamforming techniques and acoustic modeling is beyond the
scope of this thesis. The primary goal of this part is to investigate fundamental TX
specifications for the application, including array size, pressure range, quantization
bit, and covered area.

2.3.1. Model Setup
In AE imaging, the function of the transmitter is to induce pressure variations in the
peripheral nerve bundle. Fig. 2.6 provides a simplified cross-section view of the nerve
bundle. The transmitter should be placed close to the epineurium. The specific tar-
get in this application scenario would be a 1-D cross-section area of the nerve bun-
dle. Consequently, the use of a 2-D beamforming control and a 1-D transducer array
should satisfy the application purpose.

Figure 2.6: Cross-sectional anatomy of a peripheral nerve bundle [80]. Basic structures include (1)
epineurium, (2) lipid-equivalent connection tissues, (3) individual nerve fascicle, (4) perineurium, (5)
artery, and (6) vein. (B) Representative myelinated nerve fibers under light microscopy from a control
sciatic nerve, stained with Toluidine blue: (7) myelin sheath, (8) axon, and (9) endoneurium.

The acoustic modeling is based on k-Wave in MATLAB. The model that the author
uses is adopted from examples in [81] and [82], where the code and toolbox already
include the functions of grid setup, 1-D-transducer initialization, computation of the full
width at half maximum (FWHM) resolution, and computation of the beam pattern.

The author’s contribution is modifying the grid and medium properties using data
from the ITIS Foundation bio-tissue database [83] as shown in Table 2.3, so that the
model can reflect the acoustic behavior within the actual tissue. The author also adds
multiple transducers with custom locations to the grid to see how the angle between
the transducer would affect the resolution. Lastly, a quantizer has been added to the
beamformer to check how the resolution and pressure would change with different
quantizer bits.
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The k-Wave simulation setup is concluded in Table 2.3. The model employed in
this simulation provides a rough estimation. It assumes a homogeneous medium,
which implies that no reflection would occur during the propagation of waves. The
simulation grid is set to 5 mm × 5 mm, leaving a 1 mmmargin to place the transducer.

Figure 2.7: (a) Main physical parameters for 1-D transducer, (b) 3-D beam pattern of a 1-D transducer.
The red square highlights the 3-D beam pattern around the focal volume. The difference between axial
resolution and lateral resolution is noted on the graph. Please note that the actual shape of the focal
area is not a cuboid. The simplified beam shape only serves as an illustrative purpose to understand
the lateral and the axial resolution.

The 5mm x 5mm transducer used in this work is initially diced into a 1-D array
with a 115 𝜇m pitch size and a 25 𝜇m of kerf width to meet the 2-D beamforming
requirement. To avoid grating lobes, it is ideal for the pitch size to be smaller than
half of the wavelength 𝜆 [84], expressed by Equation (2.18), where 𝑐 is the speed
of sound in the medium, 𝑓𝑠 is the transducer frequency. According to results in prior
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works [26, 85], when the pitch size is close to half the wavelength, the side lobes do not
have a significant impact on focal pressure performance. In general, a smaller pitch
size would enable finer delay control of each channel, potentially leading to higher
focal resolution. However, decreasing the pitch size can make the transducer more
sensitive to parasitics [85]. Further decreasing the pitch size also reduces the pressure
produced in each channel.

𝑃𝑖𝑡𝑐ℎ < 𝜆
2 =

𝑐
2𝑓𝑠

(2.18)

Model Properties Values and Units

Transducer Dimension 32x1 1-D array
Grid Size 5 mm × 5 mm

Speed of Sound 1630 m/s
Wavelength 209 𝜇m
Nerve Density 1075 kg/m3

Attenuation Factor 0.5 dB/cm⋅MHz
Source Frequency 7.8 MHz
Source Strength 20 kPa/V

Pitch Size 115 𝜇m
Max Steering Angle 45 degrees

Table 2.3: Parameters of acoustic modeling setup.

2.3.2. Beam Pattern and Pressure

Figure 2.8: (a) A simplified diagram of the k-Wave grid setup with a single 32-channel 1-D transducer
array. The grid is outlined by dashlines. The size ratios between the grid, transducer, and nerve bundle
are 1:1:1. (b) Ultrasonic waves are pulsed with different delays. The wavefronts are shown in deep
color. (c) Simulation shows the focal point would have a focal pressure of around 280 kPa and a
resolution of 270 𝜇m.

In ultrasound beamforming, a beam pattern is a graphical representation of how
the ultrasound energy is distributed in space as the ultrasound beam is transmitted or
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received by the transducer array. By analyzing the beam pattern, important charac-
teristics such as resolution and pressure can be derived.

The grid setup and the simulated pattern using parameters in Table 2.3 are shown
in Fig. 2.8. The simulated resolution is around 270 𝜇m, suggesting that the perfor-
mance of the setup is close to the requirements for sub-200𝜇m resolution. However,
the pressure is only around 280 kPa at the center point of the grid, which falls way be-
low the average pressure range for AEmeasurement, as discussed in the first chapter.

Figure 2.9: (a) A simplified diagram of the k-Wave grid setup with three 32-channel 1-D transducer
arrays. The grid is outlined by dashlines. The size ratios between the grid, transducer, and nerve
bundle are 1:1:1. (b) Ultrasonic waves are pulsed with different delays. The wavefronts are shown in
deep color. (c) Simulation shows the focal point would have a focal pressure of around 820 kPa and a
resolution of 100 𝜇m.

Inspired by the curved transducer in [86], placing multiple transducers around the
nerve bundle can be an option to boost the focal pressure and suppress the side lobes.
A similar setup is simulated with a curved shape transducer, as shown in Fig. 2.9. For
simplicity reason, the transducers are placed along the three sides of the grid. Results
show the produced pressure is around 820 kPa at the focal point. The results satisfy
the requirements for pressure and resolution.

2.3.3. Beamforming Resolution
The beam pattern in the previous subsection is generated by adding beamforming
delays between adjacent channels. These delays are usually quantized and controlled
digitally. Fig. 2.10(a) shows an array with 5 channels, where the delay between the
channel in the middle and the 𝑖-th channel towards the edge can be expressed by Δ𝑡.
The quantizer’s least significant bit (LSB) can be expressed by the max delay between
two channels and the number of bits 𝑁:

𝐿𝑆𝐵 = Δ𝐷𝑚𝑎𝑥
2𝑁 − 1 =

𝐷𝑀𝐴𝑋 − 𝐷𝑀𝐼𝑁
2𝑁 − 1 . (2.19)

The full scale of the delay difference can be expressed as:

𝐹𝑆 = Δ𝐷𝑚𝑎𝑥
𝑐 . (2.20)

In this work’s simulation setup, the maximum distance difference is calculated
to be around 2500 𝜇m. The full scale of the quantizer is 1.5 𝜇s. Determining the
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Figure 2.10: Beamforming for 1-D transducer array, (a) A simplified diagram of 1-D transducer array
beamforming, (b) with 45∘ of steering angle for all transducers, 64% of the grid area can be covered.
The maximal delay difference is found at the point indicated in the diagram (b).

beamforming-delay resolution can be tricky since it impacts focal resolution, pres-
sure, and system complexity. These variations also depend on the steering angle of
the beam. For this design, the quantization bit is varied from 1 bit to 8 bits to find the
optimal trade-off point.

The simulated beam patterns for both the one-transducer and the three-transducer
setups are depicted in Fig. 2.12. From sub-graph (a) to (e), a noteworthy observation
is the substantial reduction in side lobes when using a 5-bit quantizer. However, when
a 45-degree steering angle is applied, as depicted in sub-diagram (f), the side lobes
remain prominent. Thus, the quantization bit is further increased to 6. As revealed in
Fig. 2.13 and Fig. 2.11 (a), no significant pressure loss occurs at the focal point, and
the occurrence of side lobes is greatly suppressed when employing a 6-bit quantizer.
This indicates that a 6-bit quantizer makes an optimal balance between resolution,
pressure, and circuit complexity.

Figure 2.11: (a) Focal pressure loss as a function of the number of quantization bits. (b) Pressure map
of the nerve bundle. The minimum pressure of 704 kPa is achieved at the edge of the bundle. A peak
pressure of 819 kPa at the center of the grid can be obtained.
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Figure 2.12: Simulated beam pattern diagram with different numbers of quantization bits. From (a)
to (e), the upper diagram is the result of the single-array setup while the lower diagram is the result
of the three-transducer array. One can observe that when the bit number reaches 5, the side lobes
become less significant with no steering angle. However, if 45-degree steering is applied, there still
exist massive side lobes that lower the resolution and focal pressure.
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Figure 2.13: Beamforming diagram with 6 bits to 8 bits of the quantizer and 45-degree steering angle.
No significant side lobes exist with 6 bits or higher.

2.4. System Performance
The estimated TX performance derived from transducer analysis, PA efficiency esti-
mation, and acoustic modeling is summarized in Table 2.4.

System Specifications

Target Area Nerve bundle with 4 mm diameter
Transducer 32x1 1-D PZT
Pitch Size 115 𝜇m

Acoustic Power / Channel ∼ 2.08 mW
Frequency 7.8 MHz

Range of Pressure 704 kPa - 819 kPa
Focal Resolution 100 𝜇m
Quantization Bit 6 bits
Delay Resolution 24 ns
Power Efficiency > 72.6%

Table 2.4: System specifications for the transmitting channel.
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Circuits Design

This chapter explores the circuit design for the PA signal chain. It is divided into four
sections, each addressing a specific aspect of the design process. The first section
focuses on the impact of non-idealities on PA energy efficiency. The second section
dives into the modeling and design of the main stepwise pulser, considering various
topologies to determine the optimal design strategy for this work. Modeling and de-
sign of the stepwise circuit are performed. The third section illustrates the design of
the level-shifting channel. The fourth section introduces the design of a low-power
stepwise controller to relieve routing issues for large array integration. Finally, the
chapter concludes by presenting the performance of the signal chain.

3.1. Non-idealities of the Switched-Mode Pulser
In the previous chapter, the derivation of the class-D PA efficiency baseline highlights
the significant influence of the physical properties of the transducer load on PA effi-
ciency. However, this baseline efficiency does not take into account any technology-
dependent non-idealities inherent to the circuit. Therefore, in this section, the main
non-idealities affecting the efficiency of the switched-mode PA are examined to pave
the way for circuit modeling and design.

3.1.1. Gate Charge Loss
The gate charge loss 𝑃𝑄 is the power dissipated to turn a switch on and off. It is one
of the intrinsic losses of switched-capacitor circuits and can be expressed by

𝑃𝑄 = 𝐶𝑔𝑉2𝐷𝐷𝑓𝑆𝑊. (3.1)

For a switched-mode PA driving a transducer, switching frequency 𝑓𝑆𝑊 is fixed by
the series resonance frequency 𝑓𝑠, and supply voltage 𝑉𝐷𝐷 is held constant within a
power-supply domain. Gate capacitor 𝐶𝑔 exhibits a directly proportional relationship
with the physical dimensions of the switch. Fig. 3.1 presented the extracted gate ca-
pacitance under different gate-to-source voltage (𝑉𝐺𝑆) and width-to-length ratio (W/L)
conditions. Hence, to reduce the total gate-charge loss, the number and size of the
switches used should be as small as possible.

31
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Figure 3.1: Simulated 𝐶𝑔 with varying 𝑉𝐺𝑆 and W/L, 𝑉𝐷𝑆 is fixed to 10 mV. (a) 𝐶𝑔 v.s. 𝑉𝐺𝑆, (b) 𝐶𝑔 v.s.
W/L ratio.

3.1.2. Output Resistance
The output resistance of a switched-mode PA, denoted as 𝑅𝑂𝑈𝑇, considerably impacts
the overall power efficiency. Take the class-D PA as an example.

The simplified circuitry for the conventional switched-mode class-D PA is depicted
in Fig. 3.2. The pull-up and pull-down networks comprise a PMOS and an NMOS
switch to maximize the voltage swing at output. The switches are driven by level
shifters and buffers with a reference frequency 𝑓𝑠, which in our case is 7.8 MHz. Ul-
trasonic transducers typically operate in the kilohertz to tens of megahertz range. The
output voltage 𝑉𝑂𝑈𝑇 undergoes complete switching between 𝑉𝐷𝐷 and ground. This
switching action incurs a potential drop across the switch resistance, resulting in con-
duction loss 𝑃𝑐𝑜𝑛𝑑.

Figure 3.2: Circuit diagram of a class-D PA. It operates in a two-phase fashion. During the ”ON” phase,
the transducer is charged to the supply voltage, and during the ”OFF” phase, it is discharged to the
ground.

The switching behavior of this circuit is abstracted by the network in Fig. 3.3,
where 𝑅𝑂𝑈𝑇 represents the equivalent output resistance of the PA. When driving the
transducer at series resonance frequency 𝑓𝑠, 𝐿 and 𝐶 cancel each other. In this case,
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Figure 3.3: Equivalent circuit of class-D PA driving a transducer load.

the transfer function from the input to the resistive load 𝑅 in the Laplace s-domain can
be expressed as:

𝑓𝑖𝑛2𝑏𝑣𝑑(𝑠) =
𝑅// 1

𝑠𝐶𝑝

𝑅𝑂𝑈𝑇 + 𝑅//
1
𝑠𝐶𝑝

= 1
1 + 𝑅𝑂𝑈𝑇

𝑅 + 𝑠𝑅𝑂𝑈𝑇𝐶𝑝
. (3.2)

As previously discussed, the intrinsic nature of the transducer’s frequency re-
sponse resembles that of a narrow-band resonator. Most of the out-of-band harmon-
ics of the class-D driving signal are effectively suppressed. Therefore, it is reasonable
to focus primarily on the fundamental power loss associated with 𝑅𝑂𝑈𝑇 when analyz-
ing the energy efficiency of the PA. Applying the transfer function to Equation (2.11),
the fundamental power delivered to the resistive component of the BVD load can be
reformulated as:

𝑃𝑅,𝑂𝑈𝑇 =
( |𝑉𝑅×𝑓𝑖𝑛2𝑏𝑣𝑑|√2 )

2

𝑅 = 2𝛼2𝑉2𝐷𝐷
𝜋2𝑅 , (3.3)

where 𝛼2 represents the squared magnitude of the transfer function (3.2), defined as:

𝛼2 = |𝑓𝑖𝑛2𝑏𝑣𝑑(𝑠)|2 =
1

(1 + 𝑅𝑂𝑈𝑇
𝑅 )

2
+ (𝑅𝑂𝑈𝑇𝐶𝑝𝑓𝑠)2

. (3.4)

Substituting 𝑅𝑂𝑈𝑇𝐶𝑝𝑓𝑠 by the intrinsic 𝑄 and 𝑃 factors of a transducer, 𝛼2 can be
further modified to:

𝛼2 = 1

(1 + 𝑅𝑂𝑈𝑇
𝑅 )

2
+ (

𝑅𝑂𝑈𝑇
𝑅

2𝜋𝑄[(1+𝑃)2−1])
2 . (3.5)

Finally, to account for the fundamental power loss on the output resistance, the
energy efficiency of the switched-mode pulser can be expressed as:
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𝜂𝐷 =
2𝛼2𝑉2𝐷𝐷
𝜋2𝑅

2𝑉2𝐷𝐷
𝜋2𝑅 + 𝐶𝑝𝑉

2
𝐷𝐷𝑓𝑠

= 𝛼2
1 + 𝜋

4𝑄[(1+𝑃)2+1]
. (3.6)

Figure 3.4: Efficiency baseline as a function of the 𝑅𝑂𝑁/𝑅 ratio for the PZT model used in this work.

The efficiency drop caused by the voltage drop on 𝑅𝑂𝑈𝑇 can be visualized in Fig.
3.4. It is evident that as the ratio between 𝑅𝑂𝑈𝑇 and the resistance 𝑅 becomes greater
than 10−2, the class-D efficiency would experience a significant drop compared to the
baseline efficiency (which is 72.6% for the PZT transducer used in this work). When
the 𝑅𝑂𝑈𝑇/𝑅 ratio increases to unity, the efficiency drops to only 19%. The above
analysis highlights two considerations for maximizing switched-mode pulser efficiency.

Firstly, given a fixed transducer load, minimizing the ratio between output resis-
tance 𝑅𝑂𝑈𝑇 and resistance 𝑅 of the RLC branch is critical. This minimization ensures
that the factor 𝛼2 approaches unity, thus maximizing the energy efficiency. Otherwise,
in case the switches are not appropriately sized, the class-D efficiency would drop sig-
nificantly, following a logarithm relationship. Prior research studies [46, 51, 63] have
demonstrated that the value of 𝑅 is strongly dependent on the transducer type and its
element size, typically falling within the range of hundreds to thousands of ohms. Ad-
ditionally, the output resistance of the PA is heavily influenced by the semiconductor
technology. Typical values of 𝑅𝑂𝑈𝑇 reported fall within the range of tens to hundreds
of Ohms [87]. An important trade-off to consider is that smaller values of 𝑅𝑂𝑈𝑇 result
in wider transistors, which can lead to higher gate-charge losses.

Secondly, when the 𝑅𝑂𝑈𝑇/𝑅 ratio is sufficiently small, the efficiency stays approxi-
mately the same, thus increasing the number of transducer elements in each channel
becomes feasible. This increase in element size leads to higher output power from the
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transducer, effectively diminishing the significance of other power losses (e.g., digi-
tal control power, level shifting power) so that the overall efficiency can be improved.
Notably, the analysis explains a similar approach employed during measurements in
[46], where a single pulser channel drives two adjacent elements to achieve better
efficiency.

In conclusion, the primary trade-offs in switched-mode PA design revolve around
balancing considerations in gate-charge loss 𝑃𝑄 and conduction loss 𝑃𝑐𝑜𝑛𝑑, as well as
optimizing output power 𝑃𝑅 relative to 𝑃𝑐𝑜𝑛𝑑 in the switches. The 𝑅𝑂𝑈𝑇/𝑅 ratio should
be small to avoid power loss on 𝑅𝑂𝑈𝑇, which can be done by increasing the switch
size but at the cost of more considerable gate-charge loss.

3.1.3. Slew-Rate Modulation
The slew rate of a driving signal is defined as the slope of its rising and falling edges.
For a switched-mode PA driving a transducer, a reference signal is required to drive the
transducer at series resonance. Altering the architecture of the switched-mode pulser
can potentially modulate the rising/falling time. If the supply voltage is fixed, this would
further change the slew rate of the driving signal, introducing non-ideal characteristics.
In fact, all switched-mode PA architectures more or less have modulated slew rates,
for instance:

• In the case of a charge-redistribution pulser with current source calibration [35],
the slew rate can be influenced by the bias of the current source.

• For an energy-replenishing pulser [52], the slew rate is primarily determined by
the resonance frequency of the internal inductor and plate parasitic 𝐶𝑃 (rising
time is 2𝜋√𝐿𝐶𝑝

4 as stated in the paper, in which a pure capacitive load is consid-
ered).

• In stepwise pulsers [46, 63], the slew rate of the waveform can be modulated by
adjusting the interval and the number of steps introduced.

Figure 3.5: Switched-mode driving signal with finite slew rate.
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The modulation of slew rate can be effectively modeled by a square wave with
finite rising and falling speed, as illustrated in Fig. 3.5. It is assumed in this analysis
that the waveform exhibits a 50% duty cycle (𝑡3/𝑡4 = 50%) with a peak-to-peak value
equals to the supply voltage, 𝑉𝐷𝐷.

The fundamental components of this square wave can be expressed as:

𝑉𝑠𝑞,1(𝑡) = 2𝑉𝐷𝐷
𝑇𝑟 + 𝑇𝑂𝑁

𝑇 𝑠𝑖𝑛𝑐 (𝑇𝑟 + 𝑇𝑂𝑁𝑇 ) 𝑠𝑖𝑛𝑐 (𝑇𝑟𝑇 ) sin(𝜔𝑠𝑡). (3.7)

Given the assumption of a 50% duty cycle (𝑇𝑟+𝑇𝑂𝑁𝑇 =0.5), the fundamental power de-
livered to the resistive part of the load can be revised as:

𝑃𝑅,𝑆𝑅 =
( |𝑉𝑠𝑞,1|√2 )

2

𝑅 =
(2𝑉𝐷𝐷𝜋 )

2
𝑠𝑖𝑛𝑐2 (𝑇𝑟𝑇 )
2𝑅

= 2𝑉2𝐷𝐷
𝜋2𝑅 𝑠𝑖𝑛𝑐

2 (𝑇𝑟𝑇 )

= 𝑠𝑖𝑛𝑐2 (𝑇𝑟𝑇 )𝑃𝑅 ,

(3.8)

where 𝑃𝑅 is the power delivered to the resistive part when an ideal class-D driving
signal is applied. The acoustic efficiency of a class-D PA can be further revised as:

𝜂𝐷 =
𝑃𝑅,𝑆𝑅

𝑃𝑅,𝑆𝑅 + 𝑃𝑆𝑊
=

𝑠𝑖𝑛𝑐2 (𝑇𝑟𝑇 ) 𝑃𝑅
𝑠𝑖𝑛𝑐2 (𝑇𝑟𝑇 ) 𝑃𝑅 + 𝐶𝑝𝑉

2
𝐷𝐷𝑓𝑠

=
𝑠𝑖𝑛𝑐2 (𝑇𝑟𝑇 )

𝑠𝑖𝑛𝑐2 (𝑇𝑟𝑇 ) +
𝜋

4𝑄[(1+𝑃)2+1]

. (3.9)

Figure 3.6: Efficiency baseline and output power vary with the slew rate of the driving signal.
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The above analysis shows that a slower slew rate, indicated by a larger 𝑇𝑟/𝑇 ratio,
would result in less power delivery to the transducer and lower overall efficiency, as
visualized in Fig. 3.6. The closer the 𝑇𝑟/𝑇 ratio is to zero, the higher the output
power and overall efficiency. Depending on the types of PAs, it’s also possible that
the slew-rate modulation causes a short circuit from supply and ground, leading to
other associated losses.

3.1.4. Efficiency Trade-offs
The analysis in this section reveals the trade-offs among gate-charge loss, conduction
loss, and slew-rate modulation to attain high energy efficiency in the switched-mode
PA. The overall trade-offs for high-efficiency PA design can be shown through the
graph below.

Figure 3.7: Trade-offs of high-efficiency switched-mode PA design.

3.2. High-Efficiency Power Amplifier Design
The ultrasound power amplifier is an extremely power-consuming component within
the transmit chain. The primary goal of this work is to design a PA channel with high
energy efficiency suitable for invasive biomedical applications. After analyzing the
main power losses of the switched-mode PA, it becomes feasible to discuss and de-
velop high-efficiency PA architectures.

This section begins by exploring various PA architectures, each aligned with dis-
tinct design strategies. Following this exploration, the design strategy, modeling, and
circuit design for this work are presented.

3.2.1. Topologies and Design Strategies
Based on the trade-off relationship in Fig. 3.7, the design strategies employed in prior
works can be categorized into two main directions: enhancing acoustic power and
reducing power losses.
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Enhancing Acoustic Power
The main idea of this strategy is to increase the power dissipated on the resistive part
of the transducer while minimizing associated losses.

The study conducted by [56] introduced a differential stepwise charging circuit to
enhance the output swing of a capacitive load and reject the common mode during
readout. This concept was subsequently adopted in [46], where a similar differen-
tial scheme is used to periodically flip the polarity of the transducer. The operation
principle in these two works can be simplified and illustrated in Fig. 3.8. Assuming
the top terminal of the transducer is initially charged to the supply voltage, a stepwise
charging process extracts charge from the top plate of 𝐶𝑝. Concurrently, when 𝐶𝑝 is
switched to ground, the switches 𝑆6 and 𝑆7 in the ”H” bridge configuration are closed,
and 𝑆5, 𝑆8 are opened simultaneously. In the subsequent phase, the charge stored in
𝐶𝑓𝑙𝑦 is used to recharge the transducer from the bottom terminal, and the top termi-
nal becomes the ground. When the bottom terminal is charged to the supply voltage
again, the process repeats.

Figure 3.8: Stepwise charging with transducer flipping, (a) overall circuit diagram, (b) charging top
plate to supply, (c) extract charge from the top plate to flying capacitor, (d) discharge top plate to the
ground, (e) charge the bottom plate using the flying capacitor, (f) charge the bottom plate to supply.

This approach provides a notable enhancement, effectively doubling the output
swing of the differential signal between two terminals. Consequently, the power de-
livered to the resistive load is quadrupled without the need for an increase in the sup-
ply voltage. Furthermore, this approach can lead to increased overall efficiency, as
the switching loss on 𝐶𝑝 only doubles during polarity flipping. Although there would
be extra gate-charge loss introduced by the switches in the ’H’ bridge, this becomes
negligible when 𝐶𝑝 is significantly larger than the gate parasitic of switches, which is
generally the case as seen in Fig. 3.1.

Despite the numerous advantages offered by this approach, the formidable chal-
lenge of large-array integration poses a significant obstacle to its practical implemen-
tation. A prevalent fabrication method for pMUT and PZT transducer arrays, both in
academic research [49, 73] and industry applications [67], involves connecting the
ground of the entire array to a single common foil. Consequently, the flipping proce-
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dure cannot be applied to beamforming, where dedicated control for each channel is
a necessity.

Figure 3.9: Stepwise circuit based on cascaded charge pumps driving a transducer load. The simplified
charge pump cell is depicted in the figure, where 𝐶𝑏 is the boosting capacitor. The output of the 𝑁-th
charge pump cell is 𝑁 × 𝑉𝐷𝐷. Protection switches or push-pull circuits of each switch are simplified.

Efforts have been invested in increasing the output power using single-ended
structures. One such approach is to use DC-DC boost converters, as demonstrated
in [88]. However, for invasive AE imaging applications, the foremost priority is to en-
hance the energy efficiency of the pulser. Introducing additional DC-DC converters
to boost the power supply is not a viable option for small-footprint applications, as in
such cases, the overall efficiency would be determined by the efficiencies of two sep-
arate circuit blocks, the DC-DC converter and the pulser. An alternative approach,
as shown in Fig. 3.9, is to employ cascaded charge-pump (CP) cells to boost the
output power [64]. In theory, using 𝑁 CP-cell stages can boost the output node of the
𝑁-th cell to 𝑁×𝑉𝐷𝐷 if the load is purely capacitive. However, several issues make it a
less promising solution when driving a transducer. Firstly, the charge pump needs ex-
tra protection switches or push-pull circuits to protect transistors from breaking down.
The more CP cells implemented (higher voltage at the output node), the more com-
plex the protection circuits. Additionally, when the output is boosted to its maximum,
the transducer is entirely supplied by the energy stored in the most significant CP cell.
This can pose challenges when driving a less capacitive transducer. In such cases,
a substantial portion of energy sharing occurs between 𝐶𝑏 and the RLC branch. Con-
sequently, the capacitor of the most significant CP cell must be excessively large to
provide enough energy for the RLC oscillation during 𝑇𝑂𝑁, as depicted in Fig. 3.5. Due
to these factors, the transducer used in [64] is deliberately made highly capacitive so
that most of the energy in the most significant CP cell is delivered to the capacitive
part. In this case, the voltage level at the output node can be close to 𝑁 × 𝑉𝐷𝐷. Even
though a highly capacitive transducer is implemented in [64] (with a P factor of only
1%, as can be seen in Table 2.2), the achieved energy efficiency is still 1% lower than
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its class-D baseline. This implies that this approach is ineffective in enhancing the
overall PA efficiency.

In conclusion, the strategy of enhancing the power by flipping the polarity of trans-
ducer plates proves effective in boosting the power delivered to the resistive part of the
transducer. Little energy loss would be introduced during the flipping, hence, this can
lead to increased overall efficiency. However, it involves the swapping of both trans-
ducer terminals, which is impractical for flip-chip bonding arrays. The single-ended
boosting strategy, whether using DC-DC converters or charge pumps, serves the
same power-boosting purpose. Nevertheless, it requires extensive protection circuits
and large boosting capacitors to address challenges such as high-voltage breakdown
and conduction loss during energy sharing between the most significant charge-pump
cell and the RLC branch of the transducer. These drawbacks make single-ended
boosting structures less promising for achieving higher energy efficiency compared to
differential architectures.

Reducing Power Loss
Another widely used design strategy for high-efficiency PAs is reducing energy loss
within the circuit. The previous section identified and analyzed two types of loss
sources: conduction loss 𝑃𝑐𝑜𝑛𝑑 and switching loss of 𝐶𝑝. As the derivation of the
class-D efficiency baseline demonstrated, the impact of conduction loss can be safely
disregarded as long as the transducer array’s switch size and element length are prop-
erly designed. This allows the pulser efficiency to approximate the baseline efficiency
better. Fig. 2.5 illustrates that the P factor, which is related to the switching loss
on 𝐶𝑝, plays a more significant role than the Q factor in determining the total energy
efficiency. Therefore, the primary focus in prior arts is on reducing the loss on 𝐶𝑝.

Figure 3.10: Class-D and charge-redistribution pulsers and their timing waveforms. When the timing
signal is high, the corresponding switch is on. When the signal is low, the corresponding switch is off.
(a) Class-D PA, the swings of all signals are 𝑉𝐷𝐷. (b) Charge-redistribution PA, the signals swing from
the ground to the supply voltage except for OUT+ and OUT-.

In [47, 48], the charge-redistribution pulser has been implemented. As depicted in
Fig. 3.10(b), the primary distinction between this approach and the class-D pulser in
Fig. 3.10(a) is that the two plates of the transducer are shorted together during the
off phase of the class-D driving signal. In this way, the relaxation of the piezoelectric
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membrane comes to a halt, and the potential at both terminals would return to the
common mode 𝑉𝐷𝐷/2. Consequently, this configuration results in the saving of half of
the loss on 𝐶𝑝. It is worth noting that a customized pMUT transducer is implemented
in this work, where two electrodes are introduced between the two layers of piezoelec-
tric material. In this case, beamforming can be successfully employed by controlling
both electrodes within each channel (please note that the conventional flip-chip bond-
ing array has only one common ground). However, as indicated in Table. 2.2, this
achievement comes at the expense of a significant reduction in the quality factor of
pMUT, which is only 4.85. When compared to [64], where a pMUT with a Q factor of
over 180 and a baseline efficiency of 82.7% is used, the efficiency for this customized
pMUT is notably lower, only 39.6%. Saving 50% of 𝐶𝑝 loss ideally leads to around
70% of total acoustic efficiency, which is still lower than most of the class-D baseline
efficiencies available in publications.

Figure 3.11: Energy-replenishing pulser and its timing waveforms. When the timing signal is high, the
corresponding switch is on. When the signal is low, the corresponding switch is off. The voltage swings
of all signals are 𝑉𝐷𝐷.

The energy-replenishing pulser [52] introduces a high-quality inductor 𝐿𝐼𝑁𝑇 be-
tween two class-D stages to conserve the energy loss on 𝐶𝑝. As shown in Fig. 3.11,
SW1 is first closed to charge the load to 𝑉𝐷𝐷. When SW1 is open, the energy stored in
the inductor will flow back to the power supply through the body diode of SW2. In the
discharging phase, SW3 is closed to discharge the transducer to the ground, and the
energy stored in 𝐶𝑝 is transferred to the inductor. In this pattern, when SW3 is opened,
the energy stored in the inductor would go back to the supply through the body diode
of SW1. Ideally, all energy on 𝐶𝑝 can be saved.

However, the operation of the energy-replenishing pulser introduces certain chal-
lenges. Firstly, the switching of SW1 and SW3 must establish another resonance point
between 𝐿𝐼𝑁𝑇 and 𝐶𝑝, which is time-consuming in general. As reported, the required
settling time takes hundreds of oscillation periods, significantly longer than conven-
tional class-D pulser. Due to this slow settling, the energy-replenishing pulser is less
suitable for producing fast bursts as required in AE imaging. Furthermore, the out-
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put slew rate of this PA highly depends on the resonance frequency of 𝐿𝐼𝑁𝑇 and 𝐶𝑝.
As discussed in the previous section, achieving a fast rising edge is essential for a
switched-mode PA to attain high efficiency. When the load is fixed, 𝐿𝐼𝑁𝑇 should ide-
ally be small to achieve a fast slew rate, but the choice of a smaller inductor inevitably
results in higher ripple loss [89] and less energy saving. Hence, a high-quality induc-
tor in the mH range is desired for each PA channel, making highly miniaturized array
design in modern technology impossible. Moreover, this approach relies on the body
diode of HV transistors, posing difficulties in implementing it in low-voltage technology.
Another assumption made in this design is that the transducer is highly capacitive. For
a less capacitive transducer, such as PZT, the resonance between the inductor and
the RLC branch can form another series resonance frequency close to the resonance
frequency of 𝐿𝐼𝑁𝑇 and 𝐶𝑝, leading to more complicated design considerations.
Design Choice for This Work
In the light of the preceding discussions, stepwise charging emerges as the most
promising solution to reduce most of the switching losses while still enabling a fast
slew rate and easy control for acoustic bursts. The detailed reasons are as follows:
(1) Feasible for sing-ended pulsers: Unlike the charge-redistribution pulser and the

’H’ bridge pulser, stepwise charging can be seamlessly implemented in a single-
ended pulser without periodical flipping both plates of the transducer.

(2) Fast response: unlike the energy-replenishing pulser and negative-conductance
circuits, the stepwise circuit offers the advantage that the driving waveform can
be recovered quickly to produce acoustic bursts once the voltage steps are estab-
lished on the flying capacitors. This enables the generation of fast pulses without
experiencing slow startup.

(3) Fine control of slew rate: the slew rate of the stepwise waveform can be pre-
cisely controlled by adjusting the pulse width of each switch. Conversely, in the
energy-replenishing pulser, the slew rate is primarily determined by the value of
the internal inductor 𝐿𝐼𝑁𝑇 and 𝐶𝑝 of the transducer.
To realize the full potential of stepwise charging and achieve a minimized form

factor, several key improvements are expected:
(1) Optimize rising/falling edge: previous works have not analyzed or modeled the

design choices for the rising and falling time. As discussed previously, faster ris-
ing/falling edges lead to higher PA efficiency. However, this comes at the cost of
shorter switch pulses, which, in turn, consume more power to drive the switch.

(2) Optimize gate-charge loss: the effect of gate-charge loss on the total efficiency
has not been adequately modeled in previous works. However, as discussed,
this loss is inherent to switched-capacitor circuit design and can be challenging to
mitigate.

(3) Minimize capacitance budget: off-chip capacitors are commonly employedwhen
form factor is not a limitation, allowing for the use of excessively large flying capaci-
tors. In some cases, the flying-capacitor-to-load-capacitor ratio has been reported
to reach as high as 2.5×106 [56]. However, such an approach is not suitable for
the application in this work.



3.2. High-Efficiency Power Amplifier Design 43

3.2.2. Modeling of Stepwise Charge-Sharing System
As concluded in the previous section, stepwise charging is adopted as the design
choice for this work. It is a promising solution to effectively reduce the major loss in
the pulser while enabling precise control of the slew rate of the output signal. To design
such a circuit, one can design from at least 3 levels [53] to potentially tens of levels
[59] and use large flying capacitor or DC-DC converters to establish the internal levels.
However, this is tedious and could lead to significant over-design. To fully unlock the
potential of stepwise circuits for a miniaturized high-efficiency ultrasonic pulser, this
work proposed a modeling method to facilitate the design of a highly miniaturized and
energy-efficient stepwise pulser.

Figure 3.12: The general architecture for stepwise charge-sharing circuits with flying capacitors driving
a transducer.

The stepwise circuit with 𝑁 flying capacitors is used in this work to minimize the
system form factor. The general architecture for a stepwise charge-sharing circuit
driving a single-ended transducer is shown in Fig. 3.12. This section will introduce
the modeling pipeline from bottom to top.

Charge Sharing of Capacitors
Themost fundamental principle of stepwise charge-sharing circuits is the conservation
of charge. As shown in Fig. 3.13, two capacitors 𝐶𝑝 and 𝐶𝑓𝑙𝑦 with initial states 𝑉𝑝 and
𝑉𝑓𝑙𝑦 are connected by a switch that exhibits an on-resistance of 𝑅𝑆𝑊. The switch is
first open. Once the switch is closed, two capacitors start charge sharing. The final
state of the charge-sharing process is noted as 𝑉𝐹. Based on charge conservation, 𝑉𝐹
can be calculated by:

𝐶𝑝𝑉𝑝 + 𝐶𝑓𝑙𝑦𝑉𝑓𝑙𝑦 = (𝐶𝑝 + 𝐶𝑓𝑙𝑦)𝑉𝐹 , (3.10)

𝑉𝐹 =
𝐶𝑝𝑉𝑝 + 𝐶𝑓𝑙𝑦𝑉𝑓𝑙𝑦
𝐶𝑝 + 𝐶𝑓𝑙𝑦

. (3.11)
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Figure 3.13: Charge sharing behavior between 𝐶𝑝 and 𝐶𝑓𝑙𝑦.

The time constant 𝜏 during the charge-sharing process can be expressed as:

𝜏 = 𝑅𝑆𝑊𝐶𝑒𝑞 = 𝑅𝑆𝑊
𝐶𝑝𝐶𝑓𝑙𝑦
𝐶𝑝 + 𝐶𝑓𝑙𝑦

. (3.12)

Aiming to integrate the complete circuit into a single channel, the design focus is
more on the ratio between the flying capacitor 𝐶𝑓𝑙𝑦 and the parasitic capacitor 𝐶𝑝 of
the transducer (Φ𝐶𝐴𝑃, cap ratio). The time constant and final state can be revised by
Φ𝐶𝐴𝑃:

𝑉𝐹 =
𝑉𝑃 +Φ𝐶𝐴𝑃𝑉𝑓𝑙𝑦
1 + Φ𝐶𝐴𝑃

. (3.13)

𝜏 = 𝑅𝑆𝑊𝐶𝑃Φ𝐶𝐴𝑃
1 + Φ𝐶𝐴𝑃

. (3.14)

Stepwise Charge Sharing
Stepwise charging and discharging a capacitor with 𝑁 flying capacitors can be ab-
stracted to be 2𝑁 charge-sharing processes in parallel (except the steps that charge
𝐶𝑝 to 𝑉𝐷𝐷 and discharge it ground). The rising and falling edges both perform 𝑁 times
charge sharing.

The discharge process from the supply to the ground (𝐶𝑓𝑙𝑦,1 to 𝐶𝑓𝑙𝑦,𝑁) can be ex-
pressed by:

𝐶𝑝𝑉𝐷𝐷 + 𝐶𝑓𝑙𝑦,1𝑉𝑓𝑙𝑦,1 = (𝐶𝑝 + 𝐶𝑓𝑙𝑦,1)𝑉𝐹,1,
𝐶𝑝𝑉𝐹,1 + 𝐶𝑓𝑙𝑦,2𝑉𝑓𝑙𝑦,2 = (𝐶𝑝 + 𝐶𝑓𝑙𝑦,2)𝑉𝐹,2,

⋯⋯
𝐶𝑝𝑉𝐹,𝑁 + 𝐶𝑓𝑙𝑦,𝑁𝑉𝑓𝑙𝑦,𝑁 = (𝐶𝑝 + 𝐶𝑓𝑙𝑦,𝑁)𝑉𝐹,𝑁,

𝐶𝑝𝑉𝐹,𝑁+1 = 0,

(3.15)

The recharge procedure from the ground to the supply can be expressed by the
following equations:

𝐶𝑝 × 0 + 𝐶𝑓𝑙𝑦,𝑁𝑉𝑓𝑙𝑦,𝑁 = (𝐶𝑝 + 𝐶𝑓𝑙𝑦,1)𝑉𝐹,𝑁,
𝐶𝑝𝑉𝐹,3 + 𝐶𝑓𝑙𝑦,2𝑉𝑓𝑙𝑦,2 = (𝐶𝑝 + 𝐶𝑓𝑙𝑦,2)𝑉𝐹,2,

⋯⋯
𝐶𝑝𝑉𝐹,2 + 𝐶𝑓𝑙𝑦,1𝑉𝑓𝑙𝑦,1 = (𝐶𝑝 + 𝐶𝑓𝑙𝑦,1)𝑉𝐹,1,

𝐶𝑃𝑉𝐹,0 = 𝐶𝑃𝑉𝐷𝐷,

(3.16)
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Figure 3.14: The simulated output waveform of a 7-cap stepwise circuit charging a capacitive load. The
table shows the circuit-level simulation and MATLAB prediction results of the voltage level established
on each flying capacitor when the load is being recharged. The switches are sized such that each step
can settle more than 4𝜏 (recharge to at least 98.2% of the final state).

The stepwise charging system is implemented inMATLAB and checkedwith circuit-
level simulations. The circuit is tuned such that each pulse can have a settling time
longer than 4𝜏. The waveform of 7-step charging is presented here. The simulated
internal levels match with those from MATLAB with negligible error.

Driving a Transducer with Stepwise Circuit
To model the behavior of a stepwise circuit driving a transducer, several approxima-
tions need to be claimed at first:

(1) It is assumed that the stepwise waveform resembles a square wave with finite
rising/falling speed. Since the resonator behaves as a band-pass filter, it is safe
to further assume the fundamental power is delivered to the transducer while other
harmonics are greatly suppressed.

(2) The power dissipated on 𝑅 of the BVD model is 100% converted into the acoustic
domain. In reality, the delivered power also includes the energy dissipated in the
thermal domain.

(3) The gate capacitor 𝐶𝑔 and the on-resistance 𝑅𝑆𝑊 scale linearly with the area of
the transistor.

(4) The RLC branch would not have an impact on the charge-sharing process.

The modeling pipeline is described as follows. First of all, the inputs of the model
include:

• Technology-dependent parameters: gate capacitance 𝐶𝑔 and on-resistance
𝑅𝑆𝑊,𝑢𝑛𝑖𝑡 of unit-size NMOS and PMOS switches, total capacitance budget (area
budget of capacitance × capacitance density).
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• Transducer parameters: characterized BVD model parameters for the trans-
ducer.

• Design variables: the number of flying capacitors𝑁, the ratio between the rising
time 𝑇𝑟 and the oscillation period 𝑇.

The second thing is to estimate the power delivered to the transducer, which can
be readily performed by Equation (3.8). Rewriting the equation here:

𝑃𝑅,𝑆𝑅 =
2𝑉2𝐷𝐷
𝜋2𝑅 𝑠𝑖𝑛𝑐

2 (𝑇𝑟𝑇 ) (3.17)

The switching loss during stepwise charging can be approximated to the power
loss to charge 𝐶𝑝 from 𝑉𝑓𝑙𝑦,1 to 𝑉𝐷𝐷, where 𝑉𝑓𝑙𝑦,1 can be derived by Equations (3.15)
and (3.16). The power loss during charging and discharging 𝐶𝑝 can be expressed by:

𝑃𝑆𝑊 = 𝐶𝑝𝑉𝐷𝐷Δ𝑉𝑓𝑆𝑊 = 𝐶𝑝𝑉𝐷𝐷(𝑉𝐷𝐷 − 𝑉𝑓𝑙𝑦,1)𝑓𝑆𝑊, (3.18)

where 𝑉𝑓𝑙𝑦,1 is the established voltage level on 𝐶𝑓𝑙𝑦,1 when the charge-sharing process
is stable, and Δ𝑉 is the potential difference between the supply and the steady voltage
established on 𝐶𝑓𝑙𝑦,1.

The last step is to model the gate-charge loss during stepwise charging. Although
the gate capacitance for a unit-size switch is much lower than 𝐶𝑝 as discussed previ-
ously, the gate-charge loss cannot be neglected when modeling the stepwise charg-
ing, as the size of each switch highly depends on the slew rate. For example, if the
slew rate is fast, but the switches are small, the stepwise charging can not settle prop-
erly to save loss on 𝐶𝑝. This is the same case for other types of switched-mode pulser.
Assuming the rising time is 𝑇𝑟, with N flying caps, the pulse width for each step would
be:

𝑇𝑃 =
𝑇𝑟

𝑁 + 1. (3.19)

To make sure the charge sharing in the internal level settles properly to form a
stepwise waveform, a sharing time of 4𝜏, which means settling to 98.2% of the final
level, is set for each short pulse. The relationship between Equations (3.14) and (3.19)
can be expressed by:

𝜏 = 𝑇𝑃
𝑁𝜏
= 𝑇𝑟
𝑁𝜏(𝑁 + 1)

=
𝑅𝑆𝑊𝐶𝑝Φ𝐶𝐴𝑃
1 + Φ𝐶𝐴𝑃

, (3.20)

where 𝑁𝜏 is the number of 𝜏 spent to settle each step. Since 𝑁, 𝑇𝑟, and Φ𝐶𝐴𝑃 are
design parameters, an average 𝑅𝑆𝑊 for each level can be estimated by:

𝑅𝑆𝑊 =
𝑇𝑟(1 + Φ𝐶𝐴𝑃)

𝑁𝜏𝐶𝑝Φ𝐶𝐴𝑃(𝑁 + 1)
. (3.21)

After determining the average on-resistance, the gate capacitance on each switch
can be estimated by

𝐶𝑔,𝑆𝑊 =
𝑅𝑆𝑊,𝑢𝑛𝑖𝑡
𝑅𝑆𝑊

𝐶𝑔,𝑢𝑛𝑖𝑡 . (3.22)
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The on-resistance 𝑅𝑆𝑊 of the switch can be modulated by the gate-to-source volt-
age, 𝑉𝐺𝑆. For example, for a square-law device [90], 𝑅𝑆𝑊 has the relation of

𝑅𝑆𝑊 ∝
1

𝜆𝑊𝐿 (𝑉𝐺𝑆 − 𝑉𝑇𝐻)
2
, (3.23)

where 𝜆 is the channel-length-modulation coefficient and 𝑉𝑇𝐻 is the threshold voltage
of the switch.

The on-resistance variation must be compensated by increasing the switch sizes
from 𝑆𝑁+1 to 𝑆2. This necessity arises due to the linear variation in voltage on each
flying capacitor as the step transitions from the bottom to the top level, illustrated in
Fig. 3.14. Assuming constant channel lengths, threshold voltages, pulse widths, and
switch driver supply levels, the 𝑉𝐺𝑆 of each switch would also exhibit a linear variation
from 𝑆𝑁+1 to 𝑆2. Suppose the sizes of all switches remain the same. In that case, the
on-resistance of the higher-level switches will increase proportionally with the square
of 𝑉𝐺𝑆−𝑉𝑇𝐻, leading to a significantly slower charge-sharing process between 𝐶𝑝 and
higher-level flying capacitors. In this case, the voltage level established on each flying
capacitor would decrease, further degrading the loss saved from 𝐶𝑝.

Increasing the switch size leads to a bigger gate capacitance that needs to be
charged. The total gate capacitance can be roughly estimated by summing a se-
quence of squares:

𝐶𝑔,𝑡𝑜𝑡 ≈ 𝐶𝑔,𝑆𝑊 × (12 + 22 + 32 +⋯+𝑁2) = 𝐶𝑔,𝑆𝑊 ×
𝑁(𝑁 + 1)(2𝑁 + 1)

6 . (3.24)

The total gate-charge loss can then be calculated by:

𝑃𝑄,𝑡𝑜𝑡 = 𝐶𝑔,𝑡𝑜𝑡𝑉2𝐷𝐷𝑓𝑆𝑊 = 𝐶𝑔,𝑆𝑊𝑉2𝐷𝐷 × 2𝑓𝑠 ×
𝑁(𝑁 + 1)(2𝑁 + 1)

6 , (3.25)

where 𝑓𝑆𝑊 is the switching frequency of the stepwise switches. Each switch would
open and close twice within one oscillation cycle, thus, 𝑓𝑆𝑊 = 2𝑓𝑠.

The final acoustic efficiency for a stepwise charging-sharing circuit driving an ul-
trasound transducer can be expressed by:

𝜂𝑅 =
𝑃𝑅

𝑃𝑅 + 𝑃𝑆𝑊 + 𝑃𝑄,𝑡𝑜𝑡
× 100%. (3.26)

Another figure of merit ”𝐶𝑝 loss saving” discussed in many other publications [48,
52, 91], where they only consider saving as much energy loss on 𝐶𝑝 as possible, can
be calculated as follows:

𝜂𝑄 =
𝐶𝑝𝑉2𝐷𝐷𝑓𝑠 − 𝑃𝑆𝑊 − 𝑃𝑄,𝑡𝑜𝑡

𝐶𝑝𝑉2𝐷𝐷𝑓𝑠
× 100%. (3.27)

Limitations of the Model
The main non-ideality of this model is that the motional branch continuously draws
current from the capacitor tank during the stepwise charging process. The current
supplied by the flying capacitors can lead to extra conduction loss in each switch. As
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a result, the voltage level established on each capacitor will always be lower than it
would be with a pure capacitive load. These non-idealities result in a lower voltage
level established on the top flying capacitor, leading to less overall 𝐶𝑝 loss saving.

The effect of the current drawn by the RLC branch can indeed be challenging to
model. This is because charge sharing and RLC conduction occur simultaneously,
making it impossible to apply the conservation law of charge as a straightforward
principle.

The error introduced by the current on the motional branch plays a more significant
role when the rising edge of the stepwise waveform is slow, meaning that more time
is spent on the stepwise charging process, thus, more power established on flying
capacitors is lost. This suggests that the optimal design point may move slightly to a
faster rising time in order to compensate for the extra loss on 𝐶𝑓𝑙𝑦.

Figure 3.15: The difference between the stepwise charging of a capacitive load and of a transducer, (a)
the stepwise charging of a capacitive load can be fully modeled by the conservation of charge, (b) the
case is more complicated for the stepwise charging of a transducer, as the RLC branch draws current
from the flying capacitors as well.

There are other minor non-idealities. For example, the gate capacitance and on-
resistance do not scale linearly with transistor size due to the second-order effect
of the device, and also, there would be non-idealities introduced during the physical
fabrication of transistors. However, this model is safe to give a rough estimation of
the optimal design choice with a limited capacitance budget, as it already takes into
account all the major losses in switched-mode PA as analyzed in the previous section.

3.2.3. Stepwise Pulser Circuit Design
The model built in the previous section can significantly accelerate the circuit design
of a miniaturized stepwise pulser. This model effectively approximates all associated
losses while accounting for the capacitance budget of the transmit channel. Themodel
is built in MATLAB and visualized in Fig. 3.16 and Fig. 3.17. Two notable observations
can be derived from the results:

(1) High 𝐶𝑝 loss saving and high energy efficiency may not be synonymous de-
sign goals for switched-mode pulsers: The figures demonstrate that 𝐶𝑝 loss
saving in switched-mode PAs driving a transducer is primarily related to the num-
ber of implemented levels. As long as the saved loss with each additional step
surpasses the introduced gate-charge loss, it is feasible to use numerous steps
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to achieve high 𝐶𝑝 loss savings, as in [59]. However, in scenarios where high
acoustic efficiency is in demand and delivering more power to the resistive load is
a priority, the rising and falling edges of the driving signal should be considered
properly. This trade-off can be observed in Fig. 3.17, where the top view of the
performance surface is separated into different divisions. The estimated design
choice for high acoustic efficiency and high 𝐶𝑝 loss saving is in markedly different
divisions.

Figure 3.16: 3-D surface of acoustic efficiency and 𝐶𝑝 loss saving versus different numbers of flying
capacitors and rising-time-to-oscillation-period ratio.

Figure 3.17: Top view of the 3-D surface of acoustic efficiency and 𝐶𝑝 loss saving versus different
numbers of flying capacitors and rising-time-to-oscillation-period ratio.

(2) The total efficiency of the pulser exhibits an optimal trade-off between the
number of stepwise levels introduced and the pulse width of each step: in
general, implementing more levels of stepwise charging would save more power
loss on 𝐶𝑝, and aiming for a faster rising edge would deliver more power to the
resistive load. However, more levels and faster step intervals would introduce
more gate-charge loss. The proposed model is able to estimate a more optimal
trade-off between these major losses within a limited area budget.
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Finally, the transistor-level design choices can be roughly determined. A stepwise
pulser featuring five flying capacitors (𝑁 = 5) and a cap ratio of 3 (∼40%of channel area
budget using MOSCAP) is designed. The switches that control the sharing of each
flying capacitor are sized to have increasedW/L ratios from the bottom to the top level.
To maximize the output swing, 𝑆1 and 𝑆2 are implemented using PMOS switches.
Additionally, to optimize the output resistance of the PA, the sizes of switches 𝑆1 and
𝑆7 are further increased to reduce the 𝑅𝑂𝑈𝑇, as analyzed in Equation (3.6) and depicted
in Fig. 3.4.

3.2.4. Simulation Results

Figure 3.18: Testbench of the 5-caps stepwise pulser and the type of each switch.

The testbench of the pulser is shown in Fig. 3.18, and the types of switches used
are denoted as well. The transmission gates, a commonly-used type of low-voltage
switches, are not used as switches in this design, even though they can mitigate the
on-resistance variation introduced by 𝑉𝐺𝑆. It is because the supply domain of the
PA is in 5V, not technically a low-voltage domain in the used technology. Extra 5V
switches and 5V inverters are brought together with transmission gates, which are
area-consuming and can introduce extra gate-charge loss. A stepwise PA with 5 flying
capacitors is used to drive an ultrasonic transducer. To account for the non-ideality of
the wire-bonding pad, a 500 fF 𝐶𝑃𝐴𝐷 is added in parallel with the BVDmodel. The exact
capacitance value extracted from the 5V I/O pad layout is 367 fF. A parasitic capacitor
of 500 fF is taken here to leave some margin. The non-overlapping control signals for
each switch are generated from the stepwise controller with level shifters, which will be
discussed in the following sections. The control signals are buffered to drive 𝑆1 to 𝑆7,
within which 𝑆1 and 𝑆2 are PMOS switches, and the rest are NMOS switches. 𝑆1 and
𝑆7 should be particularly large to reduce the equivalent output resistance of the PA.
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The size of NMOS switches should follow the pattern 𝑆3 > 𝑆4 > 𝑆5 > 𝑆6 to compensate
for on-resistance variation due to differences in 𝑉𝐺𝑆. Each buffer is sized according to
the size of each switch to have balanced driving capabilities.

Figure 3.19: The output and timing control waveform of the stepwise pulser with a reference frequency
of 7.8 MHz, (a) startup waveform at the output of the stepwise PA, (b) the stepwise waveform when the
stepwise circuit is table, (c) the timing waveform of each switch.

The output waveform of the stepwise pulser and the timing diagram of 𝑆1 to 𝑆7
are depicted in Fig. 3.19. This stepwise pulser can provide a fast response with a
start-up time of approximately 5 switching cycles. The control timing of each switch
is depicted in Fig. 3.19 (c). Sizing the corresponding buffer to ensure that PMOS
switches 𝑆1 and 𝑆2 do not turn on simultaneously is crucial, as it would cause extra
conduction losses on 𝑆1 and 𝑆2 when the supply is directly connected to 𝐶𝑓𝑙𝑦,1. On
the other hand, slight overlaps in the other clock phases are acceptable. The supply
is not engaged in these phases, so any possible phase overlap would have minimal
impact on the efficiency of the PA. This is because the equivalent on-resistance and
capacitance seen from the 𝐶𝑓𝑙𝑦 roughly double when the adjacent sharing channels
are connected. Consequently, the increased time constant 𝜏 slows down the charge
sharing, making the associated power loss less critical.
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The total PA power consumption is calculated by integrating the current on the 5V
supply and taking the average over time. The power delivered to the resistive part of
the load is obtained by calculating the average power of 7.8 MHz oscillation on the
resistive part of the load. After the transistor-level optimization, it is found that the
optimal 𝑇𝑟/𝑇 ratio tends to be smaller (faster rising/falling edge), which also aligns
with the analysis regarding model non-idealities in the previous section. Excluding
the power consumptions on level shifters and the stepwise controller, the stepwise PA
efficiency is simulated to be 84.6% at the typical corner.

Figure 3.20: The rising edge and falling edge of the stepwise output. Transistor mismatch would
introduce a rising/falling time mismatch.

The mismatch of the switches would introduce variations in rising/falling time as
illustrated in Fig. 3.20. This can potentially affect the pulser efficiency and phase
alignment of the beamforming control. However, this mismatch would not have a
significant impact on either the efficiency or phase alignment of the PA, as will be
demonstrated later in the next chapter on circuit design results.

The achieved performance for the stepwise PA is summarized in Table 3.1.

Pulser Performance Estimated Achieved
1Acoustic Efficiency > 82% 84.6%

Output Power / Channel 1.93 mW 1.85 mW
Rising Time Tr ∼ 19.23 ns 12.2 ns
Falling Time Tf ∼ 19.23 ns 13.7 ns

Tr/T ∼ 15% 9.5%
Tf/T ∼ 15% 10.7%

Cp Loss Saving ∼ 50% 54.4%
1 The power consumption includes both power dissipated by
the stepwise PA and 5V buffers.

Table 3.1: Estimated stepwise pulser performance using MATLAB model and the achieved result with
transistor-level design.
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3.3. Level Shifter
In modern semiconductor chipset designs, seamless cooperation between different
supply voltage domains is essential. The level shifter (LS) is the bridge for the signal
to communicate between different supply domains. In the context of this work, driving
the transducer at 5V is required to produce the desired pressure within the target area.
As shown in Fig. 3.21, the LS of this work should convert the 1.5V timing signal to
the 5V domain in order to drive the stepwise PA. This section focuses on the design
of the level shifter.

Figure 3.21: Different voltage domains of the stepwise PA signal chain.

3.3.1. Topologies
Fig. 3.22 demonstrates two conventional architectures for level-shifting circuits. In
sub-diagram (a), the cross-coupled LS is depicted. The input signal comes from the
low-voltage domain. When a low-to-high transition occurs at the input, the MN1 tran-
sistor turns on, pulling its drain terminal down to the ground. Consequently, the cross-
coupled PMOS MP2 on the output branch enters the triode region, causing the output
signal to rise to the high-voltage supply level. During this phase, the output of the low-
voltage inverter transitions from high to low with a delay shorter than the output’s rise
time. This transition turns MN2 off, thus enhancing the speed of the output node during
the pull-up phase. However, if the driving strength of the PMOS transistor significantly
exceeds that of the NMOS, the output node may fail to discharge to the ground. This
design challenge, known as contention, becomes particularly critical when converting
signals from a below-1V supply domain [92].

Diagram (b) illustrates the structure of a current-mirror-based level shifter. When a
signal transitions from low to high at the input, a change of current is generated in the
input branch, which is then mirrored to the output branch to charge the output node.
This approach alleviates the contention problem by current-mode control. However, a
large static current is presented when the input signal is high, resulting in an increased
overall power consumption. In general, assuming equivalent output capacitances and
output swings, the current-source-based approach is considered less energy-efficient.
This is primarily due to its inherent presence of static current.

In addition to the contention problem and power consumption, another concern
is the variation in delay time within the level-shifting path. The low-to-high transition



54 3. Circuits Design

Figure 3.22: Conventional level-shifter topologies, (a) cross-coupled LS, fast but power consuming,
(b) current-mirror-based level shifter, less contention problem, but a large static current exists when
input is high, (c) the timing of single-ended output LS, the delay 𝑇𝑑,𝑙2ℎ and 𝑇𝑑,ℎ2𝑙 are not always equal.

delay 𝑇𝑑,𝑙2ℎ can differ significantly from the delay for high-to-low transitions 𝑇𝑑,ℎ2𝑙. For
example, in the case of the cross-coupled structure, 𝑇𝑑,𝑙2ℎ is influenced by the time it
takes for MN1 and MP2 to turn on, while 𝑇𝑑,ℎ2𝑙 is determined by the time for the low-
voltage inverter to inverse the signal and turn on MN2. These two delay values may
also vary based on the sizing of the transistors used, which further affects the power
consumption of the level shifter.

3.3.2. Design Choice
The primary design goal for the PA signal chain is centered around achieving optimal
power efficiency. This entails not only the efficient driving of the transducer but also
the minimized power consumption of the peripheral circuits. This section focuses on
the design choice for the level-shifting channel.

Low Power
As discussed previously, the cross-coupled LS offers better energy efficiency when
compared to the current-source-based configuration. This advantage is mainly due to
the elimination of static current. However, it does suffer from contention if not properly
designed.

Previous works [93, 94] have combined the cross-coupled and current-mirror-based
LS to strike a balance between power, delay, and voltage swing for ultra-low-power
and ultra-low-input applications.

In the scope of this study, the primary goal is to achieve low power consumption
during voltage transitions. Specifically, the desired input signal swing is 1.5 V, while
the expected output swing is 5V, leading to a voltage-conversion ratio of approximately
3.3. In comparison to other works [93–95], these specifications fall outside the ultra-
low-input range, which typically involves inputs below 1V and conversion ratios larger
than 10. Besides, the level-shifter power is relatively low compared to other power
losses in the PA as reported in [63, 64]. Therefore, there is no need to overcomplicate
the design considerations of low-power LS.
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Low Area
When considering area constraints, prior works have proposed different LS topolo-
gies, with the number of high-voltage transistors ranging from 4 up to 18 [93–95]. It’s
important to note that high-voltage transistors occupy a considerable amount of silicon
area. The area of a 5V transistor is around 50% larger than that of a 1.5V transistor
in the technology used in this work.

The stepwise pulser in this work comprises 7 switches, and each switch necessi-
tates a dedicated level-shifting channel. Employing an 18-transistor structure, as in
[95], would result in unnecessary use in the silicon area. As both power consumption
and silicon cost are important design considerations, the design in [96] is adopted
in this work. This design uses 10 high-voltage transistors (including an output high-
voltage out buffer), almost half the size compared to [95], while still achieving signifi-
cant power reduction compared to other topologies as reported in the paper.

The schematic of the topology used is depicted in Fig. 3.23. The input pair, MN1
and MN2, is the same as can be found in conventional level shifters. The regulated
cross-coupled (RCC) pull-up network serves to limit the maximum voltage level at
node 𝑄𝑃 to one threshold below the high-voltage supply. This voltage reduction at
internal node 𝑄𝑃 reduces the power of the level-shifting path. Besides, a diode-
connected PMOS pair, of which the equivalent resistance is 1

𝑔𝑚
, is added between

the pull-up and pull-down network to create a potential difference between node 𝑄𝑃
and node 𝑄𝑁. By tuning the equivalent resistance of this pair of current limiters, the
simultaneous conduction of MP𝑂𝑈𝑇 and MN𝑂𝑈𝑇 transistors can be greatly suppressed,
further reducing the power consumption of the output buffer.

Figure 3.23: Regulated cross-coupled level shifter with current limiter [96], (a) schematic of the level
shifter, (b) layout of the level shifter.

3.3.3. Simulation Results
The pre-layout and post-layout simulation waveforms for the chosen topology are
shown in Fig. 3.24. A reference signal with a 1.5V peak-to-peak swing and 50%
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duty cycle is provided as the input to test the circuit operation. The output signal can
be shifted to 5V with several 𝜇Ws of power. Due to the delay difference in the rising
and falling edges, the level shifter would introduce a 900 ps mismatch in the on-time.

Figure 3.24: Simulation results of the level shifter.

The size of the level-shifting channels and the output buffers are optimized ac-
cording to the sizes of stepwise charge-sharing switches. The layout of the biggest
level-shifting channel (for S1 in Fig. 3.18) is shown in Fig. 3.23, which occupies an
area of about 11 𝜇m x 14 𝜇m. The transistors and metal routing of the input buffer,
MN1, MN2, MP1 to MP6 are made as symmetrical as possible. However, since this is
a single-ended output structure, the layout introduces approximately 400 ps of rising-
and falling-edge variation, as can be seen from Fig. 3.24(b). The power consumption
of the level shifter is simulated to be 1.7 𝜇W per channel with the stepwise timing di-
agram in Fig. 3.19(b). When driving the same switch, the power consumption is 2x
lower than that of the cross-coupled LS, 2.2x lower than a current-mode LS driving
an NMOS, and drastically lower (100x) when driving a PMOS switch. This substantial
reduction is attributed to the larger duty cycle of the PMOS driving signal as shown in
Fig. 3.19.

3.4. Stepwise Sequencer
3.4.1. Motivation
The motivation for this sequencer design is to enable stepwise charging with the same
clocking routing configuration without adding extra reference sources, as depicted in
Fig. 3.25.

For conventional class-D ultrasonic PA design, it is common practice to use an
external reference signal with frequency 𝑓𝑟𝑒𝑓, configured to match the transducer’s
series-resonance frequency 𝑓𝑠. This allows for the simple and synchronous switching
of the PA to enable beamforming without the need for additional reference sources
while achieving compact array integration.

Generating precise control signals for short pulses on each step in a stepwise
PA can be challenging, especially for low-power applications. A straightforward tim-
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Figure 3.25: Clock routing for the transducer array. Themotivation is to enable high-efficiency stepwise
PA with the same routing resource as class-D PA for beamforming purposes.

Figure 3.26: (a) Generation of short pulses using a digital counter. The required reference frequency
estimated in MATLAB is around 390 MHz (𝑇𝑟/𝑇 = 15%) for the stepwise PA design in this work, the
actual frequency in circuit design is 468 MHz (𝑇𝑟/𝑇 ∼ 10%). (b) The surface of normalized pulse
frequency 𝑓𝑟𝑒𝑓 to transducer frequency 𝑓𝑠 with different 𝑇𝑟/𝑇 ratios and numbers of flying capacitors.
Zone 1: 𝑓𝑟𝑒𝑓 is below 10𝑓𝑠; Zone 2: 𝑓𝑟𝑒𝑓 ranges from 10𝑓𝑠 to 25𝑓𝑠; Zone 3: 𝑓𝑟𝑒𝑓 ranges from 25𝑓𝑠 to
50𝑓𝑠; Zone 4: 𝑓𝑟𝑒𝑓 ranges from 50𝑓𝑠 to 100𝑓𝑠; Zone 5: 𝑓𝑟𝑒𝑓 is above 100𝑓𝑠
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ing method involves injecting a reference signal with a frequency equal to that of the
short stepwise pulses into a digital counter and a phase generator as illustrated in Fig.
3.26(a). The stepwise-timing waveforms can then be readily produced. However, de-
pending on the 𝑇𝑟/𝑇 ratio and number of steps introduced, this approach requires a
clocking signal tens or even hundreds of times faster than the 𝑓𝑠 of the transducer. Fig.
3.26 shows the normalized pulse-frequency map with different 𝑇𝑟/𝑇 ratios and num-
bers of flying capacitors. This presents challenges in high-speed clock routing and
distribution for massive array fabrication, as higher-speed clock routing needs more
power spent on local buffers to recover the clocking signal and ensure the alignment
of clock phases between each channel [97].

ISSCC’17 [57] JSSC’22 [46] ESSCIRC’21 [63] TCAS-II’21 [64]

Process 45 nm 180 nm 180 nm 180 nm
†Reference 5𝑓𝑠 4𝑓𝑠 𝑓𝑠=780 kHz 𝑓𝑠=1 MHz

Off-chip PLL External External External
Phase Generator Ring OSC In-channel DLL Full Digital Delay Line + Digital

Tr/T 24% 25% 20% 19.5%
⊺Power/channel N.A. N.A. 140 𝜇W 70 𝜇W
† Reference clock that feeds into the digital logic.
⊺ Measured power dissipation to control the stepwise circuit.

Table 3.2: Performance of stepwise waveform controllers in prior arts.

Table 3.2 provides the performance of stepwise controllers for different stepwise
PAs [46, 57, 63, 64], including details such as the reference clock frequency, phase
generation method, 𝑇𝑟/𝑇 ratio, and the power dissipated on the timing controller per
channel. These works prefer to use full-digital phase generators or delay-locked loops
(DLLs) to generate the required control signals for stepwise PAs, as their total power
consumption is in the tens and hundreds mW range per channel, making the digi-
tal power negligible. However, conventional delay lines or DLLs are usually power-
consuming and may require extra reference sources [46]. The power dissipation of
the controller is approximately 100 𝜇W per channel in these works.

In our application, where the area is constrained and the output power per channel
is around or below 1 or 2 mW, saving digital power and reducing the area consumed
by the delay line can further enhance PA performance. This section introduces the
design of an area-efficient self-timed sequencer for a stepwise PA to reduce the power
and area consumption further.

3.4.2. Topologies
Conventional approach
The conventional approach to generating high-frequency timing signals using a low-
frequency reference typically involves delay lines, as illustrated in Fig. 3.27. The input
clock reference undergoes a series of inverter stages, and the adjacent phases within
the delay line are processed by XOR operations to produce high-frequency pulses.

This approach is inherently simple and extensively used in modern IC design [98],
but it has certain limitations on self-timing applications. For instance, in [46], where 14
clock phases are needed to control the stepwise PA, using a delay line would require
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Figure 3.27: Conventional delay line to generate high-frequency pulses.

at least 14 stages of delay cells. This can become problematic when the required
pulse frequency is in the range of hundreds of MHz, as the equivalent RC constant of
the delay cell needs to be large enough to provide the delay, increasing both power
and area consumption [99].

Delay Cell with Feedback
The delay cell with a feedback structure in Fig. 3.28 is an effective approach to re-
ducing the number of delay cells in a timing circuit. The feedback loop would initiate
self-oscillation when a reference signal triggers the control logic. The oscillation fre-
quency depends on the delay cell, and the clock can be extracted by a regenerative
buffer and fed to a phase generator to produce different phases.

This architecture is effective in reducing the power and area in timing circuits, mak-
ing it widely used in various applications such as low-power ADCs [100], micro-energy
harvesting [101], and low-power, low-area clock references [41].

Figure 3.28: Delay cell with feedback architecture for self-timing application.

The core block for this architecture is the delay cell, which controls the timing of
oscillation and determines the power consumption. A popular approach to implement
a low-power delay unit in both academia [91] and industry [102] is by using a preci-
sion current source 𝐼𝑟𝑒𝑓 to charge a capacitor 𝐶 as shown in Fig. 3.29. A comparator
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with a reference voltage 𝑉𝑟𝑒𝑓 is used to detect the voltage level on the capacitor. This
approach can achieve low power consumption and high-precision delay tuning ex-
pressed by Equation (3.28). However, extra reference circuitry and routing are needed
for this design.

Figure 3.29: Current-source-based delay cell.

𝑇𝑑 =
𝐶𝑉𝑟𝑒𝑓
𝐼𝑟𝑒𝑓

(3.28)

In low-power applications where precision is not of high priority, the ring oscillator
dominates the implementation of timing circuits. The fundamental structure of a single-
ended ring oscillator is shown in Fig. 3.30. An odd number of inverter-based delay
stages is cascaded in a loop to enable oscillation [103]. The oscillation frequency can
be determined by the number of delay stages 𝑁 and the delay 𝑇𝑑 of each stage:

𝑓𝑂𝑆𝐶 =
1

2𝑁𝑇𝑑
. (3.29)

Figure 3.30: Conventional single-ended ring oscillator.

To reduce the power consumption of the inverter-based delay stage, supply-modulated
delay cells are proposed to produce longer delay with the same area and power bud-
get. Fig. 3.31 shows two different approaches to modulating the supply of delay cells.
However, still, extra circuitry and references are still needed for these designs.
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Figure 3.31: Two types of supply-modulated inverter-based delay cells, (a) current-mode delay cell,
or so-called current-starved inverter [104], (b) voltage-mode delay cell with regulative amplifier [105].

3.4.3. Proposed Design
To achieve further reductions in area and power for the stepwise timing circuit, as
well as a compact reference-free PA that resembles a conventional class-D mode
driver, this work proposes a symmetrically-modulated delay line to implement a local
oscillator (LO). The simplified diagram is shown in Fig. 3.32.

The idea of this circuit is inspired by the delay-cell structure in Fig. 3.31(b) [105],
where an amplifier modulates the supply voltage of the inverter delay line by means
of negative feedback. This modulation lowers the supply voltage of the delay cell,
reducing the current used to charge each delay stage. Consequently, this circuit can
produce a longer delay with lower power consumption.

Figure 3.32: Proposed symmetrically-modulated ring oscillator.

The equivalent circuit of the proposed delay cell during pull up and pull down is
depicted in Fig. 3.33. Instead of using an amplifier in feedback mode, the supply and
the ground of stages 3 and 4 of the delay chain are symmetrically self-modulated by
the output of stages 1 and 2. The equivalent resistance at the output nodes of stages
3 and 4 is roughly doubled compared to the normal inverter delay cell. At the same
time, the equivalent capacitance seen at these nodes remains the input capacitance
of the following stage. In this case, the power dissipation of this delay cell stays almost
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the same compared to the regular inverter-based delay line, but a longer delay can
be generated. The fifth inverter stage serves as a regenerative buffer to recover the
signal to full swing.

Figure 3.33: Equivalent circuit of the proposed symmetric supply modulated delay cell. During the
pull-up and pull-down phases, the equivalent RC constant seen from the outputs of the 3rd and 4th
stages of inverters is ideally doubled, thereby producing longer delay with the same area and power
consumption.

Figure 3.34: Complete schematic of the proposed stepwise sequencer based on a symmetrically
supply-modulated local oscillator.

Compared to the conventional inverter delay chain, this delay cell can achieve a
longer delay with a smaller silicon area and less power consumption. If the input is
further connected with the output of the fifth buffer, it becomes a supply-modulated ring
oscillator. This essentially means that the output of the previous stages modulates the
supply of the third and fourth inverter stages. The frequency of this LO is the same
as expressed by Equations (3.29). This design is reference-free and can be used in
compact standard-cell design.
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Digital shift registers are added at the output of the regenerative buffer of this mod-
ified ring oscillator to generate different phases. Power gating logic has also been in-
troduced to halt the oscillation when the stepwise circuit is charged to any of the supply
rails, providing further power savings in the timing logic. The complete schematic of
the stepwise sequencer is shown in Fig. 3.34.

3.4.4. Simulation Result
The simulation of this supply-modulated delay cell is compared with a conventional
delay line. The delay cell is configured to generate the required 2.5 ns delay for each
stepwise pulse with 5 stages. The first 4 stages are sized to have relatively long
channels (W / L = 150 nm / 1 𝜇m), while the regenerative buffer is unit size (W/L =
150 nm / 130 nm). The simulation indicates that to produce a 2.5 ns delay, the power
consumed by the proposed delay cell is 0.78 𝜇W, while the conventional delay chain
requires two additional long-channel inverters (W / L = 150 nm / 900 nm) to achieve
the same delay time with 6% higher power consumption.

Figure 3.35: The performance of the proposed delay cell and the simulated timing diagram of the
stepwise sequencer, (a) simulated results of generated delay versus the number of delay stages used,
(b) simulated timing diagram of the stepwise sequencer.

The effectiveness of the area reduction with the proposed delay cell design is illus-
trated in Fig. 3.35(a). The proposed delay cell (4 long channel inverters + 1 regenera-
tive buffer) is cascaded and compared to the conventional inverter-based delay chain
with the same transistor sizing. Let’s take a 5.2 ns of delay generation as an example,
as depicted in Fig. 3.35(a). A 7.8 MHz reference signal is used as the input. The rising
and falling edges of the reference signal are both delayed once within one cycle. The
power dissipated by this delay cell within one cycle is calculated. The results indicate
that the proposed delay cell needs 10 stages to generate the delay with 1.377 𝜇W of
power consumption. In comparison, the conventional inverter delay cell needs 5 extra
stages to generate the same delay with 6% higher power dissipation. This suggests
that the proposed delay cell can roughly save 30% of the area compared to the con-
ventional inverter-based delay cell when generating delays in the ns range. Besides,
this design is as compact as the conventional approach. Thus, it can be potentially
used as a standard cell design.
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The output waveforms of the complete sequencer design are illustrated in Fig.
3.35(b). The 7.8 MHz reference is denoted as CLK, and the local oscillation waveform
is denoted as LO. The stepwise phases Phi 1 to Phi 7 align perfectly with the reference
signal. When the output of Phi 1 (charge to 𝑉𝐷𝐷) or Phi 7 (discharge to ground) is high,
the LO ceases oscillation to save power.

The power breakdown of the stepwise sequencer is depicted in Fig. 3.36. The re-
sults reveal that power gating effectively reduces the power consumption on LO by a
factor of 3. The final sequencer design achieved a power consumption of 23.5 𝜇W per
channel, making it suitable for low-power stepwise PAs. A performance comparison
with stepwise controllers in other works is summarized in Table 3.3, where this design
achieves the lowest power dissipation per channel. The use of more digital-energy-
efficient technology but a much faster pulse-switching frequency makes it difficult to
compare with other works. Anyhow, this design achieves a 3x reduction compared to
[64]. Regarding PVT and mismatch performance, the delay cell and the sequencer
can successfully operate across global PVT and mismatch corners with ±10% of sup-
ply variations. Details will be discussed in the upcoming design result chapter.

Figure 3.36: Power breakdown of the stepwise sequencer with and without power gating.

ISSCC’17 [57] JSSC’22 [46] ESSCIRC’21 [63] TCAS-II’21 [64] This Work

Process 45 nm 180 nm 180 nm 180 nm 130 nm
†Reference 5𝑓𝑠 4𝑓𝑠 𝑓𝑠=780 kHz 𝑓𝑠=1 MHz 𝑓𝑠=7.8 MHz

Off-chip PLL External External External External

Phase Generator Ring OSC In-channel DLL Full Digital Delay Line Symmetrically-modulated LO
+ Digital + Digital

Tr/T 24% 25% 20% 19.5% 10.1%
⊺Power/Channel N.A. N.A. 1140 𝜇W 170 𝜇W 223.5 𝜇W
† Reference clock that feed into the PA.
⊺ Power dissipated to control stepwise circuit.
1 Measured result.
2 Simulated result.

Table 3.3: Performance of stepwise waveform controllers.
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Simulation Results

In this chapter, the functionality and the specifications of the designed PA signal chain
are verified by means of circuit simulations.

4.1. Duty Cycling Control
The complete stepwise-PA signal chain is depicted in Fig. 4.1. To test if the designed
circuits meet the requirements for producing an acoustic burst with a fast response,
a duty-cycled reference clock with a frequency of 7.8 MHz is fed into the designed
signal chain. Given that the targeted application involves an extremely small duty
cycle, such as an acoustic scan with 5 consecutive 7.8 MHz acoustic pulses at a
repetition frequency of 1000 Hz, which occupies only 1

1560 of the complete 1000 Hz
repetition cycle, the simulation time becomes too long. The figure might not be easy
to read with such a small duty cycle.

Figure 4.1: Simplified block diagram of the proposed PA signal chain.

For illustrative purposes, the control timing is duty-cycled to have 5 consecutive
pulses and a 15-pulse-long interval. The simulated duty-cycled waveform and its tim-
ing diagram are shown in Fig. 4.2(a) and (b). A clear stepwise waveform can be
established within 5 oscillation cycles, enabling a fast response on the transducer.
During the sleep state, the simulated leakage current of the 1.5V logic and the 5V
pulser is between several hundreds of pA and 1 nA, which is negligible. The transient
waveform of the voltage on each flying capacitor in duty-cycling mode is shown in
Fig. 4.2(c). The stepwise voltage levels can be successfully established in a similar
manner as in continuous mode. The circuit is completely settled after approximately
25 cycles.

65
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Figure 4.2: Simulated pulser response with duty-cycled clock reference, the stepwise pulser is able to
establish a clear stepwise waveform at the 5𝑡ℎ oscillation cycle, (a) simulated stepwise output waveform
and the voltage across the resistance in the RLC branch of the transducer, (b) simulated control timing
for duty-cycled stepwise PA, (c) simulated voltage that established on each flying capacitor for the first
25 oscillation cycles (5 bursts).
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4.2. Power Consumption and Efficiency
The power breakdown for the complete signal chain in continuous mode is depicted
in Fig. 4.3, where 82% of the total power is delivered to the resistive part of the
transducer. Notably, the conduction loss of the switched-mode pulser and the gate-
charge loss dissipated on the 5V buffers combined make up for 15% of the total power
consumption, representing the major losses in the signal chain. These results align
with the analysis regarding PA non-idealities.

Figure 4.3: Power breakdown of the designed PA signal chain.

Considering the fact that the leakage current during the off phase is negligible and
the targeted application scenario would require duty-cycled acoustic bursts to perform
beamforming scanning, the power consumption under duty-cycled mode 𝑃𝐷𝑇 can be
safely calculated using Equation (4.1):

𝑃𝐷𝑇 =
𝑁𝑃𝑓𝑃𝑅
𝑓𝑠

𝑃𝑡𝑜𝑡 =
5 × 1000𝐻𝑧
7.8 × 106𝐻𝑧 × 2.25𝑚𝑊 = 1.44𝜇𝑊, (4.1)

where the results highly depend on the number of pulses 𝑁𝑃 used in each repetition
cycle (𝑁𝑃 = 5 is taken here for illustrative purposes). This can be easily programmed
after the beamforming controller and all the associated power and reference blocks in
the transmitter have been designed.

4.3. PVT and Mismatch Performances
To demonstrate the effect of PVT and mismatch on the performance of the PA signal
chain, aMonte Carlo (MC) simulation with 200 sampling points is performed across the
global Process-Voltage-Temperature (PVT) and mismatch corners of the technology
with ±10% logic supply voltage variation. The corner setups are as follows:

• Corner 1 (Typical): 1.5 V logic supply, 5 V PA supply, 27∘C.

• Corner 2 (Worst Corner): 1.65 V logic supply, 5 V PA supply, 45∘C.
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• Corner 3 (Worst Corner): 1.35 V logic supply, 5 V PA supply, 10∘C.

Figure 4.4: Global PVT and mismatch performance of the PA signal chain on acoustic efficiency, (a)
the typical corner, (b) the worst corner with high temperature and +10% of supply variation, (c) the worst
corner with low temperature and -10% of supply variation.

Figure 4.5: Global PVT and mismatch performance of the PA signal chain under (a) the typical corner,
(b) the worst corner with high temperature and +10% of supply variation, (c) the worst corner with low
temperature and -10% of supply variation.

The MC simulation results in Fig. 4.4 and Fig. 4.5 affirm the performance of the
designed stepwise pulser. For the acoustic efficiency, the pulser consistently main-
tains an average efficiency of above 81% across the global corner, with a small part
of the outliers below 80% in the worst corner. None of the sample points fails to work
across the PVT and mismatch domains.

The mismatch between falling and rising times can potentially impact the phase
alignment between different channels. For example, if the mismatch exceeds the
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required delay resolution of the application, the expected focal pressure would drop,
leading to a worse overall Tx performance. The Monte-Carlo simulation results in
Fig. 4.5 show that the PVT-mismatch variations would introduce a maximum average
rising/falling time mismatch of around 2.33 ns at corner 3, which accounts for only
1.8% of the total oscillation period and only 9.7% of the required beamforming-delay
resolution.

These results demonstrate the robustness of the designed stepwise pulser in both
energy efficiency and beamforming performance.

4.4. Floor Plan and Area Estimation
The layout of the complete design is not yet design-rules-check (DRC) and layout-
versus-schematic (LVS) clean. The floor plan of the design is shown in Fig. 4.6. The
total die area for each PA channel is estimated to be 108 𝜇m x 520 𝜇m, which occupies
around 53% of the total transducer channel area. The size of the capacitor banks can
be optimized for better overall efficiency.

According to the author’s experiences, optimizing buffers’ and level shifters’ sizes
based on charge-sharing switch sizes proves to be a challenge in physical design,
often consuming significant time and effort. This complexity arises from the role of
LS as the interface between two different supply domains. Since the LS is usually not
fully differential, the corresponding layout can introduce amismatch between the rising
and falling times, as depicted in Fig. 3.24. This mismatch would not only affect the
gate-charge loss but also introduce a variation on the 𝐶𝑝 loss saving. The introduced
loss variation becomes more significant when the LS and buffer drive a larger sharing
switch. Increasing the speed of LS and buffers can easily help mitigate this effect
but at the cost of significantly increasing the driving power. According to pre-layout
and post-layout simulations of the level shifting channel, the sizing and layout can
introduce up to around 30% of total efficiency variation, which is mainly due to the
low-power requirements of this signal chain design.

Figure 4.6: Floor plan of the pulser for one TX channel.
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4.5. Summary
The performance of the complete PA signal chain is summarized in Table 4.1.

Pulser Performance Estimated Achieved
1Acoustic Efficiency > 82% 282.5%

Output Power / Channel 1.93 mW 1.85 mW
3Maximum N.A. 2.33 ns

Tr/Tf Mismatch (9.7% of beamforming-delay resolution)
Tr/T ∼ 15% 9.5%
Tf/T ∼ 15% 10.7%

Cp Loss Saving ∼ 50% 47.7%
1 The power consumption includes all associate blocks in the signal chain.
2 The simulated result in the typical corner is 82.5%. The average efficiency across global PVT
and mismatch corners is 81%.

3 The maximum average rising/falling time mismatch occurs with low temperature and −10% of
supply variation.

Table 4.1: Performance of the complete PA signal chain.
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Conclusion

This chapter concludes the design of a high-efficiency stepwise ultrasonic pulser for
invasive acoustoelectric imaging applications. The design results are first compared
with state-of-the-art solutions. The author’s contributions are summarized, and rec-
ommendations for future work are discussed in the end.

5.1. Performance Comparison with State-of-the-art
ISSCC’21 [52] TCAS-II’21 [64] JSSC’21 [51] ESSCIRC’21 [63] JSSC’22 [46] This work

Process 180 nm 180 nm 180 nm 180 nm 180nm 130 nm
Method Energy Replenish Charge Redistribute Stepwise Stepwise Stepwise Stepwise

†Transducer Flipping No Yes No No Yes No
Q N.A. 4.85 183.87 4.53 4.56 6
P N.A. 6.08% 1.016% 0.7% 20.4% 16.04%

ΔCap Ratio Inductor N.A 60 15.6 1/9 2.8
Number of Caps N.A. N.A 5 5 4 5
Class-D Baseline N.A. 39.6% 82.7% 8.1% 72.3% 72.6%

Achieved Efficiency N.A. N.A. 181.7% N.A. 175.6% 182.5%
Efficiency Improvement N.A. N.A. -1% N.A. 3.3% 9.9%
Achieved Cp Saving 273.1% 242.6% N.A. 280% N.A 147.7%

⋆Psc / Channel N.A. N.A. 270 𝜇W 2140 𝜇W N.A 123.5 𝜇W
† Flipping the transducer’s terminals would make the PA less suitable for massive array integration.
Δ The flying-cap-to-load-cap ratio of each stepwise level. Using a big cap ratio is not suitable for miniaturized integration.
⋆ Power dissipated on the stepwise controller.
1 Simulated result.
2 Measured result.

Table 5.1: Performance comparison with state-of-the-art ultrasonic pulsers.

The designed PA exhibits promising performance when compared to state-of-the-
art PAs, as detailed in Table 5.1. In the simulation, the PA signal chain achieves
an overall acoustic efficiency of 82.5% in the typical corner and an average of 81%
across global PVT and mismatch corners. This marks a noteworthy improvement
of 9.9% compared to the transducer’s class-D baseline. This result outperforms the
efficiency of [46] by 6.9%, where a transducer with 0.3% lower baseline efficiency
was used. The simulated efficiency is also comparable and slightly higher than [64],
where a transducer with a 30x higher quality factor and 20x higher cap ratio was
employed. Additionally, the proposed stepwise sequencer, based on an area-efficient
symmetrically-modulated delay cell, achieves the lowest power consumption among
prior art controllers for stepwise circuits. The PA signal chain is estimated to have a
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compact area of 108 𝜇m x 520 𝜇m, making it suitable for integration into a 115𝜇m-pitch
transmit channel while eliminating the need for extra reference sources and off-chip
components, aligning with the compact nature of conventional class-D PAs.

5.2. Thesis Contributions
In this thesis, the following contributions have been made through systematic analysis
and circuit design:

• Derivation of system specifications for an invasive acoustoelectric imag-
ing application: This involves an extensive review of the literature on AE proto-
typing and ultrasound systems. The acoustic modeling is performed in MATLAB
to establish the necessary system specifications.

• Introduction of a new baseline power-efficiency analysis to quantify the re-
lation between switched-mode PAs and transducers with different electri-
cal characteristics: This analytical approach establishes a correlation between
the efficiency of switched-mode PAs and the quality and parasitic capacitance of
the transducer. The analysis is based on the common assumption that the trans-
ducer is properly characterized using the BVD model, and the acoustic power is
the power delivered to the resistive part of the BVD model.

• Model and design of an area- and energy-efficient stepwise PA signal chain:
The PA design starts with a MATLAB model that is capable of roughly estimating
the key energy losses of a stepwise PA driving a transducer. The designed signal
chain demonstrates a significant efficiency improvement when compared to the
class-D efficiency baseline of the utilized transducer in simulation. A stepwise
controller (sequencer) is proposed based on a symmetrically-modulated delay
cell. The stepwise controller attains the lowest power consumption per chan-
nel compared to those of prior arts. Compared to conventional class-D PA, the
design does not require additional reference and routing resources or off-chip
components, which makes it a promising solution for large-array integrations.

5.3. Future Work
While the current study established a foundation for an efficient stepwise ultrasonic
pulser in invasive acoustoelectric imaging, there are several avenues for future explo-
ration and improvement:

• Adding tunability to the stepwise sequencer: Introducing tunability to the
stepwise sequencer can be a valuable enhancement for adaptive performance.
Currently, the stepwise sequencer is manually tuned to achieve optimal effi-
ciency. Future work can involve the development of a self-calibration loop that
relates the output-node voltage to the delay of the sequencer (by means of
a voltage-to-frequency converter, VCO). This mechanism would allow the se-
quencer to dynamically track the stepwise waveform and adjust the LO fre-
quency accordingly. By automatically optimizing the rising/falling edge based
on the characteristics of different transducers or adapting to variations in trans-
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ducer behavior, the stepwise sequencer may help the PA achieve higher effi-
ciency across a broader range of operating conditions.

• Implementing a full analog stepwise sequencer: The current design incorpo-
rates digital shift registers for phase generation. Since around 70% of the digital
power in the final design is dissipated in dissipated in the shift register, an analog
phase generator could potentially further lower the overall power consumption
for stepwise sequencer.
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