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ABSTRACT

The Design and the Implementation of a Wearable Medical Ultrasonic
Transceiver for Bladder Volume Monitoring
ézgﬁr Deniz Temel
Master of Science in Electrical and Electronics Engineering
August 16, 2023

The manuscript presents an innovative solution for continuous bladder volume mon-
itoring outside hospital settings, through a wireless and fully integrated ultrasonic
transceiver. The challenges encountered during the design, engineering, and real-
ization of the device have been comprehensively discussed, along with the results
that fall into the performance metrics to provide such an health tracking service.
The device comprises multiple ultrasonic transducers for A-mode ultrasonic mea-
surements, and the raw data collected from them are processed on different media.
The proposed device completes a full loop of bladder volume detection to a visual-
ization on a patient’s smartphone, promising accurate and continuous measurement
of bladder volume for the first time. The study’s in-vitro and in-vivo tests demon-
strate the device’s reliability and accuracy, indicating its potential for diagnosing
and managing lower urinary tract dysfunctions (LUTD). The device’s wireless and
non-invasive nature makes it a convenient and accessible option for patients and the
healthcare providers, representing a significant step towards improving the quality
of life for individuals with LUTD. The manuscript also highlights the potential of
wearable technology in healthcare, and the development of this device could pave

the way for further advancements in this field.
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OZETCE

Mesane Hacmi Takibi i¢in Giyilebilir Tibbi Ultrasonik Alici-Vericinin
Tasarimi ve Uygulanmasi
ézgﬁr Deniz Temel
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
16 Agustos 2023

Tgbu tez kapsaminda, hastane dig1 ortamlarda kesintisiz bicimde idrar kesesi hacmi
takibi i¢in yenilik¢i bir ¢oziim sunan kablosuz bir entegre ultrasonik cihazi sunulmustur.
Cihazin tasarimi, mithendisligi ve gergeklestirilmesi sirasinda karsilagilan zorluk-
lar, ¢oztimleri ve boylesi bir saglik servisini hayata gecirmek i¢in agilan performans
yeterlilikleri kapsamli bir sekilde tartigilmistir. Cihaz, A-modlu ultrasonik olgiimler
i¢in birkag ultrasonik cevirici ile iletigim halinde bulunur ve idrar kesesi hacmini tah-
min etmek i¢in bu geviricilerden toplanan veriler farkli alanlarda iglenir. Sunulan
cihaz, idrar kesesi hacmi tetkikini, iglenmemis veriden bir hastanin akilli telefonun-
dan takip edebilecegi sekilde gorsellestirmeye kadar tiim gerekli isaret islemelerini
yapar ve idrar kesesi hacminin dogru ve stirekli ol¢giimiinii ile bu alanda bir ilk olma
niteligi tagir. In-vitro ve in-vivo testlerinde yapilan ¢aligmalar cihazin giivenilirligini
ve sonuclarin dogrulugunu ortaya koyar ve bircok alt idrar yolu bozukluklarinin
tanisinda ve tedavisinde oldukca 6nemli bir rol oynayan, mesane hacmi bilgisinin
en kolay bigimde saglik personeli ve hastaya ulastirilmasi konusundaki potansiyelini
gosterir. Cihazin kablosuz ve viicut ic¢i bir uygulama gerektirmeyen yapisi, hasta-
lar ve saglik hizmeti saglayicilar: i¢in uygun ve erigilebilir bir secenek sunar ve bu
hastaliklara sahip bireylerin yagsam kalitesini iyilestirmeye yonelik onemli bir adimi
temsil eder. Tez, ayrica saglikta giyilebilir teknolojinin geligmekte oldugunu ve bu

cihazin gelistirilmesi ile bu alandaki potensiyeli vurgulamaktadir.
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Chapter 1

INTRODUCTION

Lower urinary tract dysfunctions (LUTD) refer to a group of conditions that
affect the bladder and urethra, leading to storage and voiding dysfunction [1]. Stor-
age dysfunction includes conditions like overactive bladder, urinary incontinence,
and nocturia, whereas voiding dysfunction includes conditions like urinary reten-
tion and urinary obstruction. LUTD is a common problem affecting an estimated
2.3 billion people globally in 2018, a number that is increasing, the primary reason
being the population aging [2]. The most common causes of LUTD include benign
prostate hyperplasia (BPH), neurological disorders like multiple sclerosis and spinal
cord injury, and pelvic organ prolapse [3-5]. The mentioned conditions significantly
impact a person’s quality of life, causing discomfort, pain, and in some cases, se-
vere health complications. For instance, BPH-LUTD alone was estimated to have a
global economic burden of over 73 billion in 2019 [6]. In the United States, Medicare
spent over 1.5 billion on related services in 2013 [7]. Given the substantial impact
of LUTD, effective prevention, diagnosis, and treatment strategies are crucial in
managing this common condition.

Lower urinary tract dysfunction (LUTD) typically stems from issues during blad-
der filling and emptying, making bladder volume monitoring a vital tool for eval-
uating bladder function [8]. Currently, doctors rely on ultrasound imaging of the
bladder as a quick and harmless method to estimate bladder volume and determine
post-void residual volume [9]. However, the urodynamic studies that revolve around
catheterization and cystometry provide the most accurate measurement of bladder
volume, but their invasiveness limits their use to non-routine examinations [10]. For

out-of-hospital monitoring, patients use urinary diaries and questionnaires to pro-
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vide information on micturition frequency and volume [11]. Although research has
developed implantable sensors [12-16], these invasive devices may only be suitable
for patients with severe symptoms in the future [10]. Though a patient with such
severe symptoms might really benefit from utilizing the discussed devices, as shown
in Fig. 1.1, the implants typically require a serious medical operation for the assem-
bly of the device in the human body, along with bio-compatibility issues that might
arise during the treatment period. Regardless of the implanted device, whether us-
ing a sensor [12] that is wirelessly excited or the system as a whole to regulate the
bladder itself [13], invasive devices are improper choices for the goal of a continuous
and comfortable real-time measurements. In short, given the importance of bladder
volume monitoring along with the limitations of patient-filled diaries as well as the
motivation to refrain from under-the-skin solutions, there is a need for accurate,

continuous, and non-invasive technologies to monitor bladder volume [15].
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Figure 1.1: An invasive optoelectronic system for optogenetic modulation of bladder

function [13]

In order to address LUTD, a great endeavor has been put to expand the wear-
able devices that can monitor the degree of bladder filling. Three commercial wear-
able devices, namely Dfree, Novioscan, and Lilium, have been pioneering the field
to achieve this objective [17-19]. Though these devices achieve a tremendous job
making bladder volume detection accessible, because they rely on signals from the
anterior and posterior walls of the bladder to quantify the degree of bladder filling,

in spite of being useful in alerting users when their bladders are full, they are not
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designed for accurate and continuous bladder volume measurement [20-22]. As it
has been advertised in [18], which has been illustrated in Fig. 1.2, the corresponding
device in the market is useful in the context of estimating the bladder filling, not ac-
tually providing an accurate volume detection for the prescription. For that reason,
the target communities of these products are kids and elderly citizens, the age group
in which lower urinal filling sensing is much more common than the other age groups.
In addition, these devices suffer from reliability issues and require ultrasound gel for
proper signal transmission [23,24]. Recently, there have been studies that reported
improved accuracy to address such needs for continuous bladder volume measure-
ment. However, the downside of these studies is that they either incorporate bulky
electronics subsystems or lack such systems completely [25-29]. Other methods
reported in literature include electrical impedance analysis and near-infrared spec-
troscopy [30-36]. These methods could provide preventative insights, but they are
indirect and only suitable for coarse estimations of bladder volume just like their
previously discussed commercialized counterparts, mainly due to their low speci-
ficity, proneness to motion artifacts, and urine properties [37,38]. As a result, none

of these devices are suitable for accurate and continuous bladder volume monitoring.

Figure 1.2: Commercial bladder filling detector by [18]

All the reported studies with the target of measuring bladder filling, that process
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ultrasound signals in tiny estates, have proven to be an efficient and convenient al-
ternative solution to current medical treatments while paving the way for the more
advanced ones [39]. The advantage of monitoring ultrasounds such as relatively low
processing frequencies and non-invasiveness makes them an appealing tool to enable
new ways of medical treatment. In a recent study [40], utilizing the Doppler effect
in the moving objects, ultrasound waves have been used to scan the moving parti-
cles in the deep while a machine learning module helps identify several parameters
including central blood pressure, heart rate, and cardiac output, for as long as 12
hours. Similarly, as the fabrication, circuit design, and various learning models in
artificial intelligence displays rapid advancement over the past few years, the utiliza-
tion of these tools happen to have a prime effect on the processing of the ultrasound
signals, particularly in medicine [41-43]. For all the discussed reasons, with the
new advanced toolset that may accompany the ultrasound waves in medicine, such
as deep learning, analog/digital circuit design, and advanced fabrication methods,
wearable ultrasound devices has the potential to provide the most convenient health-
care. Given that the combination of all these tools has already begun to enable more
accurate and comfortable healthcare, it has become ever so important to contribute
to the area to enable new methods of prescription or improve the existing ones.

In order to revolutionize the medical tracking services with the developing tech-
nology, considerable research has been published in recent years, that is specific
to the field of wearable ultrasonic transducers, along with the hardware and soft-
ware developments that boost the utilization of such waves, [44-49]. Though the
mentioned studies contribute to creating a new dimension in healthcare, reported
devices are usually made up of ultrasonic transducers that necessitate bench-top
electronics, making it challenging for the patients to receive healthcare outside the
hospital settings. As illustrated in Fig. 1.3, although the ultrasound transducers that
have been fabricated on a flexible layer, in a phased array configuration is a very
promising devices in terms of the transmission accuracy and conformability over the
human skin [45], the scenario to realize a single measurement requires a very bulky
setup, which makes the transducer to be utilized real-time impossible. In a very

similar study, where ultrasound imaging of the cardiac has been discussed over the
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transducers that have been designed and fabricated for the measurement both in
motion and standing still, in spite of the displayed prime transducer performance,

the system suffers severely from the integrability, as illustrated in Fig. 1.4.

connection
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actuating unit

Figure 1.3: Central blood pressure monitoring transducer electronics setup in [46]

In this context, the current devices that are offered both in the market and
in the literature suffer from several issues. The existing solutions in the market
are convenient, packed, and off the grid, yet they severely lack the ability to accu-
rately quantize the bladder volume and only output an estimate of the degree of
the filling [17-19]. The studies that address the accuracy concerns have developed
quite advanced transducers that are also conformable, however, they require a very
bulky bench-top electronics system in order to fully utilize the performance of the
devices that had been developed. The last group of the studies has an invasive
approach, however, for continuous and comfortable tracking of the bladder volume
their medical complexities, and bio-compatibility concerns, they become the abso-
lute no choice. For the reasons listed, the device introduced in this manuscript points
to all the design aspects that the current solutions both in the market and the litera-
ture fail to provide, also combining accuracy, continuity, and non-invasiveness within
a single design. The proposed device is a wireless and fully integrated ultrasonic
transceiver that is embedded with a flexible ultrasonic transducer that enables con-

tinuous bladder volume monitoring outside hospital settings. The device comprises
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Figure 1.4: Cardiac imaging transducer electronics setup in [47]

several ultrasonic transducers for A-mode ultrasonic measurements and a spheri-
cal fitting algorithm for estimating bladder volume, enabling wireless, non-invasive,
and precise measurement of bladder volume. While the air-backed design of the
ultrasonic transducers makes gel-free measurements possible for people of all ages,
an efficient time-of-flight-based measurement avoids the typically intricate compu-
tations associated with ultrasonic imaging, allowing the integration of miniaturized
electronics for a wearable ultrasonic monitoring system. The whole electronic archi-
tecture had been designed and engineered in order to yield the optimum performance
for an accurate measurement and realized on a printed circuit board that has been
manufactured and tested in the lab environment. The target use case of the device
has also been demonstrated, that is connecting the device to a mobile phone via
Bluetooth so that bladder volume measurements can be monitored continuously.
The performance merits of our device were demonstrated through wireless in-vitro
operation in an acoustic setup, along with the wireless in-vivo tests on three healthy
young volunteers in order to best mimic the real operation use case of the proposed

device.
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Given the variety of LUTDs, bladder volume levels being the common indicator
of them, the severity of the diseases, along with the challenges in the development
of an off-the-grid device; a wearable bladder volume tracking device should pose as
an essential tool in the future medicine. The device to alleviate such needs has been
presented in this manuscript in the following outline: the first chapter introduces
the reader to the issue and presents the motivation and the challenges briefly, the
second chapter scans through various designs in the literature, judging these designs
in terms of the performance as well as the fracturing the problem into achievable
engineering specs, the third chapter explains the design steps, the production steps,
the test setups as well as the final results on the electronics bench, as well as some

in-vivo results on healthy patients.
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Chapter 2

SYSTEM LEVEL DESIGN OF THE DRIVER AND THE
READ-OUT

The development of a bladder volume detection device roots its motivation in the
severity of the LUTDs and how impactful this method is in addressing this group of
diseases. The development of such a device device is a product of collaborative effort
from various disciplines. The device as an entire system includes careful designs in
terms of the mechanics and acoustics, that serve for a transducer to yield the best
performance, as well as a solid supervision of a medical expert is required to examine
and judge the results for the most effective prescription, though this currently is
at a premature stage to expand the research to. Hence, researchers with various
backgrounds are responsible for the solutions for the device from various aspects,
which cannot be limited to the mentioned ones only. However, all the developments
in the non-electronic areas depend on a reliable electronic design to be meaningful.
Therefore to examine the electronics designs in better detail they have also been
grouped into different sub-disciplines. The problem of regulating the transducer has
three main concerns to be resolved, the driving circuit, the read-out circuit, and the

software-related tasks.

2.1 Ultrasonic Transducers

In all the different stages of the design, the transducer performance has been shown
to be the performance limiting factor. This led most of the system specs to have
been defined around the transducer performance. Therefore, in order to analyze the
system the best, it is crucial to address the transducer first. Although the transducer
is a very broad term, it usually corresponds to the devices or tools that convert

the energy from a given form to another [50]. In this project, it is an ultrasonic
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transducer, that senses ultrasounds in the environment [51] and accumulates this
energy into an electronic charge [52], which is then released into the attached circuit
component afterward. All are owed to the phenomenon called piezoelectricity [53].
The transducer under test has a bipolar operation, that is, the same device can be
driven with alternating electrical signals to generate mechanical stress, as well as
sense mechanical stress to generate such electrical signals. Hence a single device is
sufficient for the control.

The measurement technique is another issue related to the transducer, certainly.
Various measurement techniques are available and have been in practical use. For
example, utilizing the Doppler effect, comparing the amount of the frequency shift
of the received signal in a moving environment to the frequency of the excitation
signal, one can detect the distance of the object, where the ultrasounds emitted from
the source bounces back to the receiver [54]. However, as the operation frequencies
elevate, the Doppler shift observed become relatively smaller, which makes the sig-
nal detection ever so challenging, as seen in Fig. 2.1. On top of that, ambient noise
becomes much more relevant as higher-frequency noises interfere with the spectrum
in which the ultrasonic transducers operate. Plus, the bladder volume is a static
parameter, that is the amount of urine does not vary during a single measurement
cycle. For all the reasons discussed, the measurement technique that fits our appli-
cation is the time of flight method. The principle is simple and effective, the time
between the excitation and the sensing is recorded, which is then used to determine
the distance of the object [55], given that the characteristics of the media that the
ultrasounds radiate are known.

For all the data collected from the device to be processable as discussed, the
received signal has to have high SNR. The primary contributor to a good SNR is
the driver indeed. In order to assess the severity of such a concern, the transducers
that have been fabricated in our research group have been tested in a pulse-echo
experiment, as it had been chosen as the primary method of data acquisition. For
the experiment, a single transducer was submerged into a tank filled with deionized
water, where the transducer was positioned to face the wall of the water tank. The

transducer is excited with a five consecutive burst of pulses with £5V amplitude.
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Figure 2.1: Ultrasound patch transducer frequency response

Once the burst is over, the echo signal is routed to the oscilloscope using a diplexer,
which has been triggered by the waveform generator that excites the transducer,
and the transient in Fig. 2.2 was recorded. It can easily be seen that the ultrasound
waves travel back and forth the water tank, and each round of trip has been sensed
by the transducer. Though the received signal is somewhat above the noise level,
the amplitude is quite insufficient to be sensed by an amplifier. For that reason, the
excitation pulses are required to be at higher voltages in order to receive an echo
that is sufficiently above the noise floor to be processed.

The ultimate objective of a bladder volume measurement is to extract a 3D view
of the bladder so that an accurate estimation could be made. Phased arrays are a
very efficient tool to achieve that, which finds use in military, commercial electronics,
as well as in medicine. In a reference design, phased arrays of ultrasound transducers
are organized to capture a 3D cardiac image [56]. A similar setup is utilized for
another medical application, that is to capture the skull, along with a correction
technique to make the detection irrelevant from the skull thickness [57]. In order to
realize a similar operation, an array of four transducers was employed, all located

nearby to target the bladder at different angles. All are sequentially excited within
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Figure 2.2: Single channel echo transient

a period that is determined to be the repetition rate, in order to prevent any cross-
talk between the transducers. The collected data is later fed into a spherical fitting
algorithm to estimate the volume.

Taking all the points above into account, the system in Fig. 2.3 has been built
to achieve the desired operation. The excitation signals are generated by program-
ming an onboard DSP that is fed into the main driver circuit, where the pulses are
conditioned for the transducers. In order to measure the distance reliably with the
explained method, each transducer is excited at a rate of 2.5 seconds for a duration
of 10 seconds, then the next transducer is excited in the same manner. As coarsely
illustrated in Fig. 2.4, a single cycle of measurement was completed within 40 sec-
onds, consequently. The echoes received from the transducers have been selectively
directed into the receiver chain according to the described organization. The last
but not the least, in order to achieve an off-grid application, various power domains
demanded from each block are generated on the same platform. Each block has its
own design challenges, therefore each has been discussed in its relative subsections.
Nevertheless, one important milestone is to be able to drive the transducers prop-
erly, so that the rest of the circuitry receives a meaningful signal to with, for which

the next subsection introduces the issues and our solutions for a design of a driver.
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2.2 Driver

The driver is the main block that is responsible for leading the transducer into
the action, usually providing an alternating signal to it. Being referred to as the
digital front end of the entire system, the driver usually is a compound of various
circuits including the components for the control and the sequencing of the pulses,
the level shifters that condition these pulses as well as an inverter chain for the
final step before the excitation signal arrives at the transducers. All the mentioned
circuit types are typically categorized as digital circuits, where signals are processed
in two terms as low and high. To illustrate the implementation, in [58] an analog
front end (AFE) has been implemented in a single die, consisting of a sequencer
that organizes the output pin selection as well as pulse generation over the level
shifters, to be used for driving an ultrasound transducer for deep tissue monitoring.
Further illustration has also been demonstrated under [59,60] for similar bio-medical
applications. The bottom line is that various studies that are recent in this field,
utilize an architecture, that is quite similar in terms of the top-level design. In
addition to these circuits, there is an auxiliary group of circuits that play a crucial
role in the operation of the driver circuit, that is the power management. Yet in
this section, it was assumed that the power management is handled ideally and the
driver circuit receives noise-free and ripple-free supplies with sufficiently high load
regulation capabilities. The function of the first block is a digital signal processing
(DSP) block, which is commonly implemented outside the driver package, that is as
a standalone chip. For a DSP module, either microcontrollers or field-programmable
gate arrays (FPGAs) are quite popularly utilized. Owing to the internal oscillators
and phase-locked loops in these DSP blocks, it is possible to generate time-accurate
and jitter-free signals, and sequence multiples of them to drive more than a single
output in a given timeframe. The digital signals generated in a DSP module have
to be operational up to the frequencies that the transducers are operating, which
in the framework of the project, is determined to be 2M H z based on the frequency
analysis performed in Fig. 2.1. This range of frequency is what most DSPs on the

shelf are easily compatible with. The conditioned digital signals arrive at a level
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shifter as the next step. The primary objective is to elevate the voltage level of the
incoming signal when the signal is in the high state, and if required to adjust the
voltage level during the low state. This circuit achieves this operation by separating
the power domains of the input and the output signals, during the conversion. Once
the AC signal is elevated to a larger peak-to-peak voltage, the signal is buffered
through a chain of inverter stages, in order to improve the transition times between
the logic high and the logic low states. With more inverters that the level-shifted
signal passes through, shorter transition times are achieved, yet comes with a cost
of a larger area, and larger currents that may cause the components to burn. High
voltage circuit design strategies are heavily employed in the efforts of developing
such parts, in order to ensure safe and reliable operation under extreme supplies
that a standard CMOS process usually cannot handle and break down. The level
shifters and the inverters circuit are usually internal to the driver circuits, as they
usually require less chip estate and can be implemented in multiple channels.
Given that circuit architectures and design perspectives are involved in many
integrated circuits, few of them on the shelf are promising in terms of their ap-
plications and the specs they promise. MAX14808 has been employed in the final
version of the design. The mentioned integrated circuit has many functions inside
that have been found to be the most appropriate for our application. To illustrate
a few, MAX14808 is a very compact chip in a 10mm X 10mm QFN package, comes
with various modes of operations, and as in Fig 2.5 employs an internal digital block
to sample and sequence the incoming pulses [61]. The component also operates in
8 different channels, each having its respective input, enabling our system to inte-
grate multiple transducers for 3D bladder measurements. MAX14808 also ensures
proper ESD integration though it operates up to £100V. The careful ESD design
makes the output signal less sensitive to the stray inductances on the PCB, which
can easily climb up to a few nH. This provides not only a reliable output, but
also a less noisy ground, and enhances the reliability of the internal high-voltage
switches. Finally, the driver operation is configured via an on-board STM32 mi-
crocontroller from STMicroelectronics [62], that sequences the pulses sent to the

MAX14808 driver, along with a reference clock generated by STM32 that is used to
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sample the input pulses within the driver. All the concerns above constitute an out-
put signal in Fig. 2.3, which illustrates a single channel of the MAX14808, verified
on the bench.

—_— 2 CHANMELE

Figure 2.5: MAX14808 pulser top level schematic

When it comes to the application of such high-voltage chips as MAX14808, there
are a few concerns that require attention during the PCB design. The pins that are
meant to carry currents on the order of amperes have to be addressed and have to be
designed to have thicker routes to meet the high current capability requirements. On
top of that, what has also been done on the board is to place ceramic caps, that are
able to support the voltage ratings required on their respective power rails. As it is
also a very good practice to employ both local and remote decoupling caps, namely
one in proximity to the PCB pin and one in proximity to the chip’s pin for a power
rail. This way, the high-frequency resonances caused by the stray inductance and
the caps along the rail are significantly dampened. All the mentioned design tricks
have been addressed as in Fig. 2.6. Though the MAX14808 covers a significant
board estate, the board’s floorplan ensures that this chip has the outputs facing

outwards the board, the supplies, and the ground on the north of the board to ease
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the bench work. The last crucial design aspect is to separate the high voltage and
the low voltage grounds, that is isolating the driver’s ground, although MAX14808 is
observed to have an astonishingly silent ground during a single switching activity. All
the other components on the board share a common ground, as all operate on a much
lower voltage domain. For the PCB design of the other driver component, that is
the STM32 microcontroller, the layout design required less engineering and tuning,
rather than following the guidelines that the evaluation board of the same chip
provides in the component documentation. The layout design of the microcontroller
in the end involves a few decoupling capacitors, some pins to be configured with
pull-up or pull-down resistors along with implementing the patch antenna as well as
its matching circuit on board, which occupies a significantly less board estate.

In a nutshell, in order to boost the power of the echo signal, the transducer has
the be driven at higher voltages, which are not as compatible with the standard
CMOS chips as additional process steps and reliability concerns are required during
the production of these chips, as well as an extended design perspective for their
safe application, which also improves the performance of the circuits the operate in
a lower voltage domain, which is discussed in the following subsections. In spite of
all efforts involved in the handling of such circuits, the echo signal still possesses
a limited SNR, which necessitates a careful receiver design. The following section
introduces the issues in the analog processing of the echo signal as well as the

solutions developed for them.

2.3 Receiver

The receiver circuit as a whole is the primary front end where the echo signals arrive
on the board. Although the core of the receiver circuit is the main design target,
it is not actually the first stop that the echo signals visit on the board. Following
the transducers, that sense the ambient ultrasound echo and convert them to the
electrical signals, they are first fed into the output of the MAX14808 back, where the
internal transmitter/receiver switch reroutes the signal by breaking the connection

of the internal circuit from this output pin and turning on a new connection to
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another pin of the chip as in Fig. 2.5. The control of this switch is also included
in the main sequencing that has been implemented in the microcontroller, as each
channel possesses it. Once the echo is directed toward the receiver pin in MAX14808,
the signal arrives at a selection stage. The selection stage is a single 3-bit dual analog
multiplexer. The component used is DG408 which is composed of 8 different switches
that short the input signal to the chip’s output based on the selection signal that
is encoded into the circuit. The selection of these switches is achieved with the
same control signal that programs the transmitter /receiver switches in each channel
in the MAX14808. The switches inside DG408 display a very low on-resistance of
1002 maximum and minimal leakage current of 5nA so that the signal is transferred
almost without any loss while maintaining a rail-to-rail pass-through [63]. If it
was not for this selection stage, each channel had to have its own receiver circuit,
which would have caused an extremely large board area, along with a much higher
BOM. Without both of these points would have made the board impossible to be
integrated into an almost-mobile phone area, and have increased the price of a single
part essentially. The signal trespassing the so-called selection stage, the echo finally
arrives at an amplifier stage. At this stage, the signal amplitude is tuned to be
compatible with the processable levels. This stage is composed of two cascaded low-
noise OPAMPs configured in an inverting configuration. The component OPA357
has been specifically hired for this application owing to its low internal noise and
high bandwidth of 100M H z in open loop and 250 M H z in unity gain configurations
[64]. Other benefits of this product compared to its competitors are the rail-to-rail
operation and operating under 3.3V to 5V supply, being compatible with many of
the components on the board. In order to achieve proper amplification, each stage
displays a 10-magnitude gain. A single stage with 100 gain has been specifically
avoided, and two primary reasons can be described as the following: dividing the
gain into two cascaded stages push the bandwidth even further, also in the inverting
configuration, such a high gain disturbs the DC bias points of the circuit. Due to
its superior bandwidth, the higher harmonics of the echo signal that are collected
from the environment are also amplified to some extent. In order to eliminate

these higher harmonics, each stage is followed by a low pass filter. Once the echo
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amplitude is raised higher, it was digitized using an ADC, so that it can be processed
in the microcontroller. Owing to the nature of the measurement method, that is
time of flight, we only need to know the time point when the echo signal arrives.
Therefore using a comparator circuit, the incoming signal is converted into pulses.
The component selected is MAX941, which promises a very low quiescent current of
350, quite low input offset of 1mV, and rail-to-rail operation [65]. However, as seen
in Fig 7?7, the transients of the output of the amplifiers are still chattering owing
to the crowded noise content in the incoming echo. To suppress that, an external
hysteresis of approximately 0.8V is added to the threshold of the comparator with a
conventional method explained in [66]. The circuit is set up as in Fig 2.7, and given
that the nominal threshold is set to 2.5V, the falling edge threshold was decreased to
2.5V x 20K/ (20KQ||60KQ2) ~ 2.14V, and the rising edge threshold was increased
to 2.5V x (20KQ||60K€2) / 20K ~ 2.85V. Note that the mentioned technique is
applied at the positive input of the non-inverting comparator, displaying a positive
feedback effect. Such described engineering on the receiver circuit completes the
measurement loop, namely along with the points addressed in 2.2 the excitation
pulse generated in the microcontroller arrives back at the microcontroller, having

collected the information of the bladder along the way.

Figure 2.7: Comparator hysteresis
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2.4 Power Management

The bladder volume detection board is the combination of various circuits in terms of
their targets and design perspectives as explained in the previous sections. Although
such a system with such different power requirements has been tried to be designed to
have similar supply voltages, there are some circuits that violate the common voltage
supply that is provided to the board, which is 5. On the driver side, though the
STM32 microcontroller operates under 3.3V [62], the pulser chip MAX14808 has
many different voltages that need to be supplied. The internal pulse generator
circuit requires 3.3V just like STM32, while the pre-drivers operate between 5V and
—5V, and the pass devices (the output inverter) switch between £80 [61]; yet for
our application +30 suffice to receive an echo signal whose signal power is above
the noise floor of the overall system so that it can be processed by the analog front
end. Speaking of the receiver side, the default setting for all the components is 5V,
though they can still be operational at 3.3V [64,65]. All the power specifications
mentioned called for a very demanding and detailed power management circuit,
as each conversion required an additional PMIC component, which was to be the
major burden on the BOM of the entire board. Moreover, all the PMIC components
came with additional passives such as inductors, capacitors, resistors, and diodes,
therefore the layouts of these circuits could have been minimized to a limited extent,
which cost as an additional board area. In order to mitigate such an impact, an
additional board has been designed, that is to be mounted onto the main board.
This board was meant to host the PMIC components only, which had additional
advantages such as having been able to have large routes for the rails that carry
large currents, given that the second board has an area flexibility. Plus, possible
EM interactions that usually are emitted from the PMIC components are avoided.
The target organization for all the power management devices for the main board

is as follows.

e 5V as the global supply and with which the receiver operates

e Buck converter converts the 5V input to 3.3V for the driver
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e Buck converter converts the 5V to 2.5V that is used as the threshold voltage

for the OPAMPs and the comparator in the receiver
e Buck-boost converter with 5V input to —5V for MAX14808 pre-drivers.
e Buck-boost converter with 5V input to —30V for MAX14808 output stage.

e Boost converter with 5V input to 30V for MAX14808 output stage.

When it comes to the power consumption of the board all the discussed compo-
nents so far are assembled. The estimated power consumption for each block is listed
in Table 2.1 given that the listed data encapsulates the static currents, as the dy-
namic currents that are especially quite heavily spent during the switching activities
in MAX14808, as well as in the MAX942 comparator [61-65]. The reason why the
dynamic currents are neglected is that their duration is limited to few nanoseconds,
and during the idle state of the transceiver, that is, after the transducers had been
excited and having been waiting for the echoes, there are zero dynamic currents.
Provided that a single transducer is excited at every 2.5 seconds with 5 consecutive
2MHz pulses, the idle state corresponds to more than 99.99% of the board’s lifetime,
effectively averaging the dynamic currents very close to zero within an excitation

cycle.

Table 2.1: Static power requirements and supply voltages of the blocks

Block Name Estimated IQ [mA] Supply Voltage [V]
STM32wb uC 8mA 3.3V
DG408/9 MUX SmA 3.3V
MAX14808 HV Pulser 30mA 3.3V-£5V
OPA357 Opamp SmA 5V
MAX941 Comparator 12mA 5V

The mentioned outline of the power management board has been designed using

various components and various architectures. The step-down switching converters,
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MAX1920, and the step-up converter, MAX5069 have been the final choices in terms
of the corresponding PMIC components. The component choices have undergone
a few iterations, as even though the specs and an example application have been
followed, after a set of simulations with the candidate components if vendors provide
SPICE models, the step-up converter circuits in the real application failed to sustain
the required load transient and the output voltage has collapsed. The step-down
converters have operated very well. Using a single 5V supply, the 3.3V supply
for the STM32 microcontroller and MAX14808 pulser has been generated, along
with a 2.5V reference for the receiver circuits’ threshold voltages. Yet for the step-
up converters, although at zero loads, the voltage output can rise above 30V for
the given resistor combination and the advised large inductance values, during the
transducer excitation, the output gradually collapses and the recovery requires a
longer time than the excitation duration. The board has been fabricated in spite
of the discussed issue persisting in the final design. The strategy on this issue has
been not to insist on debugging as it has begun to consume much more effort and
time than presumed, continue the experiments with the current setup. Plus, consult
an external high voltage supply in case the transducer designs were sub-optimal,
and the current produced high voltage on the board hinder the device performance

below the target.
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Figure 2.8: Power management board
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Chapter 3

REALIZATION, FABRICATION, AND RESULTS

The bladder volume detection board specs and the design for these specs have
been comprehensively discussed in chapter 2. In order to enable the patients to
be able to utilize the target health care service outside the hospital settings and
track their urinal progress without the need for constant medical doctor surveillance,
all the discussed designs have to be carefully tested and have to be validated for
accurate operation. Therefore to support the theory behind all the designs, each
individual component has been tested individually. After successful operation had
been achieved in the stand-alone tests, the components are grouped for their roles in
the board, which enabled testing the driver, receiver, and power management parts
of the entire system in their own units. The last step was to gather all the driver,
receiver, and power management modules to form the top-level board to obtain the
desired operation of the system. In the given context, the chapter first discusses the
methods and the workflow to design the layouts, following that the fabrication and
assembly have been discussed. To validate all the discussions, the final results that

have been obtained on the bench have been presented lastly.

3.1 Physical Design and Fabrication

The realization of an electronics system composes of several key steps, and physi-
cal design and fabrication is certainly one of them. Following defining the circuit
topologies and the design parameters associated with the target specs, all the com-
ponents are carried out to the layout design environment Eagle by Autodesk. For
the block-level layout designs, this specific software provides a very intuitive work-
flow, so that giving its users the opportunity to iterate in their layout designs with

minimal effort. In order to be able to design proper layouts in a CAD environ-
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ment, the footprints of the components are the first and foremost requirement. The
mentioned files contain all the required information about the package in which the
component has been encapsulated, along with other key information such as pin
configuration. To illustrate the workflow of a single board’s design, the steps to be
explained are utilized. Once the component model had been carefully identified, it
has then been imported into the Eagle component library. Specific attention shall
be paid to the package information of the downloaded model as any inconsistency
between the component currently owned and its model can result in the pins and
the chips not fitting into their preserved slot on the board, consequently leading to
no proper electrical contact. After ensuring the correct component models, all the
connections were set up in Eagle’s schematic editor. Later the circuit was carried
out to the layout editor where the routes were drawn after deciding on the floorplan.
Once the layout design was completed, ERC and DRC tests have been run. These
tests ensure that all the connections are matching to the schematic and no dangling
nodes exist in the layout, and there are no conditions that might hinder the perfor-
mance due to fabrication errors, respectively. Although all the block-level designs
have been carried out in Eagle, for the more complex top-level layout, the design
has been carried over to the Altium software due to its additional functionalities
and ease of use for more complex and professional designs. For the top-level design,
all the individual block-level schematic and layout have been imported to Altium as
in Fig. 3.1, following which the copper lines in between the individual blocks have
been routed in the same software’s layout editor, where the final version is illustrated
in Fig. 3.2. Once all the designs have been completed, the Gerber files were then
generated within the software, which contains all the information about the layers,
drills, and pin contacts. The last but not the least, the Gerber files that have been
transferred to the laser cutter by the company Leiterplatten-Kopierfrasen in the lab,
that has been used to print the boards, scratching the copper in FR4 to define the
prescribed connections, which finalizes the board design for a sample circuit.

It is certain that alongside the fabrication and physical design methods, the
testing conditions are also a critical step in validating the theoretical designs. The

steps that have been taken in such validations are intuitive, yet had to be ensured
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Figure 3.1: Top level schematic
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for reliable measurements, which include input configuration, building safe connec-
tions to the power rails and separating the grounds of corresponding various voltage
domains, and probing the required signal with the probes with low capacitance to
reduce the loading of the output signals. Though the block level measurements
have been acquired with a simple set of instruments, including a waveform gen-
erator (Keysight 33500B), power supply (Keithley 2230G), and a digital oscillator
(Picoscope 6424E) whose internal ADC has been configured to the highest available
number of bits, and sampling rate to the highest allowed that is much larger than
our 2M H z operation range. On top of that, the top-level measurements have been
performed with an additional acoustic setup, which is essentially an aqueous echoic
chamber filled with deionized water in which our transducers had been submerged
and faced a wall, from which the echo signals returned. All the mentioned bench-top
verifications are performed within the lab with the mentioned set of equipment.
Though several steps in the realization and miniaturization of a bladder volume
tracking device have been discussed, proper assembly is the last but not the least
concern before the final step, which is the actual bench-top tests. In order to put
together the circuits that have been designed and fabricated, as in all the discussed
steps, all the parts have been assembled within the lab, at the solder station. The key
challenges in the assembly have been operating at the correct temperature window
with the solder, not so hot to cause damage to the chip packages and legs, as well
as the copper PCB routes; also not so cold that the solder melts fast as possible
for the most accurate placement of the chips. This has been overcome by using the
solder iron in combination with a solder gun, again with an optimized temperature.
Another challenge has been having chips with various packages on the same board.
For example, the pulse chip was inside a QFN package with an exposed ground
pad that has been soldered best using the soldering gun, whereas the components
on the receiver side have been in SOP/TSSOP packages that have been soldered
fine just using the iron. Therefore for the top-level board, the soldering order had
to be engineered so that no component placement disturbs the previously mounted
ones. Such an order can coarsely be defined as soldering the large chips, prioritizing

the QFN packages, and mounting the passive components around them afterward.
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Then the SOP/TSSOP packaged chips have been soldered, and finally the passives
around these components. The snapshot of a fully functional board can be seen in

Fig. 3.3.

Figure 3.3: Fabricated and assembled board

3.2 Bench and In-vivo Results

In the discipline of microelectronics, although hours are spent in designing and
simulating for target specifications, all these efforts solely rely on the mathematical
models of the utilized components. More important is whether all the mentioned
efforts are true in the end. Therefore it is the last crucial step to verify the circuits
post-fabrication to see if both the models and the designs are correct. In order
to organize the circuit verifications, they have been split up into different sections,
similar to the classifications in chapter 2. First, the analog front-end block has gone
through some tests, then the system has been tested as a whole in a pulse-echo
experiment. Finally, the device has been shown to be measuring the bladder volume

of a patient, while the bladder is almost full and empty.
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3.3 Analog Front End

There is a canonical approach in the analog circuit design. Once the models are
attained, the circuits are implemented in simulation software, then based on the
results, either the design is updated or the circuits are realized. The same approach
has been followed during our studies too. First, the SPICE models have been im-
ported in the LT'Spice circuit simulator, and then the first two stages of the circuit,
which is the amplifier stage in Fig. 3.4 have been implemented. However as in [64],
the amplifier models have been generated in their unity feedback mode, and be-
cause our simulation setup tries to form a secondary loop around each component
in order to realize an inverting OPAMP, a significant mismatch occurred between
the simulation results with the bench-top results. For that reason, such simulations
have been eliminated from the design process and the circuits were optimized on the

bench, given that stability of the feedback loops is guaranteed.
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Figure 3.4: Analog front end schematic

In order to assess the stability of an amplifier in negative feedback on the bench,
several techniques are present. Observing the small signal response on a transient
is a very common method due to its simplicity of it, plus the instruments involved
in the test are primary lab equipment that is easily found in a lab. The phase
margin, which is the indicator of the loop stability is assessed by observing the
settling behavior of the output signal once a small input signal is applied. As

explained in [67], once a small step is applied at the input, the output is damped
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more as the phase margin approaches to 90 deg. Since a phase margin below 45 deg
is accepted to be unstable practically, the target output settling is expected to have
no overshoot. As seen in Fig. 3.5, the output signal (green) settles with a minimal
overshoot to the small input step that has been given in 100mV of amplitude around
the middle value of the supply range. An additional confirmation to the small signal
stability can be discussed in terms of the Barkhasuen criterion [68]. That is, as
specified in [64], the amplifier has been designed and tested to be stable under unity
gain feedback configuration, therefore as the feedback network gain was increased,
the phase margin increased too [68], which takes the loop even further away from
oscillation. The glitch in the output signal is to be disregarded as it is purely due to
the kickback from the comparator’s output (blue). We can safely assume that the

amplifier operates around the correct DC bias points with no stability issues.
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Figure 3.5: Amplifier small signal response

During the assessment of the performance of the AFE in the large signal zone,
the amplifier slew rate as well as the comparator internal delay becomes important.
Such a test is required in order to ensure that the mentioned parameters are at no
such extreme values that can cause a malfunction in the receiver to distort the final
measurements. However in Fig. 3.6, it has been shown that the receiver responded
very well to the large signal transient, and completed a single acquisition in less

the 100us. This delay was present in each cycle so that it does not bring about a
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miscalculation in the bladder measurements in the algorithm.
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Figure 3.6: Amplifier large signal response

The last but not the least, the analog front end has been fed with an AC signal
of a very small amplitude of 200mV" at 2M H z in order to mimic the echo signal that
is to be received from a single transducer (red). The input signal is AC-coupled to
the desired DC operation point that is around 2.5V, amplified through the stages to
the level that the ADC can differentiate, and lastly digitized. The proper operation
of the analog front end has been validated in Fig. 3.7.
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Figure 3.7: Amplifier large signal response
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3.4 Pulse-Echo In-vitro and In-vivo Tests

3.4.1 In-vitro Experiments

The AFE has been tested in stand-alone experiments, as well as the microcontroller
has been programmed and assembled on the board as in Fig. 3.3, the next step of the
verification is the testing of the full loop of the transmitter and receiver structure, for
which the number of the external instruments to take a measurement has been sig-
nificantly reduced to a single oscilloscope along with the power supplies. In order to
mimic the bladder, along with the transducer, a beaker has been submerged into the
tank filled with deionized water. The beaker has been positioned between the tank
wall and the transducer that faces toward the wall. The setup successfully mimics
the actual use of the system as the applied ultrasound waves travel at different media
during a single measurement cycle. The burst of five pulses that are programmed
to oscillate at 2M H z was generated in the microcontroller and has been given to
the pulser circuit over a multiplexer. Given that the experiment was run with a
single transducer, the first channel of the pulser and the multiplexer was selected,
so that the microcontroller sends a single selection code to these components during
the experiment. Although the echo signal that has been amplified and converted
to digital was fed back to the STM32, for the scope of the test, the digital output
signal is sensed at the board using a probe. The output signal of the discussed open
loop experiment was illustrated in a snapshot at the oscilloscope in Fig. 3.8, where
the first group of pulses is the ones that are sensed from the transducer while it is
being excited. The second group of pulses are the amplified echos that have been
reflected from the anterior wall of the beaker, and the second single pulse is the one
that has been reflected from the posterior wall of the beaker. Taking this outcome
into account from the practical use point of view, the second echo is naturally much
weaker than the first one, yet such signal amplitude depends on the actual position
of the bladder, and can easily be compensated by the amplifier gain, provided that
the excitation amplitude is at higher voltages. On top of that, the microcontroller
is to sense the input from the AFE in an edge-triggered manner, therefore it is to

process the time in between the first pulse. Given such a perspective, the output
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signal in Fig. 3.8 is safe to be processed correctly in the DSP unit, that is the
STM32 microcontroller, following which the time of flight data was transferred via
an onboard patch antenna, to the mobile application that communicates with the
microcontroller over the Bluetooth, where all the calculations and data visualization
takes place. For all the reasons discussed above, in order to finalize the assessment
of the performance of the bladder volume detection device, the last experiment to

be run is an in-vivo test.

(a) Sensed echo
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Figure 3.8: Single transducer pulse-echo test output
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3.4.2  In-vivo Experiments

In-vivo tests of the bladder volume tracking device illustrate how all our develop-
ments shall be exercised by a future patient, where the target use case is outside the
hospital setting, in the comfort of a patient’s home. Therefore these experiments
stand as the final assessment for the future use of the device and should address
the possible improvements that can be made in the overall system, making way to
engineer towards derivatives and the next generations of the device. In spite of the
weight of the outcomes of the following experiments, they have been uncomplicated
and apparent. This is naturally due to one of the key motivations that the device
points to, which is the non-invasive and practical use. To give more insight of the
experiment setup, which has been built in the lab, where a volunteering male patient
lied and relaxed on. Some experiments in the process of collecting the measurements
have been accompanied by a medical doctor only to analyze the outcomes, and no
health hazards existed that might have jeopardized the volunteer’s well-being. To
begin with the experiments, first, the volunteering patient was offered a few glasses
of water, simply until he decides that he is not able to take more in. Following
a few minutes, the first set of data has been recorded with the patient under the
condition that his bladder has been filled considerably. As Fig. 3.9 illustrates, under
the test conditions where the transducers, that are external to the board and have
a wired connection to it, are excited with five consecutive 2M H z pulses with 30V
amplitude, the echo signals that return from the anterior wall of the bladder as well
as from the posterior wall can easily be sensed by our device. Besides, what should
also be noted is that for the optimum performance to assess the performance of
the transceiver device in the given open loop configuration, single channel operation
was preferred and the transducer board has been hovered over near the volunteering
patient’s bladder to align the transducer board to the patient’s bladder.

Once the first set of measurements have been taken, the experiment halted for a
brief moment for the patient to get the bladder flushed for the second round. The
second set of experiments followed the exact same structure, where the transducer

board has again been positioned to the spot where it aligned best with the bladder,
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Figure 3.9: AFE input and output with the patient’s bladder full

the transducer has been excited with the previous settings via the microcontroller,
the device was connected to an external power source, and the output was observed
in the open loop manner. At the output of the device, that is the input of the STM32,
such plots as in Fig. 3.10 have been recorded. Though the former plot stand-alone
does not give a very detailed inside about the amount of the liquid stored within
the bladder, compared to the output in Fig. 3.9, the echo from the anterior and
the posterior walls are significantly closer and they both make much faster travel
through and back the bladder. With both data combined, the valuable message is
that the device outputs different transients between the two different states of the
bladder, where as the bladder holds more and more liquid, the time of flight returns

to a scaled version of the distance taken in the empty state of the bladder.

3.5 Future Perspective

Given all the discussions related to the development of a bladder volume device, a
single pocket-sized device has been brought to life from absolute scratch and has
been demonstrated on several different tests, each taking a closer step to the real life
scenarios, for the first time. The device has been demonstrated to achieve bladder
volume measurement in multiple transducers and collect data from each of them

in a programmed sequence reliably. The transducers, that have been fabricated
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Figure 3.10: AFE input and output with the patient’s bladder empty

and optimized in the cleanroom facility of the Koc University have been excited
successfully using only the on-board components and the signal has been reliably
received and fed back to the on-board DSP unit. Though, in brief terms, such a
health service has shown to be enabled, there is always room for development in order
to realize an end product. Such potential improvements include a complete set of
power management, including a battery with a lifetime for the target measurement
period, with which the device still fits the pocket of a pair of trousers. This would
definitely be an impactful feature, as it makes the device operate fully off the grid.
Another area of improvement can be printing all the components on a flexible PCB
and putting it inside a well-designed package, so that a patient can wear the device
and continue running all the daily chores, without the anxiety of whether the device
has been placed above the bladder at a correct angle. The last area of improvement
can be the number of transducers that are excited to collect data. Essentially as
there are more channels to collect data from, with more advanced post-processing
with the tools including artificial intelligence, the information can be better and
more accurately delivered to the medical expert for a more reliable prescription.
Yet all the discussed potential improvements revolve around finer engineering, and

the evolution of the discussed device, which revolutionizes the treatment of the

LUTDs.
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Chapter 4

CONCLUSION

In conclusion, lower urinary tract dysfunctions are a common and often debili-
tating condition affecting millions of people worldwide, with a significant economic
burden. Effective prevention, diagnosis, and treatment strategies are crucial in man-
aging this condition. The treatment for many of the LUTDs can be associated with
bladder volume, which makes monitoring it a vital tool for evaluating bladder func-
tion. Though it is currently carried out through ultrasound imaging or patient-filled
diaries, these methods have limitations in terms of the measurement conditions to
achieve accurate and continuous information, which raises an urgent need for more
accurate, continuous, and non-invasive technologies for monitoring bladder volume.
The current solutions offered in the market suffer from either invasiveness, accuracy,
or having large electronic setups to make a single measurement. The presented wear-
able, wireless, and fully integrated ultrasonic transceiver, with a flexible ultrasonic
transducer enables continuous bladder volume monitoring outside hospital settings.
All the microelectronics architecture including a high voltage driver, a low noise and
fast receiver, and power management; along with the data communication for the
patient to be able to monitor their urinary conditions on their smartphones, has been
designed from scratch, verified with simulation results. Based on the confident de-
signs, the system was realized on a PCB that was fabricated in the lab and the target
performance has been achieved on the bench. Then the performance of the minia-
turized device was demonstrated through in-vitro and in-vivo tests. With further
research and development, this device has the potential to improve the management
of LUTD by providing a more reliable and accurate method for monitoring bladder
volume continuously and non-invasively. The presented device is a significant step
towards meeting the need for accurate, continuous, and non-invasive bladder volume

monitoring, and its future development is highly anticipated.
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