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Abstract

Realization of a Fully Integrated Electronic-Photonic
Sensor-Receiver Array for Endoscopic Ultrasound

by
Panagiotis Zarkos
Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Vladimir Stojanovi¢, Chair

Ultrasound imaging remains an indispensable tool in numerous medical disciplines ranging
from oncology to cardiology and from dermatology to ophthalmology. Imagers employing
piezoelectric and capacitive micromachined transducers have long been the golden standard
when it comes to traditional ultrasonography procedures such as abdominal, pelvic or obstet-
ric scans. However, when used in endoscopic, intravascular, and catheterized applications,
traditional receiver implementations have demonstrated serious shortcomings in terms of
power dissipation and achieved form factor.

The focus of this thesis is on the development and realization of an electronic-photonic
ultrasound receiver system capable of tackling modern miniaturized endoscopic probe spec-
ifications. It begins with an overview of the existing electrical and optical ultrasound imag-
ing technologies, which spotlights the need for an alternative approach to endoscopic ultra-
sound sensing and proposes a electronic-photonic array system based on micro-ring resonator
(MRR) sensors as a promising candidate. Subsequently, the operating principle of MRR ul-
trasound sensing is presented, accompanied by theoretical analysis and finite element model
(FEM) simulations of the transduction mechanisms. The developed theory is backed by
proof-of-concept experimental results. The initial analysis is followed by the design and fab-
rication of a first-of-its-kind ultrasound receiver array on a silicon photonic chip with highly
sensitive, micro-scale optical MRR sensors in its core. Such a system can be ultra-low power
and size, ensuring safe operation inside the human body without sacrificing key system at-
tributes, such as image resolution and system bandwidth. Configured in 2-D beamforming
arrays of thousands of elements, these optical sensors, can perform real-time, 3-D imaging
and pave the way towards miniaturized optical ultrasonic reception probes with form factors
below 5mm?, compliant to modern endoscopic probe specifications. After presenting mea-
surement results of this electronic-photonic system-on-chip (EPSoC) prototype, the thesis
discusses architectures that will further enhance the overall system sensitivity through the
use of coherent detection and higher quality factor MRRs.
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Chapter 1

Introduction

Heart disease and cancer are the leading causes of death, tolling for more than a million
deaths in the US alone in 2017 [1]. Being low-cost and minimally invasive, high quality
ultrasound imaging systems have been an indispensable tool in both cardiology and oncology.
They are heavily used in the timely diagnosis and assessment of both heart diseases and
numerous tumors, with very successful and frequent application in stenting operations [2]
and breast tumor detection [3, 4], the second leading cause of death for women worldwide [5].
Additionally, during the outbreak of the COVID-19 pandemic, point-of-care lung ultrasound
has resurfaced as a viable means of monitoring patients in self-isolation [6, 7, 8.

As we enter the era of personalized treatment in medicine, the need to engineer portable
diagnostic systems that can enable easily accessible, high fidelity multi-organ screening at a
low cost closely follows. The next generation of ultrasonic point-of-care (POC) diagnostic
devices includes a variety of systems, from catheterized ultrasound sensors that monitor the
cardiac and vascular functions to compact, high resolution, photoacoustic mammoscopes
and imagers. A state-of-the-art point of care ultrasound imaging device [9, 10] is shown
in action in Fig. 1.1a, while Fig. 1.1b shows a photoacoustic image of the human intes-
tine, and Fig. 1.1c illustrates one of the most common endoscopic ultrasound applications,
transesophageal echocardiography.

1.1 Motivation and Research Vision

Looking specifically into endoscopes targeting intravascular and catheterized types of ap-
plications there still is an unmet need for real-time, high resolution, volumetric ultrasonic
images that would greatly enhance the physician’s comprehension of the patient’s physiol-
ogy in both interventional and diagnostic settings. Intravascular ultrasound (IVUS)-guided
stent placement [13], and transesophageal echocardiography (TEE) [14], constitute charac-
teristic paradigms in which 3-D endoscopic ultrasound imaging can aid during both, the
time of surgery, and the first steps of diagnosis or therapy of cardiovascular diseases. At
the same time endoscopes based on traditional ultrasonic imagers employing piezoelectric
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Tranesophageal echocardiogram

Esophagus Transducer

Figure 1.1: (a) POC Ultrasound: Handheld ultrasound imager [10], (b) Photoacoustic Ultra-
sound: Image of human intestinal tumor and surrounding vasculature [11], (¢) Endoscopic
Ultrasound: Transesophageal echocardiography [12].

)

and capacitive micromachined transducers (PMUTs and CMUTSs) have demonstrated seri-
ous shortcomings in terms of power dissipation, achieved form factor, as will be explained in
detail in Chapter 2.

Thus, new, alternative approaches to ultrasound sensing are being sought, with optical
transducers being among the most promising candidates. The high sensitivity and low
quiescent power consumption of both interferometric [15, 16, 17] and MRR based [18, 19,
20] sensors make these optical devices ideally suited for 3-D endoscopes, where power and
area minimization are crucial. Choosing MRRs over interferometers primarily due to their
scalability to large arrays, compact form-factor and capability of efficient resonant wavelength
control, this research focuses on building an ultrasonic receiver with a beamforming matrix
of optical MRR transducers in its core.

This first of its kind photonic imaging system-on-a-chip utilizes an advanced CMOS SOI
process (GlobalFoundries 45nm SOI CMOS), where millions of transistors are monolithically
integrated close to hundreds of photonic devices. Close co-integration of photonics and
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Figure 1.2: Fully integrated ultrasound beamforming sensor EPSoC
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circuits enables energy efficient tuning of the MRR resonant wavelength, making sure that:
a) dense 2-D arrays can operate in a wavelength division multiplexing (WDM) scheme using
compact and cheap fixed, multi-A lasers as optical input, instead of bulky and expensive
tunable lasers, and b) the Food & Drug Administration (FDA) safety regulation limits
regarding probe heat-up are observed [21]. Apart from enabling realization of dense 2-D
beamforming sensor arrays, the monolithic integration of electronics and photonics allows
the implementation of receiver EPSoCs, with photodetectors (PDs) and signal conditioning
CMOS circuitry placed on a single die, making for a compact ultrasound imaging system like
the one shown in Fig. 1.2. Successful demonstration of such a system would pave the way
towards a portable and compact ultrasonic probe, that would be on par with the emerging
POC diagnostic standards, and a vital tool in the treatment of very important diseases.

1.2 Thesis Organization and Contributions

Having presented the motivation behind optical ultrasound imaging in this introductory
chapter, the rest of this thesis details the modeling, analysis, design and experiments involved
in building an electronic-photonic system-on-chip (EPSoC) targeting ultrasound receivers
meeting specifications of modern POC applications.

Chapter 2 enumerates the existing solutions to endoscopic ultrasound imaging providing
background on the state-of-the-art approaches and their shortcomings. Optical counterparts
are then presented as a promising alternative, with the needs of endoscopic applications for
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small footprint, low power consumption, and potential for scalability to large arrays leading
to MRRs as a natural sensor choice among optical solutions.

Chapter 3 outlines the principle of operation of MRR based sensing, enumerating the
transduction mechanisms that simultaneously occur when a pressure wave impinges on the
MRR surface. Theoretical analysis of these phenomena is accompanied by finite element
model (FEM) simulations and validated by experimental results. Parts of this work appear
in:

e [22] P. Zarkos, O. Hsu, and V. Stojanovi¢. “Ring resonator based ultrasound detec-
tion in a zero-change advanced CMOS-SOI process”. In:CLEO: QELS Fundamental
Science. JW2A-T78. Optical Society of America. 2019.

Realizing large biomedical integrated systems on-chip requires rigorous derivation of the
application driven specifications with noise, dynamic range, power and area, being of par-
ticular importance in endoscopic ultrasound imaging. Chapter 4 presents the design choices
and methodology followed in the prototyping of the first generation of ultrasound receiver
EPSoCs. Analyses of both analog and digital circuit design as well as electronic-photonic
top level integration are discussed. A more general overview of multi-parametric biosensing
system design is showcased in:

e [23] C. Adamopoulos, P. Zarkos et al. “Lab-on-Chip for Everyone: Introducing an
Electronic-Photonic Platform for Multiparametric Biosensing Using Standard CMOS
Processes”. In: IEEE Open Journal of the Solid-State Circuits Society (2021).

Prototype design methodology is followed-up by measurement results of silicon-photonic
dies fabricated in GlobalFoundries 45nm SOI CMOS. Chapter 5 presents the experimental
setup, verification of both electrical blocks and optical devices, as well as optical ultrasound
sensing results. These measurement results are also partially published in:

e [24] P. Zarkos et al. “Fully Integrated Electronic-Photonic Ultrasound Receiver Array
for Endoscopic Imaging Applications in a Zero-Change 45nm CMOS-SOI Process”. In:
2021 Symposium on VLSI Circuits. IEEE. 2021, pp. 1-2.,

e [25] P. Zarkos et al. “Monolithically Integrated Electronic-Photonic Ultrasound Re-
ceiver Using Microring Resonator”. In: CLFEO: Science and Innovations. Optical
Society of America. 2021, STh1H-2.,

e [26] P. Zarkos et al. “Fully Integrated Electronic-Photonic Ultrasound Receiver Array
for Endoscopic Applications in a Zero-Change 45nm CMOS-SOI Process”. In: [EEE
Journal of Solid State Clircuits 2022, in press.

In the first implementation of this ultrasound receiver EPSoC, mature sensor and pho-
todetector ring variants combined with intensity detection schemes were employed. The
moderate quality factors of these stable devices resulted in a system which, despite the im-
pressively low power and area, had inferior sensitivity compared to state-of-the-art PMUT
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and CMUT counterparts. Nonetheless, test rings with high quality factors, as well as phase
detection sensing schemes were implemented on the same SoC. Chapter 6 shows charac-
terization data of high-() rings and coherent sensing architectures, illustrating the design
directions that can make the second generation of ultrasound EPSoCs comparable to the
state-of-the-art in terms of sensitivity while retaining the power and area superiority that
comes with MRR based optical sensing.



Chapter 2

Background

2.1 Conventional Ultrasound Imaging Technologies

The traditional approach to building ultrasound imaging systems has been to employ a
piezoelectric crystal or a capacitive micromachined membrane to perform the transduction
from acoustic pressure to electrical signal [27, 28, 29]. With piezoelectric crystals making
their first appearance in medicine in the 1950s [30], and capacitive micromachined mem-
branes following in the 1990s [31] (using a similar working principle), both technologies have
reached a high maturity level and have provided reliable images over the years for a vari-
ety of applications, such as obstetric, abdominal, and pelvic imaging, where no need for a
miniaturized, low-power system is required. In this subsection, we explore their use in real-
time, 3-D endoscopic and POC ultrasound imaging settings and highlight the shortcomings
of the state-of-the-art implementations based on PMUTs and CMUTs. These shortcomings
become even more evident in these modern applications, which come with rather aggressive
power and area minimization specifications.

2.1.1 State-of-the-art: PMUT and CMUT Implementations

Capturing real-time volumetric images, requires ultrasound endoscopes to evolve from linear
1-D transducer arrays, that were previously used to acquire 2-D scans, to densely packed 2-D
transducer matrices. Additionally, improving the signal-to-noise ratio (SNR) and directivity
of a beamforming array dictates increasing the number of elements in the array to a point
that modern ultrasound probes targeting POC applications consist of 10® to 10* sensor
elements. The upper limit to this number is set by safety regulations for the maximum size
of the probe head, while the lower bound is obtained from the % pitch that ensures avoiding
formation of grating lobes. For example, an imaging system operating at 5MHz, % = 150pum,
with a maximum receiver die size of 5mm [33] requires at least 32x32 sensors to avoid side
lobes appearing during beamforming. A higher axial resolution requires the frequency to
increase further, lowering the sensing element pitch and consequently scaling up the number
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(a)

Figure 2.1: (a) Commercially available, PMUT-based volumetric endoscope (Siemens), and
(b) PMUT transducer array with 3-D integrated receiver ASIC [32].

of elements. Fig. 2.1a depicts a commercially available endoscopic PMUT based probe, while
a PMUT transducer array with co-integrated ASIC is shown in Fig. 2.1b.

Attempting to accommodate the large number of channels that need to fit in the en-
doscopic probe tube (which has to remain < 5 — 7mm in diameter [33]), state-of-the-art
approaches have proposed sub-array beamforming to locally reduce the number of I/O chan-
nels [34, 35]. In doing so, they give-up some amount of lateral resolution, limit the available
beamforming algorithms and further increase power consumption by adding digital logic on-
chip to control the sub-array beamforming. The lowest power dissipation reported to date is
0.27mW /element, which sets an upper bound of ~ 1850 elements assuming the power dissi-
pation needs to be kept below 0.5W for endoscopic applications [21]. Alternative approaches
have attempted on-chip, in-probe element-wise digitization [36], dissipating 1.54mW /ele-
ment. Time-division multiplexing [37, 38|, and switching schemes with row-column parallel
addressed elements [39, 40], have also been proposed to allow multiple elements to share a
single cable. Neither of the latter two approaches has been widely adopted however, since
both require extra hardware to be integrated on the probe head, be that time-multiplexers or
row-column selection logic, hence increasing both power and area consumption. In addition,
switching schemes suffer from the appearance of edge waves due to truncation at the element
ends. Suggested solutions include apodization integrated in layout of the CMUT cells [40],
calling for further increase of the system complexity and transducer matrix fabrication.

A summary of the area, power, and sensitivity performance of state-of-the-art designs
employing PMUT or CMUT sensors in conjunction with different cable reduction strategies
is tabulated in Table 2.1. There, we also introduce the quantities of noise equivalent pressure
density (NEPge), and signal-to-noise and distortion ratio (SNDR). Integrating NEP 4, over
the bandwidth (BW) of interest, yields the total noise equivalent pressure (NEP). NEP and
NEPge, are interchangeably used in literature, while NEP can also be found as: NEP = N/S,
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Table 2.1: Comparison of conventional ultrasound sensing systems

Reference JSSC "17 [41] JSSC ’17 [32] JSSC ’16 [42]
Process 28nm FD-SOI 180nm LV 180nm LV
Transducer CMUT PMUT CMUT
Integration Method Flip-Chip 3D Direct Flip-Chip
Cable Reduction Method Direct Digitization | Subarray BF | Col/Row Multiplexing
Operating Freq. (MHz) 5 5 5
BW (MHz) 10 6 10
FoV (degrees) 74 180 74
Sensor Pitch (pm) 250 150 250
# of Elements 16 864 256
Power / element (mW) 17.5 0.27 14
Area / element (mm?) 0.0625 0.0225 0.0625
Sensitivity (mV/kPa) 5.75 10 123
NEPye, (mPa/+/Hz) 36.6 2 2.3
SNDR / element (dB) 58.9 49.8 > 40

where N is the integrated input referred electronic noise, and S the sensitivity of the PMUT

or CMUT, measured in [V] and [V /Pa] respectively.

2.1.2 Shortcomings of Existing Technology

Based on the discussion above, as the transducer count is expected to keep scaling for modern
ultrasound applications such as transesophageal echocardiography (TEE) and intra-vascular
ultrasound (IVUS) imaging, traditional approaches will have trouble complying with the
regulations regarding both power consumption and probe size, for the following reasons:

e Piezoelectric transducers are designed to optimally operate by choosing the crystal
thickness to be half the wavelength of the desired center frequency. Thus, high op-
erating frequencies require very thin crystals, resulting in reliability and fabrication
issues. Additionally, PMUTSs suffer from an inherent sensitivity-bandwidth trade-off,
since lowering element size which is required in order to target higher frequencies also
leads to reduced sensitivity.

e A large number of micro-coax cables needed to transfer each elements’ received signal
to the signal processing unit will be very hard to fit in a sufficiently small probe tube
diameter, and the power required to transmit the received signals becomes prohibitive.

e A dedicated, low-noise, pitch-matched analog front-end circuit that picks up the elec-
trical signal needs to be integrated directly underneath the sensing element in the
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array. As the operating frequencies increase above 5SMHz and elements scale to fit the
% pitch it will be challenging to fit the sensing circuits under each sensing element and
also comply with the overall array power limit.

Finally, it has to be noted that solving the power consumption problem by remoting the
receiver circuitry from the probe-head is not a viable option since fanning out all transducer
outputs on micro-coax cables will suffer from signal integrity, crosstalk and significant cable
loss which will further increase dynamic range requirement of the AFE [43]. Additionally,
the overall number of sensing elements will have to be significantly decreased due to fan-out
congestion.

2.2 A Promising Alternative: Optical Ultrasound
Imaging

Realizing the challenges faced by traditional piezoelectric and capacitive sensors, targeting
the next-generation of ultrasound probes, some research groups have proposed the use of
optical sensors as a promising alternative [16, 44, 20]. In fact, attempts to build compact
ultrasound sensors based on optical techniques date back to the 1970s [45]. A comprehensive
review of optical ultrasound sensing for a variety of applications can be found in [46].

Implementations using optical transducers can eliminate the electrical cabling, replacing
micro-coax cables with much thinner optic fibers. Furthermore, optical detectors are inher-
ently immune to electric interference, thus alleviating the aforementioned cross-talk issue of
PMUTs and CMUTSs, while cable loss is no longer an issue since optic fibers typically have
< 0.5dB/km loss. At the same time, optical transducers operate with very low quiescent
power consumption, and can escape the sensitivity-bandwidth trade-off inherent in CMUT
and PMUT transducers, making ideal candidates for multi-modal imaging systems, where
varying central frequencies can be used for various imaging modalities.

Interferometric devices with very high sensitivity, based on thin polymer films serving as
Fabry-Perot (FP) cavities [15, 47, 17, 44, 48, 16], fiber Bragg gratings [49, 50], plasmonic
detection [51], as well as optical MEMS [52] have been proposed. Refractometric meth-
ods based on beam deflection [53], polarization-dependent reflection [54, 55], and Schlieren
metrology [56] have also been proposed as the interest towards all-optical ultrasound de-
vices has been growing in light of the aforementioned limitations of conventional PMUT and
CMUT based imaging. Microring resonators (MRRs) [57, 20, 18] are another class of optical
ultrasound transducers that has been gaining popularity.

In this section, the state-of-the-art optical ultrasound implementations are presented, and
the use of MRRs as a natural choice for large 2-D arrays of endoscopic imagers is justified.
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2.2.1 Interferometric Sensors

A variety of interferometric devices has been proposed for ultrasound sensing [15, 47, 17, 44,
48, 16, 49, 50]. The working principle of these sensors relies on ultrasonic pressure waves to
modulate the interference condition of the sensor, either by perturbing directly the optical
path length of an FP cavity [15, 47, 17, 44, 48, 16|, or by inducing local variations in the
coupling coefficient of a Bragg grating [49, 50], depending on the sensor in question.

In the case of FP interferometers, formed by polymer films deposited at the tip of a
fiber, as shown in Fig. 2.2a, light reflected from both surfaces of the cavity is detected as the
read-out signal, so following [15] we can write:

[0211+[2+2\/ [1[2COSq), (21)

where Iy, I;, and I, represent intensities of the superimposed waves, and the reflections
from the front and back sides of the cavity, respectively, and ® the total phase difference
between the reflected beams. Breaking ® down to a constant phase term ¢, and a small-signal
ultrasound induced phase change d¢, such that ® = ¢ 4+ ¢, Eq. 2.1 becomes:

Iy=1,+1,+ 2\/11]2<cosqbcos(5¢) — sin¢sin(5¢)> ~ I+ I — 24/ 111,00, (2.2)

where small phase changes, and quadrature bias (i.e. ¢ = 90° to ensure maximum sensitivity)
have been assumed. The phase shift is related to the ultrasound induced perturbation of
optical path length of the FP cavity through the following equation:

47meff
A

where nsy is the refractive index in the cavity, dl is the optical path length change due to
acoustic pressure, and A is the input light wavelength. By integrating the net stress across
the polymer film, the sensitivity and frequency response of the sensor can be obtained. Single
element sensors based on this principle achieve moderate sensitivities, with NEP on the order
of ~300Pa and high bandwidths ranging from 10 to 40 MHz depending on the element size
[58], but require a rather complicated scanning and interrogation setup. This configuration
also enables very tight integration of multiple sensors on the edge of the probe tip. For
example, in [16] a probe with 3.2mm outer diameter, and an unprecedented number of 50,000
elements (fiber cores) has been demonstrated. However, that implementation suffers from
long scanning waiting time since each element is sequentially addressed, limited directivity
and field-of-view (FOV), and relatively low element sensitivity (NEPge, = 281Pa/v/Hz, over
a 20MHz BW) compared to what has been demonstrated with MRR sensors over similar
bandwidths (NEPge, = 1.3mPa/v/Hz, over a 26MHz BW in [20]). It also requires a high-
precision alignment mechanism for accurate coupling into each fiber core, making it rather
impractical for adaptation in POC-type systems.

Fiber Bragg gratings with 7 phase shift jumps on the other hand [49, 50], exhibit a sharp
transmission resonance in the middle of their reflecting band as detailed in [59] using the

5 = dl, (2.3)
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Figure 2.2: Optical sensing configurations for (a) Fabry-Perot interferometer and (b) Fiber
Bragg grating

transfer-matrix method:

2% 5 A
T [(ﬁtanh(yL/Q) a ;> a 1] ’ (24)

where k is the wavenumber detuning, x is the coupling coefficient, v = k% — k2, and L is
the grating length. The detuning wavenumber is defined as: k = 27(\ — 2n.;;A)/A?, where
A is the input light wavelength, n.sy is the fiber refractive index, and A is the grating period.
Under the assumption that kKL >> 1 the field in the grating can be approximated as follows

[49]:
[u(z)] = /1 = [rg(k)[2ert/2r==E /2, (2.5)

with z ranging between 0 and L, and standing for the direction parallel to the grating.
Eq. 2.5 implies that if there is a linear relationship between the coupling coefficient, &,
and the applied pressure, any ultrasound induced changes in &, will result in exponential
change in the transmitted (and reflected) field, making for highly sensitive detectors. The
simplest configuration of such a sensor is shown in Fig. 2.2b, where the reflection spectrum is
captured using an external PD. Moderate to high sensitivities with NEP = 100Pa, and high
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bandwidths up to ~ 70MHz have been reported [50]. However, the relatively large sensor
size in the direction of the grating, ~ 270um [50] long, makes them rather hard to array and
hence inappropriate for use in 3-D endoscopic imaging applications. Miniaturized versions
based on optical waveguide Bragg gratings that have been presented in SOI platforms [60],
still have a lot of ground to cover since their size (~ 0.5 x 30um) is comparable to that of
MRRs, while the element sensitivity is much lower.

Other interferometric approaches, such as the optical MEMS [52] and plasmonic detection
[51] are not going to be mentioned in such detail, since the relatively large footprints, low
sensitivities, and complicated configurations they employ do not lend themselves well to
endoscopic imaging frameworks.

2.2.2 Refractometric Sensors

Refractometric sensing techniques are classified as intensity [54, 55], phase [61, 56], or beam
deflection [53] based. Even though, especially beam deflectometry has demonstrated remark-
able sensitivity, with NEPg, down to 2.76mPa/v/Hz, over a 17MHz of bandwidth [53], the
complex, expensive, and area inefficient optical setups of refractometric sensors constitute
their use in POC endoscopic applications prohibitive. They should be mentioned though
as promising candidates for photoacoustic tomography due to the rather high bandwidths
they achieve (~ 100MHz [55, 56]). For completeness, their sensing principles will be briefly
described below, while the interested reader is referred to [54, 55, 61, 55, 53].

Intensity based systems, rely on the different acousto-optic coefficients of two media at
the interface of which an incoming light beam propagates. Insonifying this interface results
in a change in the reflection coefficient and thus a change in the intensity of the reflected
beam which is the sensed quantity.

Phase sensitive refractometric systems also use the acousto-optic effect. The refractive
index change induced by pressure modulates the phase of a collimated beam which is then
processed by an optical Fourier plane. The spatial filtering provided by the Fourier plane
converts phase to intensity modulation yielding a map of the acoustic field that can subse-
quently be sensed by a camera.

Finally, beam deflectometry is the most sensitive refractometric sensing method and relies
on the interaction between the sounds waves and the E/M field of a beam propagating across
the acoustic field. It has been found that sound waves can cause beam deflection, which can
be sensed with a position sensitive photodetector, with sufficient aperture.

2.2.3 MRR Sensors

One of the most popular optical ultrasound sensing solutions is the microring resonator
(MRR) whose typical spectrum has the Lorentzian shape shown in Fig. 2.3. This resonant
structure, formed by a circular waveguide coupled onto a straight waveguide, can be used as
an ultrasound sensor as long as incoming ultrasound waves sufficiently modulate the resonant
wavelength. By parking a laser on the resonance flank, \;,, we can see this modulation
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Figure 2.3: Principle of operation of MRR based ultrasound detection, showing an MRR
illustration (left) and a typical MRR transmission spectrum (right)

directly translating to a change in the transmitted optical power at the thru port of the
resonator. This power fluctuation can then be read out electrically using a photodetector
and a transimpedance amplifier (TIA). MRR based ultrasound sensing is presented in detail
in Chapter 3.

The high achievable quality factors of MRRs in the 45nm SOI platform (Q up to 2 - 105,
[62]) guarantee high detector sensitivity, while the small footprint (down to 10um diame-
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Figure 2.4: Towards a 2-D optical MRR-based ultrasound receiver: A ring row consisting of
multiple MRRs coupled onto the same silicon waveguide and interrogated by a comb laser
input in a WDM fashion. Arraying multiple such rows in parallel, can form a dense 2-D
matrix.
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Table 2.2: Comparison of optical ultrasound sensors

Reference APL ’14 [50] | App. Opt. 08 [58] | JSTQE ’08 [6§]
Transducer Fiber-Bragg Fabry-Perot MRR
Material Silica PET /Parylene C Polystyrene
Operating Freq. (MHz) 18 20 25

BW (MHz) 20 40 30
Power / element (mW) - 10 0.32
Area / element (mm?) 0.027 0.018 0.0004
Q-factor 1.4-10° 2.8-10° 1.2-10°
NEP e (mPa/+/Hz) 25 78 5.61

ter) makes them ideally suited for system miniaturization. Furthermore, MRR ultrasound
sensors require ultra-low optical power on the order of 10 — 100uW to be interrogated, only
half of which is dissipated in the ring, thus contributing to probe heat-up, assuming ~ 3dB
extinction at the point of maximum sensitivity. Additionally, wavelength division multi-
plexing (WDM) can be used to interrogate multiple rings coupled onto the same waveguide,
effectively reducing the number of required 1/0 fibers up to 16 x or more (depending on the
number of optical modes we can couple onto a single waveguide) with zero power and area
overhead. This scheme will also enable us to build large 2D arrays with MRRs arranged in
multiple parallel WDM ring rows, like the one shown in Fig. 2.4, where a separate optical
mode of an input comb laser can be used to interrogate each ring in the row.

State-of-the-art optical approaches include polymer MRRs developed in a custom process
(63, 64], as well as silicon-photonic MRRs fabricated using standard SOI silicon photonic pro-
cesses [65]. The first approach demonstrated unprecedented detector bandwidth of 300MHz,
but failed to show reliable simultaneous operation of multiple receivers [66]. The second one
reported superb sensitivity but very small bandwidth [19]. This contrast is due to the differ-
ent transduction mechanisms simultaneously shifting the ring resonance. The first work relies
on waveguide deformation to modulate the refractive index and consequently the resonant
wavelength, while the second relies on ring circumference elongation. These transduction
mechanisms and the sensor operating principle will be explained in detail in Chapter 3. Our
analysis has shown that ring circumference elongation, despite its potential for high sensitiv-
ity, comes with the drawback of an inherent sensitivity-bandwidth trade-off, similar to the
one experienced by PMUTs and CMUTsSs, since it originates in a mechanical resonance of
the membrane where the ring is placed. Sensors that achieve high bandwidth without giving
up sensitivity are preferable, as they can target multiple different applications and provide
detailed, high resolution images of many physiological traits such as the anatomy of tissue
and microvasculature or even metabolic processes [67].

A summary of the performance of all the aforementioned optical sensing techniques is
tabulated in Table 2.2. From this Table and the discussion above, it is clear that MRR
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Figure 2.5: 45nm SOI CMOS process cross-section with relevant devices, from [70]

ultrasound sensors are an ideal candidate for use in POC and endoscopic types of applica-
tions, since they combine minimal sensing element size and power consumption with high
scalability of their interrogation scheme.

2.2.4 Challenges and Innovations

2.2.4.1 Multi-MRR 2-D Arrays

Moving from 2-D to 3-D imaging systems requires multi-element, compact 2-D sensor arrays
at the tip of the probe to perform beamforming. Despite their high-sensitivity and ultra-low
form-factor [69, 20, 66], currently available MRR-based sensing platforms fail to meet key
requirements of next-generation endoscopic ultrasound imagers that would enable scalability
and miniaturization of the system. First, they lack a robust way to tune and lock the
resonant wavelength of these devices. Given that MRR based sensors rely on matching the
wavelength of the incoming laser to the flank of the Lorentzian shaped resonant spectrum,
not being capable to reliably tune the resonance, necessitates the use of expensive, bulky
tunable lasers, instead of low-cost fixed-wavelength light sources, and prohibits real-time
simultaneous interrogation of all the sensor elements in the array. Second, the passive nature
of current platforms cannot provide a compact readout processing system, thus hindering
the development of highly portable Lab-on-Chip (LoC) systems. These limitations result in
systems that still heavily rely on complex optics and external readout equipment for precise
optical scanning and highly sensitive readout processing, such as the one presented in [20,
16].

In this thesis, we will address these challenges by introducing a fully integrated electronic-
photonic biosensing platform in a high volume advanced CMOS-SOI process to implement a
first of its kind Electronic-Photonic System-on-Chip (EPSoC). A cross-section of our “zero-
change” GF45nm platform [71] is illustrated in Fig. 2.5. Taking advantage of co-integration
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of planar MRRs with on-chip electronics, we eliminate the need for a tunable laser and
external readout equipment by shifting the requirements of resonance tuning and readout
processing to the electronic domain. At the same time, by combining the inherent sensitivity
of MRRs as biosensing devices and integrating multiple rings into a chip-scale array-based
architecture, we enable highly scalable 2-D sensor arrays with true real-time simultaneous
interrogation capability, combined with one of the lowest power consumption and highest
sensor densities and reported in literature [24].

In summary, we will attempt to overcome the challenges posed by modern endoscopic
ultrasound specifications through the following research avenues:

e Investigation of the use of micro-ring resonators as ultrasound sensors in a “waveguide
deformation” mode, where the sensitivity-bandwidth trade-off of traditional ultrasound
transducers is mitigated;

e Remoting the receiver electronics from the probe-head, which can significantly increase
the SNR under a given power envelope inside the body, since more power can be
externally dissipated to lower TIA noise, without contributing to probe heat-up;

e Replacing bulky tunable lasers and complicated read-out frameworks common in op-
tical implementations with a fixed wavelength multiple channel comb laser that will
reduce system complexity and cost, while being compatible with LoC standards;

e Realization of an electronic-photonic receiver array based on energy efficient, ultra-
compact, and highly sensitive micro-ring resonators using an automated photonic lay-
out generation framework, the Berkeley Photonics Generator (BPG) [72];

e WDM interrogation of multiple MRRs grouped in a ring row, which will allow probe
tube wiring minimization; this will be enabled through the design of compact thermal
resonance tuning control loops co-integrated with the sensors;

e Utilization of the two previous concepts to implement a dense beamforming receiver
array with sensors that have 10um diameter and can be tightly packed to target high
frequency ultrasound applications, providing superior resolution;

2.2.4.2 Transmit Functionality and an All-Optical Ultrasound Probe

Since the MRR based receivers lack transmit functionality the focus is placed on the ultra-
sound receive path in this thesis. However, a small dedicated PMUT transmitter array could
be co-packaged with our receiver array to implement TX functionality, similarly to what was
proposed in [73]. This would constitute a complete ultrasound imaging system where the
small PMUT would perform efficient, omnidirectional ultrasound generation and 3-D images
of the echos would be reconstructed using a dense MRR-based beamforming array.

At the same time, the photonic nature of the sensing element would make the proposed
system a viable candidate for use in emerging multi-modal ultrasound receivers where pho-
toacoustically generated ultrasound is combined with traditional time-of-flight ultrasonic
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echo. Such a system would provide a mixture of absorption contrast and structural contrast
information, giving the physician more insight. Such an all-optical approach to compact
photoacoustic and multi-modal ultrasound imaging would eliminate the electrical signalling
connections and interfaces traditional sensors need. In fact, implementations of multi-modal
TX-RX optical ultrasound have also been reported in literature [74]. In that work, a dichroic
filter is used to either generate ultrasound photoacoustically and reconstructing pulse-echo
images, or allow a laser excitation to generate a photoacoustic response from the tissue under
examination. Such implementations are also compatible and can conceivably be co-packaged
with our EPSoC solution.
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Chapter 3

Ring Resonator Based Ultrasound
Sensing

In this chapter we first introduce the microring resonator (MRR) by deriving fundamental
quantities describing its behavior, along with a generic sensitivity optimization analysis.
Subsequently, we present the sensor’s operating principle pertinent to ultrasound and define
useful metrics to quantify and analyze the MRR sensitivity. An extensive theoretical analysis
of the transduction phenomena that occur is also provided, backed by finite element model
(FEM) simulation. Finally, preliminary experimental results are shown, verifying the analysis
and proving the MRR-based ultrasound sensing concept.

3.1 Microring Resonator Fundamentals

3.1.1 Spectral Characteristics

MRRs are comprised of a bus waveguide coupled to a circular waveguide, as illustrated in
Fig. 3.1a. When the wavelength of the input light is such that the phase shift accumulated
around the ring is an integer multiple of 27, the ring is said to be on resonance. In this
case, destructive interference occurs at the thru-port of the ring, and the power circulating
inside the ring is maximized [69]. At off-resonant wavelengths, more power is transmitted to
the thru port, resulting in the Lorentzian shaped transmission spectrum of Fig. 3.1b, where
fundamental spectral characteristics of the ring transfer function such as the full width at half
maximum (F'W HM), free spectral range (F'SR), and extinction ratio (F'R), are indicated.

MRRs used in this work are coupled to a single waveguide, in what is known as an all-pass
filter (APF) or notch filter configuration. Other topologies, such as racetrack ring resonators
(where the ring shape across the coupling region is elongated), add-drop MRRs (where the
ring is coupled to two waveguides), and double-ring (or multi-ring) filters, have also been
used for ultrasound sensing [19, 75, 76].

When considering an all-pass ring, the magnitude of the transfer function from the input
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Figure 3.1: (a) Structure of a micro-ring resonator (MRR). (b) Lorentzian spectrum of the
ring, with the \..s, FWHM, FSR, and ER labeled. On resonance, most of the optical
power circulates inside the MRR waveguide.

to the thru port can be derived under the assumption of lossless coupling and unidirectional
mode excitation as [77, 78]:

P a® 4 t2 — 2at cos ¢

T = = 3.1
Ppe 14 (ta)? —2tacos ¢’ (3.1)

where t is the self-coupling coefficient, ¢ is the round-trip phase-shift, and a is the single-
pass amplitude transmission, given by a = exp (—aL), a[cm™!] being the power attenuation
coefficient and L the round-trip length of the MRR. It should be noted that the lossless
coupling assumption implies: t? 4+ k% = 1, where k is the cross-coupling coefficient.

It can be seen from Eq. 3.1, that the transmission on resonance (where ¢ = 0) goes to
zero when t = a, a condition known as critical coupling. When ¢ < a the ring is said to be
overcoupled, and when ¢ > a the ring is said to be undercoupled. The extinction ratio, £ R,
is defined as the maximum (off-resonance) over the minimum (on-resonance) transmission,
and is maximized at critical coupling.

The resonator full width at half maximum (FWHM), also known as 3dB bandwidth,
can be found through manipulation of Eq. 3.1. [78]:

(1 —ta)\es
ﬂngL\/ﬁ ’

where n, is the group index, introduced to account for first order wavelength dependence of

Onesy
ox

FWHM = (3.2)

the refractive index, ng = nesp — A
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Given that resonance occurs when the round-trip phase is equal to an integer multiple
of 2m, the resonant wavelength can also be derived using the propagation coefficient [ =
knerr = 27“71@”, where £ is the wavenumber, A the input light wavelength, and n.s; the
refractive index of the waveguide.

¢ =2mm = L =2mm

N )\ o neffL (33)
res — m .

The resonator quality factor, defined as the ratio of the energy stored over the energy
lost per cycle serves as a measure of the Lorentzian sharpness with respect to the resonant
wavelength, and consequently as a measure of the sensor’s sensitivity. For all-pass MRRs it

1S:
 Xes mgly/ta
C FWHM (1 —ta)es

Another important spectral characteristic of MRRs, especially when considered for use in
WDM implementations, is the distance between adjacent resonances, known as free spectral
range (F'SR). Given that two adjacent resonances occur for wavelengths that incur an
additional 27 round-trip phase shift, and accounting for dispersion, the F’'SR = )\ can be
calculated as follows [78]:

Q (3.4)

d¢ =2m = 6(BL) =27

op
= L5)\—8>\ = 27 (3.5)
2m 8ﬁ -1 Ages
S PSR=0A=-T(E) | ~ur

To derive Eq. 3.5 the resonant wavelength expression (Eq. 3.3) was combined with the
partial derivative of the propagation coefficient with respect to wavelength which can be
expressed in terms of the group index to account for dispersion:

o X TN o T AT

(3.6)

With respect to sensing applications, MRRs with high quality factors are desirable to
maximize sensitivity. At the same time, a well-known trade-off between Q-factor and optical
bandwidth exists, as indicated by Eq. 3.4. To quantify this trade-off consider an O-band
MRR with @ = 80,000, for which the optical bandwidth will be A.;/@Q = 162.5pm ~ 3GHz,
assuming A,.; = 1300nm. Such optical bandwidths can easily accommodate both traditional
endoscopic applications which require BW of ~10s of MHz, and pm scale resolution pho-
toacoustic applications with BW of~100s of MHz, without giving up sensitivity. O-band
MRRs with @ = 80,000 have actually been designed in the course of this thesis and will be
presented in Chapter 6, while passive rings with up to 2-10° have been previously measured
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in our “zero-change” monolithic platform [62]. Finally, when building an MRR WDM row,
the microring FSR needs to fit all channels of the interrogating fixed-wavelength laser comb
in order to avoid inter-symbol type interference between ring sensors of the same row. In
our experiments, comb laser diodes with 80GHz (or equivalently 0.45nm) channel spacing
are used with rings of F'SR ~ 18nm meaning that up to 40 channels can be incorporated in
a single WDM ring row without any ISI concern.

3.1.2 Sensitivity Optimization

Maximizing the sensitivity of an MRR sensor is equivalent to maximizing the slope of the
power transmission spectrum. Taking the derivative of Eq. 3.1 with respect to the detuning
angle, @ge; (which is defined as the offset from on resonance round trip phase shift ¢ = 27wm),
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Figure 3.2: (a) Lorentzian transfer functions for undercoupled, critically coupled and over-
coupled MRRs, for a single-pass amplitude transmission a = 0.9553. (b) Derivatives of
the Lorentzian spectra in (a), (¢) @Q-factors vs self-coupling coefficient, and (d) Maximum
sensivity vs self-coupling coefficient for a given loss coefficient and ring size.
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we get:

(3.7)

Sinaz = MAax (

oT Qta(l — 2 —a®>+ (ta)Q) SIN Pget
) = max 5
0P et (1 + (ta)? — 2ta cos gbdet)

As pointed out in [79], if the @Q-factor of the resonator is considered constant, the maximal
slope of the resonator is obtained at critical coupling, where FR = 1. However, at design
time, and assuming that device doping is fixed, there is no capability of fine-tuning both
the intrinsic power attenuation coefficient, a, and the self-coupling parameter ¢ in order to
keep the quality factor of the device fixed. On the other hand, it is plausible to modify
the coupling gap, g, for a given a, thus only changing the coupling coefficients, ¢, and k.
Fig. 3.2 a, b illustrates Lorentzian transfer functions as well as their derivatives (sensitivity
curves) as a function of detuning angle for various values of coupling coefficients. The Q-
factors and maximum sensitivity as a function of the self-coupling coefficient, ¢ are also
plotted in Fig. 3.2 ¢, d. The parameters used to obtain these plots, through Eqs 3.1, 3.4,
and 3.7 were o = 13dB/cm, and r = 5um for the ring diameter, corresponding to 0.04dB
round-trip loss. The group index is ny, = 3.89, and n.ss(\) = 2.57—0.85(A—1.55) (A in [pm])
[80]. These parameters will be assumed the same across this manuscript, unless otherwise
stated. In agreement with [79], maximum sensitivity occurs at half-critical coupling (i.e. in

the undercoupled region) where:
1—t 1
== 3.8
l—a 2 (38)
It should be noted that an additional knob for sensitivity optimization is lowering the
intrinsic loss to increase the ()-factor before selecting a coupling gap, as is done in Chapter 6.

3.2 Sensing Principle

MRR-based sensors detect the modulation of their resonant wavelength induced from the
quantity being sensed, which in our case is ultrasonic pressure. Key for this modulation
is the change in the optical mode confinement, which in turn results in a change of the
effective index of refraction, An.sy, as illustrated in Fig. 3.3 a. In ultrasound sensing, the
impinging pressure waves primarily deform the waveguide height (Ah), leading to a less
confined optical mode, thus lowering the effective index [22]. This perturbation causes a
change of both the phase and amplitude of the transmitted optical field, which needs to be
converted to an electrical signal for post-processing and image rendering. This is often done
using a photodetector (PD) and a transimpedance amplifier (TIA), as shown in Fig 3.3 b.
In the following, the transduction steps and the corresponding sensitivities are presented as
the sensed signal moves from the acoustic to the optical and finally to the electrical domain.

3.2.1 Intrinsic Sensitivity

In traditional ultrasound sensors based on CMUT and PMUT devices, sensitivity is com-
monly defined as the output voltage amplitude per unit of applied pressure [V/Pal. However,
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Figure 3.3: Principle of operation in MRR~based ultrasound sensing: (a) Ultrasound pressure
alters the confinement of the optical mode propagating in the Si waveguide, inducing a change
in the effective index, An.rs. (b) A photodetector and a TIA convert the optical signal to
the electronic domain. (¢) An.ss results in a resonant shift of the ring, A\,.s. Operating at
fixed wavelength, \;,, the shift in resonance induces a fluctuation in the transmitted optical
power, AP ..

in optical MRR based ultrasound sensors additional transduction steps occur. Given that
the immediate effect of an ultrasound wave is to induce a shift in the resonant wavelength of
the sensor, it is rather useful to introduce an intermediate sensitivity metric. Defining the
intrinsic sensitivity, Sine, of an MRR-based ultrasound sensor as the change of the resonant
wavelength due to an applied pressure P,,,, we can manipulate (3.3) to get:

[ 8)\7«63 - £<8neff I 8neff 8)\res> i Neff oL
M 9Py m\OPuy  OAres OPupp m 0P,
N 8)\%5 (1 _ £8neff> . £8neff Neff oL

OPypp m ONves/ M OP,y,,  m 0P,
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where L is the MRR circumference, m the resonance order, and n.ss the effective index of
refraction. Using Eq. 3.3 and ng, = nesp — Ares%, we can write:

1_£8n€ff — 1 )\res Nefr — Ng . Ng

m a)\res Neff )\res Negf .
So finally we get:

8>\res . Nefy <L 8neff i Neff oL ) - Nefy ()\res aneff n )\Tes oL ) (3 9)
OPup  ng \MOP,,  m 0Py, 1y \ng; 0Py, L OPu,/ ‘

Intrinsic sensitivity can be optimized through photonic and/or MEMS design, as was
done in [20], where the small air gaps engineered between the slab and rib parts of the
waveguide amplified the interaction of the ultrasonic waves with the evanescent optical field.
Nevertheless, for a given device type (e.g. typical APF MRRs), S;,,; depends mostly on the
material properties of the given fabrication process, and is hence a fundamental indicator of
the suitability of that process for ultrasound sensing.

Sint =

3.2.2 Electronic - Photonic Sensitivity

With the MRR biased at a fixed input wavelength, \;,, any shift of the ring resonance results
in a fluctuation of the amplitude of the circulating and transmitted fields in the circular and
bus waveguides respectively, as shown in Fig. 3.3 c¢. In sensing schemes where the sensed
quantity is the varying intensity of the transmitted optical field, we can define the photonic
sensitivity, Sprot, as the amount of change in the transmitted optical power per induced
resonant shift:

apthru ~ 1 Q

Sphot — a)\res ~ Lthru FWHM — -Pth'ru Ares’
where Py, is the transmitted optical power, () is the quality factor of the micro-ring res-
onator, and we have assumed full extinction (i.e. critical coupling) and operation around
a linear region close to the maximum slope point. The full extinction assumption is valid
even for optimally biased slightly undercoupled rings, which still exhibit high ER, as shown
in Fig. 3.2a. As intuitively expected, resonators with lower losses and hence higher quality
factors will have proportionately higher photonic sensitivity.

Finally, in order to process the sensor information encoded in the amplitude of the cir-
culating or transmitted field, this power fluctuation is converted into the electrical domain
using a photodetector with responsivity Rpp, and a transimpedance amplifier (TIA) with
gain Rrra, as shown in Fig. 3.3b.

The total sensitivity, S;,; of this transduction chain can be written as:

8‘/0ut _ 8)\1”65 aPthru
OF,,,  OFupp OApes
This sensitivity analysis combined with the noise limitations will determine the system’s

limit of detection, LoD, or else the noise equivalent pressure, NEP, as will be shown in
Chapter 4.

(3.10)

Stot = RppG = SintSphot RppG. (3.11)
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Figure 3.4: Zero-change 45nm CMOS-SOI process cross-section with insets showing the
effect of a pressure wave causing ring elongation in side-view (top and middle right), and
waveguide deformation in cross-section (bottom right)

3.3 Ultrasonic Transduction Mechanisms

Moving towards the implementation of an optical ultrasound receiver array based on MRRs,
our first step was to develop theoretical understanding of the ultrasonically induced resonant
shift. Given that closed formula expressions of the exact phenomenon were not always
tractable, we also turned to finite element model (FEM) simulations to develop intuition
on the observed phenomena and form theoretical expectations that would help us guide our
design process.

Identifying the transduction mechanisms that take place when an ultrasonic pressure wave
impinges upon the MRR we recognized three physical phenomena simultaneously shifting
the MRR resonance under insonification: a) waveguide deformation, b) ring circumference
elongation, and c) opto-elastic refractive index change. Decoupling them and understanding
which of the three dominates the response of the sensor is crucial for the realization of a
large integrated sensor array system based on MRRs. The first two of these phenomena are
animated in the cross section of the 45nm zero-change platform in which we intend to build
this electronic-photonic system, in Fig. 3.4.
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Figure 3.5: Waveguide Deformation: (a) Illustration of waveguide deformation under im-
pinging ultrasonic pressure wave, (b) Impulse response of waveguides of various thicknesses
and materials, demonstrating the advantage of 45nm CMOS-SOI (A = 80nm) over other
established Si-Ph processes (h = 220nm), and custom MEMS processes with polymer MRRs
(h = 1400nm).

3.3.1 Theoretical Analysis
3.3.1.1 Waveguide Deformation

Waveguide deformation can be modeled as pure modulation of the waveguide thickness.
More pressure results in a more compressed waveguide as shown in Fig. 3.5. Consequently,
the optical mode is less confined and the refractive index drops, leading to a decrease of the
resonant wavelength (also known as a blue shift), as expected from Eq. 3.9.

A theoretical estimation of the frequency response, Pr(k) of this phenomenon can be
obtained, if we integrate the mean stress distribution, Pr, along the height of the waveguide,
following the procedure outlined in [81] for the purpose of Fabry-Perot interferometers based

on polymer films:

1

Pr(k) =+ /Oh Pr(y, k) dh, (3.12)

where k is the acoustic wavenumber, h is the waveguide height, and y the direction of

incidence of the acoustic wave (which is perpendicular to the light propagation direction).
To estimate Pr(y,k) we can assume that the incoming longitudinal pressure wave and

it’s reflections off of the silicon - buried oxide (BOX), and silicon - nitride layer interfaces
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form a standing wave inside the waveguide, as shown in Fig. 3.5 a, so that we can write:
TZ < Rl z z(wt k(2hi—y)) +Rz+1Rz i(wt— k(2hz+y))> (313)

where T is the transmission coefficient of the incident pressure wave, R;, Rs, are the re-
flection coefficients at the silicon - BOX, and silicon - nitride layer interfaces respectively,
w is the acoustic angular frequency, ¢ represents time, and ¢ is the reflection order. These
reflections occur due to acoustic impedance mismatch between the different materials and
their coefficients can be derived as:
R, = M7 Ry = M7 (3.14)
Zy+ Zy Z1 + Zy
where Zy, Z1, Z5 are the acoustic impedances of silicon, nitride layer, and BOX respectively.
Evaluating this infinite series sum and plugging it into the integral of Eq. 3.12 we get the
frequency response of the waveguide to a normal stress excitation as:

TV2 [(R?+ 1)+ 4R, cos (kh)sin® (kh/2) — (1 + R?) cos (kh)
kh 1 — 2Ry Ry cos (2kh) + (Ry Ry)?

Prk) = (3.15)

This response is plotted in Fig. 3.5 using reflection coefficients Z, = 19.7MRayl, Z; =
21.8MRayl, Z, = 13.2MRayl from [82]. Different values of waveguide thickness corresponding
to our monolithic platform and other commercially available silicon photonics processes [19]
are used, while the response of a custom polymer ring process [64, 63, 83| that has previously
been used for MRR ultrasound sensing is also shown. It can be seen in Fig. 3.5 that the small
waveguide thickness of our platform can provide superior bandwidth compared to previously
demonstrated solutions.

It is worth mentioning that in the above derivations of the frequency response (Eq. 3.12)
and mean stress distribution (Eq. 3.13), the lateral dimension of the waveguide are assumed
much larger than the thickness such that no radial resonant modes are excited. This assump-
tion is not entirely true in our technology since w = 480nm, and h ~ 80nm, so deviations
of the measured frequency characteristics of the sensor from the developed theory could be
expected.

3.3.1.2 Ring Elongation

Ring elongation is shown again in Fig. 3.6a. As illustrated, when a round film is stressed its
perimeter will expand, causing the overall round-trip length to increase; hence an increase
in the resonant wavelength (red-shift) is expected. This indicates that it will be fighting
the effect of waveguide deformation and optimization of the ring’s sensitivity to ultrasound
dictates minimizing one over the other.
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Figure 3.6: Ring Elongation: (a) Cross-sectional representation of a displaced thin film (die)
clamped on the side (dimensions not drawn to scale), (b) Radial displacement as a function
of the radial distance from the disk center under a uniform, 100kPa load.

To analytically evaluate the ring elongation effect we need to solve the Kirchhoff-Love
isotropic plate equation, which in Cartesian coordinates is:
0z 0?2 0%z 0%z

27—~ + (3.16)

Fow =P Ga 20y * oy

where P,,, is the applied pressure, and D is the flexural rigidity of the plate given by:

Eh3
D — m7 (3.17)
where F is Young’s Modulus of silicon, A the thickness of the plate, and v Poisson’s ratio.
The simplest model available to provide some analytical design intuition is that of a
thin circular plate under uniform normal stress, undergoing small deflections. The plate is
assumed clamped on the sides and thin (thickness < 10xsensor pitch), both of which are
reasonable in our application, where the post-substrate release die thickness is ~12um, the
sensor pitch > 150um, and the die will be flip chip attached on a board and clamped via
adhesive epoxy. Under these approximations and after transforming to cylindrical coordi-
nates, a closed form solution for the axial displacement of the plate, w(r), (also illustrated
in Fig. 3.6a), and it’s derivative, ¢(r), can be found, [84, 85]:

P, dw  Py,,r
w(r) = —e25(0® =%, 6(r) = — = 725 (@ =), (3.18)

where 7 is the radial distance from the center of the plate, and « is the plate radius, both of
which are shown in Fig. 3.6 a. Subsequently, the radial displacement, dr, can be calculated
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as:

dr = —w(r)e(r) (3.19)

The radial displacement as a function of the radial distance for a 100pum radius plate, with
an assumed effective £ = 50GPa, v = 0.17 under a uniform, 100kPa load is plotted in Fig.
3.6 b. It can be seen that a displacement of ~10fm occurs at 5um away from the center
of the unit element (a standard MRR diameter is 10um). Plugging that displacement in
Eq. 3.9 yields an elongation contribution to the intrinsic sensitivity of:

a)\res,el Neff (Ares oL

~ 3fm/M Pa. 3.20
0Py ng \ L aPapp> fm/MPa (3.20)

Sint,el -

3.3.1.3 Opto-Elastic Effect

Any material under stress undergoes a change of its effective index of refraction, according
to the optoelastic (or photoelastic) effect. It is commonly used in wafer warping testing, but
has also been employed to detect ultrasound using the induced birefringence on a optical
fiber with an embedded Fabry-Perot interferometer [54].

The photoelastic effect can be better understood through the relative dielectric imper-
meability tensor, and following the derivation of [86]:

Bll BIZ B13
B = E,r_l = B21 BQQ 323 s (321)
BSI B32 B33

which in symmetrical structures can be abbreviated as B = [By1, Bay, Bss, Bos, Bis, Bia]7,
while for isotropic materials it is B;; = ne_foi.
Dielectric impermeability is used here since it changes linearly with the abbreviated strain

tensor S:
AB = pS, (3.22)

where p is the photoelastic tensor, and is also rather simple for isotropic solids, thus yielding:

_ABH- pi1 pi2 piz O 0 0 -ASH-
A By pi2 pui pi2 O 0 0 ASy
ABgs _|pi2 pi2 pu 0O 0 0 ASs3 (3.23)
Ang 0 0 0 pua O 0 ASQ3 ’
ABj 0 0 0 0 pu O [ASs
_ABlz_ | 0 0 0 0 0 P44_ _ASlg_
Also, we can write:
1 1
AB;; = (3.24)

(Mepfi+ Anepra)® 12y,
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Combining Eqs. 3.23, 3.24, and making a binomial approximation on the first term of the
RHS of Eq. 3.24 we obtain:

1

Aneppy ~ _insz’l (ann + p12(S22 + 533)),
1

Anepro = _§”§ff,2 (p11.S22 + p12(S11 + S33)), (3.25)
1

Angprs & —Engff,g (]911533 + pr2(Su + 533)),

where neff1, Nefr2, Nefrs are the unperturbed (not stressed) indices of refraction in the x,
y, and z directions. The small changes approximation is justified, for two reasons: a) the
moderate to low pressure amplitudes in our application in conjunction with the relatively
high Young’s modulus in silicon will lead to small strains, and b) the reported photoelastic
coefficients of silicon are low.

Assuming light propagates in the z-direction of the silicon waveguide and we only apply
a normal stress component in the y-direction, we can calculate S7; = S33 = I/PZE”’, where v
is Poisson’s ratio. Using £ = 140GPa, and v = 0.265 in silicon and photoelastic coefficient
values of p;; = —0.09, p1a = 0.016, from [87], we get Ancrp1 = Anesps = 2.7 ?RIU/Pa for
a 100kPa applied pressure wave. Converting that to intrinsic sensitivity through Eq. 3.9 we

get:

a>\7"es h—el )\res aneff fm
Sintph—el = = = =0.9—. (3.26)
P OF,pp Ng OFupp kPa
Similar conclusions regarding the minor impact of the opto-elastic effect on ultrasound
sensing compared to waveguide deformation have been reached for polymer MRR platforms

38).

3.3.2 FEM Simulation

Previously in Section 3.3.1.2 we extracted a closed form solution for the ring elongation
solving Eq. 3.16 for a thin circular plate. In reality though, our system is much more
complicated and we would like to validate that indeed ring elongation is negligible, since it
will be countering the primary wideband phenomenon of waveguide elongation. To this end,
we setup an FEM simulation that takes into account more details of our sensor geometry
and process technology. In that direction, our simulated unit cell consists of the BOX, the
silicon waveguide, the nitrides, and the 12 metal layer stack-up which is 12.5um thick. To
reduce the number of mesh points and get a reasonable simulation runtime, the unit cell
area was set to a 250um wide square, with the corners (where chip bumps will be located)
treated as clamp positions. To get an impulse response, we simulated the effect of an
incoming broadband Blackman wavelet centered at 80MHz with 100% fractional bandwidth,
and 100kPa peak amplitude in OnScale. The results shown in Fig. 3.7 indicate that this effect
is extremely narrowband with resonant peaks of 800kHz FWHM, and that the amplitude of
this phenomenon is rather small, on the order of 10fm/100kPa, in good agreement with the
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Figure 3.7: FEM simulations of Ring Elongation: (a) Unit element used in FEM simulations
of waveguide deformation, (b) Time-Domain response of the unit cell, showing the radial
elongation under a wideband 100kPa excitation, and (c¢) Frequency Domain response to the
same excitation as in (b)

analytical solution, of a thin circular silicon plate. It should be noted that when interpreting
these FEM results we assumed that the ring has a 10pm diameter and lies at the center of
the element (which would account for the largest elongation).

3.4 Proof of Concept Measurements

To validate the theoretical analysis and expectations, and prove that ultrasound detection is
possible in our 45nm CMOS SOI process, we used the experimental setup shown in Fig. 3.8.
A piezoelectic transducer insonified the chip that was interrogated with a tunable CW laser
source. Optical fibers were pigtailed onto the chip to avoid loss of coupling due to vibra-
tions of the incoming pressure waves that could potentially interfere with the measurement.
Finally, the output was read-out using a photo-detector with a TIA and an oscilloscope.
Ring resonator banks from a photonic processor chip [89] were used in this proof-of-concept
experiment.

Attempting to determine which of the transduction effects dominates the ring response
and quantify the intrinsic sensitivity of our platform we first calibrated the PMUT with a
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fiber in PMUT  giher out

CMOS Chip

Figure 3.8: Experimental Setup: (a) Graphic representation of our experimental setup.
(b) Zoom-in picture of the CMOS-SOI silicon photonic chip and the PMUT with insets
presenting the die photo (top) and zoom-ins into the ring row tested (middle) as well as a
single resonator disk (bottom).

commercial hydrophone placed at exactly the same distance as the CMOS chip in Fig. 3.9.
Then we used the setup presented in Fig. 3.9 to detect PMUT generated ultrasound with
an MRR. The hydrophone had positive polarity, meaning that a positive pressure would
cause a positive voltage change at its output. At the same time, if a blue shift was observed
in the ring response, this would indicate that a positive pressure would reduce the optical
power and hence cause a negative voltage change at output of the TIA. Comparing the two
received waveforms we observed that maximum correlation occurred between the inverted
chip signal and the hydrophone signal, which is indication that a blue shift actually occurs
and that the waveguide deformation effect is indeed dominant. This finding is encouraging
since our analysis demonstrated that this effect is much more wideband [22] and in agreement
with work done by other groups on MRR based ultrasound imaging [18]. To validate that
the received signal was due to a resonant wavelength shift rather than vibrations of the
input/output fibers we moved the laser off resonance and observed that the reception went
to zero.

To identify the suitability of this platform for ultrasound sensing we used its intrinsic
sensitivity to ultrasound as the induced resonant shift per applied pressure: (aggs ), as defined
in Eq. 3.9. Given that traditional ultrasonic devices use PMUT sensors which output a
voltage, transducer sensitivity is usually referred to in [V/Pa]. However, in optical MRR
based ultrasound sensors there is one extra transduction step, so sensitivity can be broken
down according to Eq. 3.11, which is repeated here for convenience:

a‘/out - 8)\1"65 aT
OPupp  OPupp ONres

Stot =

Popt RPD RTIA7

where V,,; is the output voltage signal, F,,, is the applied pressure, \,.s is the resonant
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Figure 3.9: Experimental Results: (a) Frequency sweep of the chip response, (b) Received
time-domain signals of hydrophone and chip (inverted)

wavelength, T' is the normalized E-field amplitude of the optical wave at the MRR thru
port, P, is the input laser power, and Rpp, Rrra are the photodetector responsivity, and
TTA gain respectively.

The piezo transducer used in this experiment was centered at 15MHz, with a fractional
bandwidth of 40% and was calibrated over a 6MHz bandwidth using the same hydrophone
as in the time-domain experiment. Measuring an optical transmission slope of T /O\,.s =
0.2uW /pm, a combined PD-TIA gain of RppRr4 = 1.6V/mW and an average response
of S = 12.6mV/MPa, we calculated an average intrinsic sensitivity of S; = 39.6fm/kPa,
over the 6MHz bandwidth, a result comparable to another optical work with ultra-high
bandwidth, using polymer MRRs [64]. This result verifies this platform is well-suited for
ultrasound sensing and confirms the wide bandwidth expectation of the theoretical analysis.

The low [V/Pa] sensitivity recorded in this preliminary experiment is not a concern and
has already been dramatically increased in the first ultrasound receiver EPSoC, which is
presented in Chapters 4, 5, and is performing comparably to commercial hydrophone with
measured sensitivity in the [mV/kPa] range. This improvement has primarily come from
the use of next-generation grating couplers with sub-4dB loss [90], and integrated on-chip
analog front-end with a high gain TTA [25].

3.5 Chapter Summary

Analytical expressions of the most important spectral characteristics for APF MRRs have
been provided in Section 3.1 of this chapter, combined with a rudimentary sensitivity anal-
ysis. This analysis reached the conclusion that in realistic ring design, where the intrinsic
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Q-factor of the MRR is set by the loss (assuming a certain technology and doping levels
are selected), sensitivity is maximized when the ring is slightly undercoupled (half-critical
coupling). The analysis performed can also be found in [79].

The MRR ultrasound sensing principle was subsequently introduced in Section 3.2. Useful
sensitivity metrics (Sint, Sphot), relevant specifically to MRR-based ultrasound sensing that
will be used throughout the manuscript were defined.

Section 3.3 presented an extensive theoretical analysis of the transduction mechanisms
that induce the sensed resonant shift. This analysis concluded that when designing an array
system with large number of MRRs we should attempt to maximize the resonant shift with
respect to waveguide deformation if we wish to get high bandwidth. At the same time,
counter-intuitive as this may sound, it will be important to keep the chip as clamped as
possible, to maximize the sensitivity, since the ring elongation effect will be competing with
the waveguide deformation.

Lastly, experimental evidence backing the theoretical and simulated results, and vali-
dating the suitability of our “zero-change” CMOS-SOI process for ultrasound sensing were
provided in Section 3.4.



35

Chapter 4

Realization of Electronic-Photonic
Ultrasound Receiver Array

Power and area minimization without loss of image quality constitutes the main pain-point
of modern endoscopic ultrasound imaging systems based on conventional sensing techniques
as discussed in Chapter 2. In order to acquire high resolution volumetric images, next-
generation ultrasound imaging systems need to integrate thousands of sensing elements
in dense 2-D arrays of piezoelectric or capacitive micromachined ultrasound transducers
(PMUTs and CMUTS) inside the device’s probe-head. The size of these next-generation
endoscopic probes is limited by safety regulations to lem? for the probe-head and 5 — 7mm
for the probe tube diameter [33]. At the same time, to avoid formation of grating lobes
the sensor pitch should be limited to < A/2, which for 5MHz ultrasonic signals is 150pum.
Combining these conditions translates to arrays with ~1000 elements, which are practically
impossible to fan-out electrically using micro-coax cables while complying with the aforemen-
tioned probe diameter limit. Attempting to reduce the number of channels locally requires
co-integration of the sensors with pitch-matched, low-noise ASICs, operating under a tight
power and area envelope.

Moving ultrasound sensing to the photonic domain offers an efficient, elegant solution
to these challenges. Implementations based on optical sensors can eliminate the electrical
cabling, replacing micro-coax cables with much thinner optic fibers, while consuming minimal
power [20, 16]. Microring resonator sensors are an ideal candidate for endoscopic applications
since they combine all the advantages of optical ultrasound sensing with compact footprints
(down to 10um), ease of scalability to large 2-D arrays, and competitive sensitivity [23, 24].
However, as mentioned in Chapter 2, a robust and efficient resonance tuning mechanism
is essential for their use in a real-time phased array, an aspect lacking from MRR-based
ultrasound imaging systems presented to-date.

In this chapter, we introduce the design methodology of a first-of-its-kind Electronic-
Photonic System-on-Chip (EPSoC) that achieves real-time simultaneous interrogation of
multiple MRR sensors arrayed in a 2-D matrix. This is primarily enabled by utilizing a
fully integrated electronic-photonic biosensing platform in a high volume advanced CMOS-
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SOI process. Our proof-of-concept EPSoC prototype is fabricated in the GlobalFoundries
45nm SOI CMOS technology node, which allows monolithic integration of photonic devices
(waveguides and planar MRRs) with high-performance CMOS circuits on the same chip.
This tight co-integration of photonics and electronics results in efficient and robust thermal
control of the MRR resonant wavelength. To fully exploit this unique capability we introduce
a dual-chip sensing receiver architecture, which enables ultra-low power and area operation,
while maintaining a very low overall system form-factor, compatible with the specifications of
modern endoscopes [33]. This first EPSoC prototype can flexibly be configured as a sensing
or as a receiver chip and it supports an 8 X 4 sensor array, with each sensing unit including a
variable gain signal conditioning stage, followed by a successive approximation register (SAR)
analog-to-digital converter (ADC), while on-chip serialization and CML output driver stages
have also been implemented.

The remainder of this chapter is organized as follows: Section 4.1 outlines the target
specifications of next-generation ultrasound endoscopes, while Section 4.2 presents the sys-
tem architecture that enables our EPSoC to meet these specifications. Section 4.3 analyzes
the circuit design choices and implementation details of both the analog front-end and the
digital back-end. Section 4.4 describes the procedure of automatically generating the pho-
tonic top level layout using the Berkeley Photonics Generator (BPG) [72, 91], as well as the
strategy followed to co-integrate the CMOS sensing element with the photonic devices into
an EPSoC. Finally, Section 4.5 summarizes the chapter.

4.1 System Specifications

e Power Consumption: Ultrasound imaging probes intended for endoscopic purposes
need to abide by a 1W total power consumption limit [21]. Assuming that 50% of this
power budget is allocated for transmit and 50% for receive, dense 2-D array probes
with ~ 1000 sensing elements need to ensure the power consumption is maintained
below 0.5mW per receiver. It should be noted that only one such work employing
PMUTs as sensors has so far been reported to the best of the author’s knowledge [32].

e Area: Given that the upper area limit of the whole area is set by practical constraints
of the application to 0.5mm?, the element pitch will determine two system attributes:
a) the total number of sensors integrated in the probe-head, and b) the maximum
ultrasonic frequency and that can be sensed without spacial aliasing (i.e. grating
lobes). Having more sensors per unit area is extremely beneficial for the array signal-
to-noise ratio (SNR). As it will be analyzed in Section 4.3 most of the noise sources have
a white profile, meaning that the overall array SNR will improve as a factor v/ N, where
N is the number of sensors. On the other hand, increasing the frequency of ultrasound
improves the axial resolution and provides more structural details of the imaged object.
This improvement of the non-aliased field-of-view (FOV) over frequency, with reducing
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Figure 4.1: Field of view vs frequency for sensor pitch values of 220pum and 50um.

sensor pitch is plotted in Fig. 4.1, and calculated using:

FOV = 2sin™* (%), (4.1)

where d is the sensor pitch.

Additionally, the inherent sensitivity - bandwidth trade-off in PMUT and CMUT sen-
sors has problematic implications for systems based on these conventional transducers.
First, the benefit of improved SNR that comes with size scaling and increased sensor
count will be offset by sensitivity degradation. Second, the co-integrated receiver cir-
cuit design will face even more aggressive pitch matching and power constraints. This
further underlines the superiority of a system based on miniaturized optical sensors.

e Noise Equivalent Pressure (NEP):

The integrated noise equivalent pressure of a system can be calculated as a function of
the sensitivity S and the integrated noise N over the bandwidth of the system (which
should be equal to the bandwidth of the signal of interest to filter out high frequency
noise), where both S and N are estimated at the same port of the transduction chain
(input or output). Here we refer the current noise density at the input of the TIA, E
back to pressure through the intrinsic and photonic sensitivities:

NEP[kPa] = 2 — Vin - BWIA (4.2)

S Sin[fm/kPa] - Sppo[mW /fm] - Rpp[A/mW]

Taking into account that the endoscopic ultrasound pressure amplitudes range is ap-
proximately (10kPa, 2-3MPa), while the photoacoustically generated pressures range
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Figure 4.2: Attenuation of ultrasound amplitude in tissue over distance for various excitation
ultrasound frequencies.

is about (10Pa, 1-2kPa) [92] we set the target NEP to 2kPa such that we are able
to potentially target both endoscopic and photoacoustic pressures. A low NEP can
enable detection of high frequency photoacoustic signals that are quickly attenuated in
the body, and also provide great absorption based contrast or pulse-echo images from
deeper in the body. In both cases though it needs to be combined with a sufficiently
high dynamic range (DR) to produce a useful image [43].

e Dynamic Range (DR): As it propagates through tissue, ultrasound is attenuated due
to both scattering and absorption. Absorption, which is the dominant loss mechanism
has an attenuation coefficient in soft tissues is ~1dB/cm/MHz [93], implying that the
signal strength reaching the detector will be depth dependent. This depth dependent
attenuation is plotted in Fig. 4.2 for ultrasonic signals of 5, 10 and 15MHz. At the same
time, the typical dynamic range of pulse-echo ultrasound experiments is about 80dB,
40dB of which originate from this depth dependent attenuation, assuming an imaging
depth of 4cm (which corresponds to 8cm ultrasound propagation distance accounting
for round trip loss). Thus, the electrical DR of the front-end (DR at maximum gain
setting plus 24dB of gain programmability) will be designed for ~40dB. At the same
time, a current mirror DAC will offer an additional 30dB of input DR, as will be
discussed in Section 4.3.
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Figure 4.3: 3-D renderings of spoked-rings in our “zero-change” 45nm monolithic platform:
sensor MRR (left) and PD MRR with responsivity enhancement SiGe absorption region
(right), from [94]. Embedded heater contacts as well as anode and cathode contacts are also
labeled.

4.2 System Architecture

4.2.1 Remoted Optical Ultrasound

Substituting PMUT and CMUT transducers measuring > 150pum pitch with 10um diameter
MRRs yields large sensing area benefits. Moreover, replacing the complex, per pixel pitch-
matched, and 3-D integrated receiver front-end, with digital logic that precisely tunes the
MRR resonance and is co-integrated with the sensors on a single die, significantly reduces
system complexity, while keeping the sensing unit area minimal. Efficient active tuning of the
ring resonance [70, 23] is enabled by heaters embedded in the internal cavity of the MRR. 3-D
renderings of the layouts of the 10um diameter sensor and PD MRR designs in our technology
are shown in Fig. 4.3, indicating the heater, anode and cathode contacts. Taking advantage
of the strong thermo-optic effect in silicon, and the monolithic integration of electronics and
photonics these heaters achieve a record-low tuning efficiency of 0.68pm/uW. This is a key
system attribute that ensures sensing unit power consumption will be kept well within the
safety limits.

Using MRRs as ultrasound transducers also offers the advantage of encoding the sensing
information in the optical rather than the electrical domain, which in turn enables us to use
optic fibers instead of the much thicker micro-coax cables for I/O. Thus, the electrical cabling
can be limited to only a few power and scan signals, alleviating the wiring congestion in the
probe tube. Apart from eliminating the need for pitch matched front-end design, remoting
the receiver allows the power consumption specification to be relaxed for this part of the
system. However, in order to build a self-contained system that can be used in a portable
device setting, miniaturization of the receiver is also important. A dedicated receiver chip
that can simultaneously receive and process the information from multiple optical channels
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Figure 4.4: (a) Schematic diagram of remoted optical ultrasound sensing scheme, and opti-
mization of PD and sense MRR heater codes for remote ultrasound sensing. (b), (c) After
an initial calibration step, the heating code of the sensor ring is set such that it is biased on
the stable side of the ring Lorentzian. The PD ring’s resonance is locked onto \;,, such that
the circulating power in the ring, and thus the responsivity is maximized.

(which in the case of 3-D endoscopes can be > 1000) would enable a much simplified PoC
system, compared to having a discrete receiver and ADC per sensing channel.

Towards that end, we implemented a complete receiver unit in our zero-change platform.
It consists of a photodetector MRR (PD-MRR) with an additional SiGe doping layer em-
ployed to enhance responsivity [95], in close proximity to the control, signal conditioning,
digitization and serialization circuitry, all contained in a 190 x 220um? area. Even though
this work focuses on endoscopic ultrasound applications operating in the 5MHz range, the
low input parasitics that come with monolithic integration, ensure that the front-end has
sufficient bandwidth (> 20MHz) even for photoacoustic types of applications, potentially
permitting this platform to be used for multi-modal imaging purposes in the future.

The described remoted optical ultrasound sensing scheme is illustrated in Fig. 4.4 (a) for a
single sensor-receiver pair. Initially, the PD-MR R resonance is matched to the wavelength
of the incoming laser light, using a digitally controlled thermal tuning locking loop. This
ensures maximum PD-MRR responsivity since most of the available optical power circulates
in the ring when on resonance. Subsequently, the heater code of the sensor MRR is swept
and its Lorentzian is captured using the PD-MRR, as shown in Fig. 4.4 (b). To maximize
this sensing scheme’s sensitivity the heater code of the sensor MRR is selected such that
its maximum slope point is aligned to the wavelength of the input laser light, as shown in
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Figure 4.5: TIllustration of the need for active resonance tuning for WDM interrogation.
Measured optical power spectrum of: (a) the available comb laser, (b) an on-chip sensor
WDM ring row. (c) Schematic representation of a WDM ring row consisting of multiple
MRRs coupled onto the same silicon waveguide and interrogated by a comb laser input.

Fig. 4.4 (c¢). This concept can be extended to multiple sensor-PD MRR pairs in an array as
illustrated in the following section.

4.2.2 WDM Interrogation & Dual-Chip 2-D Beamformer

Apart from remoting the power and area hungry receiver circuitry, combining optical MRR-
based transducers with active resonance tuning offers the capability of simultaneously inter-
rogating multiple MRRs coupled onto the same waveguide in a WDM fashion using a fixed
wavelength multiple channel comb laser, as presented in Fig. 4.5. This translates to a re-
duction of fiber channel count for I/O proportional to the number of optical modes available
on the comb laser with zero power and area overhead. In our first generation EPSoC, 8
MRRs are coupled onto the same waveguide. Simple 8-channel integrated multi-wavelength
laser diodes have recently been reported [96] and could be used with this EPSoC, further
simplifying the overall system and minimizing its form factor, while > 16-\ combs are also
available [97], leading to a further fiber-count reduction. The concept of WDM interroga-
tion of multiple MRRs coupled onto the same waveguide is shown in Fig. 4.5. Note that
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Figure 4.7: Dual-chip system architecture illustrating the remoted optical ultrasound beam-
forming array concept for power and area minimization.

the remoted optical ultrasound sensing described in Section 4.2.1 is compatible with WDM
sensing, simply by applying the locking algorithm to multiple MRRs at the same time.

The necessity for an active thermal tuning mechanism is underlined in Fig. 4.6, where
the exact location of the native, untuned resonant wavelengths, A,¢s o, is shown to vary sig-
nificantly even among devices with the same drawn characteristics due to process variations.
This is more pronounced across different chips but occurs even for rings on different locations
on the same chip.
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The original goal of implementing a dense 2-D MRR sensor matrix can finally be achieved
by arraying multiple identical WDM ring rows in parallel on a sensor EPSoC. Utilizing
an area efficient multi-mode interferometric (MMI) splitter tree, the comb laser input is
distributed into the WDM row replicas. Splitting the optical power on chip further reduces
the cable count, allowing us to interrogate the entire 2-D array with a single input fiber. The
conceived system architecture implemented on this EPSoC is shown in Fig. 4.7. A sensor chip
containing only an MMI splitter tree, high quality factor (and consequently high sensitivity)
sense MRRs and thermal tuning circuitry will be placed at the probe tip, where power and
area minimization are critical, while a receiver chip with PD-MRRs, analog receivers, digital
tuning control logic, and serialization, will recover the ultrasound signal and send it to an
FPGA that will perform beamforming and image processing.

To prove the remoted ultrasound concept in a single tape-out, the implemented prototype
EPSoC is designed to be configured either as a sensing or as a receiving chip. Also, in order to
enable monitoring and debugging of the tuning loops of the sensor MRRs and to streamline
the design process, the same mixed-signal block is used to interface with both the sense and
PD MRRs constraining the pitch to 220pum. This should be sufficient to enable a 180° field
of view (FOV) at 3.6MHz and up to 85° FOV at 5MHz, without the formation of grating
lobes, as shown in Fig 4.1. However, the sensing area that will eventually be required is
< 0.0lmm? per sensing element, as proved by the performed experiments. This translates
to a much higher sensor density and an FOV of 180° up to 15MHz, assuming a sensor pitch
of 50um.

Quantifying the integration density that an optical sensor approach offers, fiber assemblies
with 61 channels packaged in 330um x 280um area have been reported [98]. Combined with
a high input power comb laser we can use an MMI splitter tree to split a single input into
60 ring rows on-chip. Assuming 16 MRRs per WDM row, 960 sensors can be simultaneously
interrogated with a 2.8mm diameter fiber bundle. This is in stark contrast to the high-
density micro-coax cable counterpart where only 192 cables can fit in a 7.5mm diameter

bundled cable [32, 99].

4.3 Electrical Sensing Unit Design

Fig. 4.8 shows the schematic of a receiver unit quad. It consists of a dedicated mixed-signal
block for each sensor, with a TIA, followed by a pre-amplifier and a 9-b successive approxi-
mation register (SAR) ADC that digitizes the received ultrasound signal at 50MSa/sec. The
outputs of 4 blocks are then serialized and transmitted to an FPGA for post-processing using
a current mode logic (CML) output stage that ensures sufficient signal swing.
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Figure 4.8: Schematic diagram of the receiver unit quad illustrating the various circuit sub-
blocks.

4.3.1 Analog Front-End
4.3.1.1 Transimpedance Amplifier (TTIA) and Preamplifier

A resistive feedback TIA shown in Fig. 4.9 is used in the core of this amplifier to convert
the sensor input signal from the current to the voltage domain for further processing. This
stage needs to provide high DR as explained in Section 4.1, while ensuring a low noise
operation, such that the target NEP specification is met. Alternative TIA topologies such

C

R R, 7

? Vom V'WA = =
Vbz_l

| . out |, out
Ii“ — Cop V Ii“ Cop Iin Cop
m_l
B = @ B ®) B ©

Figure 4.9: Schematic diagram of (a) common-gate, (b) resistive, and (c) capacitive feedback
TTA topologies.



CHAPTER 4. REALIZATION OF ELECTRONIC-PHOTONIC ULTRASOUND
RECEIVER ARRAY 45

Cnar”

(a) Vrat]l ode

Figure 4.10: (a) Schematic diagram of the inverter based TIA with call-outs of: (b) Pro-
grammable resistive feedback network, and (c) Bleeder Ipscs adjusting the bias point.

as the common-gate [100, 101] or capacitive feedback TIA [102, 103] have been proposed
in literature, and are also shown in Fig 4.9. The common-gate TIA is known to escape
the gain-BW trade-off and has been shown to achieve very low NF. However, this topology
comes with limited headroom, which also implies that the aforementioned NF is achieved
for relatively low DR values. On the other hand, as analyzed in [41] the capacitive feedback
TTA has the best NF, especially for high DR values at the expense of additional area due to
the use of large feedback capacitors. Lastly, the resistive feedback TIA constituted the best
solution when moderately high DR and competitive noise performance need to be combined
with a reasonable analog front-end (AFE) area. Since this first prototype will include a
receiver unit abutted to both the sensor and the receiver sites, and our DR specification will
be somewhat relaxed by having a programmable gain and bleeder current DACs we chose
to not sacrifice any more area, and use a resistive feedback TIA topology.

The exact TTA implementation, shown in Fig. 4.10, has a single inverter cell in its core,
which gives the additional benefit of design simplicity, area minimization, and current ef-
ficiency. Gain programmability is achieved with a 4-bit binary-weighted resistive network,
which offers 24dB of extra DR, in 6dB gain steps. The resistor values ranged from 50k(2
to 800kS2, which ensures that we will be able to detect the target NEP of 2kPa using the
highest gain setting, and that resistor thermal noise is negligible, even for the lowest gain
setting.

To cancel the strong background photocurrent, Igese, of the PD-MRR, current digital-
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Figure 4.11: Schematic diagram of the preamplifier circuit with CM control and offset cor-
rection circuitry also shown.

to-analog-converters (Ipacs), have been connected to the input node of the TIA. Two 5-b
pull Ipacs have been added, to do fine and coarse bias adjustment respectively. The Ipacs
have been automatically generated using the Berkeley Analog Generator (BAG) framework
[104] and their schematic is also shown in Fig. 4.10. They have a global enable and the
output can be configured to be push or pull (Ioyn or Loyt p) by specifying the corresponding
parameter in the layout generation code. The fine Ipyc has a minimum step of ~ 120nA
ensuring that we will able to fine tune the output common-mode voltage with a step < 0.1V
for the highest gain setting (800kS2 - 120nA). The coarse Ipyc has a minimum step of 4puA,
and can be used to switch between different modes of operation. This switching is done by
adjusting the input optical power, and consequently Spne, so that stronger or weaker signals
can be detected. In such scenarios, the value of the background current that needs to be
cancelled should be accordingly adjusted. This 5-b coarse tuning offers an additional 30dB
of DR to the TIA input.

A pseudo-differential replica of the TIA is implemented in order to suppress supply noise
and enhance the circuit power supply rejection ratio (PSRR). To bias the replica two 3-b
push-pull Ipacs following a design similar to the one shown in Fig. 4.10. A fully differential
preamplifier performs single-ended to differential conversion and adds another 6dB of gain
to the overall amplification chain. The preamp is depicted in Fig. 4.11. Its core consists
of a resistively loaded differential pair, while common-mode (CM) control and offset correc-
tion blocks are also implemented. Output CM control is performed by a diode-connected
device controlling the gates of PMOS bleeders, and has 8 settings (3-b programmability)
to ensure the common mode input to the ADC is at the correct voltage level. A single-bit
offset correction is done through NMOS bleeders with their drains connected directly to the
amplifier output. The preamplifier output is then fed into an 9-bit SAR ADC, which was
also implemented using BAG and Laygo [105], and whose design was ported to 45nm GF
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process from [106]. The number of ADC bits was selected such that the quantization noise
does not dominate the noise budget. With 9 bits the input referred quantization noise will be
comparable to the worst case thermal noise from the feedback resistor, while the theoretical
SNDR will be ~56dB, well above the specified DR of ~40dB.

4.3.1.2 Noise Analysis

The main noise contributors in our resistive feedback TIA front-end will be shot noise,
thermal noise from the bleeder Ippcs and the feedback resistor, input referred noise of the
TTA, as well as quantization noise from the ADC. These are mathematically described as:

%(f) = 2qlpp = 2qRppFeire, (4.3)

2 1o (F) = AT G crs,* (4.4)

By (1) = o (4.5

iy th A0S = @(QWCm)Q = 4ng7 (27(Cpp + Cg))Qa (4.6)
: A2,

2 _
nall) = R G
where ¢ = 1.6 - 1071C is the unit charge, Ipp is the photodetector current, Rpp is the
photodetector responsivity, P.;.. the optical power circulating in the PD-ring, £ Boltzmann’s
constant, 7" the temperature, v the MOSFET white noise parameter, g, s the “effective”
Ipac transistor transconductance, Ry the TIA feedback resistor, g, the transconductance
of the input pair, Cpp, C, the PD and inverter gate capacitances respectively, A the ADC
input step, and Gpyeqmp the preamplifier gain.
At the same time, the sensor input signal, Is.,.s, can be written as:

(4.7)

Isense - SintSphotRPDPapp = Sintpopt/\iRPDPappa (48)

and the SNR will be:

2 1 Q
e (ﬁi[sense,pp) B <2\/§Sintpcirc Mros Papp,pp) (4 9)
pu— 2 — ’ ’
[n,tot : BW <2qRPDPC’LT‘C + 4]{?T’}/gm,6ff + 4]’;;" + 12Rf§§reamp> ' BW

*gm,esf Tepresents an “effective” transconductance, used to lump the thermal noise of all the transistors
of the Ipacs in one parameter, extracted through simulation.
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Table 4.1: Typical and Simulated Front-End Parameters
Parameter Value
P,y 100pW
Pcirc 50|JW
Rpp 0.5A/W
Cpp 30fF
Cy < 1fF
y 2/3
Imeff 1.7mS
Ry (50-800) k€2
fus 5MHz
BW (3-7) MHz (80% fractional)
Q-factor 10*
Py 2kPa

where we have added the noise variances to get the total noise, since the noise sources are
uncorrelated. The value of the input referred noise of the TIA gate transistors, ifmh’ MO Can
be neglected since in our case where Cpp is rather small due to the monolithic integration.
Also note that in the estimate of I.,s, we have used the power incident upon the ring to
estimate the slope of the Lorentzian, whereas to find the background DC photocurrent in
Eq. 4.3, we will be assuming that the ring is biased at -3dB extinction.

Expected parameter values for input optical power, and PD responsivity, and capacitance,
along with simulated ones for transistor parameters (7, g,,) are tabulated in Table 4.1. Using

0.4 T T T
_Rf =50k always
_ shot noise
0.3} —R;=5kQ2 limited
=4
Z 0.2
7]
thermal noise
limited
0.1
4—
shot noise
limited
0 1 1 1 1
0 2 4 6 8 10
Pcirc (lL W)

Figure 4.12: SNR vs P, indicating shot and thermal noise limited regimes.
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Figure 4.13: (a) Noise simulations for various Ipac settings, (b) Input noise densities vs Py
for different noise sources (right).

those we plot the SNR from Eq. 4.9, in Fig. 4.12, for Ry = 50k(2, Ry = 5kQ2. There, it
can be seen that for the R; value range of our system (Ry = 50-800k(2), we will always
be shot-noise limited, even for very low optical power levels when the signal is still buried
in noise (SNR < 1). Looking at the Ry = 5kQ curve it can be seen that for low P,
when thermal noise is dominant the SN R increases quadratically with P.;,.., while once the
shot-noise starts being significant we have SNR « P.,.. This trend will hit a diminishing
returns plateau once the Spnor = Prire@/Ares stops increasing linearly with optical power due
to self-heating as will be shown experimentally in Chapter 5, implying the existence of an
optimal P,.;,. point.

Noise simulations of the TIA and preamplifier, run while sweeping the Ippc settings are
presented in Fig. 4.13 (a), for the highest R setting (800k2), which will be used to detect the
minimum incoming signal (i.e. the input corresponding to the NEP). Extracting the 7, and
gm parameters for the bleeder and inverter transistors from this simulation, we plotted the
various noise contributions as a function of the power circulating in the ring P,;.., assuming
Rpp = 0.5A/W, in Fig. 4.13 (b). This shows that our design is in the shot-noise limited
regime; since the bleeder Ipyc needs to cancel the photocurrent, the corresponding noise
follows a similar trend vs P, and can therefore be considered “shot-noise”, even though it
is white in nature. Indeed the input noise density floor increases proportionally to v/Ipac,
indicating that the thermal noise contribution is negligible.

Fig. 4.14 shows a pie chart of the noise contributions using the parameters from Ta-
ble 4.1. The total noise, integrated over the BW of interest (80% fractional around 5MHz)

is /1210t =~ 10.36nA. At the same time, using Eq. 4.8, and P, = 2kPa, we obtain
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Figure 4.14: Breakdown of the integrated noise contribution of various sources, acquired
using the values from Table 4.1, and Ry = 800k(). The total integrated noise is acquired by
summing the variances.

Lsense = 30.8nA, indicating that our design should meet the target NEP specification.

Finally, to calculate the theoretically expected electronic DR we need to find the max-
imum current that does not saturate the ADC. The simulated full-scale range of the ADC
is 0.6V, which can be referred back to the TIA input using the minimum R;Gpreqmp setting
as: Iy = 0.6V/(2-50k2) = 6nA. Hence, the DR is:

1
DR, = 20log (MI‘W> — 46.2dB. (4.10)
L%,tot

However, the sensor dynamic range will be limited by the ring linear region, which is
~FW HM. That is because at high pressure levels we can reduce the incident optical power
to the ring to ensure that we don’t saturate the ring given that we have the necessary Ipac
resolution to properly cancel out the background current at the minimum gain setting. The
sensor DR is defined as the maximum pressure that does not saturate the ring Lorentzian

over the minimum detectable pressure. Given that NEP = ]ﬁiot /(RppSphotSint) = 935Pa,
and that Py mee = FWHM/ S = 180pm_ _ 3 25MPa, we can write:

40fm/kPa
Pa max PO R
DR = 20log (=) = ”tzpD ~ 73.7dB. (4.11)
In,tot

Even though it does not meet the 80dB requirement of pulse-echo ultrasound systems, it
is expected to be adequate for a first implementation. Eq. 4.11 shows that the DR can be
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improved by increasing the optical power incident upon the ring or by using more efficient
photodetectors to lower the total input current noise, and consequently the NEP.

4.3.2 Digital Back-End
4.3.2.1 Tuning Controller

As mentioned in Chapter 2, a reliable tuning mechanism of the ring resonance is necessary
to compensate both for process and temperature variations. It is of use for both the remoted
ultrasound sensor-receiver scheme which requires alignment of the sensor to the photodetec-
tor MRR, and the WDM 2-D array interrogation which requires precise alignment of each
MRR in the array onto a separate optical mode of the comb laser input. In this EPSoC we
actively tune the resonance by wrapping a feedback loop around the ring.

A diagram describing this feedback loop is presented in Fig. 4.15. Initially, a PD that
is embedded in the ring design with spoke shaped interdigitated P and N doped regions
picks up a signal that is proportional to the power circulating in the ring. When the ring
is off-resonance the power circulating in it is minimal and thus the PD signal will be low,
while at on-resonant wavelengths this signal starts growing. The PD photocurrent is then

Input Light Output Light
- oo Integrated PD

*tVop Tracker
HVDD sense 9
> 9b SAR ADC >—>
Raw Out
Integrated
Heater 1=~
|
Controller I
____________________ I | vg Out
Driver : | - - )
il I <4—— Scan Input I Averaging
: I I odulator FSM I
| = 1 | Tuning Logic |
_____ | |
| I

Figure 4.15: Architecture of a wavelength locking feedback loop comprised of an embedded
PD, tracking and averaging circuits, digital control logic and driver of the integrated heater.
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fed into a tracking circuit that converts it to an appropriate error feedback signal that serves
as input to the controller. Here, the receiver analog front-end described in Section 4.3.1 is
also used as a tracker. The output of the 9-b SAR ADC is averaged 512 times in order to
reduce noise, and provide a smooth input signal to the controller. This averaged output is
also monitored through scan for debugging purposes. The controller then uses the averaged
signal to guide the search of a finite state machine (FSM) that produces a control signal
proportional to the correction that needs to be applied to the resonance. This correction is
finally fed into a 10-b pulse density modulator (PDM), comprised of an accumulator and an
NMOS switch in series with an resistive heater embedded in the ring cavity. The carry-out
of the accumulator controls the gate of the switch thus modulating the current flow through
the heater and consequently the temperature of the ring. Alternatively, the 10-b PDM input
can be externally set through scan, to ensure the heater can be programmed in case the
controller does not work as intended.

Before describing the operation of the FSM a few important considerations should be
mentioned:

e Thermal tuning: Alternative ways of controlling the ring resonance through carrier-
depletion [107] or carrier-injection [108] have been proposed in literature, however they
cannot provide the sufficient tuning range to correct for process variations which can
be up to 1-2nm (180-360GHz). On the other hand, the strong thermo-optic coefficient
of silicon, provides a wide tuning range up to almost half an FSR, ~7nm (1.2THz).
Hence, in our application, where apart from process variation corrections, additional
tuning range may be required to align the WDM rings with fixed wavelength multi-A
sources, thermal control of .. is the only viable solution.

e Feedback loop bandwidth: To ensure that the controller will only be cancelling
thermal variations and not the incoming ultrasound signal, all digital logic after the
averaging block needs to be running at a frequency that is above the thermal time
constant of the ring (30us) but below the lowest end of the spectrum of the signal of
interest (here 3MHz, assuming an 80% fractional BW around 5MHz). In our case the
controller is updated at 1.56 MHz (averaged ADC rate).

e Lock-to-maximum (LTM) vs Lock-to-reference (LTR): Depending on whether
we intend to use the ring as a power detector or as a sensor we need to lock the
resonance either precisely onto the input wavelength, or slightly offset from it, such
that the sensitivity is maximized. To achieve this we will have two different modes of
operation for the controller, LTM and LTR.

Controllers operating in an LTM mode [109] in conjunction with an averaging block,
will lock the resonance to the maximum average power, and are hence a good candidate
if locking the A, directly onto )\;, is desired. In case the ring drifts they will attempt
a correction assuming a certain type of drift (blue or red) has occurred. If the choice
of the correction sign was wrong they will flip the sign, otherwise they will retain it
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Figure 4.16: State-chart of the controller FSM in LTM and modified LTR modes.

until lock it regained. This lack of directional awareness will take up some time but
the controller eventually recover.

When searching for an optimal slope point, as is the case when the MRR is operated
as a sensor, simple LTR mode controllers [110] are not appropriate, since the optimal
reference level to which we will be locking is not known a priori. Hence, we will
implement a modified LTR controller, where the reference is selected while attempting
to reach lock, by looking at the sign of the second derivative of the data from the
tracker.

The controller, which can be programmed to operate either in an LTM or in a modified
LTR mode, can be described by an FSM that has 4 different states: scan, find, lock, and
recover. A state-chart diagram describing the decision process of the FSM is presented in
Fig. 4.16. In both LTM and LTR modes it begins the search from the scan state, assuming
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that A\reso < Ain, f. In this state the light circulating in the ring is minimal, and the output
of the ADC (and the averaging block) is low. The controller will keep incrementing the
PDM by a coarse step, Py scan until the averaged output, P, [n], crosses a certain threshold,
Py, which will indicate that A, is close to A;,, and move the FSM into the find state
where the PDM step is decremented to a finer value, Py fing. In this state the difference
between two consecutive readings of the averaging block is monitored. While A,cs 5, < Ay, it
is expected that:

d[n| = Puyn| — Pawln — 1] > 0, (4.12)

since more and more power will be circulating the ring as the resonance moves closer to \;,.
A change of sign of §[n] will indicate that the A,.s, became larger than \;,.

In that case, if the controller operates in an LTM mode, we enter the lock state, set the
desired lock power, Py,.., equal to the current value of P,,[n|, and keep monitoring P,,[n].
If the ring drifts and P,,[n] < Puaz — Pickrange, the controller enters a recover state where
it attempts to correct for the introduced error, using an even finer value for the PDM step,
Py cg, until Py, [n] > Pz — Pick range 18 satisfied. Pk range is used to introduce a “dead-zone”
where the ring is considered locked even if P,,[n] < Py such that constant dithering of the
PDM is avoided. Lastly, if the sign of the applied correction is wrong, the controller will
change it in the next iteration.

However, if the controller operates in the modified LTR mode, we remain in the find
state and start monitoring the second derivative of P,,[n]:

da[n] = d[n] — 8[n — 1] = Pyy[n] — 2P,[n — 1] + Pu[n — 2], (4.13)

where now a change of sign of do[n] indicates that we have found the Py value that corre-
sponds to the maximum slope. Subsequently, the lock state is entered and the reference
point, P, is set, while P,,[n] is still monitored. In the case of a drift outside the dead-zone,
[Popt — Pickranges Popt + Pickrange], We enter the recover state, and the PDM step is set
to Ppcr. Since we are no longer locking to maximum, the controller has knowledge of the
proper sign for the correction signal and can quickly recover.

Lastly, it should be mentioned that the values of Py, Pu scan, Pr,find> P ck, and Pieg range
are all programmable through scan.

A simulation of the controller locking to the resonance (LTM mode) is shown in Fig. 4.17.
In this case the selected value for Py fing, is obviously too large, causing the controller to
overshoot and essentially enter the recover state right after crossing the resonance. Having
recorded the optimal max value, P,,,, though it is able to correct for that error, lock, and
dither around the optimal value.

It should be noted that this condition is by no means guaranteed to be true, especially in WDM rows
with multi-A combs where additionally we need to ensure that the each ring is locked onto to a different
optical mode to avoid ISI. A solution to this problem is to run a “bring-up” calibration step per WDM row
to chart the resonances with respect to the optical modes and subsequently properly initialize the PDM
before letting the FSM take-over and run its locking algorithm.
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Figure 4.17: Controller lock-on simulation, showing the output of the tracker unit. The
values of Py[n], and FSM control signals are monitored and as the state of the FSM evolves.

4.3.2.2 PDM Driver Modeling

The PDM driver circuit is shown in Fig. 4.18 a. It consists of an accumulator whose input,
Py is provided by the tuning controller, and uses the carry out to drive the gate of a switch
transistor that turns the current through the MRR embedded heater ON and OFF. This
carry out of the PDM driver has a periodic behavior with an average frequency f,, that is
given by:

Py
Jav = ?fclka (4.14)

where f.. the frequency at which the PDM is run, and b the number of bits in the accumu-
lator. To ensure that the average period of the PDM is well below the thermal time constant
of the MRR, while sufficient randomization of the output pattern is achieved, and timing
around the accumulator is comfortably closed, we have chosen b = 10, f,. = 800MHz. At
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Figure 4.18: (a) Accumulator PDM circuit and simplified front-end schematic, (b) Spectrum
of the carry out sequence for an input Py = 420, (¢) Sampled spectrum of the same sequence
at the ADC output, indicating fundamental tones in the ultrasound band.

the same time, for the most often used heating codes, Py > 40 the average frequency is,
faw > 31.25MHz above the bandwidth of interest for pulse-echo ultrasound experiments.

However, the pseudorandom carry out of the PDM actually has a fundamental period
that is much longer that the average period, and can be calculated applying the theory
developed in [111]:

ged (Pyy, 2°)
ffund = b fclka (415)
This practically means that the carry out spectra will have spurious content at fyna
intervals, even though most of the power will be around f,,. When Py is not a power of 2,
as is most often the case for realistic controller outputs, ffunq, will fall inside the frequency
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Figure 4.19: Grouping and serialization of the digital outputs of the 8x4 PD-MRR array.

range of the ultrasonic signal. A simulation of the PDM output spectrum for a midcode,
non-power of 2 input of Py = 420 validating this theory is shown in Figs. 4.18 b, c. Note that
for that input Eq. 4.15 gives: ffund = ﬁ -800MHz = 3.125MHz, as indicated in Fig. 4.18 c.

In such cases it is possible for in-band tones that are capacitively coupled from the
heater to the anode contact of the PD to be picked up and amplified by the TIA. This has
been experimentally observed and leads to a degradation of the receiver SNDR. In future
implementations this issue could be alleviated by the addition of a capacitor at the TIA
input node, that would ensure the capacitive coupling is minimal, at the expense of higher
noise from the TTA input differential pair (Eq. 4.6).

4.3.3 Serialization and Output Stage

Finally, the digitized signal from the AFE needs to be transmitted for post-processing and
image reconstruction. To minimize the number of output bumps that are required we have
arranged the 32 PD-MRR receiver units into groups of 4. 64-to-1 serialization is employed
to bundle the 9-b ADC outputs of 4 receiver cells, while the remaining 28-b are hard-coded
using a preamble pattern of 14 Is, followed by 14 0s to assist with data alignment during
de-serialization. As shown in Fig. 4.19. 2-to-1 serializers have been implemented by using a
2:1 MUX and a latch on the even path.

A CML driver with load resistance Ry, is the final output stage. The transistors of this
diff-pair are sized to provide sufficient differential swing for GTX receivers assuming 502
termination and speeds up to 6.4GHz, while abiding by electromigration reliability rules. To
drive the large input capacitance of the CML output stage, digital buffers have been placed
between the output of the serializer and the CML driver’s input.
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Electrical Receivers

Figure 4.20: (a)-(c) Callouts of grating coupler, sense-MRR, and optical MMI splitter tree
(d) Ring row utilizing primitives (a)-(c) and a waveguide loopback. From [91].

4.4 Electronic-Photonic SoC Implementation
Strategy

4.4.1 Photonic Layout Generator

Having analyzed the design details of the individual sensing unit we will proceed to discuss
the strategy followed to implement a large 2-D array based on that electrical sensing unit
with the system attributes presented in Section 4.2.

We start by describing the generation of the photonic layout. This was implemented
hierarchically using the Berkeley Photonics Generator (BPG) [72, 91], to build 3 different
8 x4 WDM MRR arrays, 8 coherent sensing test-sites, and 8 high () sense MRR experimental
test-sites. BPG utilizes PhotonicTemplateBase, an abstract base class serving as a common
interface, which is subclassed by photonic layout generators and gives them access to primary
shape creation methods such as the addition of instances or shapes. This way we can generate
photonic devices with programmable parameters, such as MRRs, grating couplers, or MMI
splitters. These devices are the fundamental components that will be then pieced together
to form entire MRR arrays, and are shown in Fig. 4.20 (a)-(c).

In the core of our layout is the ring row generator class, RingRow, which also sub-
classes PhotonicTemplateBase, and instantiates multiple MRRs that are connected using
the waveguide router class. These rows can have different pitch between the rings, incre-
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mented ring radii (a feature used for WDM rows), or even different ring types (a feature
that allows a sense and PD ring to be instantiated in the same row). Arranging four rings
rows of eight WDM rings in parallel, we created 2-D WDM MRR arrays. One of these
arrays was comprised of PD-MRRs, which are expected to have lower () due to the SiGe
absorption region that enhances responsivity. The other two arrays were made up of slightly
different flavors higher @) sense-MRRs. To save space and provide a single optical input to
each sense MRR array we employed an MMI splitter tree and low loss Euler waveguide turns
to loop back the input waveguide, as illustrated in Fig. 4.20 (d). This loopback structure
will be very useful in aligning the fiber block assembly that will be attached on our EPSoC
as described in Section 5.1. A photo of the entire fabricated 2-D WDM sense MRR array is
shown in Fig. 4.21. The rest of the chip will be occupied by the coherent-sensing and high
() test-sites, as shown in Fig. 5.1.

Finally, to assemble a photonic top layout all of the array classes mentioned above are
called in a top level script, that instantiates them at the desired locations in the chip. In
summary, the hierarchy of our photonic generator is the following:

Rl
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Figure 4.21: Zoom-in photo of the fabricated 2-D WDM sense MRR array, automatically
generated using BPG, with call-outs of fundamental sublocks.
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Top level generator
| PD array
LA,Grating couplers + WDM PD-MRR rows
| Sense array
LA,Grating couplers + MMI splitter tree + WDM sense-MRR rows
| Coherent sensing test-site
LA,Grating couplers + adiabatic coupler + WDM sense-MRR rows + WDM PD-MRR
rows
| High-Q test rows
LA,Grating couplers + High § WDM MRR rows + WDM PD-MRR rows

4.4.2 Mixed-Signal Electrical Sensing Unit

To build the mixed-signal electrical sensing unit, we first generated and connected (using
BAG and Laygo) all the individual circuit blocks that comprise the AFE of Fig. 4.8, namely
the Ipacs, TTA, preamplifier and SAR ADC. A Library Exchange Format (LEF) file was
extracted for that AFE, containing routing blockage and pin location information that can
be used by Innovus during the place and route (PnR) procedure. A top level register transfer
language (RTL) file includes both the digital logic block describing the tuning controller and
digital back-end, specifying the connections that need to be made during PnR. The produced
layout of the mixed-signal block is shown in Fig. 4.22.

Custom metal extensions
Digital backend

Analog frontend

Figure 4.22: Layout of the mixed-signal electrical sensing unit (left), zoom-in of the metal
extensions of the MRR port illustrating the connection by abutment (right).
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4.4.3 Electronic-Photonic Top Level Integration

The last step was to instantiate the top level photonic layout together with multiple instances
of the mixed signal sensing unit, current and clock distribution networks, serializers, CML
output stages, ESD, decoupling capacitors, and I/O pad driver cells. This was done using an
Innovus PnR flow similar to the one, where LEF files for each of the aforementioned circuit
blocks were used by the digital routing tool for keep-out and port connectivity instructions.
After adding custom metal extensions to all ring ports, a LEF file was extracted for the top
level photonic layout as well. This was done to avoid any routing happening in the ring
region and potentially causing shorts or interfering with the optical mode. The photonic top
and mixed-signal blocks were then co-instantiated in a top level digital digital RTL script,
while their exact locations on the chip were specified during floorplanning. These locations
carefully selected to ensure the metal extensions of the ring ports would be connected by
abutment to the respective ports of the mixed-signal electrical signal units. A layout of
a PD-MRR with those custom extensions connected to the mixed-signal block is shown in
Fig. 4.22.

To illustrate the end result of this electronic-photonic integration, a photo of the fabri-

Figure 4.23: Photo of fabricated die, with insets of an 8x4 sensing MRR array, a receiver
PD-MRR quad and a sensing unit.
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cated die is shown Fig. 4.23, with insets of an 8x4 sensing MRR array, a receiver PD-MRR
quad and a sensing unit.

4.5 Chapter Summary

In this chapter we initially derived the specifications for endoscopic ultrasound probes in
terms of power, area, NEP, and DR. We followed this up by detailing the system architecture
that will allow us to meet these specification, primarily from the standpoint of power and
area consumption. Using optical MRR sensors in a remoted dual-chip sensor-receiver scheme,
drastically lowers the power dissipated in the probe-head, while mitigating electrical cabling
issues and enabling implementations with very high sensor density. Having relaxed the
power specification of the receiver AFE, we explained the choice of a resistive feedback
TTA topology, and performed a noise analysis to verify that our AFE design can in theory
meet the target NEP and DR specifications. Subsequently, we outlined the design and
requirements of a crucial system attribute, the thermal tuning controller, accompanied by
simulation verifying the correct operation of the design. Modelling of the PDM driver used to
tune the MRR resonance and explanation of how the digitized signal from the receiver array
was grouped and serialized into high-speed serialized outputs was also provided. Finally, the
methodology followed to co-integrate analog and mixed-signal blocks with digital circuitry
and photonic devices in an Electronic-Photonic System-on-Chip was presented.
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Chapter 5

Experimental Evaluation of
Electronic-Photonic Ultrasound
Receiver Array

Having extracted the target specifications for endoscopic ultrasound imaging and analyzed
the design methodology for an electronic photonic system-on-chip (EPSoC) in Chapter 4, we
will now experimentally evaluate the fabricated die. A photo of the taped-out EPSoC under
test is shown in Fig. 5.1 with insets labeling the various subarrays presented in Section 4.4.

First, we will go over the packaging strategy and experimental setup that enabled us to
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Figure 5.1: EPSoC die photo with insets into the various arrays discussed in Section 4.4.
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perform electronic-photonic measurements under water. Then, we will validate functionality
of the electrical front-end and the MRR WDM rows separately, with purely electrical and
optical characterizations. A single sensing unit using a PD-MRR as both an ultrasound
sensor and receiver will be extensively evaluated in terms of bandwidth, sensitivity, NEP
and SNDR, before proving the concept of remote dual-chip sensor-receiver. Additionally,
an 8 MRR WDM row will be simultaneously interrogated to acquire the first real-time
optical ultrasound beamforming demonstration. Pulse-echo imaging experiments showing
ultrasound reflection of 3 needle targets being detected will also be presented at the end of
the chapter.

5.1 Electronic-Photonic Packaging & Experimental
Setup

5.1.1 Electronic-Photonic Packaging

Packaging the first generation EPSoC in a way that would enable electro-optic measurements
under water, was required for experimental verification. This included five-step procedure
as outlined below, and illustrated in Figs. 5.2, 5.3:

e Step 1. Flip-chip attach: Initially the EPSoC is flip-chip attached onto a high den-
sity PCB that allows us to interface the die with the test equipment (fan-out digitized
high speed outputs along with control and power signals). The attach was performed
using Namics U8410-302SNS8 underfill epoxy.

e Step 2. Substrate release: To optically enable the chip a XeF; dry etch was
performed to remove the 150m thick substrate and expose the photonic devices, with
the BOX effectively acting as an etch stop.

e Step 3. Underfill sidewall etch: Unfortunately, XeFy does not etch the Namics
U8410-302SNS8 underfill epoxy used for flip chip attach. This meant that a 150um tall
sidewall prevented us from attaching the intended multi-channel fiber block to couple
light onto the EPSoC. To remove the sidewall, a wet HNOj3 etch was performed on
the assembled chip boards post substrate release. Note that the brownish mark is due
to epoxy attacking the solder mask and has not been found to ruin the high-speed
transmission lines. These first three steps are outlined graphically in Fig. 5.2.

e Step 4. Fiber block attach: To ensure stable coupling under water and insoni-
fication, we attached a 12-channel 250um pitch fiber block using a UV-cured epoxy
(NOA-61). An additional advantage of this multi-channel fiber block attach is the ca-
pability to assess multiple test sites at the same time, without having to realign fibers
to the grating couplers. This step required um precision alignment of the fiber-block,
which was accomplished with a 6-axis nano-positioning stage. Extreme caution was
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exercised to disperse a small amount of epoxy when performing the attach, such that
the sensors remained exposed and not covered by NOA-61. This was accomplished by
using a syringe to disburse the NOA-61. The loopback of the sensor array was used as
a guide to align all channels of the fiber block.

e Step 5. Protective water tank seal: Given that ultrasound attenuation coefficient
in air is 38 db/cm/MHz, we needed to submerge both the EPSoC and a PMUT trans-
ducer in a wet environment, while securely insulating the rest of the test equipment
from water. To accomplish this we 3-D printed a tank that was sealed on the chipboard
using RTV silicone, after the fiber block was attached. After sealing the tank onto the
chipboard, the fiber block was glued onto the tank edge or a 3-D printed fiber holder

BOX(<200nm) Si Layer (<100nm) o

Si Substrate 150111‘\

Bravo Tapeout Chipboard ﬁ o
Ultrasound Imager BWRC

Underfill iy
epoxy 019-006

FXC77066

0 Bravo Tapeout Chipboard 0

Ultrasound Imager BWRC

PcbFabExpe

2010 wpeal

027-ee4

o 0000000000000000O0
Q000000000000 QOGCO
Q0000000000000 O0O

o

0000 000 o
Q Q0O 0 O 0O
000 Q0

0 00O

Optically-enabled chip: fiber blocks can be attached

Figure 5.2: Illustration of the first three electronic-photonic packaging steps (left), and
pictures of chipboard with die flip-chip attached before (top-right), and after substrate and
underfill sidewall etching (bottom-right).
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Top View

Figure 5.3: 12-channel fiber block mounted on a 6-axis nano-positioning stage ready to
be aligned and attached on an EPSoC with substrate released and sidewall epoxy etched.
(top) 3-D printed water tank (bottom-left). Assembly is ultrasound reception ready: Fiber
block and water tank attached, PMUT transducer suspended above the chip under water
(bottom-right).

that provided an anchoring point, to ensure the fiber block would remain attached to
the chip. Finally, the chipboard pins were covered by silicone to ensure insulation.
Steps 4 and 5 are depicted in Fig. 5.3.
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5.1.2 Experimental Setup

To fanout signals from the chipboard, a pin-grid array (PGA) socket soldered on a hostboard
was used. That hostboard also included LDOs that would set all power domains on the chip,
decoupling capacitors, scan headers and banana power plugs. The chipboard is shown in
Fig. 5.4, together with a zoom-in of the chipboard with the die attached and the pin headers
soldered. A figure of this board setup with the chip-board in the socket, and power and scan
connected is also illustrated in Fig. 5.4.

The entire experimental setup used to demonstrate our optical ultrasound receiver array
is shown in Fig. 5.5. The chipboard is plugged in the PGA socket on the hostboard, the
water-tank sealed on it, the fiber block attached, and a PMUT suspended over it. An
innolume comb laser diode, and broadband optical amplifier used in the beamforming and
remoted ultrasound experiments respectively, are also shown. An opal-kelly FPGA is used
to configure the EPSoC through scan, while the Thorlabs PD-TTA module will be used for
MRR bandwidth experiments in Section 5.2. Finally, a polarization controller is used to
ensure maximum optical power is coupled into the EPSoC during each experiment, since
single-mode fibers (SMF) were used in the fiber block assembly. Fig. 5.5 can also be used as
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Figure 5.4: Hostboard design (left), Chipboard zoom-in with chip attached (top-right),
Chipboard plugged onto the hostboard, with (bottom-right).
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Figure 5.5: Experimental setup showing various components of the testing infrastructure.

a reference picture as we will be re-configuring the setup for various experiments performed
in Section 5.3.

5.2 Fundamental Characterization of the
Electronic-Photonic Sensing Unit

Before attempting to use our EPSoC to sense ultrasound, we wanted to evaluate the perfor-
mance of the individual sub-blocks both in the electronic and the photonic domain. In this
section, bring-up experiments validating the proper operation of the AFE, DBE, thermal
resonance tuner, and PD-MRR are presented.
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5.2.1 ADC Evaluation

To verify the correct operation of our AFE, we first attempted to capture the SAR ADC
transfer function. To do so, we swept the current of the fine DAC at the lowest gain setting,
Ry = 50k2, as shown in Fig. 5.6. With a simulated fine Ipac range of 4pA, and a preamp
gain of 2, this gave us a swing of ~50-103-2-4-107% = 0.4V at the input of the ADC. The DC
transfer curve together with the extracted INL and DNL plots are shown in Fig. 5.6. An INL
of ~0.9 bits and a DNL of +0.5 bits is recorded. Note that this is an extrapolated and not an
actual INL/DNL curve since we only have 32 datapoints instead of the 512 required points
from a 9-b ADC due to the lack of a direct test input. The expected SQNR degradation due
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Figure 5.6: (a) SAR - ADC DC transfer curves as the fine Ipyc code is swept, and extrapo-
lated (b) INL and (c) DNL metrics.
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to the measured DNL can be found as:

1
SQN Rgey = 1.76 — 101og (ﬁ) ~ 3dB. (5.1)

12 3

This will not be a limiting factor of the DR performance since the theoretical SQNR was
~56dB meaning that the DR remains limited by shot noise at the frontend input.

5.2.2 Tuning Efficiency

To measure the tuning efficiency of the embedded ring heater in our die, we swept the heating
code of the PDM at a fixed heater supply and recorded the resonant wavelength shift. At
the same time we monitored the current drawn from the heater supply at each PDM code.
As expected, the resonant shift varied linearly with the heater power, with a fitted slope
of 0.68pm/uW shown in Fig. 5.7. This high tuning efficiency is a benefit of the monolithic
integration of electronics and photonics, and will be a key system attribute in achieving
ultra-low power consumption per sensing element.

Tuning Efficiency
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Figure 5.7: Tuning efficiency of the embedded ring heater extracted by sweeping the PDM
driver code.
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Figure 5.8: (a) Measured Lorentzian transfer functions of the same MRR at different gain
and heater settings. Heater settings: blue:OFF, red:15% of tuning range, yellow:30% of
tuning range, (b) Maximum ADC slope vs TIA gain.

5.2.3 Front-End Gain Linearity

The next verification step, was to perform an electro-optical experiment and attempt to
capture a Lorentzian transfer function using the averaged ADC output of our electronic-
photonic sensor-receiver. To this end, we swept the input wavelength of a tunable CW
laser over a 2nm range, while varying both, the TTIA heater resistance and the PDM heater
settings. The acquired Lorentzians of Fig. 5.8 (a) validate our ability to tune both the
resonant wavelength, and front-end gain (slope of the Lorentzian). Additionally, we have
tracked the maximum slope at the ADC output for different R; values, with the heater
turned OFF. Fig. 5.8 (b) confirms the expected linear relationship between the TIA gain
and Lorentzian slope.

5.2.4 Thermal Resonance Tuning Controller

Lastly, the operation of the resonance tuning controller will be examined. Initially, a CW
laser input was parked slightly above the unheated ring resonance as assumed in Sec-
tion 4.3.2.1. Then, the chip was brought up, and the thermal tuner was allowed to run
and achieve lock. We observed that due to noise in the averaged ADC output, a flip of the
sign of d[n] in Eq. 4.12 occurred before the resonance, A5, crossed the input wavelength
Ain- The same holds true of the sign of dy[n], in Eq. 4.13. This meant that the controller
would leave the find state and enter the lock state almost right after crossing the threshold,
Py, regardless of the mode of operation, modified LTR or LTM. To circumvent this issue
we run an initial calibration of the Lorentzian, and found the averaged ADC output value



CHAPTER 5. EXPERIMENTAL EVALUATION OF ELECTRONIC-PHOTONIC

ULTRASOUND RECEIVER ARRAY 72
5 400
200 : . .
E 300+ Varied temperature
(lamp ON-OFF)
=
2 , ‘ , | | o
< 0 50 100 150 200 250 300 E 190
3 @ <
S 1000 ] 2 185
= A
2
g 500 180 \\
= Varied laser
E 0 ‘ ‘ | | ‘ 175 ) . __power lby 1dB
A 0 50 100 150 200 250 300 0 200 400 600 800 1000
Time (arbitrary units) (b) Time (Arbitrary units) ()

Figure 5.9: (a) ADC averaged output as the controller acquires lock, (b) PDM heater code
adjusted by the controller to acquire lock, and (c¢) Lock maintained with variations in laser
power and ambient temperature.

that corresponded to the maximum slope or the resonance. Then we set the threshold, Py,
right on that spot and allowed the controller to run and acquire lock as shown in Fig. 5.9 (a),
(b).

Having confirmed that lock can be acquired, we ensured that it can be maintained even
under extreme disturbances, originating in temperature or power variations. Fig. 5.9 ¢, shows
that the controller adjusts the PDM value when a microscope lamp is turned ON and OFF
over the chip, resulting in mK changes in temperature, and when the input laser power is

varied by 1dB.

5.3 Electronic-Photonic Ultrasound Receiver
Demonstration

Having verified the operation of separate sublocks we will now proceed with ultrasound
detection measurements. This will be done in a progression, first showing the fundamental
electronic-photonic sensing unit, then proving the remote optical sensing concept and finally
demonstrating beamformed WDM sensing and reflection imaging.

5.3.1 Single Sensing Element Characterization

To evaluate single sensor performance we first used a PD-MRR as both a sensor and a
receiver. In this initial experiment, a CW laser was parked at the stable side of the PD-
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Figure 5.10: (a) Normalized amplitude vs frequency response of the EPSoC and a com-
mercially available hydrophone (ONDA HGL-1000), (b) Received time-domain waveform
corresponding to a SMHz sinusoidal excitation

MRR Lorentzian, and the EPSoC was insonified. A piezoelectric transducer centered at
5MHz was used as a transmitter in these ultrasonic experiments. Fig. 5.10 a shows the
normalized frequency response of our sensor and a commercial hydrophone, placed the same
distance away from the transducer. Both responses follow the same trend, while their ratio
remains within 6dB in the 3-7TMHz range corresponding to an 80% fractional bandwidth.

A time-domain response of our sensor at the maximum gain setting without any heating
applied is plotted in Fig. 5.10. It corresponds to a sinusoidal pressure excitation of 5MHz and
a peak-peak amplitude of 12.1kPa. The unfitted measured waveform has a signal to noise
and distortion ratio of 31dB and a fitted amplitude of 75 LSB codes. With the full scale of
the 9-bit ADC corresponding to 0.6V we estimate the sensitivity of our sensor-receiver chain
to be Syt = 60;11121\/ -75 - ﬁ = 7.3mV /kPa, comparable to the sensitivity of commercially
available hydrophones.

To theoretically measure the NEP of our sensor, we parked the laser at the resonance
flank and recorded the digital output of the chip without any ultrasonic excitation. We found
that the noise standard deviation is 15 LSB codes without any averaging, while it drops down
to 5 LSBs and 3 LLSBs when 64 and 128 samples moving averages are used respectively. The
ADC sampling rate was 50MHz, but can go up to 500MHz limited only by the on-chip 64-
1 serialization. Defining as our NEP the point where SNR=1, and having experimentally
verified the linearity of our detector, we can extrapolate the noise equivalent pressure to be
NEP = 2582 = 2.4kPa, over a 25MHz BW, or equivalently NEPge, = 0.48 Pa/v/Hz.

To measure the SNDR at the ADC output we moved the transducer closer to the chip
to get a response that was closer to full scale. The corresponding spectrum is shown in
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Figure 5.11: (a) Power spectrum of the PD-MRR -6dBFS response to a 5MHz tone input,
(b) SNDR vs frequency.

Fig. 5.11(a). At the highest acquired amplitude, which was -6.7dBFS, we measured SNDR =
25.5dB. The SNDR was estimated by integrating the noise over an 80% fractional BW
around 5MHz (i.e. 3-TMHz), where the signal of interest is expected to be. To estimate
how our electronic photonic receiver behaves over frequency, we swept the PMUT excitation
frequency seeing that the captured SNDR of Fig. 5.11(b) follows a trend similar to the
amplitude response of Fig. 5.10(a).

An alternative way to estimate the NEP is through the SNDR. In the experiment of
Fig. 5.11(a) the peak-peak amplitude of the response was 234 LSBs (-6.7dBFS). Using the
extracted SNDR, we can estimate the integrated noise at the output of the ADC in LSBs:

L=V
SNDR = 201log (W)

= Vamp.pp = 4.4 LSBs.
2\/5, 10SNDR/20

This noise can be referred to the input, to calculate both I, ;o and NEP. The gain used in this
experiment was Ry = 700kS2, while the measured parameters relevant for Sy, calculation
were @) = 6000, P,,; = 100uW, and Rpp = 0.2A/W. These values yield:

1 0.6 1
I, =N-A R —; = 3.68 nA,
;tot SAR,LSB Gpreamp Rf 512 9. 700k n
I
NEP = — ™% _ 996 Pa.

Sz'nt Sphot RPD
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The NEP density can be estimated as NEP 4, = 0.498 Pa/ vHz, in close agreement with the
previous experiment which was conducted on a different day and a different chip.

Note that the discrepancy between these values and the theoretically estimated values for
I, 101, and NEP provided in Chapter 4, are due to the measured values for Rpp and Q-factor
being lower than the ones assumed at design time. This results in a decreased I, o, but
also decreases Sypot, leading to a slightly worse NEP than the theoretically expected one. As
expected from simulation and analysis, shot noise from the PD diode, and Ipapc noise are
the limiting factors of the NEP performance of the MRR-AFE sensing element.

5.3.2 Remoted Optical Ultrasound

In order to prove the remoted ultrasound sensing principle that was proposed in Section 4.2.1,
we have put together the setup of Fig. 5.12. A PD and sense MRR pair with similar unheated
resonant wavelengths \,.; o were selected for this experiment. The resonant wavelength of
the PD-MRR was first locked onto a CW laser input, parked at a fixed wavelength, \;,, using
the tuning controller. Subsequently, the heater of the sensor-MRR was swept, producing the
Lorentzian response of Fig. 5.13 (a) that was captured on the ADC output through scan.
Finally, the chip was insonified by the PMUT transducer and the time-domain waveform
acquired is plotted in Fig. 5.13 (b).

To overcome the high grating coupler loss of ~5dB, which in this architecture has to be
suffered thrice (in & out of sensing chip and in of the receiver chip), we pre-amplified the
CW laser tone with a broadband optical amplifier (BOA). The self heating of the ring due

12-channel
CW laser fiber bundle

*—

Chip board Chip board

connector

Figure 5.12: Illustration of the remoted optical ultrasound sensing setup.
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Figure 5.13: Remote sense-receive optical ultrasound sensing demonstration: (a) Sense MRR
Lorentzian measured at the output of the PD MRR. (b) Time-domain received waveform
with and without insonification.

to the high optical input power is obvious in the slope mismatch of the two sides of the
Lorentzian in Fig. 5.13 (a).

The dual-chip scheme outlined in Section 4.2.2, was not possible to be demonstrated for
the full sensor-receiver array primarily due to (a) a 7nm (~1.26THz) mismatch between the
nominal values of the central wavelengths, A., of the available comb-laser diode, and the
unheated sensor-MRR WDM row, and (b) a 4nm (~720GHz) mismatch between the central
resonant wavelengths of the unheated sensor-MRR and PD-MRR WDM rows. Specifically,
it was: Accomp = 1310nm, A wpM—sense = 1303nm, A, wpm—pp = 1299nm. Even though the
thermal tuner has a sufficient range to adjust the mismatch between the PD and sense MRR
arrays, it cannot bridge the gap between the PD array and the comb laser. To do so, we
attempted tweaking . comp by changing the temperature and bias voltage of the laser diode,
but this was also insufficient. This issue will be corrected in future tape-outs by properly
sizing the MRRs using the data-points from this first prototype to achieve better resonance
matching.

A second obstacle for the full array demonstration is the aforementioned grating coupler
loss of ~5dB in conjunction with the relatively low available input power from the comb
laser used. The high loss, is primarily attributed to the manual in-house attach which
did not allow alignment of the fiber block to the couplers with sufficient precision. It is
not expected to be an issue in future implementations, since grating couplers with sub-
dB loss have been reported in our technology [112], and can be incorporated in the next-
generation ultrasound receiver EPSoC, together with a more precise fiber-attach method
using automated equipment such as a FiConTec.
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Figure 5.14: WDM RX beamforming setup: cartoon illustrating various components of the
experimental setup (left), picture of the EPSoC and the PMUT transmitter submerged in
water. The PMUT is attached to a goniometer that sets the transmission angle (right).

5.3.3 Optical WDM RX Beamforming

Given the bottlenecks discussed in the previous section, we will be using the PD-MRR array
as both sensor and receiver to demonstrate the WDM RX beamformer concept. A comb laser
diode was used to simultaneously interrogate 8 MRRs in this experiment, while a PMUT
mounted on a goniometer was insonifying the EPSoC, as shown in Fig. 5.14. In a one-shot
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Figure 5.15: (a) Lorentzian characteristics of 4 of the 8 WDM MRRs captured by sweeping

the PDM heater code, (b) Thermal tuning loop locking each ring to the maximum sensitivity
point.
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calibration step, the PDM codes of the heaters of all 8 rings used in this experiment were
swept. The corresponding Lorentzians of 4 of them are captured in Fig. 5.15 (a). Due to
the high TIA gain used, the ADC outputs shown here, are saturated. This is not an issue
since the on-chip thermal tuning controller was subsequently used to ensure the rings were
locked onto the optimal slope point of separate optical channels, well within the linear region
of operation as shown in Fig. 5.15 (b). Finally, the chip was insonified and the bandpass
filtered time-domain responses of the 8 rings are presented in Fig. 5.16. This experiment
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Figure 5.16: Filtered (BPF: 2.5MHz — 7.5MHz) time-domain responses of resonance locked
MRRs to a pulsed excitation centered around 5MHz.
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constitutes the first demonstration of a real-time, multi-channel WDM optical ultrasound
receiver (23, 24, 26].

It can be seen that some of the acquired waveforms are rather irregular compared to
the usual N-shaped ultrasonic pulse behavior, an artefact that can be attributed to multi-
path interference (e.g. reflections off of the fiber block). Even though more complicated
reconstruction algorithms could be applied to recover the signal from those cells [113], here
we will completely exclude them from the delay and sum beamforming process. To acquire
a beam profile we summed the bandpass filtered time-domain outputs of all 8 rings while
sweeping the delay settings. The ADC sample rate of 50MHz translates to a delay resolution
of 20ns, which for a 5SMHz ultrasonic frequencies corresponds to a steering resolution of:

. —1 TresC

0,00 — Tres€ 750 5.2
sin™" — (5.2)

where 7,5 is the delay resolution, ¢ = 1500m/s the speed of sound in water, and d = 220pm
the sensor pitch of the array.

To validate this steering resolution we repeated the same beamforming experiment, using
the goniometer of Fig. 5.14 to change the angle of transmission. Three beam profiles corre-
sponding to the PMUT transmitting at angles of 0°, 7.5°, and 15° are shown in Fig. 5.17 (a).
There it can also be seen that without excluding the signals with strong reflections from the
delay and sum process we get much wider beam profiles with significant sidelobes. This is due
to the reflected parts of the signals experiencing multi-path interference correlating with the
main reception parts of the rest of the signals. Excluding the two signals with the strongest
interference from the delay and sum, we get the improved beam profile of Fig. 5.17 (b). On

—_ Beam Profile —_ Beam Profile
M 0 OS5 ] 0 O
E » E O 0°raw
s A L) 0° interpolated
g 5t g ! O 7.5° raw
= %: ——17.5° interpolated
=2 A 15° raw
E E 15° interpolated
<= '10 I ~— '10 i
2. 2
: S :
= -5} —7.5° interpolated = 1S
m A 15° raw m
-] 15° interpolated =
> -20 . . 1 = -20 L . .
-50 =25 0 25 50 -50 -25 0 25 50
Angle (deg) (a) Angle (deg) (b)

Figure 5.17: (a) Beam profiles using the time-domain responses of all 8 MRRs, (b) and only
the 6 MRRs with the smallest reflections.
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Figure 5.18: (a) Measured beam profiles acquired using 4, 5, and 6 MRRs at a 7° PMUT
transmission angle. (b) Theoretical beam width vs steering angle.

both waveforms the peaks of the beam profiles correspond well with the transmitter angle.
The “interpolated” profiles are acquired by interpolating the filtered time-domain signals of
Fig. 5.16 and then applying the same delay and sum algorithm, and they provide a smoother
delay (or equivalently angular) resolution.

Finally, we validated that the lateral resolution (FWHMpeam ) of the beam profiles is close
to what is theoretically expected when only the cleanest signals are used. Fig. 5.18, shows
zoom-ins of the beam profiles obtained with 4, 5, and 6 receiving MRRs, as well as theoretical
beam widths for the same number of elements, frequency and sensor pitch. The theoretical
FWHMpeam can be found as [114]:

FWHMeam = cos ™ (siné’ — 2—]\7;;) —cos ! (Sin9 + %) (5.3)
where 6 is the steering angle, k£ the wavenumber of ultrasound, and N the number of elements
in the array. Table 5.1 shows the expected and theoretical beam width values for a trans-
mission angle of 7°, where good agreement between measurement and theory is observed.

This experiment has not yet been expanded to the whole PD-MRR array, since the grating
coupler loss combined with the available optical power per mode of the comb laser result in
very low receiver sensitivity. However, it is not expected to be very challenging to expand
to 2-D by simply increasing the available optical power (e.g through the use of a BOA) and
applying the same locking algorithm to all the rings in the array. At the same time, this
beamforming experiment, combined with the remoted ultrasound sensing demonstration of
Section 5.3.2, opens the path towards a full 2-D dual-chip architecture, once the coupling
losses and resonance misalignment issues are corrected.
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5.3.4 Reflection Imaging Experiment

The last experimental demonstration was a reflection imaging experiment. To create a
reflection off a 3-needle target that is commonly used as an ultrasound imaging phantom,
we modified the water tank design such that a PMUT could be screwed on its side. Then
we taped 3 needles to a rod that was suspended over the EPSoC taking the place of the
piezo transducer in the previous experiments. The needles were spaced approximately 3mm
and 5mm to one another. A PD-MRR with the heater turned fully ON to enhance the
responsivity was interrogated by a CW laser parked on the blue side of the Lorentzian.

The bandpass filtered time-domain received waveform as well as the experimental setup
are shown in Fig. 5.19. The difference in the time-of-arrival between the received reflections
can be used a sanity check for this experiment and is consistent what is expected given the
needle spacing and assuming the speed of ultrasound in water is ¢ = 1500m/s.

Table 5.1: Measured and theoretical beam FWHM (transmission angle: 7°)

# of Elements | Measured (deg) | Theoretical (deg)
4 12.8 11.5
5 14.2 14
6 18.1 17.5

Single PD-MRR Receive

Amplitude (LSBs)

5 10 15 20 25
Time (us)

Figure 5.19: Reflection imaging experimental setup (left), Single PD-MRR filtered (BPF
2.5-7.5MHz) time-domain responses (right).
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5.4 Discussion

5.4.1 Power and Area Breakdowns

Having demonstrated both remote and real-time WDM ultrasound sensing we will now revisit
the power and area specifications. Fig. 5.20 presents a power and area breakdown for both
the receiver and sensing elements.

Receiver Element Power & Area Breakdown

Power Breakdown / El. (in mW) Area Breakdown / El. (in mm?)
Total: 7.88 mW Total: 0.042 mm?
Digital BE
& PDM Driver
0.01
Heater

Digital BE + Serialization
0.27

Sensing Element Power & Area Breakdown

Power Breakdown / El. (in mW) Area Breakdown / El. (in mm?)
Total: 0.43mW Total: 0.01mm?

Digital BE
0.13

ng Area

gl

Sens

g
Tuning Controller 2 E |
0.049 L

Heater
0.3

PDM Heater Driver
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Figure 5.20: Power and area breakdowns for the receiver (top) and sensing (bottom) ele-

ments.
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The receiver element area is dominated by the TIA and Ipacs, while the power consump-
tion by the CML output stages. Even though the power budget of those cells does not have a
strict restriction, they can conceivably be replaced by low power LVDS transmitters [115] in
future implementations, to further reduce the overall system dissipation. It should be noted
that the receiver area is comparable to that of pitch-matched PMUT and CMUT endoscopic
ultrasound implementations [32, 116].

More importantly though, the remote sensing operation allows us to extrapolate the
power and area numbers for a minimized sensing unit, which would only require the resonance
control digital logic area indicated in Fig. 5.20, leading to a record low 0.01mm?. The power
consumption of such an element would be dominated by the embedded heaters used to tune
the MRR resonance. The 0.68pm/uW tuning efficiency of the platform allows to shift the
MRRs by 0.2nm (half of the comb laser spacing) consuming only 0.3 mW of power per
MRR, while the digital tuning circuitry consumes another 0.13 mW per MRR. The total
power consumption of 0.43 mW allows us to implement arrays that require less than the
0.5W specification set in Section 4.1.

5.4.2 Comparison with the State of the Art

Table 5.2 compares our work with the state of the art. It can be seen that our EPSoC
achieves record high power efficiency and area density, while being the first optical ultrasound
receiver implementation that offers an 8 channel reduction through real-time WDM. It also
constitutes a unique single chip solution in a commercially available CMOS-SOI process,
requiring no 3-D integration of the transducer on top of the ASIC. The measured SNDR is
25.5dB at -6.7dBFS at a transimpedance gain of 700k(2, meaning that at the lowest gain
setting, the electronic dynamic range will be DR = 25.5+6.7420 log(700k/50k) = 55.12dB.
This value is higher than the 46.2dB calculated in Chapter 4 due to the reduced @)-factor and
Rpp values, which imply that the same excitation will result in a lower sense current, making
the output harder to saturate. The SNDR remains limited by shot noise from the PD-MRR
diode and Ipac thermal noise at the input of the AFE as was discussed in Chapter 4. At the
same time, the increased sensor density of our EPSoC can further improve the SNDR. Seeing
as the noise sources are uncorrelated, the SNDR is expected to improve o< v/N, where N is
the total number of sensors used to form an ultrasonic image. Thus, an array comprised of
1000 sensors, can get 10dB SNDR benefit, making for >30dB instantaneous SNDR, even at
the highest gain settings. Combined with the gain tunability and operation mode switching
offered by the R; and Ipacs respectively, the goal of >80dB SNDR set in Section 4.1 can
be met. At the same time, it can be seen that the NEP of our implementation is rather
high compared to state of the art, which can be attributed primarily to the high current
noise at the TIA input. This drawback can also be alleviated through increasing the element
count in the array, as well as improving the sensitivity of the detector, since NEP = ot

Sintsphot ’
Improving the detector sensitivity will be discussed in Chapter 6.
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Table 5.2: Comparison with the state of the art
Reference JLT 15 [18] JSSC ’17 [41] | VLSI 19 [36] | This Work
Process [nm)] Custom MEMS 28 SOI 180LV 45 SOI
Transducer MRR CMUT PMUT MRR
Transducer Size [pm] 60 250 250 10
Integration Method Passive Flip-Chip 3-D Direct Monolithic
Transducer BW [MHz| 350 10 5 >30
Delay Resolution [ns] NA 8.33 30 20
NEP [kPa] 0.1 0.12 - 2.4
NEP density [Pa/v/Hz| 0.006 0.037 - 0.48
SNDR [dB] NA 58.91 49.8% 25.511
Channel Reduction Single Sensor 16 2 8
Power / Sense el. [mW] | NA (off-chip 175 154 0.43
Power / Rx el. [mW] detection) ' ' 7.88
Area / Sense el. [mm?| NA (off-chip 0.01
Area / Rx el. [mm?] detection) 0.041 0.023 0.042
t Peak, measured at 64-ch beamformer output, ¥ Peak, T Measured at -6.7dBFS.

5.5 Chapter Summary

Electro-optical MRR-based ultrasound sensing experiments utilizing a fully integrated
electronic-photonic system-on-chip (EPSoC) have been presented in this chapter. Electronic-
photonic packaging has been a non-trivial part of enabling these experiments, since a 5-step
procedure was required before the chip could be incorporated in our measurement setup. A
NEP of 2.4kPa, close to the set target was achieved, combined with a record low area and
a power consumption that is the second best reported in literature. The sensing element
power consumption of 0.43mW, allows integration of >1000 elements in the sensor, meeting
the specification set in Chapter 4.

Ultrasound sensing experiments proving the concepts introduced in Section 4.2 have also
been demonstrated. We have thus showcased the feasibility of real-time 2-D array remoted
optical ultrasound sensing with local channel reduction performed at zero area and power
cost through WDM MRR rows. The sensitivity of the remoted optical ultrasound scheme
has been severely degraded due to the coupling losses coming with in-house alignment of
the fiber blocks. Additionally, a reflection imaging experiment was carried out despite the
moderately low SNDR of 25.5dB at -6.7dBFS. To improve upon this number we need to
lower the input noise floor of our system (i.e. the NEP), while maintaining the same output
swing. One way to achieve this, is through the design of a lower noise AFE in the next
implementation. Another, which will be explored in the next chapter, is to increase the
sensitivity of our sensor.
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Chapter 6

High Sensitivity Architectures

This chapter explores avenues to improve the sensitivity of our EPSoC system in a future
implementation. Three different alternatives, namely coherent sensing, high-QQ MRRs, and
the addition of a sensitivity enhancement membrane are discussed. Coherent sensing takes
advantage of the steeper slope of the phase transfer function of the MRR, while MRRs with
higher ) factors increasing the photonic sensitivity, Spne, have been designed and measured.
Finally, post-processing of the EPSoC to add a membrane that could enhance the interac-
tion of the ultrasound field with the optical mode is a promising option, already successfully
presented in literature with remarkable results [20]. Incorporating these techniques, we antic-
ipate our EPSoC 2.0 implementation to be ~100 times better in terms of sensitivity, making
it competitive with state of the art MRR-based sensors, while retaining the advantages of
high bandwidth, area and power density, and real-time 2-D array interrogation capability.

6.1 Coherent Detection

Using the phase information of the optical EM wave in addition to the amplitude information
in order to enhance the detector sensitivity has been proposed in [117]. The ring assisted
Mach-Zender Interferometer (RAMZI) that will be utilized in this coherent sensing scheme
is shown in Fig. 6.1. An insonified MRR on the sense chip will modulate the input light,
which will then be beat against a phase offset replica of the original laser input using a 2x2
adiabatic coupler. Subtracting the two outputs of the coupler after detection will give us the
desired signal I, s, containing the ultrasound modulation information. Even though Fig. 6.1
shows a single pair of sensor-PD MRRs, this architecture can be extended to a WDM row of
MRRs interrogated by a comb laser, and is also compatible with remoted optical ultrasound
sensing. One such WDM row has been implemented in our first generation EPSoC and its
characterization is pending.

To theoretically understand the expected benefit consider the electric field transfer func-
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Figure 6.1: RAMZI coherent sensing scheme.

tion of an APF ring [69]:

E. a—te 70 -

T T T pimhd) g it 6.1

E, 1-—taei® ¢ e (6.1)
where «, t, ¢, are the single-pass amplitude transmission, self-coupling coefficient, and round-
trip phase-shift of the ring as defined in Section 3.1, and we have defined A, and 6, as the
magnitude and phase of the APF E-field transfer function respectively. The adiabatic coupler
transfer function is:

1 g
Tad: _\/i f ’ (62)
V2 V2

Combining equations 6.1, 6.2, while normalizing with respect to the laser power and PD

responsivity, and neglecting any waveguide losses we get that the sensor output, Is,se, Will
e B |

Isense X = Ar Sin(er - ¢os ) 6.3

o ) (6:3)

*Coupler losses are neglected as well since they equally mix through the adiabatic coupler. Also note,
that the remoted sense-PD MRR pair sensor, has to pay the same penalty of 3x the coupling losses. Laser
forwarding increases the available power at the detector, thus providing additional sensitivity benefit to the
one outlined in this analysis. The exact benefit depends on the exact number of the grating coupler loss.



CHAPTER 6. HIGH SENSITIVITY ARCHITECTURES 87

where ¢, is the phase offset added by the reference arm of the RAMZI. The normalized

sensitivity of this architecture, will thus be:

o _EL-|BP
norm |E0|28¢

= Al sin(0, — ¢os) + A, cos(0, — dos)0,.. (6.4)

For this device to be optimally operated, we need to ensure that for any given pair of A,,
0,., which depend on the self-coupling coefficient ¢, we pick the value of ¢,; that maximizes
Shorm- 10 obtain the optimal ¢, we differentiate S,om once more and get:

C

Gos,opt = O — tan™! <§>, (6.5)

where B= A/ — A,0', C =2A4..

Plugging the value of @5 opt, from Eq. 6.5 into Eq. 6.3 we can compute the Syorm while
sweeping the coupling coefficient of the sensing ring. In Fig. 6.3 we plot the result of that
sweep together with the optimal sensitivity of a simple APF from Fig. 3.2 (d). We can
observe that the difference in peak sensitivity is 30% in agreement to the analysis performed
in [117], and that optimal occurs at critical coupling compared to the half-critical coupling
condition that optimized an APF ring. This extra sensitivity also offers an extra degree of
freedom in our design, since it can alternatively be traded of for power. It has been shown in
[117] that the power circulating in the sensor-MRR of the optimized RAMZI can be reduced
by 25% while maintaining the same sensitivity as an APF sensor-PD MRR.

120 - .

—RAMZI
----- —All Pass MRR

100

30%
80 TS

max

N

60

40

20 ' ' '
0.992 0.994 0.996 0.998 1
Self Coupling ¢

Figure 6.2: Maximum sensitivity vs coupling coefficient of a RAMZI and a single all-pass
sense-MRR showing the superiority of the first.
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Figure 6.3: High-Q MRRs: (a)-(c): Layouts of MRRs with different doping variants (d)-(e):
Corresponding Lorentzians with @)-factors of 6.4k, 17.5k, and 63k respectively.

6.2 High-@Q Rings

Another means of further boosting receiver sensitivity and reducing NEP is the use of higher
quality factor rings. Passive ring resonators with ¢ = 200k have been measured in this
platform. Note that an increase in the ring quality factor translates to a proportional increase
in sensitivity (Eq. 3.11). However, stabilization of these rings is one of the biggest challenges,
since high probing power can cause them to oscillate due to free carrier absorption effects.
Thus, we have experimented with hybrid MRR variants, between the currently used sensor
which has interdigitated p-n doped spokes that deplete the waveguide region of generated
carriers and the passive, high-Q MRRs, to ensure high sensitivity and stable operation are
achieved. The photocurrent collected from the p-n junction can also be used to tune the
ring resonance. The layouts of three ring variants with different doping variants are shown
in Fig. 6.3, along with their measured responses. As a measure of comparison, the )-factors
of the MRRs in our EPSoC demonstration in Chapter 5 was 6k for the PD-MRR ring and
10k for the sensor-MRR, while the @-factor of the improved MRRs was measured to be
more than 60k. Once integrated in the EPSoC 2.0 sensor, these MRRs would increase the
sensitivity up to 10x.

6.3 Sensitivity Enhancement Membrane

Increasing the evanescent field can significantly increase detector sensitivity as shown by
measurement and simulation in this platform for purposes of label-free biosensing [118]. In
order to do so we plan to investigate three different avenues:
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(a)

Controllably etch through the buried oxide (BOX) of the silicon die. This will make sure
that the optical mode is more exposed and any difference in the waveguide thickness
can cause a higher change in the refractive index and consequently a higher resonant
shift. As shown in [118], the sensitivity of dies in this platform is improved by 7x when
a partial, 100nm etch of the BOX is performed.

Coat the exposed waveguides with a polymer type material that will have a Young’s
modulus of ~2GPa [119] compared to the ~64GPa of SiOy [120]. This is expected to
allow for a ~32x higher modulation of the evanescent field than the one currently ob-
served with BOX on top of the silicon waveguides since the BOX thickness modulation
is proportional to the resonant wavelength shift.

Other groups have experimented with 3-D integrating an SiOs membrane on top of the
MRR sensors leaving a tiny air gap in-between [57]. Using the modulation of the air
gap rather than the waveguide height to detect ultrasound is expected in simulation to
increase sensitivity by 2 orders of magnitude compared to the current state-of-the-art
[65]. This method, though expected to have very large sensitivity is also relying on a
mechanical resonance of a membrane and will therefore be susceptible to the sensitivity
bandwidth trade-off existing in the PMUT and CMUT approaches. Nonetheless, it will
have superb sensitivity and all of the benefits of an optical implementation.

6.4 Chapter Summary

Quantifying the sensitivity enhancement techniques above, combining high-@) MRRs in a
coherent sensing scheme, with sensor chips having partially etched BOX could boost sensi-
tivity by up to almost 2 orders of magnitude (up to 1.3 10%7), with zero overhead
in die area and system complexity of the sensor chip and minimal overhead on the
receiver chip. Such an implementation would be on par with current state-of-the-art MRR
based approaches [65] in terms of sensitivity, while maintaining much higher BW. Addition-
ally, adopting the polymer coating or MEMS membrane in generations beyond EPSoC 2.0
could further increase intrinsic sensitivity by 10-100x making for the most sensitive MRR ul-
trasound sensor by today’s standards. It should be noted though that the MEMS membrane
approach is expected to come with BW degradation and increased complexity.
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Chapter 7

Conclusions

In this chapter the key contributions of this thesis will be summarized, followed by future
research directions that can improve upon the shortcomings of this first electronic-photonic
integrated system-on-chip (EPSoC) implementation. Finally, some conclusions regarding
the potential of optical imaging systems in endoscopic and photoacoustic ultrasound will be
drawn.

7.1 Key Contributions

Next generation 3-D endoscopic ultrasound imaging requires high sensor density and ultra-
low power consumption per sensing element to ensure maximum lateral resolution and SNR
are achieved without violating safety regulations regarding probe heat-up inside the body.
This thesis has presented a novel, alternative approach towards building dense ultrasound
beamforming receiver arrays, capable of tackling miniaturized endoscopic probe specifica-
tions. The fabricated EPSoC uses microring resonator ultrasound sensors instead of the
traditional piezoelectric or capacitive micromachined ultrasound transducers. This work has
outlined the process of building a proof-of-concept electronic-photonic SoC, focusing on mul-
tiple system aspects from platform choice and device operation to circuit design and system
architecture.
The main contributions of this thesis can be organized as follows:

e The fundamental transduction mechanisms involved in optical MRR-based ultrasound
sensing have been analyzed, and sensitivity metrics to evaluate the performance of
MRR ultrasound sensors have been introduced. Among waveguide deformation, ring
elongation and opto-elastic modulation, preliminary experimental results and theoret-
ical analysis have shown the first effect to dominate the MRR response.

e The design procedure for the implementation of a first-of-its-kind EPSoC that will be
able to meet the stringent power, area, NEP, and DR specifications of miniaturized
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endoscopes has been outlined. This was achieved through a combination of architec-
tural and circuit design choices. On the system architecture side, a dual-chip sensor
receiver scheme has been chosen to enable dense, low power 2-D sensor arrays. On the
circuit design side, a mixed-signal block comprised of a resistive feedback TIA with
programmable gain was employed to achieve low N EP, and high overall sensitivity,
with moderate DR. Additionally, an on-chip digital resonance tuning controller was
designed to enable WDM ultrasound sensing. A methodology for the co-integration
of electronics and photonics in our zero-change monolithic process has also been pre-
sented.

e Demonstration of optical ultrasound sensing in both remoted sensor-receiver and real-
time multi-ring WDM modes has been carried out. These experiments have proven
the feasibility of a dense, low power 2-D multi-MRR array based on a dual-chip sensor-
receiver architecture. A single sensor cell using a PD-MRR detector has also been
characterized, verifying the target NEP is met, and accomplishing competitive sen-
sitivity in terms of [mV /kPa]. The moderately low SNDR can be offset by averaging
the responses of the multiple sensing elements in the beamforming array.

e Avenues towards improving the sensitivity of this first generation EPSoC have been
proposed and theoretically analyzed. Using coherent ultrasound sensing, and optimiz-
ing the Q-factors of the MRRs, combined with a partial etch of the buried oxide can
lead to a two orders of magnitude boost of the currently measured system sensitivity.

In summary, we have demonstrated the first optical ultrasound receiver array based on
MRRs that is fully integrated with receiver circuitry on the same die. The high area and
power efficiency it achieves, prove MRR-based ultrasound reception using a dual-chip sense-
RX architecture to be a competitive alternative for modern endoscopic applications.

7.2 Future Directions

Given that this is the first implementation of a fully integrated EPSoC there are still plenty
of research directions to explore in future realizations of this optical MRR-based ultrasound
imaging system. The most impactful ones are listed below:

e Increased Sensitivity Schemes: Incorporating the sensitivity enhancement tech-
niques discussed in Chapter 6, in our EPSoC 2.0 implementation will have a tremen-
dous impact on the sensitivity of the system. Also, given that shot noise at the TIA
input is the dominant noise source, increasing the sensitivity will not affect the output
referred noise, thus proportionally reducing the NEP. A two orders of magnitude
improvement in the NEP would bring it in the Pa range, in par with the current
state-of-the-art MRR sensors.
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e Lower Noise & Higher Dynamic Range Receiver: On-chip averaging is a tech-
nique that can be used to lower thermal noise impact. This can be achieved by running
the ADC at a higher rate, while decoupling the rate of the ADC from that of the serial-
ized output. A more sophisticated on-chip clock distribution scheme that will include
multiplexing can be used for that purpose.

Additionally, replacing the resistive feedback TTA with capacitive feedback topologies
[102, 103] can potentially increase the DR of our receiver, at the expense of additional
area. This area penalty can be afforded due to the remote nature of the receiver.

e Increased Sensor Density: Figure 7.1 shows the layout of a denser, 128-element
2-D array comprised of high-(Q) sensing rings spaced at a 50um pitch. Since the first
EPSoC was meant to be a proof of concept, the same mixed-signal block is used
to interface with both the sense and PD MRRs, in order to streamline the design,
constraining the pitch to 220um. In future implementations, however, the sensing chip
only requires the thermal tuning circuitry and the sense MRR which, in EPSoC 1.0,
take up < 0.01lmm? of area. Here, a somewhat conservative pitch of 50um (resulting in
0.0025mm? sensing element area) is selected to make sure that there is no thermal cross-
talk between adjacent sensing rings. This layout is generated using the python-based
Berkeley Photonic Generator (BPG) [72], an open-source photonic design framework
developed by our group, which allows quick iteration and flexibility at design time.

il
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Figure 7.1: (a) Compact BPG generated layout with 50um MRR pitch, corresponding to %
of 15MHz ultrasonic signals and a record low sensing element area of 0.025mm?; (b) Field-
of-view vs ultrasound frequency.
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With respect to beamforming, reducing the sensor pitch comes with the benefit of
improved field of view. Fig. 7.1 (b), illustrates that the proposed denser array can
steer the beam across entire hemisphere for frequencies up to 15MHz compared to the
3.4MHz of the current implementation. Thus, the proposed denser array is expected
to significantly improve the axial resolution due to the ability to fully steer the beam
at much higher frequencies.

With respect to noise, averaging the responses of N array elements will lead to an
improvement o< N given the white profile of the dominant noise sources.

e Photoacoustic Imaging: Photoacoustic (PA) imaging has been gaining popularity
in the fields of vascular biology, oncology, dermatology, ophthalmology and cardiology
with applications ranging from breast cancer screening, and interventional cardiac
procedures, to monitoring of metabolic and genetic functions. This technique uses
optically generated ultrasonic waves to form an image and takes advantage of the
absorption coefficient gradient in the object imaged [121, 122, 123]. In the case of cancer
this can be healthy and cancerous tissue, in the case of genetic process monitoring it
can be different biomolecules. Compared to purely optical techniques, PA imaging
has the advantage that it receives the much less scattered acoustic waves, so it can
penetrate deeper into tissue. It is also ideally suited to image evolving breast cancer
where micro-vascularization and high blood concentration is a characteristic trait, and
therefore, big optical absorption contrast between regular tissue and cancerous tissue
is expected. Consequently, malignancies can be detected by direct measurements of
hemoglobin concentration and blood oxygenation. This method is minimally invasive
since the patients are not exposed to radiation or injected with contrast agents [124,
125]. The development of an optical ultrasound receiver will be very useful for this
application for several reasons: a) the bandwidth of interest in PA imaging is usually
in the hundreds of MHz which requires multiple piezo-electric transducers of different
central frequencies to be combined, b) increased sensitivity is particularly useful for
PA imaging receivers since the attenuation of ultrasound is proportional to # and
as we move to higher bandwidth and higher axial resolutions the received signal is
expected to be significantly lower, ¢) it greatly simplifies the system by getting rid of
all electrical connections and interfaces that the conventional receivers need.

e Multi-Modal All-Optical Ultrasound: The next natural step to investigate is
combining PA imaging with traditional ultrasound and exploiting the benefits of both
modalities to render a high-quality 3-D volumetric image. Since ultrasonic imaging
can capture structural details and has higher imaging depth, it can enhance the PA
based image which will use the high optical absorption contrast to capture the finer
features. Omne proposed way to achieve this multi-modal imaging is through the use
of a dichroic filter that absorbs in a certain wavelength and is transparent at another
one [74]. Using two separate pulsed laser sources in each mode can enable switching
between conventional ultrasound and photoacoustics. Working towards that direction,
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improved efficiency photoacoustic ultrasound generation has been demonstrated in the
past decade with two parameters being the key: a) use of materials with strong optical
absorption, high thermal conductivity, and low optical reflectivity, and b) design the
film thickness to equal the optical absorption length [126, 127, 128]. In [126] ultrasonic
pulses of ~12MPa peak-peak have been generated using carbon nanofibers coated with
a PDMS thin film under a laser fluence of 3.71mJ/cm?. Integrating that technology in
a transmitter with a 250x250um? aperture and a 1kHz pulse repetition rate, 12MPa
ultrasound pulses can be generated while dissipating only 2.3mW. Combining such
a transmitter pressure range with a receiver achieving NEP in the Pa range, would
allow an imaging depth of > 5cm for 5MHz ultrasonic pulses (given that ultrasound
attenuation in tissue is approximately 1dB/(MHz-cm)). We believe that MRR-based
receiver arrays, 3-D integrated with efficient PA ultrasound generation structures in
implementations beyond EPSoC 2.0 will be great candidates for next-generation all-
optical multi-modal ultrasound imaging probes, targeting endoscopic and whole-body
POC imaging applications alike.

7.3 Conclusions

In conclusion, this thesis has demonstrated the feasibility of using optical MRR sensor arrays
in high density and ultra-low power ultrasound imaging systems. Such systems are suitable
for both endoscopic and photoacoustic imaging environments, where the conventional ultra-
sound transducer technologies are facing insurmountable obstacles in terms of area, power,
and congestion of electrical interconnects. Moving ultrasound sensing from the electrical to
the optical domain, allows utilization of miniaturized, sensitive detectors that can be ele-
gantly interfaced with the image processing units through optic fiber bundles. Additionally,
the use of a commercially available CMOS process, enables co-integration of the sensors with
CMOS receiver circuitry on a single chip solution, compatible with POC diagnostic stan-
dards. A first prototype of this research vision has been successfully demonstrated, paving
the path towards a portable and compact ultrasonic probe that would constitute a vital tool
in the treatment of very important diseases.
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