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Sintesi

Sintesi

Le tecnologie per la misurazione di grandezze fisiche senza contatto sono diventate sempre
piu centrali in vari settori, che vanno dal monitoraggio industriale alle applicazioni sanitarie.
In questo contesto, la tesi si concentra sullo sviluppo e l'implementazione di tecniche

innovative, circuiti elettronici e dispositivi per la rilevazione senza contatto.

L'analisi presentata all'interno di questa tesi considera lo scenario del rilevamento senza
contatto a distanza nel campo elettromagnetico lontano (far-field) e al rilevamento senza
contatto di prossimita, sfruttando le interazioni elettromagnetiche in campo vicino
(near-field). Ogni scenario é distintamente caratterizzato dalle proprie specifiche tecnologie,
applicazioni e metodologie, riflettendone gli ambiti operativi e i principi alla base del loro
funzionamento. Nell’ambito del rilevamento senza contatto a distanza, la tesi indaga I'uso
delle onde elettromagnetiche per il monitoraggio non invasivo del livello di solidi granulari
all'interno di silos. Questo sistema, sviluppato impiegando un sensore radar commerciale a
onda continua modulata in frequenza, dimostra il potenziale di questa tecnologia nel

monitoraggio non invasivo e senza contatto in contesti agricoli e industriali.

Considerando invece lo scenario del rilevamento senza contatto di prossimita, la tesi
fornisce un'analisi dell'interrogazione senza contatto di sensori passivi e ne presenta diversi
approcci e applicazioni. Vengono affrontate le problematiche delle misurazioni senza
contatto, proponendo alcune soluzioni per migliorarne ['affidabilita e I'accuratezza,
permettendo in particolare di renderle indipendenti dalla distanza di interrogazione. La
tecnologia proposta risulta particolarmente rilevante nello sviluppo di dispositivi a basso
costo, usa e getta e sostenibili, per applicazioni cha vanno dal campo sanitario a quello

industriale.
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In particolare, la tesi presenta un sistema per la misurazione senza contatto della frequenza
di risonanza di risonatori MEMS piezoelettrici. La tecnica proposta sfrutta I'accoppiamento
magnetico tra un’unita di interrogazione ed un’unita sensore ed & applicata in modo
innovativo per la rilevazione della temperatura, sfruttando le proprieta dei risonatori a disco
in nitruro di alluminio (AIN) su silicio sottile piezoelettrico (TPoS) ed una tecnica di

interrogazione senza contatto a tempo commutato.

Inoltre, la tesi presenta un’etichetta flessibile per la misurazione della temperatura corporea,
che combina il rilevamento a contatto della temperatura con una lettura senza contatto
dell’unita sensore sfruttandone I'accoppiamento magnetico con un unita di interrogazione.
L’etichetta flessibile, che costituisce I'unita sensore, € composta da una bobina induttiva che
consente |'accoppiamento magnetico, un condensatore ceramico utilizzato come elemento
sensibile alla temperatura, sfruttandone il coefficiente di temperatura della capacita, ed un
induttore aggiuntivo utilizzato per rendere la frequenza di risonanza del circuito risonante

RLC indipendente dalla flessione dell’etichetta.

In modo analogo, le tecniche di interrogazione proposte sono state applicate ad un nuovo
metodo per l'interrogazione senza contatto di un sensore induttivo, utilizzato per rilevare
target conduttivi. Il sistema proposto presenta una bobina avvolta collegata con un
condensatore per formare un circuito LC risonante, la cui frequenza di risonanza cambia
guando un target conduttivo viene introdotto nel campo magnetico generato dalla bobina
stessa. Attraverso una bobina di interrogazione esterna, accoppiata elettromagneticamente
al sensore induttivo, & possibile interrogare senza contatto il sensore induttivo,

permettendo quindi la rilevazione a distanza di target conduttivi.

Infine, lo studio esposto in questa tesi introduce una tecnica avanzata per l'interrogazione
senza contatto di sensori resistivi passivi, sfruttando risonatori a cristallo di quarzo come
dispositivo risonante e basandosi sulla stima del fattore di qualita del circuito che costituisce
I'unita sensore. Il metodo proposto supera i limiti delle tecniche basate su misure di

ampiezza, legati in particolare all'influenza della distanza di interrogazione.



Sintesi

In conclusione, le attivita di ricerca descritte nella tesi riguardano gli sviluppi tecnologici dei
sistemi per la rilevazione senza contatto e ne dimostrano la versatilita ed il potenziale in
un'ampia gamma di applicazioni. L'integrazione di tecnologie innovative utilizzate nei
sensori con metodi computazionali sempre piu avanzati posiziona la rilevazione senza
contatto tra le tecnologie sempre piu fondamentali, destinato a guidare le future

innovazioni nel settore della sensoristica, dall'ambito industriale fino al campo sanitario.
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Abstract

Abstract

Noncontact sensing technologies have become increasingly central in a variety of fields,
ranging from industrial monitoring to healthcare applications. In this context, the thesis
focuses on the development and implementation of innovative techniques, electronic
circuits, and devices for contactless sensing via wireless coupling, responding to the growing

interest in noncontact measurement methods.

The themes treated in this thesis regard both the scenario of distant noncontact sensing in
the electromagnetic far field, and proximate wireless sensing, leveraging on near-field
electromagnetic interactions. Each domain is distinctly characterized by its specific
technologies, applications, and methodologies, reflecting their operational ranges and
fundamental principles. In the domain of distant wireless sensing, the thesis investigates the
use of electromagnetic waves for unobtrusive level monitoring of granular solids in silos.
This system, developed employing a commercial frequency-modulated continuous-wave
radar sensor, demonstrates the potential of this technology in unobtrusive monitoring in

agricultural and industrial environments.

Considering the proximate wireless sensing domain, the thesis provides an analysis of
noncontact interrogation of passive sensors and it presents different approaches and
applications. It addresses the challenges and offers solutions for enhancing the reliability
and accuracy of contactless measurements, which can be advantageously independent of
the interrogation distance. This can path the way to the development of low-cost,

disposable and sustainable devices for healthcare and industrial applications.

In particular, the thesis presents a system for the noncontact measurement of the resonant

frequency of piezoelectric MEMS resonators. The technique exploits magnetic coupling
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between interrogation and sensor units, and it is innovatively applied for temperature
sensing exploiting a thin-film piezoelectric on silicon (TPoS) aluminium nitride (AIN) disk

resonators and a contactless interrogation time-gated technique.

Furthermore, the thesis presents a flexible patch for body temperature measurement,
combining contact sensing with contactless readout, and exploiting magnetic coupling
between interrogation and sensor units. The flexible patch, forming the sensor unit, is
composed of an inductive coil for magnetic coupling, a ceramic capacitor used as the
temperature sensing element exploiting its temperature coefficient of capacitance and an
additional inductor to make the resonant frequency of the resulting resonant RLC circuit

independent from the bending of the patch.

Similarly, interrogation techniques have been applied to a novel method for contactless
interrogation of an inductive sensor used for detecting conductive targets. The system
features a solenoidal coil connected with a capacitor to form a resonating LC circuit, whose
resonant frequency changes when a conductive target is introduced in the generated
magnetic field. An external interrogation coil electromagnetically coupled to the inductive

sensor enables the wireless measurement for conductive target detection.

Lastly, the study introduces an advanced technique for the contactless interrogation of
passive resistive sensors. The novel approach exploits the resonant frequency stability and
the high quality factor of a quartz crystal resonator, used as a resonant element, with a
series-connected resistor acting as the sensing element. This method overcomes the
limitations of amplitude measurements techniques typically affected by the interrogation

distance.

In conclusion, the research activities treated in the thesis concern the technological
advancements of noncontact sensing systems through wireless coupling, and demonstrate
their versatility and potential across a wide range of applications. The integration of
innovative sensor technologies with noncontact sensing approach, can further extend the

sensing application possibilities, from industrial up to healthcare fields.

Vil
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Introduction on noncontact sensing

Chapter 1

Introduction on noncontact sensing

Noncontact sensing is an emerging field with growing relevance in many areas, offering
significant advancements over traditional wired solutions. This technology enables
measurement and monitoring in environments where physical connections are either
impractical or inconvenient. The key advantage of noncontact sensing lies in its ability to
operate without direct physical connections, broadening the range of applications from
industrial automation up to healthcare diagnostics. An overview on noncontact sensing
system is reported in this chapter, focusing on battery-free systems in two main different
scenarios: distant noncontact sensing and proximate noncontact sensing. The main
technology utilized in these scenarios are reported to give an introduction of the topics

reported in the successive chapters.

1.1 Noncontact sensing systems

Noncontact sensing systems represent a growing frontier in the field of data acquisition and
environmental monitoring, marking a significant shift from traditional, cabled sensing
solutions. At the heart of noncontact sensing lies its ability to gather information without
the need of physical connections. This capability has opened new frontiers in numerous
fields, ranging from environmental monitoring and healthcare to industrial automation and
consumer electronics. The market for noncontact sensors has been expanding, driven by an
increasing demand for real-time monitoring and automation solutions. This growth is not

only a testament to their utility but also points to their potential future impact.
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Noncontact sensing can be based on either mechanical waves, such as acoustic waves, or
electromagnetic waves, ranging from radio frequencies to gamma rays, each offering unique

capabilities for diverse applications.

In the realm of electromagnetic waves, the concept of noncontact sensing can be broadly
divided into two distinct domains based on the operational range: distant noncontact
sensing in the far field and proximate noncontact sensing in the near field. This division is
not merely a measure of physical distance but reflects a fundamental difference in the

underlying technologies, applications, and methodologies of these systems.

NONCONTACT SENSING
THROUGH
WIRELESS COUPLING

/7

Figure 1.1 — Overview of electromagnetic noncontact sensing scenarios.

Distant noncontact sensing, operating in the far-field region, encompasses technologies that
detect and analyse phenomena or objects at considerable distances. This form of sensing
leverages the propagation and reflection characteristics of mechanical or electromagnetic
waves, extending the reach of sensors to vast and inaccessible areas. Far-field noncontact
sensing finds its applications in diverse fields, from environmental monitoring to space

exploration, where direct access is either impractical or impossible.



Introduction on noncontact sensing

In contrast, proximate noncontact sensing, functioning in the near-field region, focuses on
data acquisition within a relatively short range. This type of sensing relies on the principles
of electromagnetic and mechanical near-field interactions. Near-field sensing is particularly
advantageous in applications where localized data are crucial. It plays a significant role in
scenarios like healthcare monitoring, where sensors need to operate in close proximity to

the subject without causing discomfort or intrusion.

Both distant and proximate noncontact sensing technologies are instrumental in creating
less invasive and smarter sensing systems, particularly in enclosed environments or
applications that require through-wall sensing. This is especially apparent in scenarios
where traditional sensing methods face challenges, such as in hostile areas or when
monitoring moving targets. Noncontact sensors, capable of functioning through barriers or
from a distance, facilitate continuous monitoring and data collection without compromising
the integrity of the space or target being observed. This approach not only enhances the
safety and effectiveness of the monitoring process but also contributes to the development
of more adaptive and responsive sensing systems aligning with the ongoing trend towards

creating smarter and more integrated technological systems.

1.2 Distant noncontact sensing

Distant noncontact sensing, one of the scenarios of noncontact sensing through wireless
coupling, involves the detection and characterization of objects or phenomena at significant
distances from the sensor. This technology generally leverages mechanical or
electromagnetic waves to observe and analyse targets in the far-field region, which is

generally defined as a distance greater than several wavelengths from the source [1].

Mechanical wave-based distant sensing primarily relies on acoustic or seismic waves. These
waves, generated naturally or artificially, travel through mediums like air, water, or the
earth crust, interacting with objects or features along their path, as shown in Figure 1.2. By
analysing the reflected or refracted waves, these systems can deduce valuable information

about the properties of the target, such as its location, composition, and structural integrity.
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PASSIVE
ACOUSTICS

Figure 1.2 — Examples of mechanical and electromagnetic wave-based noncontact distant sensing [2].

Applications of mechanical wave-based sensing include level and target positioning

monitoring [3], structural health monitoring of infrastructure [4], medical imaging [5,6], and

many other application in industrial [3,7] and automotive [8—10] fields.

Electromagnetic wave-based sensing, on the other hand, utilizes the spectrum of

electromagnetic radiation, which includes radio waves, microwaves, infrared, visible light,

ultraviolet, X-rays, and gamma rays, as shown in Figure 1.3 [11]. The choice of wavelength

depends on the specific application and the nature of the information required. For

instance, radar systems use radio or microwaves to detect and locate objects, while optical

and infrared sensors are employed in applications ranging from environmental monitoring

to astronomical observations.

Frequency in Hz

oo | Visible [infrared (IR)| THF | EHF | sHF | UHF [VHF | HF | MF | LF |
1000T 5007 3T 300G 30G 3G 300M 30M 3M 300k 30k
L | =S (] A )
T T T T T
Optical Tera- Millimeter Micro- Radio frequency (RF)
Hertz wave wave
(THz) (mmw) (MW)

LF - low frequency
MF - medium frequency
HF - high frequency

UHF - ultra high frequency
SHF - super high frequency
EHF - extremely high frequency

Figure 1.3 — Electromagnetic spectrum showing the radio frequency, millimeter wave, microwave,
terahertz, infrared and visible band ranges [11].
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Key to the operation of noncontact sensing systems in the far-field region is their reliance
on the propagation characteristics of electromagnetic waves, such as reflection, scattering,
and diffraction, which occur when these waves interact with objects in their path [12]. By
analysing the altered waves, these systems can extract valuable information about the
properties and dynamics of the target, such as size, shape, distance, speed, and material
composition. Electromagnetic waves-based sensing is extensively used in satellite remote
sensing [13], military and security applications [14], environmental monitoring [15], industry

[16,17], automotive [18], agriculture [19], and also bio-medical applications [11,20].

The advancement in distant noncontact sensing technologies is driven by innovations in
sensor design, signal processing techniques, and data analysis algorithms. The integration
of these systems with advanced computational methods, such as machine learning and
artificial intelligence, has further expanded their capabilities. These improvements have
enabled higher resolution, greater accuracy, and the detection of a broader range of

frequencies, thereby expanding the scope and efficiency of these systems.

1.2.1 Radarsensors

Radar (Radio Detection and Ranging) sensors represent a pivotal technological domain that
spans an extensive range of applications, from long-range detection, for example in satellite
and airport surveillance, to short-range uses, for example in speed and position detection
and through-wall measurements. The first radars were developed as early as the 1930s [21].
However, in the early years, their use limited in the military sector due to their bulky sizes
and high costs [21]. These sensors, functioning on the principle of emitting radio waves and
analysing the echoes received from objects, have significantly evolved since their inception,

adapting to a multitude of operational environments.

Radar sensors working up to K-band are generally used in applications requiring extensive
spatial coverage and high-altitude detection capabilities. For instance, in satellite
technology, they play a critical role in earth observation, weather forecasting, and space
exploration, providing vital data from vast distances [22,23]. Figure 1.4 show the principle

of operation of a weather radar.
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Figure 1.4 — Weather radar principle of function.

Similarly, in aviation, airport surveillance radars are indispensable for air traffic control,
offering the ability to track and manage aircraft movements over large distances, ensuring

safety and efficiency in airspace management [24].

Conversely, millimeter wave radar sensors, operating at higher frequencies as shown in
Figure 1.5, offer finer resolution and are adept at detecting and measuring objects within a
limited spatial domain. These sensors are increasingly employed in various sectors including
automotive, for applications such as collision avoidance systems, speed control, and parking
assistance [18]. Additionally, their capability to penetrate different materials renders them
precious in through-wall sensing applications, widely used in security, rescue operations,

and structural health monitoring [20,25,26].

Millimeter Wave in the Spectrum Band
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Figure 1.5 — Millimeter wave in the frequency spectrum band [27].
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All type of radar sensors share a common foundation in their operational principle but differ
significantly in their technical implementation, frequency bands, and application areas. This
diversity underscores the versatility of radar technology and its integral role in advancing

various aspects of modern society.

1.2.2 Millimeter wave radar

Millimeter wave radar sensors are a pivotal technology in the field of distant noncontact
sensing. Initially confined to military applications due to their size and cost, advancements
in high-frequency integrated circuits (IC) and monolithic microwave integrated circuits
(MMIC) have revolutionized these systems [28,29]. Today, they can be miniaturized and
integrated onto printed circuit boards (PCBs), with advancements even allowing for the
integration of entire radar systems into single chips using antenna-on-chip (AoC) or antenna-

in-package (AiP) technologies [30].

The operation frequencies of radar systems have shifted to higher bands, such as the K-band
(24 GHz) and W-band (77 GHz). Higher frequencies has not only improved sensitivity and
resolution but also allowed for further compactness of radar systems. These developments
have broadened the applications of radar technology from strictly military to diverse

commercial areas [31].

Radar systems have become instrumental in unobtrusive through-wall detection [25,26],
indoor localization [32], driver assistance [18] and also bio-medical applications [20]. Their
microwave signal penetration capability makes them invaluable in scenarios that require
unobtrusive detecting. Radar systems, in contrast to camera-based technologies, ultrasound
systems and infrared technology, can effortlessly provide accurate information on target

ranges, speeds, and angles [31].

One of the main features of millimetre wave radars is their high resolution. Operating at
higher frequencies compared to X-band radars, they can detect smaller objects and offer

finer resolution. They are also particularly robust against environmental factors such as fog,
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rain, or dust, making them reliable in various conditions. Another advantage is their compact

size, making them ideal for integration into a variety of devices and platforms.

Common applications include the automotive sector, such as parking assistance systems,
blind spot detection, and collision prevention systems. They are also used in industrial
automation for monitoring and controlling machine operations, as well as in consumer
electronics, for example in smart home devices for gesture recognition and security
monitoring. In recent years, bio-medical has become another important area of application
of short-range radar systems [20,33]. Indeed they have the capability to remotely detect

and monitor tiny vital signs, such as breathing and heart rate [17].

- Doppler Radar ey
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Processor T(t)
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Figure 1.6 — Heartbeat and respiration detection using a radar sensor [34].

Radar systems are broadly categorized into continuous-wave (CW) radar [35,36] and
impulse radar [37,38]. Impulse radars are utilized in various applications including vital sign
detection, gesture recognition, and human tracking, with integrated chip solutions available
for these systems. CW radars, with its simpler architecture, are ideal for mobile and portable
applications due to their lower power consumption [31]. Various commercial CW radar chips

and systems are available, especially for automotive applications.

Doppler and interferometry radar systems utilize a monochromatic waveform to acquire

motion-related information, a process facilitated by the Doppler effect [29,39]. The signal
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processing involved in Doppler radar systems, though relatively straightforward, enables

them to achieve exceptional accuracy in measuring motion and displacement [40].

In contrast, frequency modulated continuous wave (FMCW) radars employ a modulated
continuous wave to simultaneously ascertain both the range and doppler characteristics of
targets. This makes FMCW radars particularly suitable for applications necessitating range
information, such as localization, level monitoring, fall detection, monitoring of life
activities, gesture recognition and automotive. Figure 1.7 shows a typical application of

radar sensors in an automotive scenario.

Target Vehicle

RCS (o)

mmWave
Automotive Radar

Figure 1.7 — Typical application of radar sensors in an automotive scenario [41].

The design and advancement of radar systems are inclusive of components such as the radar
transceiver, the antenna or antenna array, and the processes involved in radar signal
processing. Progressive enhancements in these domains are imperative for augmenting
performance, diminishing size, and curtailing costs [17,42,43]. In pursuit of extending the
capabilities of radar systems, techniques such as phased array, digital beamforming, and
Multiple-Input Multiple-Output (MIMO) methods are increasingly employed. Furthermore,
contemporary approaches in radar signal processing are progressively incorporating
machine learning and artificial neural networks to bolster the intelligence of these

systems [44].
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1.3 Proximate noncontact sensing

Proximate noncontact sensing represents another scenarios in the noncontact sensing
through wireless coupling, characterized by the employment of near-field interactions,
where electromagnetic waves are utilized for communication and power transfer over
relatively short distances and in particular where a sensing element, coupled with the target
of interest, is wireless energized and interrogated. This approach leverages the principles of
near-field communication (NFC), distinguishing it from far-field noncontact methods which
operate over extended ranges and often necessitate substantial power. Proximate
noncontact sensing are characterized by their ability to facilitate interactions within a
limited range, typically not exceeding a few meters. The key advantages of this method
include enhanced power efficiency, minimized signal interference, and augmented security

measures.

The features of proximate noncontact sensing make it particularly apt for a spectrum of
applications such as healthcare monitoring, localized environmental sensing, smart device
interactive functionalities, and also industrial automation [45-47]. In healthcare, for
instance, this technology facilitates the monitoring of vital signs or the functioning of
implanted medical devices, offering a seamless integration into the daily lives of patients
[45,48]. In industrial settings, it enables the monitoring of machinery and environmental
conditions without the need of extensive wiring [49]. In consumer electronics, it enhances

the user experience through seamless connectivity and interaction between devices.

As shown in Figure 1.8 the architecture of proximate noncontact sensing systems typically
involves two primary components: a sensor unit and an interrogation unit [50]. The sensor
unit is placed in direct contact or in close proximity to the target of measurement. This could
range from environmental parameters to biometric data [45]. The interrogation unit, on the
other hand, communicates with the sensor, often energizing it and retrieving the necessary

data [51].
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INTERROGATION

UNIT

COUPLING

Figure 1.8 — Typical architecture of proximate noncontact sensing systems.

Sensor units can be categorized into two distinct types based on their operational
mechanisms and component composition. The first type encompasses sensor units that
integrate active electronics. These units are designed with the capability to store energy,
which is crucial for powering an internal active circuit. This circuit is necessary for the

operational functionality of the sensor and for the transmission of information [52].

Within this sphere of proximate noncontact sensing, near-field communication (NFC)
sensors represent a significant and growing segment [52]. NFC technology, widely
recognized for its use in secure payment systems and data exchange in smartphones,
exemplifies a practical and user-friendly application of proximate noncontact sensing

exploiting inductive coupling.

The second type of sensor units is instead characterized by the absence of active electronics.
These units are composed exclusively of passive components serving both as the sensitive
elements, responding to environmental stimuli or changes and for information

exchange [53].

In this context, passive resonant contactless interrogated sensors represents a growing area
of interest. These sensors are gaining traction due to their ability to operate without active
electronics and open up possibilities for creating low-cost, disposable, and implantable

devices [45].
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In medical applications, for example, passive resonant sensors are being explored for use in
biodegradable implants, offering a sustainable solution to health monitoring. In industrial
applications, the lack of active electronic components facilitates deployment in

environments characterized by harsh conditions and elevated temperatures [49].

1.3.1 Near-field communication sensors

Near-field communication (NFC) sensors stand at the forefront of proximate noncontact
sensing technologies. Originally developed as a high-security, short-range wireless data
exchange technology, NFC has evolved to offer unique capabilities for the design of
miniature, battery-free sensing systems [46]. These sensors are especially useful in health
care and food quality monitoring. Figure 1.9 shows an example of NFC based wireless device

[54].

Via-hole NFC chip

Thermistor

PD

Figure 1.9 - Near-field communication (NFC) based wireless device [54].

NFC operates on a simple but effective principle. It involves two coils of conductors placed
in close proximity, typically less than 5 cm apart, which can wirelessly exchange power and
data through inductive coupling. The technology generally operates at a frequency of
13.56 MHz [46]. Data transfer is achieved through modulation techniques like amplitude or
phase shift keying [54].

The appeal of NFC sensors lies in their ability to transfer sufficient power to activate low-

power electronics, such as microcontrollers and sensors, without the need for batteries. This
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feature, combined with the potential for high-volume, low-cost production on substrates
like polyethylene terephthalate (PET) or paper, makes NFC sensors highly economical and
scalable for widespread applications. The integration of NFC in smart devices and cards like

electronic passports further demonstrates its versatility [54].

NFC-based sensing technologies are increasingly gaining traction, especially in healthcare
and food quality monitoring. Wearable sensors on thin flexible substrates, as shown in
Figure 1.10, provide non-invasive biophysical measurements using, for example,
smartphones as readers. These sensors, while promising, face challenges in durability, noise
levels, and manufacturing costs. Additionally, NFC-based electrochemical sensors offer
viable alternatives for point-of-care diagnostics, and implantable NFC sensors address issues

related to battery use in medical devices [52,55,56].

Transparent
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surgical tape

Temperature
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—ﬂ\-—l,‘— Wound dressing

Figure 1.10 — NFC-based smart bandage for wireless strain and temperature real-time monitoring [57].

Commercially, NFC-based sensors are finding their place in health monitoring, with devices
such as intraocular pressure sensors and glucose monitoring systems. In the food industry,
they are being piloted for applications like tamper-proofing and ensuring food safety [45].
Increasing exploration of NFC sensors in academic research, particularly in wearable health
sensors and disposable formats, underscores its potential in advancing proximate

noncontact sensing [52].
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1.3.2 Passive resonant contactless interrogated sensors

Passive resonant contactless interrogated sensors constitute an integral part of proximate
noncontact sensing, characterized by their operation without active electronics and power
sources. These sensors typically employ resonant circuits, which react to changes in external

stimuli by altering their resonance properties.

Dating back to the 1960s, the development of passive resonant sensors has seen significant
advancements, particularly with the integration of microelectromechanical systems (MEMS)
technology in the 1990s [53,58]. These sensors were first proposed by Collins in 1967 with
the invention of a miniature pressure sensor for intraocular pressure monitoring [59]. The
remote query capability of these sensors is a standout feature, enabling the gathering of
sensor data without the need for physical connections or precise alignment. This makes
them particularly advantageous in scenarios where wired connections are impractical or
impossible, such as in dynamic or rotating parts, medical implants inside the human body,

and environments exposed to extreme conditions [46].

One of the primary benefits of passive resonant sensors is their operation without an
external power source, making them ideal in applications where size and longevity are
critical. This battery-free operation is not only cost-effective but also ensures a smaller
sensor footprint and an extended operational lifespan. Another relevant benefit of this kind
of contactless interrogated sensors is the absence of any active electronics, allowing to
employ this sensors in harsh, high-temperature environments [47]. The simplicity of their
structure, often based on LC (inductor-capacitor) resonant circuits as shown in Figure 1.11,
further contributes to their cost-effectiveness. These circuits react to changes in external
stimuli, such as temperature, pressure, or chemical composition, by altering their resonance

properties, often contactless detected through a shift in resonant frequency [47,58,60].

The efficacy of passive resonant sensors in noncontact sensing has been verified across
various sensor types, including quartz crystal resonators (QCR) [51], quartz crystal
microbalances (QCM) [61], resonant piezolayer (RPL) sensors [62], MEMS resonators

[63,64], and LC resonant sensors [47,58,65].
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Planar spiral inductance Capacitance cavity

Figure 1.11 — Example of noncontact interrogable LC resonant ceramic pressure sensor [47].

The versatility of these sensors is further highlighted by their compatibility with both
frequency-domain and time-domain interrogation techniques [51]. In the frequency-
domain approach, parameters such as impedance, reflection coefficients, or specific
transfer functions are measured by concurrently exciting and sensing the resonator
[49,66,67]. On the other hand, time-domain techniques, capitalize on the transient free
response of the resonator. This is achieved by distinctly separating the phases of excitation

and detection [68].

Thanks to the absence of active electronics and consequently the possibility to realize this
sensor with printed electronics, a promising area of development is the integration of
biocompatible materials in implantable devices [48]. As healthcare technology advances,
there is a growing focus on creating sensors that not only perform reliably when in contact
with biological tissues but also degrade safely within the body, eliminating the need for
surgical removal. The use of biodegradable polymers and conductive materials is being

explored to achieve these goals, as shown in Figure 1.12.

In addition to medical and harsh environments applications, passive resonant sensors are
being adapted for wearable devices, leveraging flexible substrates for a broader range of
applications. This adaptability opens up possibilities in wellness monitoring and
environmental sensing, offering convenient and non-invasive solutions for health and safety

monitoring.
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Figure 1.12 — Example of bioresorbable, contactless interrogated, passive sensor [48].

Furthermore, these sensors hold significant potential in intelligent packaging, especially in
the food industry, promising advancements in food safety and quality monitoring

[45,46,69].

Recent developments in the field of passive resonant contactless interrogated sensors have
focused on overcoming challenges such as limited interrogation distances due to
geometrical constraints and the influence of the interrogation distance in the measurement
[51]. Efforts are being made to enhance the coupling between the readout coil and the
inductor, improve sensor sensitivity and quality factor, incorporate resonant repeaters to
extend the sensor operational range and implement fully integrated and low-cost compact

system [68,70].
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1.4 Motivations and aims of the research activity

The research presented in this thesis is fundamentally driven by the goal of advancing
noncontact sensing technologies, both for distant and proximate sensing, aiming to enhance
their flexibility, extend the range of their monitoring applications, and unlock novel
opportunities for practical implementation in many scenarios, ranging from industrial
monitoring to healthcare applications. This involves delving into the development of
noncontact sensing technologies that are more adaptable, reliable, and capable of operating
under diverse and challenging conditions by exploiting advancement in sensors technology,

such as fully integrated or printable electronics.

Another key aspect of this research is the ease of installation of these sensors also into
existing systems. The goal is to design sensors that can be seamlessly integrated into current
technological infrastructures, minimizing the need for extensive modifications. This aspect
is crucial in ensuring that the benefits of noncontact sensing technologies can be readily

accessed and utilized by a broader range of users.

In summary, this research aims to contribute significantly to the evolution of noncontact
sensing through wireless coupling technologies, ensuring they are not only advanced and
versatile but also cost-effective and easily integrable, to pave the way for future innovations
in noncontact sensing, making it an accessible and indispensable tool in diverse

technological domains.
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1.5 Thesis organization and contents

The manuscript is organized into eight chapters, as briefly summarized in the following:
Chapter 1: Introduction

An overview on noncontact sensing systems is reported in this chapter, focusing on two
different scenarios: distant noncontact sensing and proximate noncontact sensing related
in particular to electromagnetic far field and near field, respectively. The main technology
utilized in these scenarios are reported to give an introduction of the topics reported in the

successive chapters.

Chapter 2: Radar sensor system for unobtrusive level monitoring of granular solids stored

in silos

In the field of distant sensing, the possibility of measuring from the outside of a fiber-glass
silo the level of stored granular solids, such as grains, flour, sand, or feed, by employing an
unobtrusive millimeter wave radar sensor system without the need for a specific hatch has
been explored in this chapter. A prototype embedding a frequency-modulated continuous-
wave (FMCW) radar sensor system operating at 76-81 GHz, combined with a dedicated
electronic board has been developed to acquire and manage data through Wi-Fi connection.
The obtained experimental results show the effectiveness of the proposed radar sensor
system in estimating the level of the material stored into the silo, without the need for a

dedicated opening in the silo.
Chapter 3: Proximate noncontact interrogation techniques

This chapter gives a theoretical background in the noncontact interrogation of resonant
passive sensors within the near field, focusing on techniques for the interrogation of
resonant sensor units which are inductively coupled to an interrogation unit. These
techniques utilize the resonant frequency and quality factor as key readout signals. Various
types of sensor units, based on capacitive, inductive, and electromechanical piezoelectric

resonator sensor units are analyzed. Furthermore, two interrogation techniques present in
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literature, one based on the frequency-domain and the other on the time-domain, are

explained.

Chapter 4: Noncontact interrogation of piezoelectric MEMS resonators for temperature

measurement

The development and experimental characterization of an electronic technique and system
for noncontact reading of the temperature-dependent resonant frequency of a piezoelectric
MEMS resonators is presented in this chapter. The proposed approach integrates the
noncontact interrogation method presented in Chapter 3, applied to a piezoelectric MEMS
(Micro-Electro-Mechanical System) resonator, with a post-processing technique based on
autocorrelation analysis. This innovative method has been applied to temperature sensing
by exploiting the temperature-dependent characteristics of an aluminum nitride (AIN)
thin-film piezoelectric on silicon (TPoS) resonator operating in the radial contour-mode
configuration. The experimental results obtained using the proposed technique are

independent from the interrogation distance.

Chapter 5: Noncontact interrogation of a flexible passive

sensor patch with capacitive sensing element for human body temperature

A novel approach for human skin temperature measurement based on a passive flexible
patch combining contact sensing with contactless interrogation is presented in this chapter.
Specifically, the proposed approach extends the contactless interrogation technique
described in Chapter 3 to a flexible sensor patch attached onto a curved surface and
achieves contactless interrogation independently of the bending of the flexible patch. The
sensor patch is based on a RLC resonant circuit, featuring an inductive copper coil for
magnetic coupling, a ceramic capacitor serving as the temperature sensing element, and an
additional series inductor added to mitigate the dependency of the resonant frequency on
the bending of the patch. The sensor has been interrogated using a time-gated technique
involving an external readout coil electromagnetically coupled to the patch coil. A
proof-of-concept prototype, developed by employing a paper-based flexible patch and

off-the-shelf components, has been experimentally tested.
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Chapter 6: Noncontact interrogation of inductive sensors for conductive target detection

This chapter introduces a novel method for the contactless interrogation of an inductive
sensor used for detecting conductive targets. The system features a solenoidal coil
connected with a capacitor to form a resonating LC circuit, whose frequency changes when
a conductive target is introduced in the generated magnetic field. An external interrogation
coil electromagnetically coupled to the inductive sensor enables the measurement of
resonant frequency changes without direct contact. Experimental results demonstrate the
sensor effectiveness in detecting conductive targets, highlighting its potential for

applications in environments where traditional cabled sensing methods are impractical.
Chapter 7: Noncontact interrogation of passive resistive sensors

A novel contactless interrogation technique for passive resistive sensors is presented in this
chapter. By exploiting quartz crystal resonator (QCR) as resonant device it has been possible
to overcome limitations related to amplitude measurements techniques. Indeed, this
method effectively utilizes the stable resonant frequency and high-quality factor of QCRs to
achieve accurate sensor resistance measurements, independent from the interrogation
distance. Experimental validation confirms the method robustness and precision, with a

notable sensor resolution.
Chapter 8: Conclusions

The thesis contents, purposes and obtained results are summarized in this chapter.
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Chapter 2

Radar sensor system for unobtrusive level

monitoring of granular solids stored in silos

In the field of distant sensing, the possibility of measuring from the outside of a fiber-glass
silo the level of stored granular solids, such as grains, flour, sand, or feed, by employing an
unobtrusive millimeter-wave radar sensor system without the need for a specific hatch has
been explored in this chapter. A prototype embedding a frequency-modulated continuous-
wave (FMCW) radar sensor system operating at 76-81 GHz, combined with a dedicated
electronic board has been developed to acquire and manage data through Wi-Fi connection.
The prototype has been installed on the outside of a fiberglass silo containing granular and
dusty material with a density of about 800 kg/m?* while employing four load cells as reference
measurement system. The proposed prototype has been tested over repeated cycles of load
and unload of the silo, during which the level of the stored granular solids has varied between
0.5 and 5.2 m. The measurement repeatability, which defines the equivalent resolution of
the sensor system, has been estimated at one standard deviation resulting in 0.037 m. The
obtained experimental results show the effectiveness of the proposed radar sensor system
in estimating the level of the material stored into the silo, without the need for an opening

in the silo.
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2.1 Level monitoring of granular solids stored in silos

Level monitoring of granular solids stored in silos, such as grains, flour, sand, or feed is often
required in industrial and agricultural applications [71]. Typically, mechanical sensors, such
as load cells, are employed for these purposes. Even though these types of sensors are
relatively cheap, tailored container designs and demanding installation procedures are
typically needed. Furthermore, the density of the material stored in the silo must be known
to define the filling level [71]. Alternatively, optical sensors can be used, but with the
drawback of being ineffective in dusty environments or with poorly-reflective materials [72].
Similarly, ultrasound sensors can be used, yet they are unavailing with sound-absorbing
materials and are affected by the speed of sound, which depends largely on the propagation

medium composition and, on the environmental pressure and temperature [73].

Frequency-modulated continuous-wave (FMCW) millimeter-wave radar sensor systems
have proven to be a viable alternative to overcome such issues [74,75]. Compact systems
are nowadays available thanks to the recent progresses in the fabrication of fully-integrated
radar microchips, promoted by the intensive use in the automotive field that has made

available this technology at low cost [42,43].

In this context, the possibility of measuring unobtrusively the level of granular material
stored inside a fiberglass silo by means of a millimeter-wave radar sensor system has been
explored. A prototype embedding a FMCW radar sensor system operating at 76-81 GHz, and
an electronic board to acquire the data and manage a remote communication through Wi-Fi

connection has been developed and experimentally verified.

2.2 Frequency modulated continuous wave radar

A FMCW radar system continuously transmits frequency-modulated electromagnetic
waves, named chirp, and detects signal reflections due to the presence of one or more

objects in its field of view (FOV).
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Typically, a FMCW radar is composed of a synthesizer that generates a chirp signal
represented by xrx = sin(2nfrx+®rx), where frx and ®1x are respectively the frequency and
phase of the generated and transmitted signal. It also consists of transmitting (TX) and
receiving (RX) antennas, and a mixer. The mixer processes the received signal
Xrx = Sin(21ifax+@rx), Where frx and @rx are respectively the frequency and phase of the
received signal, with the transmitted one xrx generating the intermediate signal xi¢, as shown

in Figure 2.1.

X
antennas | XTX
< < Synthesizer
RX
antennas XRX XIF XLp
LPF f—>—
Mixer

Figure 2.1 - FMCW radar block diagram.

The signal x is low-pass filtered to reject high-frequency spectral components, thus leading
to xip, which presents the following expression where the component given by the sum of

the frequency of the signals xrx and xgx is filtered:

1
XLp = ECOS[ZTF(]CTX — fr)t + (Prx — Ppry)] (2.1)
Figure 2.2 shows the typical trend over time of the frequencies frx and frx of x1x and xgy,
respectively. Specifically, frx is assumed to vary linearly from the starting frequency f. and

span the bandwidth B during the chirp time Te.

Considering a single object placed within the FOV at a fixed distance d from the radar, which
causes the reflection of the transmitted signal, frx is expected to have the same trend of
frequency variation over time as frx but delayed by a time 7=2d/c, where c is the speed of

light.
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Figure 2.2 — Frequency of the transmitted and received signals over time.

Figure 2.3 shows how the presence of one or more objects in the FOV induces peaks in the
normalized reflected power P; of xip, thus allowing to estimate the distances between the

objects and the radar.

>
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Figure 2.3 — Normalized reflected power P: as a function of d showing peaks corresponding to three
objects concurrently within the FOV of the antennas.
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2.3 Proposed system description

Figure 2.4 shows the block diagram of the developed prototype. The radar sensor is based
on the Texas Instruments IWR1443BOOST development board featuring a 76-81 GHz FMCW

radar sensor fabricated in TI’s 45-nm RFCMOS process, as shown in Figure 2.5.

Remote controller

database - elaboration
WiFi

Figure 2.4 — Block diagram of the developed radar system.

The chip is equipped with built-in electronics that also comprises hardware supporting
front-end configuration, calibration, and complex operations. The board is equipped with
an antenna array composed of 3 transmitting (Tx) and 4 receiving (Rx) antennas with a
maximum transmission power of 12 dBm, allowing for a theoretical detection range of up
to 50 m. A Raspberry Pl board interfaces the radar sensor, acquires data and manages the

remote communication through a Wi-Fi connection.

connector

Figure 2.5 — Picture of the Texas Instruments IWR1443BOOST board.
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The prototype has been installed on the top and outside of a fiberglass silo containing

sound-absorbing, granular and dusty material with a density p of about 800 kg/m?3, as shown

in Figure 2.6.
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Figure 2.6 — Schematic diagram of the silo structure and radar positioning.

The silo has a total height H of 6.1 m with a cylindrical section with height A of 4.2 m at the
top with diameter d of 2.48 m, and a truncated cone with height B of 1.7 m at the bottom
with a lower diameter d> of 0.8 m. The radar sensor has been mounted tilted to
accommodate for the curved cover of the silo as shown in Figure 2.7. Given the silo

dimensions, the radar board has been set with a detection range of 10 m and configured
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with one transmitting and two receiving antennas. The silo embeds four load cells under the

feet anchors that allow for real-time measurements of the weight of the stored granular

material.

Figure 2.7 — Image of the prototype installed outside the circular fiberglass silo.

Considering the weight w, the geometry of the silo, and the mass density p of the material,

the level Ly of material stored in the silo has been estimated and used as the reference

value. The volume vy, of the material inside the silo is determined as v = w/p. From vy, and

taking in account separately of the cylindrical and conical section of the silo, it is possible to

determine the reference height hy, with the following equation:

( B-v
A+B_V ) U<VB
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where Vg is the volume of the truncated cone section:
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The level of material inside the silo estimated form the load cell measurements is

consequently determined as Ly = H-hy

From the radar measurement, the level of the material L inside the silo is similarly
determined as L = H-h, with the assumption of h = h,, as the tilt of the radar has been
considered negligible. Moreover, since granular solids tend to build up a heap with non-
planar surface, h, has to be considered as an average value [71]. The distance h: is
determined from the reflected power Pr normalized to its maximum amplitude, as shown in

Figure 2.8.
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Figure 2.8 — Measured normalized reflected power P: as a function of h.

Each peak of P; corresponds to an object within the FOV of the antenna array. Excluding
peaks located at h < 0.5 m, corresponding to the reflections between the radar and the top

cover of the silo, no distinct peaks are evident in the reflected power.

Therefore, to improve the signal-to-noise ratio and to estimate the average distance h, an
algorithm based on consecutive acquisitions of Pr and linear filtering techniques has been

devised [76].
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2.4 Experimental results

A measurement campaign of 15 consecutive days during which the silo has been loaded and
progressively unloaded has been performed. Figure 2.9 compares the experimental values

of L and Ly, measured every minute, when the level has been varied between 0.5 and 5.2 m.

Presence of heap after loading

Silo unloading g

17 Silo loading

0 1 1 1 . 1
Sep22 Sep25 Sep28 Oct01 Oct04 Oct07
timestamp 2021

Figure 2.9 — Estimated and reference levels L and Lw obtained employing the radar and load cells
systems, respectively, for a measurement campaign of 15 days, measured every minute.

The discrepancy between L and Ly after the first silo loading is probably related to the
formation of heap due to the loading process of the silo from the top. This discrepancy is
also present after the second loading even if less accentuated, probably due to a lower
amount of loaded material. Minor deviations between L and Ly can be observed forL <2 m
that correspond to the beginning of the conical part of the silo. Such deviations can be

attributed to inaccuracies in the estimation of the material level from the load cells system.

As shown in Figure 2.10, the best fit line of L against Ly, has a slope of 1.06, i.e. close to the
ideal line, showing the effectiveness of the radar sensor system to estimate from the outside
the level of the material stored into the silo, within the explored range. The discrepancy that
can be observed for L around 5 m has been ascribed to the formation of a heap in the loading

process.
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Figure 2.10 — Comparison between the radar estimated level L and reference level Lw.

The measurement repeatability, which defines the equivalent resolution of the sensor
system, has been estimated at one standard deviation over 100 repeated measurements at

the fixed level Ly = 3.63 m, resulting in 0.037 m.
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Chapter 3

Proximate noncontact interrogation

techniques

In the field of proximate sensing, this thesis investigates into the area of noncontact
interrogation of passive sensors. This chapter, in particular, lays out the foundational
concepts for the noncontact interrogation of resonant passive sensors within the near field,
a process that hinges on the principles of inductive coupling. The focus is particularly on
techniques for the interrogation of sensor units that operate based on resonance, which are
inductively coupled to an interrogation unit. These techniques utilize the resonant frequency
and quality factor as key readout signals. Various types of sensor units, based on capacitive,
inductive, and electromechanical piezoelectric resonator sensor units are analyzed.
Furthermore, two interrogation techniques present in literature, one based on the frequency-
domain and the other on the time-domain, are explained. These methodologies are
theoretically independent to the coupling factor, a critical feature that aims to ensure that
sensor readings remain accurate and consistent regardless of the distance of interrogation.
However, due to practical limitations, it is shown that unavoidable parasitic capacitance
introduces distance-dependent variables. This factor adds an undesired layer of complexity,
as it influences the accuracy of sensor readings based on the distance of interrogation for
both the frequency-domain and time-domain techniques. Mitigating techniques, derived
from literature, are presented to inhibit such effects and to enhance the reliability and

accuracy of this noncontact sensing techniques.
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3.1 Near-field interrogation of passive resonant sensors

3.1.1 Passive resonant sensors

In physics, resonance is the tendency of a system to oscillate with greater amplitude at some
frequencies, called resonant frequencies, than at others. Resonance occurs when a system
is able to store and easily transfer energy between two or more different storage modes,
e.g. kinetic energy and potential energy for example in the case of a pendulum, or electric
and magnetic energy in the case of an inductance-capacitance circuit. From cycle to cycle,
there are some losses, called damping. The resonant frequency of a specific object is related
to its parameters. Any change in one of these parameters can reflect in a change of the

resonant frequency [77].

Passive resonant sensors are a class of sensing devices that leverage resonant frequency
characteristics to detect and respond to various physical and environmental parameters.
These sensors operate without an integrated power source and instead rely on external

excitation, making them suitable for a wide range of applications.

Resonant sensors are utilized in a wide range of applications: environmental monitoring,
structural health monitoring, food packaging, healthcare, 10T, and industrial monitoring.
These sensors operate on various principles, including changes in mass, electrical field,

mechanical stress, and temperature [77].

Passive sensors, in contrast to their active counterparts, do not require a dedicated power
supply for their operation. Instead, they rely on the modulation of the exciting signal.
Resonant sensors utilize this fundamental concept, where their electrical properties,
generally resonant frequency, change in response to the physical or chemical quantity they

are designed to monitor.

These sensors are characterized by a resonant frequency, which is the frequency at which
they exhibit maximum sensitivity to external stimuli. The alteration of resonance
parameters due to changes in the sensed parameter, such as temperature, humidity,

pressure, force, or specific analytes, serves as the basis for their sensing mechanism. By
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measuring the shift in resonance parameters, the environmental changes can be quantified
and obtaining valuable information. To excite and detect oscillation of resonant sensors,
several methods are employed which can exploit piezoelectric, electrostatic, optical, and

electromagnetic principles [78,79].

In principle, the measured resonant frequency does not depend on the specific
interrogation method adopted, making resonant sensing a robust approach for contactless
operation [78-81]. Indeed, one of the significant advancements in passive resonant sensors
is their integration with contactless interrogation techniques based on electromagnetic
coupling. This noncontact interrogation method eliminates the need for physical
connections, making it particularly useful in situations where sensor placement is

challenging, for example in enclosed environments.

The continuous development of these sensors and their contactless interrogation methods
holds the promise of further innovations, driving the advancement of scientific research and

technological applications in various domains.

3.1.2 Resonant principle

Harmonic oscillators are a fundamental concept in classical mechanics, representing
systems that exhibit periodic motion when displaced from their equilibrium or balanced
position. These systems are characterized by a restoring force F that acts to return the
system to its equilibrium state. This force is directly proportional to the displacement from
equilibrium, a relationship mathematically described by Hooke's Law:

F=—kx (3.1)

where k represents a positive constant, indicative of the inherent resistance of the system

to displacement.

In instances where F constitutes the sole force acting upon the system, we refer to it as a
simple harmonic oscillator. This oscillator is characterized by simple harmonic motion,

displaying sinusoidal oscillations around its equilibrium point. Remarkably, these oscillations
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maintain a constant amplitude and frequency, the latter being independent of the harmonic
motion amplitude. When the system is subject to a frictional (damping) force, proportional

to velocity, it transforms into a damped oscillator.

With reference to Figure 3.1, the equation of motion for a linear harmonic oscillator,
assuming no external force acts upon the system, can be mathematically formulated as:

d?x dx
m—+c—+kx=0. (3.2)

dt? dt
In this equation, x represents the displacement from equilibrium, m the mass of the system,
¢ the damping coefficient, and k the spring constant or elastic coefficient. Equation (3.2) can

be also rewritten into the form:

d*x dx

?+2€woa

d + wix =0, (3.3)

where wo = (k/m)” is the undamped angular frequency of the oscillator, while T = ¢/2(mk)”

is the damping ratio.

x(1)
k —

A

NN

o]

Figure 3.1 — Mass-spring-damper representation of a linear harmonic oscillator.

In the idealized scenario where damping is either absent or negligible (i.e., ¢ = 0), an
harmonic oscillator, once displaced from its equilibrium point and released, will continue to
oscillate indefinitely with a constant amplitude and frequency. This perpetual motion

persists in the absence of any external interference.
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However, in practical applications, oscillators experience damping due to frictional forces,
which reduces their motion over time. Unlike simple harmonic motion, which is influenced
solely by the restoring force, damped harmonic motion also experiences frictional forces.
These forces typically scale with the object velocity, leading to a gradual decrease in the

amplitude of oscillation until the motion eventually ceases.

When damping is present (i.e., ¢ # 0), the system behaves as a damped oscillator. The
presence of damping causes the oscillator to have a lower frequency than in the undamped
case, and the amplitude of vibration diminishes over time [82]. Numerous real-world
examples of damped harmonic oscillators exist, ranging from mechanical systems like

pendulums and mass-spring assemblies to electrical systems like RLC circuits.

Energy dissipation in a damped harmonic oscillator occurs during its oscillatory motion due
to the presence of damping. The quality factor (Q) is defined as the ratio of the energy stored

in the system to the energy it loses per oscillation cycle:

stored energy 1

=2 =—,
Q=2m st per cycle energy 2 (3.4)
Depending on ¢ and thus on Q, a damped harmonic oscillator can be classified as
overdamped (> 1, Q < 1/2), critically damped ({=1, Q = 1/2), or underdamped (0 < {< 1,

Q>1/2).

In the underdamped case, the oscillator still exhibits oscillatory behaviour, albeit with a
progressively decreasing amplitude, as shown in Figure 3.2. The decay time t, during which

the amplitude diminishes to 1/e of its original value, is defined as = 1/{wo.
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Figure 3.2 — Time domain response of a damped harmonic oscillation, varying the damping (i.e., the
quality factor Q), keeping the resonant frequency fo = wo/2m and initial condition fixed) [83].

The angular frequency of the underdamped harmonic oscillator is given by:

Wg = Wy 1———. (35)

Consequently, the equation of motion of a damped harmonic oscillator can be written as:
x(t) = Xe~t?Q cos(wyt — ). (3.6)

Considering now the case of driven harmonic oscillators, which consider damped oscillator
further affected by an externally applied force F(t), the Newton second law take the form:
d?x

N dx
mae T

+ kx = F(t), (3.7)
which can be rewritten into the same form of Equation (3.3):

d?x dx , _F®
W -+ 2((1)0 E + wox = T, (3.8)
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Considering now the specific case of a sinusoidal driving force F(t) = cos(wt), where w is the

driving frequency, the steady-state solution of Equation (3.8) results:

x(t) = Acos(wt + ¢), (3.9)
where the amplitude A is given by:

¢ !
 ww VO (wo/w — w/wy)? + 1 ’ (3.10)

while the phase is given by:

Q—l
¢) = —arctan (m) (311)

It results that the phase varies from slightly negative for low frequencies, passing rapidly
(for large Q) through -mt/2 on resonance, and decreasing to -t for large frequencies, as

shown in Figure 3.3.

\ —— Q=300
[ Q=20.0
= / \ Q=10.0
= AR\ —— Q=50

1.5 2.0 25 3.0 3.5
w/(2m) = f(Hz)

Figure 3.3 — Frequency response of a damped, driven harmonic oscillation, varying the damping (i.e.
the quality factor Q), keeping the resonant frequency fo = wo/2n fixed at 2.5 Hz. The FWHM is shown
only for the curve with the highest value of Q [83].
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3.1.3 Near-field electromagnetic coupling and mutual inductance

Near-field electromagnetic coupling refers to the interaction between two closely spaced
conductors, where the electromagnetic fields are not fully radiated into the surrounding
space but are confined in the proximity of the conductors. This phenomenon is particularly
relevant in applications involving short-range communication, wireless power transfer, and
NFC systems. The near-field coupling strength is characterized by the spatial distribution of
electric and magnetic fields. Maxwell equations play a crucial role in mathematically
describing the near-field behaviour, considering factors such as distance between

conductors, frequencies involved, and the geometric configuration of the system.

A
Coil 2
S e
coil 1 7~ 2~
N,
Iy
A
B,

Figure 3.4 — Interaction between two coil placed near each other: changing current in coil 1 produces
changing magnetic flux in coil 2.

Considering two coils placed in close proximity each other as shown in Figure 3.4,
characterized by N1 and N; turns respectively, the current j1 flowing in the first coil generate
a magnetic field B1 which pass through the second coil. By varying i1 with time, there will be
an induced electromotive force e associated with the changing magnetic flux in the second

coil:

do,,  d
e ="M= = _EjLzBldAz (3.12)
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where @;; is the magnetic flux through the second coil caused by the current ji, S; is the

surface area enclosed by the second coil and dA; is an infinitesimal area element on S,.

The rate of change of magnetic flux @,1 in the second coil is directly proportional to the rate

of change of current ix

No—g = Moz (3.13)

where My1 represents the mutual inductance which only depends on the geometrical

properties of the two coils such as the number of turns and the radii of the two coils.

B,
A
Coil 2
‘_\.
L2 N,
/"
Coil 1 P W

Figure 3.5 — Interaction between two coil placed near each other: changing current in coil 2 produces
changing magnetic flux in coil 1.

Similarly, considering a current i; flowing in the second coil, as shown in Figure 3.5 the

corresponding electromotive force induced in the first coil results:

dd, d
e =M gt = = [[ Baans G

Where @1, is the magnetic flux through the first coil caused by the current i, S1 is the surface

area enclosed by the first coil and dA1 is an infinitesimal area element on S;.
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The changing flux in the first coil is also in this case proportional to the changing current i,

in the second coil:

M= = Mgy (3.15)

Considering a fixed geometry and using the reciprocity theorem which combines Ampere

and Biot-Savart law, can be shown that the two mutual inductances are identical:

My, =My, =M (3.16)

The mutual inductance M is a measure of the degree of coupling between the two coils. It
guantifies how much the magnetic field generated by one coil influences the voltage
induced in the other. Mutual inductance is a fundamental parameter in transformers,

inductive sensors, and various noncontact communication systems.

Considering two coils characterized by inductance L1 and L, respectively, the mutual

inductance M can be expressed also as a function of the two coupled coils inductance:

The parameter k denotes the mutual inductive coupling coefficient, ranging between 0 and
1, reliant on the geometric configuration of both coils, the magnetic characteristics of the
medium and the inductor cores, and the relative distance between the coupled circuits.
Specifically, the mutual inductance M diminishes in accordance with the mutual inductive
coupling coefficient k as the relative separation distance between the two coupled circuits

or coils increases [84,85].

The sign of M depends on the direction of the current flowing in the two coils, as shown in

Figure 3.6.
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Figure 3.6 — Dependence of the sign of the mutual inductance M on the current flow directions on the
coupled circuits.

When inductors are connected in series, allowing the magnetic field of one to interact with
the other, mutual inductance affects the total inductance, either increasing or decreasing it
based on the extent of magnetic coupling. This impact is contingent upon the distance
between the coils and their relative orientations. Coils are cumulatively coupled when the
magnetic flux generated by the current traverses through the coils in the same direction.
Conversely, if the current flows in opposite directions through the coils, they are considered

differentially coupled.

Considering two coils L1 and L, cumulatively coupled with mutual inductance M, as shown

in Figure 3.7a, the total inductance Lt of the pair results:

Conversely, when two coils L1 and L; are differentially coupled, as shown in Figure 3.7b, the

total inductance Ly of the pair is equal to:

Lb:L1+L2_2M

(3.19)
Ls L,
L] ° ®
Ll LZ L1 LZ
5 i

(a) (b)

Figure 3.7 — Cumulatively (a) and differentially (b) coupled coils with mutual inductance M.
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The mutual inductance M can be calculated from the two total inductances Ls and Lp

obtained with the two coils cumulatively and differentially coupled [85,86]:

Ly — Ly,

M==—=7 (3.20)

By knowing the self-inductance values L; and L; of the two coils, the mutual inductance can

be also calculated as:

L—L, —L
_ Ly 1 2

M=———— (3.21)
—L,+ L, +L

M= b 4-1 2 (3.22)

In the Laplace domain the inductive coupling between two purely inductive coils of

inductance L1 and L; respectively, can be written as:

Vi(s) = sLi1,(s)  sMI,(s) (3.23)
V,(s) = sL,1,(s) £ sMI,(s) (3.24)

where V1 and V; are respectively the voltages across coil with inductance L1 and L, and

and I, are the respective current flowing in the coil.

These equations represent a system of coupled linear differential equations, and their
solution can provide insights into the dynamic behaviour of coupled inductors. Analysing
this system in the Laplace domain is particularly valuable for understanding transient

responses and frequency-dependent behaviours.
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3.1.4 Coil-coupled passive resonant sensors

As introduced in Section 3.1.1 the resonant behaviour of passive resonant sensors allows
extracting the measurement information through the reading of the resonant frequency of
the sensor. Resonant sensor can be effectively contactless interrogated by exploiting the
electromagnetic coupling between two inductive coil and the resonant parameter of the
sensor [51,66]. The adoption of the resonant measuring principle in contactless operation
has two main advantages with respect to amplitude-based techniques [60,87]. Firstly, the
resonant principle is robust against external interferences or nonidealities that affect the
signal amplitude. Secondly, as it will be illustrated in Section 3.2, the resonant principle,
combined with suitable electronic techniques, can ensure that the readout frequency is

made independent from the interrogation distance.

IC

—— =y

Figure 3.8 — Equivalent circuit of a coil-coupled passive sensor.

The contactless interrogation of coil-coupled passive sensors relies on the schematic circuit
depicted in Figure 3.8, illustrating a generic resonant sensor unit (SU) magnetically coupled
with a coil utilized for contactless interrogation of the SU. The interrogation coil (IC),
commonly referred to as the primary coil, is represented schematically with inductance L1
and series resistance Ri, and it is magnetically linked to the coil of the SU, typically referred
to as the secondary coil, which is schematically represented with inductance L, and
resistance R,. The magnetic coupling between the coils is characterized by the mutual
inductance M, which is contingent upon the geometrical configuration of primary and

secondary coil, as well as their spatial orientation.
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In standard noncontact interrogation scenarios, the parameters Li, Ri, Lz, and Ry can
generally assumed to be constant, whereas the value of M can fluctuate based on
alterations in the distance or alignment between the coils. However, certain specific
applications may directly utilize the inductance L, of the SU coil as a sensing element. In this
case, this inductance do not remain constant and can vary according to specific sensing

conditions.

Within the SU, the secondary coil is connected to the generic impedance Zs, which models
the sensing element. Two main different SU operation mode can be considered. In one
operation mode, Zs forms with L,, a second order network with complex conjugate poles. In
this case Zs is predominantly capacitive and L; influences the exploited resonant behaviour
of the SU. In the other operation mode Zs itself includes a second order network with
complex conjugate poles, i.e., Zs comprises an LCR resonant network and the dominant
resonant behaviour depends mainly by Zs. In both cases, resonance can occur in the
secondary circuit where the quantity to be sensed via Zs influences the resonant frequency

and, possibly, the damping.

The following discussion considers three specific cases of the SU configuration, depicted in

Figure 3.9.
Ry R, Ry R, Ry R, R,
7_{,2 Lb Cr
- —
Ly L, Ly Ly Ly Ly L,
" _A " c A
M . M . M

(a) (b) (c)

Figure 3.9 — Equivalent circuits of the three considered cases for a coil-coupled sensor unit: (a)
capacitance sensor Cs; (b) inductive sensor Ls; (c) electromechanical piezoelectric resonator
represented with its equivalent Butterworth—van Dyke (BVD) model.
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Figure 3.9a illustrates the scenario in which Zs is a capacitive sensor with a value of Cs,
forming an LC resonant circuit in conjunction with L,. The associated resonant frequency fs

and the quality factor Qs of the resulting SU are determined as follows:

1
Is = it (3.25)
1 [ (3.26)

Figure 3.9b instead depicts the scenario where Zs encompasses an inductive sensor Lsand a
fixed capacitance C exclusively employed to achieve a resonant circuit. In this case, the

associated resonance frequency and quality factor are as follows:

1
s = 21 /(Ly + Ls)C (3.27)
1 L+ L (3.28)

Qs = R C

In the last case, Zs is a piezoelectric resonant sensor, including types such as quartz crystal
resonators (QCR) and MEMS resonators To schematize their behaviour near the resonant
point, the Butterworth-Van Dyke (BVD) model, a lumped-element circuit representation, is
utilized, as shown in Figure 3.9c. This circuital model is divided into two primary sections: a
motional or mechanical segment and an electrical component. The motional segment is a
series arrangement of an inductance L, a capacitance C,, and a resistance R, symbolizing
the resonator effective mass, springiness, and energy loss mechanisms, respectively. In
contrast, the electrical segment is characterized by a capacitance Cp in parallel, reflecting
the dielectric nature of the resonator material. When a voltage source stimulates the
system, the mechanical resonance frequency f; at which the motional arm current is at its

maximum, aligns with the series resonance of the BVD circuit. This alignment occurs at the
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frequency where the mechanical arm impedance reactance is minimal [88]. This allows for

the calculation of both fr and the resonator electromechanical quality factor Q:

1
= o L.C, (3.29)
1 [ (3.30)
QT' - Rr Cr

Commonly, in applications where electromechanical piezoelectric resonators function as
sensors, the variable being measured induces changes in the characteristics of the motional
arm components L, C;, and R:. These alterations, in turn, lead to variations in both f, and Q:

of the sensor [51].

Due to the connection of Zs with L, and R3, the resulting resonant frequency and quality

factor of the SU results:

1
Js = 2m/(L, + Ly)C, (331)
1, L) (3.32)

Qs = R, +R, C,

Typical electromechanical resonators, such as QCRs, exhibit substantially higher inductance
values L, compared to the coil inductances L, typically employed in these scenarios. In

situations where L;» L, it is feasible to approximate fs= f;.
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3.2 Noncontact interrogation techniques

To effectively obtain data from the sensor unit SU via noncontact methods, specific
interrogation electronic approaches are needed, particularly leveraging the benefits of coil-
coupled operation. In this context, the most critical aspect to consider is the variation of the
coupling factor k between the coils and consequently of the mutual inductance M, which
are influenced by factors like the spatial separation, alignment, and orientation between the
interrogation coil IC and the SU. Methods sensitive to changes in k usually necessitate
maintaining these geometrical parameters stable to obtain a consistent measurement
[51,89]. However, in most real-world scenarios, controlling the distance and alighment
between coils consistently is often impractical or impossible. Consequently, for practical
applications robust measurement techniques that remain unaffected by fluctuationsin k are

required.

Contactless interrogation passive resonant sensors can be effectively conducted using either
frequency-domain or time-domain methods [51]. Frequency-domain techniques focus on
the measurement of the resonator impedance, reflection coefficients, or a specific transfer
function. This measurement is conducted by exiting and sensing the resonator
simultaneously [49,66,67]. In contrast, time-domain approaches are based on the resonator
transient free response after excitement. This involves a separation of the excitation and
detection phases across different time intervals [68]. For both techniques, the
independency of the sensing quantities from the reading distance has been demonstrated

[51].

In the following sections, a frequency-domain technique and a time-domain technique are
presented. These techniques are than employed in the succeeding chapters for the

proposed application.
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3.2.1 Frequency domain techniques applied to coil-coupled resonant sensors

The considered frequency domain technique for contactless interrogation of coil-coupled
resonant sensor is based on the measurement and analysis of the impedance of the SU

reflected to the IC.

Zy
/
Ry
IMPEDANCE
ANALYZER Ly
Re{Z}(f)
Zp
ANy
1
(a) (b)

Figure 3.10 — (a) Block diagram of the readout technique based on impedance measurements; (b)
equivalent circuit for the calculation of Z.

Figure 3.10a shows the block diagram of the readout technique based on impedance
measurements, where the readout system consists in an impedance analyser connected to
the interrogation coil IC schematized with L; and R1. The effect of the coupling of the IC with
the SU results in a reflected impedance Zg in series with the primary coil as shown in Figure

3.10b, forming the impedance Zi:

Considering the case of a SU with capacitive sensing element Cs, which equivalent circuit is

shown in Figure 3.11a, the impedance Z3, as a function of f results:

1
Z, =R, + j2nfL, + 4n?f2k2L,L,

1
- — 3.34
Ry +j2nf Ly + sy (3.34)
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It can be observed from Equation (3.34) that the effect of the coupling with the SU makes

the total impedance Z; dependent on the coupling factor k.

Z4
- ™
IMPEDANCE | R R,
ANALYZER ;/Cs
L, L, B
Re{Z}(f)
L

AN S/ M

Figure 3.11 — Block diagram of the interrogation system based on impedance measurement with
capacitive SU.

The resonant frequency fs and the quality factor Qs of the SU, defined in Equations (3.25)
and (3.26), can be obtained from the real part of Zi1 [66], which is mathematically

represented by the following relation:

R,

B2 + (2L, - ﬁ) (3.35)

Re{Z . }(f) = R, + 4m*f?k*L,L,

A local maximum in Re{Zi} is observed at a frequency denoted as fm. This maximum is
discerned by nullifying the derivative of Equation (3.35) in respect to f. Can be derived that
fm is independent from k and it is related to fs and Qs [66]. Indeed, combining Equations

(3.25), and (3.35), it results the following equation for Re{Z:}:

f
fs
Re{Z}(f) =R, + 27TfL1k2Q5 .
of s 2 (3.36)
1403 (£-%)
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Consequently, it results:

fm = flmax(Re{Zl}) = &fs
Vi -2 (37)
fs (3.38)
Qs = BW.
frwHM

As shown in Figure 3.12,Figure 3.1 BW: rwhm is the full width at half maximum FWHM of
Re{zi}, around fm [51,66]. If Qs is sufficiently large with respect to unit, fm closely
approximates fs. Consequently, the measurement of fn, and BWs rwum in Re{Z1} allows to
determine fs and Qs of the capacitive SU. This method is advantageous as it allows for the
independent determination of these parameters without the influence of k which only

affects the amplitude of Re{Z1} as reported in [51].
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Figure 3.12 — Real part of Z; as a function of frequency for three different values of k [51].

The described approach can be also applied in the case with an inductive sensor Ls and a

fixed capacitance Cr employed to achieve a resonant circuit, as described in Section 3.1.4.
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Considering instead the case with an electromechanical piezoelectric resonator in the SU as

shown in Figure 3.13, the impedance Z; measured at the IC results:

1

Zl = R1 +]27TfL1 + 4’7T2f2k2L1L2 1 1
R, + j2rfL, +m Il (]27TfLr +m + RT> (339)

IMPEDANCE R,
ANALYZER

Re{Z}(f)

- J

Figure 3.13 — Block diagram of the interrogation system based on impedance measurement with
electromechanical piezoelectric resonator represented with its equivalent Butterworth—-van Dyke
(BVD) model.

Close to the resonant frequency f; = %m(L.C/)*? of the electromechanical piezoelectric
resonator, the impedance of its motional arm Z. = R, + j2nfL, + 1/(j2rfC;) has a magnitude
typically much smaller than that of the impedance of G, i.e., |Z| « 1/2rf.Co. Then, the
presence of Co can be neglected, resulting in the simplified equivalent circuit of Figure 2.14a.

With this assumption, around the resonant frequency Re{Zi} can be approximated with:

R, +R,

Re{Z }(f) ~ R, + 4m?f?k?L,L, BEE
(Re + Rp)? + |27f (Ly + Lo) = 5o (3.40)

Equation (3.40) has the same form as Equation (3.35) and hence, also in this case, can be
applied the Equations (3.37) and (3.38) with the same consideration and where fs and Qs are
given by Equation (3.31) and (3.32) respectively. In this case as well, the coupling factor k
solely functions as an amplitude factor, thereby not affecting the resonant frequency and

quality factor obtained from the real part of the impedance Z; [51].
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Figure 3.14 — (a) Block diagram of the interrogation system with equivalent circuit of
electromechanical piezoelectric resonator around f;; (b) block diagram of the interrogation system
with equivalent circuit of electromechanical piezoelectric resonator for f>>f..

The presence of Cpimpact the behaviour of Z; for the frequencies f » fr where the impedance
magnitude of Cp is smaller than the impedance magnitude of Z,, which therefore can be
neglected. With reference with the consequent equivalent circuit of Figure 3.14b, Re{Z1}

results:

R,

-
RZ + (Zﬂsz - %fCo) (3.41)

Re{Z,} ~ R, + 4n%f?k?L,L,

Also Equation (3.41) has the same form as Equation (3.35), and it can be therefore derived

that Re{Z1} presents a maximum at fm _ei:

2Qel

fmel = fe ﬁ (3.42)

Where in this case the electrical resonant frequency and quality factor are:

£ = 1

el 27‘[—\[L2C0 (3'43)
1L (3.44)

Qel - R2 CO'
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The preceding analysis elucidates that Re{Z:} of SU including electromechanical piezoelectric
resonators exhibits dual peaks: one corresponding to the mechanical resonance f; and the
other to the electrical resonance fe. Considering L. » L,, coupled with the typical scenario
where C; « Gy, it ensures that fe significantly exceeds f.. Consequently, it becomes apparent
that both resonances can be effectively leveraged for the contactless interrogation of

sensors founded on electromechanical piezoelectric resonators.

3.2.2 Time domain techniques applied to coil-coupled resonant sensors

As introduced, the time-domain techniques for contactless interrogation of passive
resonant sensors, also named time-gated techniques, are based on the resonator transient

free response after excitement of the resonant elements of the SU.

The operational methodology of the time-gated technique is visually represented in Figure
3.15a, focusing on a SU equipped with a capacitive sensing element Cs . This technique is

characterized by two distinct phases: the excitation phase and the detection phase [68].

In the excitation phase, the SU is energized through the coupling of IC with L, and as
consequence of the sinusoidal excitement signal vex(t) applied to Li. Subsequently, during
the detection phase, the switch shifts to the D position, disconnecting the excitation signal.
The IC is then connected to a readout circuit characterized by a high-impedance input,

ensuring negligible current flowing through L1 and Ri.

During the detection phase, the readout circuit input voltage vi(t), can be obtained by
applying the inverse Laplace transform to the corresponding voltage Vi(s) in the Laplace
domain, where s represents the complex frequency. Given the SU configuration as a
second-order LCR network, the resultant vi(t) exhibits the form of a damped sinusoid,
characterized by a frequency fq and a decay time t4 as explained in Section 3.1.2. These
parameters allows determining the resonant frequency fs and the quality factor Qs of the
SU, allowing this technique to be utilized for the contactless interrogation of passive

resonant sensors.
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Figure 3.15 — (a) Block diagram of the time-gated technique with capacitive SU; (b) equivalent circuit
of the time-gated technique with capacitive SU during the detection phase.

Considering the initiation of the detection phase D at t = 0, the readout voltage vi(t) is
influenced by the initial states of the reactive elements Cs, L1, L, and M at t = 0. These initial
conditions primarily affect the starting amplitude of vi(t) for t > 0, while the complex
frequencies of the network remain unchanged, thus preserving f4 and t4. Consequently, for
simplification without loss of generality, the single initial condition Vcso, defined as the
voltage across Cs at t = 0, can be considered, setting aside the other initial conditions. As an
equivalent alternative that does not change the consequences of the present treatment,
Vcso can also be seen as an effective initial condition. Figure 3.15b shows the time-gated
configuration in the Laplace domain during the detection phase taking in account the
considered hypothesis for the initial conditions. According, the expression of Vi(s) in the

Laplacian domain results:

Vis) =k [y >

s)=k |—

1 IR Y (3.45)
L, " L,Cs

By applying the inverse Laplace transform the corresponding time expression vi(t) of Vi(s)

results:

v (t) =k Ly 4—Q§Vcsoet/7d cos |2mf t — arctan( ! )]
LZ 4Q§ -1 Zﬂfd‘[d (3'46)
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As can be seen from Equation (3.46) and from the plots of Figure 3.16, the signal vi(t) is a
damped sinusoid with frequency fq and decay time t4. From equation of underdamped
harmonic oscillator can be derived that the relationship between fq and t4 with fs and Qs of

the SU are the following:

1
fa="fs |1- 202 (3.47)

. _& (3.48)
¢ nfs

Assuming Qs sufficiently large with respect to unit, it results fq = fs.

As described in [51] and as evident from Equation (3.46), the coupling factor k only acts as

a scaling factor on the amplitude of vi(t) without affecting fq or ta.

"1“)

Time

Figure 3.16 — Voltage vi(t) during the detection phase calculated for three different values of the
coupling factor k [51].

Under the considered assumptions, the presented time-gated technique allows to
determine the frequency fs and quality factor Qs of the capacitive SU, independently of k.
This technique can be effectively applied also to the case with electromechanical

piezoelectric resonator used as sensing element of the SU [68,90].
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3.2.3 Effect of parasitic capacitance at the interrogation coil in frequency

domain interrogation techniques

The proposed technique presented in Section 3.2.1 based on the measurements of the real

part of the equivalent impedance at the interrogation coil, present limitation associated the

presence of unavoidable parasitic capacitance. In particular unavoidable nonidealities result

in a lumped parasitic capacitance Cp that appears in parallel to L1 as shown in Figure 3.17.

The represented parasitic capacitance encapsulates the cumulative effect arising from the

parasitic capacitance of the inductor L;, the capacitance of the connections, and the input

stage of the electronics used for impedance measurements, all of which appear in parallel

to the inductor L; of the interrogation coil.

Zyp Iy
e N |
[
Rl
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]
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Figure 3.17 — Block diagram of the frequency-domain interrogation technique with parasitic
capacitance and equivalent circuit of the impedance Z:r of a coil-coupled capacitance sensor.

Considering the case with the sensor unit composed by only the coupling inductor L, and a

capacitive sensing element Cs, taking in account the presence of Cp, the real part of the

impedance Zip at the interrogation coil results [89]:

Re{Z,p} = Re{
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. Am?f2k?L,L 1
R, +j2nfL, + _ f7R7Ly =] TG
R, + j2nfL, +j21rfC5
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R, +j2nfL, + : [y = TIRFC
R, +j2nfL, +j27TfC5
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Equation (3.49) shows that in this case the coupling coefficient k not only acts as an
amplitude scaling factor, but also affect the resonance parameter of the SU and therefore
it is not possible to independently extract the resonant frequency fs , and quality factor Qs
of the SU [50]. Numerical analysis of Equation (3.49) shows that the real part of the
equivalent impedance Zip presents two peak. The first peak can be associated to a primary
resonance near fs = 1/2m(L,Cs)” , while the second peak to a secondary resonance near

fo=1/2m(L1Cp)% [50,89,91].
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Figure 3.18 — (a) Numerical simulation of the real part of equivalent impedance under the presence of
parasitic capacitance Cp with increasing values of coupling coefficient k [50]; (b) simulation of the real
part with varying parasitic capacitance Cp [50].

Both the resonance are influenced by the coupling coefficient k and by the value of Cp. Figure
3.18a shows the obtained Re{Zip} for fixed Cp and variable k, while Figure 3.18b shows the
obtained Re{Zip} for fixed k and variable Cp. It results that when Cp is not negligible it is not
possible to determine with independence from k, and thus from the interrogation distance

d, the resonant frequency fs and quality factor Qs of the SU [50,51].
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3.2.4 Effect of parasitic capacitance at the interrogation coil in time domain
interrogation techniques
In Section 3.2.2 has been exposed a time domain technique for contactless interrogation of
coil-coupled resonant sensors. The presented analytic analysis shows that this approach is
independent from the coupling factor k, and thus from the interrogation distance d.
However, considering also in this case the presence of a parasitic capacitance Cp in parallel
to the interrogation coil and considering a SU composed by the coil L, and a capacitive
sensing element Cs, as shown in Figure 3.19, the expression (3.45) of Vi(s) in the Laplacian

domain became [51]:

Ly SVesoCsL,
L, s*CsCpLiL,(1 —k?) + s3x + s2y +sz+ 1 (3.50)

Vip(s) =k

where

X = CSCP(Lle + Lle)
y =CsLy + CpLy + CsCpR4R, (3.51)
7 = CSRZ + CpRl

and where Vcso is the voltage across Cs at t = 0. From Equation (3.50) it can be observed that
the coupling coefficient k not only acts as amplitude scaling factor, but also affects the
fourth-order polynomial at the denominator. The decomposition of a fourth order
polynomial can results in two pairs of complex conjugate roots. In this context, the s* term
associated with the coupling coefficient, represented as (1 - k?), suggests a dependency of
the complex frequencies (s = j2rif) on the coefficient k [51]. When performing the inverse
Laplace transform on equation (3.50), it becomes evident that the output voltage signal is

composed of two sinusoidal functions, each exhibiting a damping effect [50]:

t t
v1p(t) = Aje a1 cos(2mfy t — 6;) + Aye Taz cos(2fyyt — 65), (3.52)
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where A1 and A; are amplitude coefficients and 81 and 8, are phase angles which depend on
the parameters of the circuit and the initial conditions. The damped frequencies f41 and fa2
and the decay times, 141 and 142 can be calculated as the complex conjugate solutions
p12=1/ta1 £ j2nifsn and p3a=1/te» + j2nfe, obtained by setting the denominator of
Equation (3.50) equal to zero. It can be verified that fa is close to fe= 1/21(L1Cp)%, while fua
is close to fs= 1/2m(L2Cs)” [89,91]. However both fg1 and f42 results dependent on k. In the
condition where R; is sufficiently smaller than R; it results a decay time 142 larger than tq:.
Consequently the damped sinusoid at fq1 collapses more rapidly than that at fq;, and it
becomes negligible as time elapses [51]. Since f42 depends on k due to the effect of parasitic
capacitance Cp, also the independence from the interrogation distance of the time-domain

technique is vanishes.
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Vip(s) ——L SCS
=T sC
P sL %
Vexc SL1 2 )%
w_A
farTa sM

— @@

Figure 3.19 — Block diagram of the interrogation system with equivalent circuit in the Laplace domain
to derive Vip(s) during the detection phase of the time-gated technique applied to a coil-coupled
capacitance sensor.

Considering the case where the SU involve an electromechanical piezoelectric resonator,
the time-gated technique again presents an extra damped sinusoid in vip(t) due to the
interaction of Cp with L1 depicted in Figure 3.20. However, considering a value of L, three
orders of magnitude over L, which is a consistent condition considering the typical
parameter of for example QCRs, numerical analysis shows that the extra damped sinusoid
dissipates faster than due to the piezoelectric resonator response [51]. This indicates that
considering a SU with electromechanical resonators like QCRs, the technique remain
practically independent from the coupling factor k, and thus from the interrogation distance

d, also with a not-negligible Co.
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Figure 3.20 — Block diagram of the interrogation system with equivalent circuit in the Laplace domain
to derive Vip(s) during the detection phase of the time-gated technique applied to an
electromechanical piezoelectric resonator.

3.2.5 Parasitic capacitance compensation

As detailed in Sections 3.2.3 and 3.2.4 the presence of parasitic capacitances in parallel with
the interrogation coil impacts the distance sensitivity during the contactless interrogation
of coil-coupled resonant sensors. To counteract this intrinsic phenomenon, a compensation
circuit has been proposed in [51]. This circuit can be connected in parallel to the
interrogation coil and is designed to neutralize the parasitic capacitances in both frequency
and time domain methodologies, thereby enhancing the precision of noncontact,

distance-independent measurement of resonant sensors [51,89].

Figure 3.21 illustrates the schematic of a circuit proposed in [89] designed to mitigate

parasitic capacitance effects.

Figure 3.21 — Block diagram of circuit for the compensation of the parasitic capacitance Cr [89].
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This design utilizes a high-bandwidth operational amplifier configured as a negative

impedance converter (NIC), thereby generating an effective negative capacitance of —Cc.

Specifically, the voltage Vi across the interrogation coil is fed to a non-inverting amplifier Ac
which features a gain A = (1 + Re/Rs) > 1. This amplifier is arranged in a positive feedback
loop with the capacitor Ca. As a consequence, the current flowing through Ca can expressed

as:

L = j2nfC,y(V, — AVy) (3.53)

Subsequently, the equivalent input impedance of the amplifier Zgq = V1/l1 which results in

parallel to Cp and to the interrogation coil presents the following expression [89]:

A A _ R 1
~ j2afCuRr  j2m(—C.) (3.54)

Zp =—=
FO L j2rfCu (v, — AVy)

where —Cc = —Ca'Re/Rc becomes an effective negative capacitance. As can be noted from the
Equation (3.54), if the gain A is made adjustable, i.e. making Re variable, —Cc can be tuned.
By an appropriate tuning process it is therefore possible compensate and eventually fully

cancel Cp.

The illustrated compensation circuit is applicable to both the frequency-domain and time-

domain techniques described in Sections 3.2.3 and 3.2.4 respectively.

In Figure 3.22 is illustrated the integration of the compensation circuit presented in [51],
within the impedance measurement circuit where the interrogation coil is connected to an
impedance analyser. The total parasitic capacitance Cp encompasses the contributions given
by the parasitic capacitances of the interrogation coil (C1), the connections (C.) and the
equivalent capacitance of the input of the impedance analyser (C). In the compensated
condition, i.e. when Cc = Cp, k-independent measurements of the resonant frequency and

quality factor can be obtained from the real part of the measured impedance [51].
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Figure 3.22 - Block diagram of the interrogation system based on impedance measurement technique
with parasitic capacitance compensation circuit [B].

Figure 3.23 shows the block diagram of the interrogation system based on of time-gated
technique with the compensation circuit, as presented in [51]. The total parasitic
capacitance Cp accounts for the contributions of the parasitic capacitances of the primary
coil (Ci1), the connections (C.), the analog switch SW (Csw), and the equivalent input

capacitance of the amplifier AG (C).

Analog switch Readout amplifier
SW G = 14+R;./R;;
E D
¢/ ‘ i1 Ce
Vi 'WM ('\f: Compensation Vo Frequency
\ circuit W‘" Meter
v\ v ]

, y -
Vg ‘ Cp=C+C+Cs*C

___________

Resonant sensor unit
equivalent circuit

Figure 3.23 — Block diagram of the interrogation system based on of time-gated technique with
parasitic capacitance compensation circuit [51].

As for the impedance measurement circuit, the objective of the compensation circuit is to
inhibit the effect of the overall parasitic capacitance that arises during the reading phase of

the SU (Sensing Unit), a condition achieved by setting Cc = Cp. In this condition from the

62



Proximate noncontact interrogation techniques

analysis of the free decay response of the SU it is possible to determine the correspondent
resonant frequency and quality factor with independence from the coupling factor k and

thus from the interrogation distance.
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Chapter 4

Noncontact interrogation of piezoelectric
MEMS resonators for temperature

measurement

In this chapter the development and experimental characterization of an electronic
technique and system for noncontact reading of the temperature-dependent resonant
frequency of piezoelectric MEMS (Micro-Electro-Mechanical System) resonators is
presented. The proposed approach integrates the noncontact interrogation method
presented in Chapter 3, applied to an AIN (Aluminum Nitride) TPoS (Thin-film Piezoelectric
on Silicon) MEMS resonator, with a post-processing technique based on autocorrelation
analysis. Specifically, the resonator response is down-mixed using a tunable local oscillator,
and the resulting signal is then processed through autocorrelation techniques to determine
the resonant frequency of the resonator. This innovative method has been applied to
temperature sensing by exploiting the temperature-dependent characteristics of an AIN
TPoS resonator operating in the radial contour-mode configuration. This leverages the

temperature coefficient of frequency (TCF) inherent to the resonator.
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4.1 Overview of MEMS sensors

Microelectromechanical systems, commonly known as MEMS, are a pivotal technology with
broad applications in sectors such as consumer electronics [92], automotive industry [93],
biomedical [94], energy harvesting [95], and more [96,97]. This technology is integral to the
Industrial Revolution 4.0, which leans heavily on the Internet of Things (loT) for gathering

data to enhance smart living environments [98].

MEMS devices come in a variety of sizes, typically ranging from less than a micrometer to
several millimeters [99,100]. These can be simple structures or more complex systems
involving several moving elements and integrated microelectronics. A significant aspect of
recent advancements in MEMS technology is the focus on enhancing the performance of
transducers. This involves not only the development of new MEMS sensors and actuators
but also improving resolution and sensitivity through advanced techniques and electronic
circuits. This shift towards more sophisticated technology has been driven by the growing
demand for devices that can deliver precise measurements and withstand various
environmental conditions. This heterogeneous integration extends to merging MEMS with

various fields like microelectronics, nanotechnology, and photonics [98].

Micro/nanoelectromechanical systems function by continuously converting energy
between mechanical and electrical states [101]. This process uses different transduction
methods, with capacitive [102], thermal/piezoresistive [103], and piezoelectric [104]
elements being the most widely used. Electrostatic forces, significant at small scales, are
used in applications like microsystems, where they provide an attractive force in systems
such as parallel plate and comb drive capacitors. Piezoelectric materials, on the other hand,
are advantageous in MEMS due to their ability to produce significant actuation at lower
drive voltages and with lower power consumption. As MEMS devices scale down in size,
piezoelectric forces become more relevant, maintaining high energy density for actuation.
For this reason, piezoelectricity is favored in applications like sensors [105], actuators [106],

energy harvesters [107].
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4.2 AIN TPoS MEMS resonator

As previously introduced, this chapter presents the application of a time-gated electronic
technique with autocorrelation analysis, for noncontact reading of resonant passive
sensors, to a MEMS resonator used as temperature-sensitive element. The chosen MEMS
resonator, shown in Figure 4.1, has been developed in collaboration with the research group
of University of Hong Kong coordinated by Joshua E.-Y. Lee and has been recently introduced
and utilized in [108]. It is a 400 um-radius AIN TPoS disk, fabricated using the PiezoMUMPs
(Piezo Multi-User MEMS Processes) foundry process offered by MEMSCAP [109]. The
manufacturing process commences with a silicon-on-insulator (SOI) wafer, featuring a
10-um-thick silicon device layer (Si). This device layer is an n-type layer with surface doping,
enabling the creation of an ohmic layer during a subsequent metallization stage for defining

contact pads and electrodes.

Figure 4.1 — Picture of the silicon substrate containing the adopted AIN TPoS disk MEMS resonator.

Following this, a 200-nm-thick thermal oxide layer is grown and etched using reactive ion

etching, serving as an insulation layer on the silicon device layer, as illustrated in Figure 4.2a.

Subsequently, a 500 nm-thick layer of AIN is deposited as the piezoelectric material through
reactive sputtering. The AIN layer is then patterned using wet etching. The preference for
AIN arises from its potential for chip-level integration and compatibility with CMOS

technology, setting it apart from other piezoelectric materials such as PZT and ZnO.
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(a) (b)
A
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Figure 4.2 — (a) Deposition and patterning of 200 nm thermal oxide followed by deposition and
patterning of 500-nm-thick AIN film; (b) deposition and patterning of 20 nm +1 m-thick Cr/Al metal
stack; (c) front side DRIE (deep reactive ion etching) of 10-m-thick silicon device layer; (d) back side

DRIE of silicon substrate followed by buffered HF (hydrogen fluoride) etch of the buried oxide layer to
release the device [108].

The next step involves the patterning and deposition of a metal stack composed of 20-nm-
thick Cr and 1-um-thick Al using a lift-off process. This defines the contact pads and top
electrodes of the resonator, as depicted in Figure 4.2b. The silicon device layer then
undergoes lithographic patterning and deep reactive ion etching (DRIE) to define the
features of the resonator, as shown in Figure 4.2c. This process includes creating T-shaped
tethers on all four sides of the disk resonator to provide structural support. In this case,
lateral support is necessary for the resonator, as central clamping is unfeasible due to the

release method.

Releasing the structure from the substrate involves initially applying a protective polymer
coat to the top side of the wafer. The back of the SOI wafer is lithographically patterned to
establish the cavity opening, and the handling layer of the wafer is etched using DRIE,
followed by the removal of the buried oxide layer through wet oxide etching. Subsequently,
the protective coat on the front side is removed to release the device, as shown in Figure
4.2d, and then the dicing process is performed. In this instance, the back cavity takes on a

circular form, which can be observed in Figure 4.3 as the dark ring surrounding the TPoS
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disk. The inclusion of a 10-um-thick silicon layer enhances energy storage in the resonator,
consequently elevating quality factors when compared to structures composed only of AIN.
The two Al top electrodes, P1 and P2, in conjunction with the bottom ground electrode, PS,
enable the device to operate either as a two-port resonator or, by shorting P1 and P2, as a

one-port resonator between connections A and B, as illustrated in Figure 4.2d.
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Figure 4.3 — Optical micrograph of the adopted AIN (aluminium nitride) TPoS (thin-film piezoelectric
on-silicon) MEMS (micro-electromechanical system) resonator [108].

By comparing the top view of the device shown in Figure 4.3 with the side view schematic
in Figure 4.2d, it becomes evident that the contact pads of P1 and P2 are isolated from the
silicon device layer by a 200-nm thermal oxide layer, while the wide frame tracks
surrounding the resonator serve as grounding pads, making contact with the silicon device

layer (PS).

4.3 Noncontact interrogation of MEMS resonator temperature
sensor

The idea of noncontact sensing for physical quantities holds substantial appeal in situations

where wired connections pose significant challenges or are altogether impractical. This
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particularly comes into play when conducting measurements within enclosed or hermetic
environments, where the installation of cabling is both obtrusive and infeasible. Noncontact
sensing typically requires the deployment of an interrogation unit capable of
communicating with a sensor unit in close proximity [110]. Moreover, in field applications,
it is crucial that the readout signal obtained by the interrogation unit remains independent
of the distance from the sensor unit. This necessitates an approach inherently robust against
potential external interferences caused by proximate devices or environmental
disturbances. In this context, the use of resonant sensors proves highly advantageous. These
sensors convey measurement information through variations in their resonant frequency,
which remains unaffected by shifts in the readout signal amplitude. Furthermore, resonant
sensors, characterized by their passive nature, are capable of operation in environments

that are hostile to active electronics, offering a clear advantage.

Effective noncontact interrogation relies on the near-field electromagnetic coupling
between an interrogation unit and a sensor unit. Within this framework, various methods
have emerged, encompassing both frequency-domain and time-domain techniques for
noncontact interrogation, suitable for capacitive sensors or piezoelectric resonators as

presented in Chapter 3.

Frequency-domain methods involve the simultaneous excitation and sensing of the
resonator, allowing for the measurement of impedance and specific transfer functions
[53,66,67]. In contrast, time-domain techniques employ temporal separation between
excitation and detection phases. They take advantage of the resonator transient response,
which primarily relies on its mechanical characteristics and tends to remain unaffected by

the distance between the interrogation and sensor units [111].

Traditionally, readout frequencies are determined using conventional bench instruments
like frequency counters. Alternatively, signal processing techniques offer a valuable avenue,
as evidenced by the demonstrated effectiveness of autocorrelation techniques, which can
be applied to this purpose [68]. The choice between traditional instrumentation and signal

processing hinges on the specific needs and objectives of the interrogation process.
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In this Chapter, the temperature sensitivity of an AIN TPoS MEMS resonator has been
leveraged as a novel sensing technique integrated with the noncontact interrogation
method presented in Chapter 3, and with a post-processing technique based on

autocorrelation analysis.

Figure 4.4 illustrates the schematic diagram of the proposed system designed for the
noncontact interrogation of AIN TPoS MEMS resonators. The proposed system comprises
an interrogation unit (IU) that is magnetically coupled to the sensor unit (SU) via the mutual
inductance M established between the interrogation coil (L1) and the sensor coil (L2), which
are separated by a distance d. The sensor coil is connected to the piezoelectric resonator.
Around the resonant frequency f; the piezoelectric resonator can be modelled by the
equivalent Butterworth-Van Dyke (BVD) circuit. The IU generates the required signals using
three Direct Digital Synthesizer (DDS) devices, denoted as channels CHO, CH1, and CH2,

respectively.

CH1

DDS

[—*| Autocorrelation

Figure 4.4 — Block diagram of the proposed noncontact interrogation system and BVD model of the
MEMS resonator around its resonant frequency.

The employed DDSs (AD9834) are programmable devices, equipped with 28-bit frequency
registers and a 75 MHz clock rate, enabling to generate sinusoidal signals with a frequency
resolution of approximately 0.28 Hz. These devices feature a 3-wire serial interface that is
compatible with standards such as SPI, QSPI, MICROWIRE, DSP interface, and

microcontroller interfaces [112]. The utilization of DDS devices facilitates the development
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of a more compact system for noncontact interrogation, and system calibration becomes
more convenient, especially to configure the operating frequency of the resonant sensors.
Furthermore, DDS devices are equipped with a power-down pin, enabling the activation of
an external power-down mode to minimize overall power consumption. In the block
diagram of Figure 4.4, CHO, CH1, and CH2 DDSs are deployed to generate gating, excitation,
and reference signals, respectively. The system clock for these DDS devices is derived from

an external 75 MHz crystal oscillator.

The gating signal vg(t), generated by CHO with a period Tg, has been utilized to alternate
between the excitation and detection phases. The switching of the electrical connections is
achieved using an analog switch. The selected analog switch (MAX303), is a high-speed and
high-precision single-pole double-through switch with two normally open (NO) and two
normally closed (NC) poles. All the three parts of the switch offer a low on-resistance,
measuring less than 35 Q. Additionally, it boasts a low leakage current of approximately
250 pA and rapid switching characteristics, with turn-on time less than 150 ns and turn-off
times less than 10 ns. Remarkably, this switch operates with a minimal power consumption

of about 35 uW [113].

In the excitation phase, CH1 and the fully differential amplifier A1 (AD8139), generate a
sinusoidal signal ve(t) at an angular frequency we in close proximity to the natural frequency
ws = 21ifs of the resonator, which acts as the driving signal for Li. Consequently, due to the
magnetic coupling between L1 and L; a current is induced in the sensor coil, which puts the

resonator into vibration given by the piezoelectric effect.

In the subsequent detection phase, the excitation signal ve(t) is deactivated, and the analog
switch connects L; to the detection segment of the circuit. At this point, the resonator
undergoes free decaying oscillations at an angular frequency wdm. Leveraging the
piezoelectric effect, current is induced in coil L, leading to the development of a voltage
signal vi(t). This voltage signal is then sensed across L1 and amplified with gain Gsz by the

amplifier As, giving the voltage vou(t).
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The amplifier A3 (OPA657), is a voltage-feedback operational amplifier. It stands out for its
low-voltage noise JFET-input stage, ensuring a highly substantial dynamic range and
elevated input impedance [114]. This characteristic guarantees that the current flowing

through L1 during the detection phase remains negligible.

In the condition where wsl2 << 1/(wsCo), with Co the electrical static capacitance of the
resonator, and considering an infinite input impedance for As , the voltage voi(t) can be

approximated by the following expression:
Vo1 (t) = GsMA, et cos(wgmt + Om), (4.1)

where Anm and U, are the amplitude and phase parameters related to the electrical and
mechanical parameters of the inductor L1, L> and of the MEMS resonator as well as the initial

conditions at the instant in which the excitation phase ends.

As explained in Chapter 3, the decay time 1, of the exponential component of voi(t) can be

associated to the quality factor Q of the sensor resonator with the following expression:

_ 20
Tm = w_s (4.2)
where ws is related to wqm wWith the following expression:
1
Wam = ws |1 — 107 (4.3)

In the condition with Q >> 1, ws can be directly approximated with wam. For example, with

Q = 103 the approximation wdm = ws give relative deviation (ws- wdm)/ws = 1077.

The voltage voi(t) undergoes multiplication through the use of the analog multiplier M1
(AD835) with the reference signal vg(t)=Vrcos(wrt) which is generated by CH2 and amplified
by A2 (AD8139).
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Subsequently, the resulting signal is subjected to low-pass filtering and amplified with gain

G4 by A4 (AD820R) giving a signal with the following expression:
v (t) = G,MAye~"m cos(wpt + 6,,), (4.4)

where the frequency of the demodulated signal wo = |wdm-wr| and the coefficient Ao take
in accounts the amplitude of voi1, vr and the gain Gs of A3. As explained in Section 3.2, and
as evident from Equations (3.1) and (3.2), the mutual inductance M between coils L1 and Ly,
which is associated with the interrogation distance d, only acts as a scaling factor and has
no impact on either the frequency or the decay time of the readout signal. For this reason,
it is expected that wym and consequently wo can be fundamentally read with independence
of the interrogation distance. The signal vo(t) is then digitized by the multifunction
instrument Digilent Analog Discovery 2, controlled by a LabView program which also
manages, through an Arduino UNO board, the three DDSs. The LabView program also
perform the signal digital elaboration to extract the SU resonant frequency. For this purpose
the vo(t) autocorrelation function Ru(T) is computed. The theoretical expression of Ru(T) is

the following:

cos(wot + 206, + arctan(woT.y,)

N @)

1
R, (t) = Z(MAO)Ze‘”VTm T,c0s(woT) +

The characteristic behavior described by Equation (4.5) is illustrated in Figure 4.5.
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Figure 4.5 — Characteristic behaviour of the autocorrelation function Rxx.
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It is evident from the representation of Ru«(T) that it exhibits symmetrical properties with
respect to t, featuring two sinusoidal tails that decay exponentially with frequency wo and
a decay time tm. As a result, a specialized peak detection algorithm can be employed to
determine the periodicity of R«(t) and accurately determine the value of wo. Furthermore,
given the precise knowledge of the reference frequency ws, it becomes possible to derive
Wdm = Wr £ wo from this information. Additionally, assuming that the frequency variation
Awg of wg resulting from environmental factors, such as temperature, is significantly smaller
compared to the frequency variation Awo of wo, any observed changes in the frequency
Awgm of wam can be attributed to the behavior of the resonator when it serves as the sensing

element.

The time span over which the damped signal persists is roughly 5 times the decay time tn.
Consequently, within this time window, the number of periods of vo(t) can be approximated
as N = 5Tmwo/2m. It is important to note that the value of N plays a pivotal role in the precise
computation of Ru(T) for subsequent post-processing, and it also influences the selection of

wr and consequently establishes the minimum required sampling frequency for vo(t).

The AIN TPoS MEMS resonator, as described in Section 4.2, has been configured for
operation in the single-port mode at its radial contour mode. This configuration was
achieved by connecting points A and B, with A formed by electrically shorting T1 and T2 as

reported in Figure 4.6.

. Silicon layer . Oxide layer

440U l"l = R . . | Piezoelectric tayer [l Substrate layer;

Metal layer

Figure 4.6 — Optical micrograph of the TPoS resonator with a detail of the tethers and the cross-
sectional view of the process stack.
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Through finite element analysis, the frequency of the resonating mode for this specific
device has been predicted to be approximately 6.32 MHz. This resonant frequency was
subsequently verified through electrical characterization, measuring the series resonant
frequency where the electrical conductance G reaches its maximum, vyielding
fs =6.322 MHz. Around f, the parameters of the BVD circuit shown in Figure 4.4 has been
derived from the fitting of G, and results Rm = 56.2 Q, G = 365 fF, Ly = 1.79 mH, Co = 782 pF.
The quality factor Q has been determined to be approximately 1200.

4.4 Experimental results

4.4.1 Experimental setup

To experimentally validate the proposed system and investigate the performance of the
MEMS resonator under varying temperature conditions, we established a dedicated
experimental setup, as shown in Figure 4.7a. This setup comprise a chamber with internal
dimensions of 80x80x40 mm3, realized from a plastic box enclosed by polystyrene foam,

ensuring efficient thermal insulation.

To control the temperature inside the chamber, a Peltier thermoelectric element
(Kryotherm TGM 254-1.0-1.3) has been employed for both heating and cooling. The
thermoelectric element has been placed at the base of the chamber, integrated with a
heatsink and a fan assembly to dissipate heat in the external side of the chamber. In the
internal side of the chamber another heatsinks has been placed to the thermoelectric
surface to spread heat and cold. Controlled temperature regulation within the chamber has
been achieved by driving the thermoelectric element with a programmable power supply
(Agilent E3632A). To monitor the temperature with precision, a Pt1000 thermoresistor has

been connected to a multimeter (Fluke 8840) and used as a reference temperature sensor.

The top side of the chamber, which features a removable lid, has been used to
accommodate the interrogation coil, denoted as L1, which is constituted by a 80 mm x 80
mm Flame Resistant 4 (FR4) substrate with 6-turn copper traces realizing a planar coil, as

shown in the inset of Figure 4.7a. This coil electrical properties, measured with an

PhD Thesis — Zini Marco — XXXVI Cycle 75



impedance analyzer (HP4194A) at a frequency of 6 MHz, give a series resistance R1=5.5Q

and a series inductance L1 = 8.5 pH.

The resonator, which is connected to the sensor coil Ly, is positioned on the inner top side
of the chamber, resulting in an interrogation distance of d = 7 mm from the interrogation
coil. In Figure 4.7b it is shown the top side of the sensor unit with the sensor coil L, placed
inside the temperature chamber. The sensor coil is milled from an FR4 substrate and has
dimensions of 35 mmx35 mm. Its electrical resistance R, and inductance L, measured at
6 MHz, are 5 Q and 8.2 pH, respectively. The TPoS MEMS shown in Figure 4.7c is instead
placed on the opposite side of the FR4 substrate.

The Interrogation Unit (IU), consisting of a microcontroller, a dedicated printed circuit
board, and the acquisition board, is shown in Figure 4.7d. Contactless operation
advantageously allows locating the IU outside the chamber at nearly constant room
temperature. Consequently, thermal effects on the interrogation circuitry, and in particular

on the reference clock, are minimized.

Heatsink+
Fan

Figure 4.7 — Experimental setup employed to test the proposed system: (a) chamber and interrogation
coil; (b) top and (c) bottom side views of the sensor unit; (d) interrogation unit.
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In Figure 4.8, the acquired gating signal vs(t) and the damped free response of the resonator
voi(t) are reported with blue and orange curves, respectively. As introduced, vs(t) exhibits a
low value during the excitation phase, while it rises to a higher level during the detection
phase when the damped response of the resonator is detected. The realized chamber has
been employed for conducting temperature measurements characterization of the TPoS

MEMS resonator.
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Figure 4.8 — Acquired gating signal ve(t) (orange curve) and the damped response of the resonator
voi(t) (blue curve) as a function of time.

4.4.2 Temperature characterization of AIN TPoS MEMS

To obtain a reference dataset to be used for the contactless interrogation techniques
verification, the characterization of the dependence between the series resonant frequency
fs of the MEMS resonator and temperature has been performed establishing a
wire-connection between the resonator and an impedance analyzer (HP4194A). The cabled
MEMS resonator has been placed inside the developed temperature chamber used to
systematically adjusted the temperature within the range of 20°C to 52°C, implementing

increments of AT = 3°C.
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The outcomes, presented in Figure 4.9, illustrate the acquired fs values as a function of
temperature T. The relationship between frequency and temperature exhibited a prevailing

linearity, as evidenced by the best-fit line featuring a slope of 295.8 Hz/°C.
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Figure 4.9 — Reference measurement of fs (black dots) and non-linearity error (blue curve) as a
function of temperature with respect to the fitting line (dotted line).

The observed non-linearity error remains confined within a range of +/-1% of the span of
approximately 9.4 kHz across the considered temperature range. Has to be noted that the
observed fluctuations in non-linearity error can be attributed to the specific temperature

profile employed in the experimentation.

The Temperature Coefficient of Frequency (TCF) for the resonator can be expressed as
TCF = (1/f«0)(dfs/dT). In this equation, TCF represents the slope of the best-fit line,
normalized to the frequency f;o at the reference temperature To. By setting To to 25°C,

corresponding to fso = 6332475 Hz, we can derive an estimated TCF of -46.7 ppm/°C.

Regrettably, the available literature does not offer specific insights regarding the
Temperature Coefficient of Frequency (TCF) for AIN-on-Si disk resonators operating in the
radial contour mode. Therefore, a direct comparison with the measured value presented in

this study is not feasible.
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The TCF value of AIN-on-Si resonators is related to a multitude of factors. These include the
distinctive properties of the electrode and piezoelectric film [115], the type of dopants and
their concentration within the silicon device layer [116], the chosen vibration mode, and the
intricate interplay of geometry and support structures. For contextual reference, a disk
resonator produced through a similar fabrication process but transduced in the wine glass
mode exhibited a TCF of -40 ppm/°C [117]. This value, though slightly lower than the one
reported in our study, serves as an informative benchmark. It is noteworthy that the
resonator under investigation is clamped at four specific points along the disk periphery,
precisely corresponding to the anti-nodes of the radial contour mode. This clamping
mechanism introduces stress at these specific points during temperature fluctuations,
which is anticipated to result in a slight elevation in the TCF compared to structures that

remain stress-free at the nodal regions.

4.4.3 Noncontact temperature reading of AIN TPoS MEMS

The noncontact reading of the temperature sensed by the AIN TPoS MEMS resonator has
been tested to verify the proposed technique. For this purpose, the experimental setup

described in Section 4.4.1 with the circuit described in Section 4.3 has been adopted.

Considering the parameter of the adopted MEMS resonator, the interrogation system has
been set up with fe = we/2m = 6.322 MHz and fr = wr/2m = 6.433 MHz. This configuration has
been chosen to yield an expected fo of approximately 111 kHz at the reference temperature
of 20°C, given the condition fym = fe. The adopted technique, involving resonator excitation
and the subsequent measurement of its decaying response, does not rigidly demand that fe
exactly matches f;. However, it should be considered that a good matching can enhance the

signal-to-noise ratio (SNR) during the detection phase.

Expecting a decrease in the readout frequency with increasing temperature, as obtained in
the characterization of Section 4.4.2, f. has been set lower than f; to maintain a consistent
SNR throughout the entire temperature range under examination. The frequency fo has

been digitalized for the successive elaboration with at a sample rate of 1 MS/s.
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The obtained fam values, obtained through the autocorrelation analysis in a temperature

range of 20 - 60 °C, are plotted against temperature in Figure 4.10.
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Figure 4.10 — Noncontact measurement of fum (black dots) and estimated non-linearity error (blue
curve) as a function of temperature with respect to the fitting line (dotted line).

A linear relationship between fsm data points and temperature has been obtained,
characterized by a best-fit line slope of -300 Hz/°C. Normalizing this slope to fso allows the
estimation of the TCF resulting 47.4 ppm/°C and thus showing excellent conformity with the
reference value reported in Section 4.4.2. The non-linearity error results within a range of
+/-2% of the span, which is approximately 12.3 kHz. In agreement with the characterization
of Section 4.4.2, residual oscillations resulting from the applied temperature profile are

visible in the data.

To investigate the impact of the interrogation distance, the distance d of the interrogation
coil relative to the chamber top cover has been varied extending it up to d = 15 mm from
the sensor coil. For comparative purposes, the value of faqm has been determined using both
the autocorrelation technique and by directly connecting the non-demodulated detected

signal vo1 to a frequency counter (Philips PM6680).

For an appropriate frequency counter measurements, the counter has been set with a gate

time of 20 ps and a 10 ps delay from the onset of the detection phase to mitigate ringing
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effects, and then averaged the results over 100 samples. We aligned the setting of the
proposed autocorrelation system to a similar configuration for consistency in the

comparison.

Figure 4.11 displays the results obtained as a function of the varying distance d for both the
autocorrelation and counter measurements, in addition to the ambient room temperature
that has been measured during the characterization. The error bars within the graph
represent measurement uncertainties, calculated at one standard deviation based on
experimental data. It can be observed that the standard deviation of data acquired through
the frequency counter measurements exhibits significant variability, with values increasing
up to 700 Hz as the distance d extends. In contrast, the standard deviation remains relatively
consistent, around 118 Hz, for the autocorrelation measurements. This behavior can be
attributed to the fixed gate time and the increasing distance, which adversely affect the
signal-to-noise ratio (SNR) of the decaying voi(t) and consequently impact the reliability of
the frequency counter measurements. Conversely, the proposed approach, built on
autocorrelation analysis and its associated post-processing, effectively compensates for the

declining SNR, resulting in superior performance for fam measurement.
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Figure 4.11 — Temperature (blue curve) and noncontact measurement of fam by means of counter
(triangles) and autocorrelation technique (squares) as a function of imposed distance.
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The frequencies reported in Figure 4.11 have been adjusted to account for temperature
variations, employing the TCF as determined earlier. Over the range of distances considered,
the most significant frequency variation is approximately 300 Hz, representing less than
60 ppm with respect to the frequency recorded at d = 7 mm. These results align with
previously reported findings [108], confirming the expected insensitivity of the readout
frequency to alterations in the interrogation distance. The remaining linear correlation with
distance d can be attributed to the influence of parasitic capacitance originating from the
circuit board and electronic components connected in parallel to interrogation coil L.
Electronic techniques and circuits have been proposed to address and compensate this

effect as explained in Section 3.2 [51].
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Chapter 5

Noncontact interrogation of a flexible passive
sensor patch with capacitive sensing element

for human body temperature measurement

In this chapter a novel approach for human skin temperature measurement based on a
passive flexible patch combining contact sensing with contactless interrogation is presented.
Specifically, the proposed approach extends the contactless interrogation technique
described in Chapter 3 to a flexible sensor patch attached onto a curved surface and achieves
contactless interrogation independently of the curvature radius of the flexible patch. The
sensor patch is based on a RLC resonant circuit, featuring an inductive copper coil for
magnetic coupling, a ceramic capacitor serving as the temperature sensing element, and an
additional series inductor. The temperature-induced variations in the sensor capacitance
influence the resonant frequency of the RLC circuit. Notably, the introduction of an additional
inductor mitigates the dependency of the resonant frequency on the patch bending. With a
curvature radius of up to 73 mm, the maximum relative resonant frequency variation has
been significantly reduced, decreasing from 812 ppm to merely 7.5 ppm. For contactless
interrogation, the sensor has been interrogated using a time-gated technique involving an
external readout coil electromagnetically coupled to the patch coil. Experimental testing has
been conducted within the temperature range of 32 -46 °C. The system exhibited a
remarkable sensitivity of 619.8 Hz/°C and an impressive resolution of 0.06 °C. This innovative
approach holds promise for accurate and non-invasive human skin temperature

measurements, offering enhanced precision and reliability in various practical applications.
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5.1 Flexible passive sensor patch for human body temperature
measurement

Monitoring body temperature is an essential practice in the realm of healthcare, playing a
pivotal role in the early detection and diagnosis of various health conditions and
diseases [118]. It serves as a valuable indicator of an individual physiological health and can
signal deviations from the norm that might otherwise go unnoticed. In the context of
monitoring body temperature, two primary approaches are widely employed: contact and

noncontact methods.

Contact-based temperature measurement methods are renowned for their precision and
reliability. They involve direct skin contact with the measuring device, which can be a
thermometer or a sensor. However, these methods often require meticulous disinfection
procedures to prevent cross-contamination and may be time-consuming, which can be

impractical in certain scenarios [119].

In contrast, noncontact approaches offer the advantage of rapid temperature
measurements without direct skin contact. Devices using noncontact methods, such as
infrared thermometers, have become popular, particularly in clinical environments.
Nevertheless, these methods can be less reliable due to factors such as the transmission
coefficient of the interface medium and the distance of the sensor from the skin, making

them less suitable for continuous monitoring applications [119,120].

Continuous monitoring of body temperature is especially valuable in scenarios like home
and hospitals, where regular temperature assessments are required for patient care and
health management. In such cases, there is a growing demand for lightweight, unobtrusive,
and battery-less contact sensors. These sensors are designed to be comfortable for

extended wear and provide real-time temperature data.

To meet this demand, the use of flexible wearable sensors has gained traction as an effective
approach to monitor human body temperature. These sensors can conform to the contours
of the body, ensuring a snug and comfortable fit. Moreover, NFC (Near Field

Communication) based temperature sensors have emerged as a promising solution for
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biomedical applications, enabling the development of battery-less skin patches that are
both convenient and user-friendly [121]. These sensors are equipped with active electronic
integrated circuits, typically including a microcontroller and one or more connected sensors.
However, these components rely on external reader devices for energization and data

transmission through digital communication protocols.

As an alternative, solutions based on passive resonant sensors that can be suitably
employed with flexible wearable sensors have been demonstrated [77,122]. These sensors
can enhance the possibility to obtain low-cost or disposable device ensuring anyway

accurate and consistent temperature measurements.

The proposed sensor patch is designed to adhere comfortably to the skin, typically the arm
of an individual, and be covered by clothing, owing to its utilization through a noncontact

interrogation method by a nearby interrogation unit.

Nonetheless, it is important to note that a common challenge associated with flexible
sensors is their susceptibility to performance variations resulting from the bending of the
substrate housing the sensing element [123,124]. This bending can introduce inaccuracies
in temperature readings and necessitates the application of specific techniques and

dedicated solutions to mitigate or eliminate this undesirable phenomenon [125].

Noncontact measurement techniques have emerged as practical solutions in scenarios
where wired or battery-powered alternatives are either unfeasible or invasive [53,126,127].
In particular, passive resonant sensors and electromagnetic interrogation techniques have
been effectively validated for various sensor types, including quartz crystal resonators (QCR)
[51], resonant piezo layer (RPL) sensors [62], MEMS resonators [63], and LC resonant
sensors [65,126]. These sensors can be interrogated using both frequency-domain and time-

domain approaches [51].

Frequency-domain techniques involve the measurement of parameters such as impedance,
reflection coefficients, or specific transfer functions. These kind of measurements
simultaneously excite and sense the resonator [49,66,67]. On the other hand, time-domain

techniques, as proposed in the study of this chapter, make use of the transient free response
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of the resonator by separating the excitation and detection phases in time [68]. The distinct
advantage of time-domain techniques is the possibility to implements the measurement

without the use of complex bench instrumentation.

As reported in Chapter 3, with appropriate precautions, both frequency-domain and time-
domain techniques have demonstrated the ability to maintain consistent sensing accuracy
independently of the reading distance. This attribute underscores the reliability and
robustness of these methods, further solidifying their potential applications in sensor

technology and biomedical applications.

5.2 Developed sensor patch and system description

The sensor patch contactless interrogation proposed in this chapter exploits a contactless
interrogation technique based on magnetic coupling between a passive sensor unit (SU) and
an electronic interrogation unit (IU) extending the techniques explained in Chapter 3. The
SU incorporates an RLC resonant circuit and features a flexible patch equipped with an
inductive copper coil for magnetic coupling. Furthermore, it includes a ceramic capacitor as
the temperature sensing element and an additional inductor to maintain the resonant
frequency of the SU regardless of the inevitable bending caused by the body conformation
and movements. The proposed sensor is instead expected to be positioned on body parts,

e.g. arm, neck or temple, with a curvature radius typically in the order of 70 mm.

The U is equipped with a primary coil and front-end electronics, designed for time-gated
contactless excitation and read-out. This method not only guarantees high-accuracy results
but also opens to the implementation of a fully integrated and compact system.
Significantly, it eliminates the need for sophisticated bench instrumentation to read the
resonant frequency, streamlining the system and enhancing its applicability across various

filed [70,128].

Figure 5.1a illustrates a typical application scenario for the proposed flexible patch, while
Figure 5.1b shows an example of application of the patch on the arm skin of a human

subject.
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(a)

Figure 5.1 — (a) Typical application scenario for the temperature sensor patch; (b) example of the

Flexible
sensor patch |

(b)

sensor patch stuck on the arm skin of a human subject.

5.2.1 Sensor unit

Figure 5.2a shows the bottom view of the developed proof-of-concept prototype patch. This

patch consists of an adhesive paper substrate measuring 43 mm x 23 mm, featuring a planar

sensor coil pattern of 10 turns of traces etched onto a copper foil adhered to the paper

substrate. The planar coil, characterized by its electrical resistance R, and inductance L, is

in series with an inductor characterized by parameters R; and Ls. Additionally, the patch

incorporates a ceramic capacitor, denoted as Cs, which is chosen as the temperature sensing

element due to its temperature coefficient of capacitance (TCC). The resulting equivalent

RLC circuit is shown in Figure 5.2b.
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Figure 5.2 — (a) Bottom view of the developed sensor patch; (b) SU equivalent RLC circuit.
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Both L3 and Cs are readily available lightweight components with dimensions on the
millimeter scale, thoughtfully selected to preserve the patch flexibility. To optimize
performance and comfort, the size, shape, and positioning of these components can be
adjust with regard to the expected primary bending direction of the patch. The capacitor C;
is encapsulated in epoxy resin, which effectively shields it from humidity-induced
capacitance fluctuations. To enable temperature measurements through skin contact,
additional passivation of the soldering joints is needed to prevent any degradation of

sensing performance due to sweat or moisture.

The complete patch implements the sensor unit (SU) of the proposed contactless
interrogation system. The primary coil L1 of the |U establishes magnetic coupling with the
SU coil L, through mutual inductance M, which depends on the separation distance d

between the coils.

5.2.2 Interrogation unit

The developed IU, which block diagram is shown in Figure 5.3, generate the sinusoidal
signals to excite the SU, and demodulate the signal received back from the SU. The proposed
approach require three separated signal to perform the excitation and detection which are
generated by means of a DDS (Direct Digital Synthesis) chip with three independent
channels, namely CH1, CH2 and CH3.
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Figure 5.3 — Block diagram of the proposed contactless interrogation system.
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The timing of the excitation and detection phases is synchronized by the gating signal vs(t),
which is produced by CH1 and has a period of Te. During the excitation phase, a sinusoidal

signal ve(t) at angular frequency we is generated by CH2 and then amplified by A1l.

By selecting an angular frequency we close to ws = 27rf;, the current induced in coil L, through
the magnetic coupling with L; drives by ve(t), causes the RLC circuit to resonate at its natural

resonant frequency:

1

ey Tk G.1)

This resonance is characterized by a quality factor Q, which can be determined as follows:

I U T
N R2 + R3 CS ' (5'2)

Q

Considering the components utilized in the proposed proof-of-concept prototype, the
planar coil is the element most affected by the bending or deformation of the patch.
Nevertheless, under the assumption that Ls >> L, and R3 >> R;, both the f; and Q are not
significantly influenced by the electrical characteristics of the planar coil, and can be

approximately calculated as:

1
S It (53)
1Ly
=%l (5.4)

This means that the bending of the patch has no significant impact on these parameters.

Ended the excitation phase, the excitation signal ve(t) is switched off and starts the detection

phase. During this phase, the resonator undergoes free decaying oscillations at angular
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frequency wdm, Which is related to the RLC circuit natural resonant frequency ws with the

following expression:

Wam = W5 |1 — 207 (5.5)

It should be noted that for Q = 100, a relative deviation of (ws-wdm)/ws = 107 is observed,
which allows considering wdm = ws. During the free decaying oscillations, a current flows
through L,, and as a result of magnetic coupling, induces the voltage vi(t) across Li. This
signal, is then amplified by A3, yielding the voltage voi(t). Subsequently, voi(t) is subjected
to down-mixing using the analog multiplier M1, where it is combined with the reference

signal vg(t) = Vrcos(wrt), generated by CH3 and amplified by A2.

The obtained signal is low-pass filtered and subsequently amplified by A4, resulting in the
generation of a sinusoidal damped signal, vo(t), characterized by an angular frequency
Wo = |wam-wr |, and a decay time tm = 2Q/ws. As confirmed in previous studies [68], both wo

and ty, are not influenced by variations in the interrogation distance d.

To calculate wo, the signal vo(t) undergoes digitization, and through a LabView software its

autocorrelation function Ru(t) is computed. The expression for Ru(T) results:

cos(w,T + 26, + arctan(w,7y,))

V1/74 + wé - (5.6)

1
Ry (1) = Z(MAO)ZG‘”VT“' T cos(w,T) +

As explained in Section 4.3, Ru(T) exhibits symmetrical properties with respect to t, featuring
two sinusoidal tails that decay exponentially with frequency wo and a decay time tm. Given
the precise knowledge of the reference frequency wg, it is thus possible to determine
Wdm = WR * wo. Additionally, assuming that the reference frequency wr is constant and stable
the variation Awgm of wam can be attributed to the frequency variation of the SU resonant

RLC circuit.
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The fabricated SU has been experimentally characterized using an impedance analyzer
(HP4194A). At room temperature, the resonant frequency f; was determined to be
1.634 MHz. At this frequency, SU coil presents initial values of R, =5.53 Q and L, = 5.07 pH
when not subjected to bending. The additional series inductor with dimensions of
10 mm x 2.5 mm, has Rz = 196.85 Q and L3 = 545.25 uH, measured at f;. The capacitive
temperature sensing element is a ceramic capacitor with a capacitance Cs of 17.02 pF

measured at 20 °C.

The adopted IU coil, shown in Figure 5.4, consist of a 6-turn planar coil obtained from an
80 mm x 80 mm standard FR4 (flame retardant) substrate. It is characterized by R; =7.18 Q
and L1 = 8.94 pH.

Figure 5.4 — Adopted IU coil obtained from an 80 mm x 80 mm standard FR4 substrate.
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5.3 Experimental results

5.3.1 Patch bending effects analysis

The effects of various bending conditions on the sensor coil within the patch have been
investigated. The analysis involved measuring the corresponding changes in the coil
inductance L, and resistance R,. Figure 5.5a displays the dedicated setup purposely
employed for the controlled bending of the patch. The patch has been appropriately secured
to a flexible FR4 support. To enable precise control over the bending process, a C-shaped
fixture with an aperture C = 86 mm has been mounted on a micrometric position controller,

allowing the flexible support to be grasped near its outer edges.

‘r Chord (C) !
1
: | Tarrow (a)
SENSOR <~
UNIT
POSITION _|
CONTROLLER | radius (r)

SENSOR UNIT
CIRCUMFERENCE
ARC

C-SHAPE /|
FIXTURE |

(a) (b)

Figure 5.5 — (a) Developed setup composed of a position controller with micrometric resolution that
allows to bend the flexible support for the SU patch to test the effect on the resonant frequency; (b)
schematic representation of the flexible support circumference arc.

The micrometric position controller forces a displacement a of the outer edges, thus a
bending of the patch. Referring to Figure 5.5b, under the assumption that the deformation
can be approximated as an arc of a circumference, the curvature radius r can be calculated

by applying the Pythagorean theorem to triangle AOB:

_C* a
"=gat3 (5.7)
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Figure 5.6 presents the changes in L, and R, with respect to the curvature radius r from 73
to 925 mm. These measurements has been conducted at the SU resonant frequency
fs =1.634 MHz. As expected, the inductance of the patch monotonically rises for increasing
values of curvature radius [123-125]. According to Equation (5.1), variations in L,

correspondingly influence fs.
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Figure 5.6 — Measurement results of the inductance L2 and resistance R: of the SU coil as function of
the curvature radius r.

Considering the case without the added inductor, i.e. L3 = 0, the maximum relative variation
in f; due to bending, in comparison to fso when a = 0, results Afs/fso = 812 ppm. Conversely,
when Ls is integrated in the sensor unit in series with L, the maximum relative change in f;
significantly decreases to Afs/fso = 7.5 ppm. In summary, the inclusion of the supplementary
inductance drastically diminishes the relative frequency variation caused by bending,

achieving a reduction of two orders of magnitude.

According to Equation (4.1), and assuming a = 0, the theoretical values of f; and Q, with the

added inductor Ls, results fso = 1.644 MHz and Qo = 28.
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5.3.2 Temperature characterization

In order to evaluate the sensor temperature detection capability, a customized
experimental setup has been devised, as shown in Figure 5.7a. An enclosed chamber with
internal dimensions of (80 x 80 x 40) mm?3 has been assembled using a plastic container
enveloped by polystyrene foam to ensure thermal insulation. To control the temperature T
within the chamber, a Peltier thermoelectric element has been positioned at the bottom of

the chamber and used to electrically regulate the temperature of the inner volume.

~'f.f'j’  “ACQUISITIO
Z57% BOARDIE

Figure 5.7 — (a) Plastic box test chamber surrounded by polystyrene foam for thermal insulation
equipped with a Peltier thermoelectric element at the bottom to set the temperature of the inner
volume; (b) interrogation unit and acquisition board used to test the proposed system.

The sensor patch has been placed on the top of the chamber in adherence to the cover.
Additionally, a Pt1000 temperature sensor, monitored by a multimeter (Fluke 8840), has
been placed in thermal contact with the SU, serving as the reference temperature sensor.
The primary coil L; of the IU was located external to the chamber cover, at a fixed distance

d =2 mm from the SU patch.

The contactless reading of the patch sensor has been tested over a temperature range
spanning from 32 °C to 46 °C. The IU constituted by an acquisition board (Digilent Analog
Discovery 2), a dedicated electronic circuit ad an Arduino Uno board, as shown in Figure
5.7a, has been configured to excite the resonator close to f; with fe = we/2m = 1.634 MHz and
with fr = wr/2m = 1.734 MHz. Figure 5.8 shows the measured gating signal vg(t) and the
output signal vo(t) sampled at 2 MS/s.

94



Noncontact interrogation of a flexible passive
sensor patch with capacitive sensing element for human body temperature measurement

5 e 2
4 11.5
1
3 —>
z \ 05 >
< 2 [t em— \f" e ?
el {0 o
- <4 -
1+
1-0.5
0 pordioyfp By | e i e -1
detection  excitation  detection  excitation  detection
-1 L L |

: -1.5
0 0.1 0.2 0.3 0.4

t [ms]

Figure 5.8 — Acquired gating signal va(t) (blue curve) and demodulated free decaying response vo(t) of
the resonator (orange curve) as a function of time.

As explained in Section 5.2.2, the frequency fam = wam/2m is derived via the autocorrelation
function through a dedicated LabView software that also control the signal generation and

the data acquisition.

In Figure 5.9 are shown the recorded values of fam measured as a function of temperature T
inside the chamber. The experimental data has been fitted with a best-fit line, revealing a
temperature sensitivity S of -619.8 Hz/°C. The non-linearity error results within +1.48 % of

the span of about 8.3 kHz for the explored temperature range.
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Figure 5.9 — Contactless measurement results of the SU frequency fum (blue circles), best fit line
(orange line) and non-linearity error (yellow dots) as a function of temperature.
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At the constant temperature of 28 °C, 150 repeated measurements of the frequency fam
have been performed obtaining the results reported in Figure 5.10a. The distribution
histogram shown in Figure 5.10b leads to a standard deviation for fym of ofm =37 Hz.
Considering the obtained sensitivity S, the consequent standard deviation for the
temperature can be calculated as or= omm/|S| and results equal to 0.06°C. This value can
be considered the equivalent temperature resolution at one standard deviation. Notably,
this level of precision aligns with the requirements for body temperature measurement

applications [119,129,130]

Taking in account the maximum variation Afs induced by changes in L, caused by the patch
bending, for a minimum curvature radius of 73 mm, the corresponding maximum error in
temperature reading can be calculated as Afs/S = 0.019 °C. This error results lower than the

achieved resolution.

Considering that the frequency f; is mainly influenced by L3, and as L; remains unaffected by

bending, temperature measurements obtained at different curvature radii yield comparable

results.
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Figure 5.10 — (a) Results of 150 repeated measurements of fam at a constant temperature of 28 °C;
(b) distribution histogram of the 150 measurement results with bins of 214 Hz.
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The system stability over time has been verified by placing the sensor patch inside the
testing chamber shown in Figure 5.7a, maintaining a constant temperature of approximately
36 °C. During this period, the reference temperature was monitored using a Pt1000 sensor,

and the patch resonant frequency has been recorded every minute for a total duration of 4

hours.

In Figure 5.11a are presented the reference temperature T and the measured fiqm as a

function of time, while Figure 5.11b shows the values of fqm as a function of T.
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Figure 5.11 — (a) Reference temperature T measured with a Pt1000 sensor (orange curve) and fam (blue
curve) as a function of time; (b) fam (blue circles), best fit line (red line) and non-linearity error (yellow
dots) as a function of T measured versus time.

The obtained experimental data has been analyzed to determine the temperature
sensitivity S, which result from the best-fit line equal to 617.8 Hz/°C. This value aligns closely
with the sensitivity established during the characterization in the temperature range from
32 °C to 46 °C. This confirmed relationship between the resonant frequency and
temperature proof the absence of any notable drift in the sensor output over an extended

time frame spanning of several hours.
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Chapter 6

Noncontact interrogation of inductive sensors

for conductive target detection

In the scenario of proximate sensing, in this chapter the contactless interrogation of an
inductive sensor for conductive target detection is presented. The considered inductive
sensor comprises a solenoidal coil of copper wire wrapped around a plastic pipe and
connected to a series capacitor to form a LC circuit resonating at a specific resonant
frequency. A conductive target placed at different positions inside the pipe modifies the
inductance of the coil and in turn the resonant frequency. An external interrogation coil
electromagnetically coupled to the inductive sensor allows reading the resonant frequency
through a contactless interrogation technique. The proposed approach has been tested by
varying both the position of a lead sphere adopted as the target and the interrogation
distance between the inductive sensor and the interrogation coil. The obtained results shown
the capacity of the proposed technique to detect the adopted target with a minimal residual
dependency on interrogation distance, validating the potential of contactless interrogation

in inductive sensors for enhanced conductive target detection.
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6.1 Inductive sensors

Inductive sensors are a fundamental technology in the field of sensor engineering,
leveraging the principles of electromagnetism to detect and measure various objects. These
sensors are characterized by their ability to interact with their environment through
electromagnetic fields, without requiring physical contact. Central to their design is a coil,
typically energized with alternating current, which generates a magnetic field. The field

behaviour and interaction with nearby objects form the basis of the sensor operation [131].

The key to these sensors lies in their behaviour due to the presence of conductive or
magnetic materials. When such materials are presents in the sensor magnetic field, they
induce changes in the field dynamics, leading to measurable alterations in the sensor
impedance. This capability enables inductive sensors to detect the presence, absence, or
position of objects, making them highly valuable in a range of applications, from industrial

automation to safety systems [132,133].

These sensors are designed with various geometries and specifications to suit different
applications, making them versatile tools in modern technology. The balance between their
design and operational environment determines their effectiveness, sensitivity, and range,

highlighting their adaptability to diverse needs.

6.1.1 Inductive sensors for conductive targets detection

Inductive sensors are often used in the specialized field of detecting conductive target.
These sensors function based on their ability to discern changes in magnetic fields when a
conductive or magnetic material enters their influence zone inducing alterations in the
magnetic field, and consequently altering the sensors impedance [134]. In the case of non-
magnetic materials, these phenomena manifest predominantly as eddy currents. These
currents, induced by the primary magnetic field, create their own magnetic field that

opposes and diminishes the induction field, as shown in Figure 6.1.
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Figure 6.1 — Inductive sensor impedance Z = R + jwL response to the presence of magnetic and
nonmagnetic material in the generated magnetic field.

Eddy currents are fundamental in inductive sensor technology, serving as the primary

mechanism for detecting and controlling the presence of conductive targets [135].

In scenarios involving highly conductive materials at high operating frequencies, inductive
sensors functions as eddy current sensors. In this case, the field penetration into the
material is minimal, and the associated losses are negligible. The more complex cases
involve materials that are both electrically conductive and magnetic. Here, the physical basis
of detection do not solely depend on the geometrical path of the magnetic field lines or the
sensor design. Instead, it involves a detailed understanding of how eddy currents distribute
within the material. This distribution, and consequently, the sensor impedance, are
influenced by several factors: the sensor geometry, the distance between the sensor and
the specimen (referred to as lift-off), operating frequency, and the specimen electrical
conductivity, magnetic permeability, shape, and any inherent discontinuities or

heterogeneity [131].

6.1.2 Inductive sensors for particle detection

Moving beyond the detection of large conductive targets, inductive sensors also find their
application in the field of particle detection. This application showcases the sensor

versatility in detecting not just the presence of large objects but also the more subtle
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presence of particles [136]. The principle remains rooted in electromagnetic induction, but
the focus shifts to the detection of changes in the electromagnetic field caused by particles

[132,134].

In industrial settings, this capability is particularly valuable for monitoring the wear and tear
of machinery. Metallic particles in lubricants or other fluids, for instance, can be indicative
of machinery components undergoing degradation. By detecting these particles, inductive
sensors play a crucial role in predictive maintenance, allowing for timely intervention before

more significant damage occurs [133].

Moreover, in environments where contamination control is critical, such as in
pharmaceuticals or food processing, the ability of inductive sensors to detect small metallic
particles ensures the integrity of products. This detection is essential for adhering to

stringent quality and safety standards.

The sensitivity of the sensor to different particle sizes, compositions, and the environment
in which it operates are governed by the sensor geometry, the frequency of the

electromagnetic field, and the nature of the particles themselves.

6.2 Developed inductive sensor with contactless interrogation

As introduced, inductive sensors (IS) are widely used to detect conductive targets, such as
for example wear debris in lubrication oil [136]. The detection relies on the variation of the
IS inductance due to the interaction between the magnetic field produced by the sensor and
the conductive target [132]. Conventional techniques exploit cabled solutions with the
drawback of being unfeasible in enclosed or hermetic environments where cabling could be
an obtrusive option [89]. This chapter investigates the possibility of applying a contactless
interrogation technique to an IS for conductive target detection by exploiting an external
interrogation coil (IC). The proposed approach has been validated adopting a millimeter-size

lead sphere as the conductive target.
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6.2.1 System description

Figure 6.2 shows the block diagram of the proposed readout system, where R1 and L1 model

the IC, R; and L, the IS coil, and M is the mutual inductance dependent on the interrogation

distance d between the coils.

Impedance
Measurements

Re{Z(f)}

1
Interrogation Inductive

coil (IC)  sensor (IS)

Figure 6.2 — Block diagram of the readout system based on impedance measurement. R1=15.2 Q,
L1=36.4 pH, R2 =72 Q, L> = 144 pH without the sphere.

The IS coil is connected in series with the capacitor C to form the LC circuit with resonant
frequency f; = %m(L2C)"2. As shown in Figure 6.3, the IS coil and the IC are made by 100 and

20 turns of copper wire wrapped around a plastic pipe (8 mm diameter) and a FR4 support

(32 mm diameter), respectively.
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Figure 6.3 — Developed setup used to test the proposed IS for conductive particle detection.

102



Noncontact interrogation of inductive sensors for conductive target detection

The pipe is used to confine a lead sphere (3 mm diameter) which is moved along the x
direction by a controlled positioning stage. The sphere induces variations of L, and R:
according to its position x thus modifying f. By measuring the IC impedance Z(f) = R(f) + jX(f),

fr can be obtained as the frequency f where R(f) reaches its maximum value [89].

6.3 Experimental results

The IC has been connected to an impedance analyser (HP4194A) to acquire the real part R(f)
of Z(f). Without the sphere fro = 2.51 MHz has been measured. Figure 6.4 shows R(f) for two
selected sphere positions (x; =-0.5 mm and x2 =-7.5 mm) while varying d, showing that d

acts only as a scaling factor.
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Figure 6.4 — Measured R(f) with the conductive sphere placed at x1 =-0.5 mm and xz = -7.5 mm for
different values of d.

Figure 6.5 shows f: as a function of x for different values of d. The sphere has been detected
up to |x| < 7.5 mm while, at x =0, a maximum frequency variation of Af, = f--fro = 180 kHz

has been measured in the explored range.

PhD Thesis — Zini Marco — XXXVI Cycle 103



o d=08mm
o d=22
d=3.6mm
270 f 0 d=30mm

£, IMH12

X [mm]

Figure 6.5 — Measured f; as a function of x for different values of d.

The reported results show minimal residual dependences of f; on d, which can be eventually
reduced by adopting established compensation techniques [89]. The results validate the
possibility of the contactless interrogation of an IS for conductive target detection. Ongoing

tests are exploring the capability to detect downscaled target size such as conductive

particles in nonconductive fluids.
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Chapter 7

Noncontact interrogation of passive resistive

SEeNSors

In this chapter, a contactless interrogation technique for passive resistive sensors is
presented. Traditional techniques, such as impedance amplitude measurement at fixed
frequency, are influenced by the relative positioning of the coils, which affects the
electromagnetic coupling and, consequently, the accuracy of sensor readings. The novel
approach outlined in this chapter exploits the resonant frequency stability and the high
quality factor of a Quartz Crystal Resonator (QCR), used as a resonant element, with a
series-connected resistor acting as the sensing element. The proposed method focuses on
determining the quality factor of the sensor composed of the QCR, the resistive sensing
element and the coil necessary for the inductive coupling with an interrogation unit. This
approach is basically independent from the interrogation distance, offering a significant
advantage over existing techniques. The principle of operations demonstrated through
simulations, showing its reliability across various resistive sensing element values and
coupling factors. Furthermore, experimental validation is provided through a custom
experimental setup, which assesses the performance of the technique under different
conditions, including varying distances between the coils. The experimental results has been

compared with the simulation results, highlighting the technique effectiveness.
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7.1 Resistive sensors

Resistive sensors are a pivotal technology in modern instrumentation and control systems.
These sensors operate on the principle that its resistance changes in response to some
external stimuli, such as temperature, pressure, force, or the presence of certain chemicals.
This simple yet versatile principle allows for a wide array of applications. Owing to the ease
of interfacing these sensors with basic electronics, resistive sensors over the years have

become a common choice in many fields.

One of the primary applications of resistive sensors is in temperature measurement [137].
Thermistors, a type of resistive sensor, are widely used for their accuracy and sensitivity to
temperature changes. Another common application is in force or pressure sensing, where
resistive sensors can provide precise measurements in environments ranging from
automotive brakes to wearable sensors [138]. Other typical kind of resistive sensor are
photoresistors [139], strain gauges [140], potentiometers [141] and magnetoresistors [142].
Resistive sensors play a pivotal role also in chemichal and gas sensing representing a field
that is still undergoing significant development in various application from monitoring air

quality to detect specific gases or chemical solutions [143].

The development and integration of inkjet printing technology in the fabrication of resistive
sensors is a notable advancement to create resistive sensors with unique properties and
capabilities. Inkjet printing technology is continuously evolving, enabling the production of
resistive sensors that are thinner, more flexible, and more adaptable to different
environments and applications [138—-140]. This technology has opened up new possibilities
for resistive sensors, especially in areas like wearable technology, where the flexibility and

lightweight nature of printed sensors can be fully utilized [138,144].

Compared to other sensing technologies like capacitive, inductive, or piezoelectric sensors,
resistive sensors often stand out for their simplicity, reliability, and cost-effectiveness. They
are typically easier to design and implement, making them a go-to choice for many basic

sensing requirements. Indeed, their popularity over other sensor technologies is largely
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attributed to their straightforward design, reliability, and affordability, making them a

fundamental component in numerous industrial and consumer applications.

7.2 Noncontact interrogation techniques applied to resistive
Sensors

Contactless interrogation techniques have been proposed for passive resistive sensors in
various applications [145]. These techniques primarily rely on measuring the impedance
amplitude at a fixed frequency exploiting the electromagnetic coupling between two coils
[146]. However, the relative positioning of the two coupled coils impacts the coupling factor
between the coils and, subsequently, the measured impedance amplitude used for sensor
resistance determination. Indeed, as explained in Chapter 3 the coupling factor acts as a
scaling factor in the measured reflected impedance used in the contactless interrogation
techniques. Moreover, other techniques, such as phase measurements of impedance, are

also contingent on the mutual position of the sensor unit and the interrogation unit [147].

Consequently, changes in relative position or distance between the coils result in
inaccuracies or inconsistencies in the sensor reading, making essential to maintain a stable

configuration of the coils to ensure reliable and accurate sensor data acquisition.

In this chapter an innovative technique that allows to contactless interrogate a passive
sensor with resistive sensing element independent from the interrogation distance is
presented. The proposed approach employs a QCR, adopted as the resonant element for
contactless interrogation, connected in series to a resistive sensor, which is function of the
physical quantity that has to be measured. The proposed contactless interrogation approach
is based on the determination of the quality factor of the sensor composed by the QCR and

the resistive sensing element.

7.2.1 Quartz crystal resonator

Quartz crystal resonators are electronic components whose operation is based on the

piezoelectric properties of quartz, a crystalline form of silicon dioxide. These resonators
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exploit the ability of quartz to deform in response to an electric field and conversely, to
generate an electric field when mechanically stressed. This bidirectional piezoelectric effect
enables the quartz crystal to maintain an oscillation at a highly stable frequency when

subjected to an alternating voltage.

When an appropriate voltage is applied across a quartz crystal, it induces a mechanical
vibration due to the piezoelectric effect. The physical dimensions and the cut of the crystal

determine the natural resonant frequency of these vibrations.

metal electrodes on
the opposite sides

quartz
plate

wire holders

contacts

Figure 7.1 — Construction of a typical Quartz Crystal Resonator.

The resonant frequency of an individual quartz crystal resonator is intrinsically linked to its
angular orientation in relation to its optical axis. Predominantly, the AT-cut quartz crystal
resonator is employed, characterized by its angular displacement of 35°15’ from the Z-axis,

or the optical axis of the crystal, as depicted in Figure 7.2.
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Figure 7.2 — Schematic representation of AT-cut, BT-cut, CT-cut, DT-cut. NT-cut and GT-cut of quartz
crystal [148].
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The selection of the AT-cut orientation is strategically made to ensure that the temperature
coefficient of the resonant frequency is minimized, achieving near-zero variation at a
standard temperature of 25 degrees Celsius. In Figure 7.3 is represented the typical
relationship between the resonant frequency of an AT-cut quartz crystal and temperature

fluctuations, showing the frequency variation as a function of diverse angular orientations

relative to the standard AT-cut.

=50 3
FRVi
o A
+30 ,ﬂ"-r'._-- .lx{.- . f‘
20 A = BN VAVAVS
% 10 AT T8 AV A2
F I e =" £
ppm  © . /f"'.f!,-""':.‘.-*— _..--'"': - /,-rf J’/ 4
-10 s /‘/ - = E-:-':'—"'#’ A A7
20 . :::"‘"_‘/,f.f
A7 D s el P
=30 7~ “\ —|— L
a0 'f £y - ;./
[] —_—
oA/ _
=F0 -55 -40 -25 -10 +5 +20 +35 450 +E5 +80 +05 +110 +125

Temperature *C

Figure 7.3 — Frequency variation in an AT-cut quartz crystal relative to temperature changes,
illustrated as a function of diverse angular orientations compared to the standard AT-cut [149].

An AT-cut QCR sensor functions in the thickness shear mode upon the application of an
alternating voltage across the crystal. This application of voltage induces shear deformation
within the crystal structure, a phenomenon attributable to the converse piezoelectric effect.
Resonance is achieved within this system when there is a periodic exchange of internal
energy, oscillating between kinetic and potential forms. This resonant process epitomizes

the efficient transfer of energy within the crystal, characterizing its operational dynamics.
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Figure 7.4 — Butterworth-Van Dyke lumped-element model of piezoelectric resonator.
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In proximity to its resonant frequency, the Quartz Crystal Resonator can be effectively
represented using the Butterworth-Van Dyke (BVD) lumped equivalent electrical model
shown in Figure 7.4. This model is structured with two parallel arms: the motional arm and
the electrical arm. The motional arm is comprised of series motional parameters: inductance
L:, capacitance C;, and resistance R.. Concurrently, the electrical arm embodies a single
capacitance Co, which is indicative of the dielectric properties inherent to the material of the
resonator. This dual-arm model facilitates a comprehensive understanding of the QCR

electrical behavior in relation to its resonant frequency.

80.5F T 190
71.0 60
61.5} 130
) >
T 50 0 N
E \ / A
425 I -30
33.0 -60
23.5 |mmmm e — —— )
5.9841 598 5.9866

Frequency (MHz)

Figure 7.5 — Impedance Z response near the resonant frequency of a 6 MHz crystal resonator [150].

From the BVD model of Figure 7.4 it is possible to determine the equivalent impedance of

the piezoelectric resonator, which results:

(R +20f L+ jare) sampcs

- 1 + = 1

J2rfC.  j2nfCy (7.1)
_ (4?2, L, = 1) = jQfC.R,)

~ (4nf2C,.CoR,) + j[8T3f3C,CoLy — 21f (Cr + Cp)]'

7 =

R, + j2mfL, +
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From Equation (7.1) can be derived two resonant frequency of the resonator named

series-resonance (fs) and parallel-resonance (fp):

1
fs = o L.C, (7.2)
P 1
P _ .
_GoGy 7.3
27 |Lr ((:0 +Cr) 73)

7.2.2  Principle of operation

Figure 7.6 shows the block diagram of the proposed interrogation technique based on
impedance measurement. The sensor unit SU is composed of a QCR connected in series with
a resistive sensing element Rs and a coil represented by its series inductance and resistance,
named L, and R; respectively. The coil allows the coupling with the interrogation coil IC of
the interrogation unit IU through the mutual inductance M = k(L1L,)”, where k represent the

coupling factor which is related to the relative position between the two coils.

Z, IC

IMPEDANCE
ANALYZER

Re{Z}(f)

- J/

Figure 7.6 — Block diagram of the readout system based on impedance measurement.
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According with the BVD lumped equivalent electrical model of the QCR, reported in Figure
7.6, where the motional arm of the resonator is represented by R, C- and L;, while the

electrical arm in represented by Co, the impedance Zqcr results:

I (Rr +j2nfL, +

1
Zocr = .
QR ™ j2mfC, janCT) (7.4)

With reference to the SU and IU equivalent circuit of Figure 7.6, the impedance Z; measured

at the interrogation coil can be expressed as:

4% f2k%L,L,
Rz +]2T[fL2 + RS + ZQCR. (7'5)

Zy =Ry +j2nfL; +

Close to the QCR series resonant frequency facr=Y%m(L:C;)*/?, the impedance of its motional
arm Z. = R+ j2nifL, + 1/(j2rfC;) has a magnitude typically much smaller than that of the
impedance of Cy, i.e., |Z| << 1/2nfack Co. Then, the presence of Co can be neglected,
resulting in the simplified equivalent circuit of Figure 7.7. With this assumption, the QCR

impedance can be approximated as:

Zocr = Zy = Ry + j2nfL, +]'27TfCr. (7.6)

Z, IC

IMPEDANCE
ANALYZER

Re{Z}(f)

- /

Figure 7.7 — Block diagram of the readout system with BVD equivalent circuit of the QCR neglecting Co.
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It can be seen from Equation (7.5) that the effect of the coupling with the SU results in a
reflected impedance Zqcr in series with the primary coil that makes the total impedance Z;
dependent on the coupling factor k. Nevertheless, the resonant frequency fsu and the
quality factor Qsy of the SU can be obtained from the real part of Z; [66], given by:

R, +R, +R
Re{Z,} = R, + 4n%f2k2L,L, r_

2
(Re+ Ry +R? + |20/ (L + 1) = 5|

f (7.7)

L{L forr
=R1+27TfL 1-|-2L kZQSU f:S‘U R
R
SU

Where:

_ 1 L, + L,
" R,+Rs+R.| C (7.8)

Qsu

1 (7.9)

2L, + L,)C,

fsu =

The real part of the impedance Z; exhibits a maximum at the frequency fmax r:

2Qsy

fmaxr = \/WfSU (710)

From Equation (7.10) can be noted that for large value of Qsu, the SU resonant frequency fsu
can be approximated with the frequency fmax r, With a deviation |fmax r - fsu|/fsu < 100 ppm
for Qsu > 50 [51]

The motional arm Z: of QCR is characterized by an elevated inductance L; at the series
resonance frequency, generally in the order of milli Henry. Such value is typically greater

than the inductance value of the coupled inductor L,. Consequently, in the condition where
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L >> Ly, Equations (7.8) and (7.9) can be approximated with Equations (7.11) and (7.12),

respectively:

1 L,

Qsy = R, + R+ R |C, (7.11)

1 (7.12)

fou = 2nJL,C,

The maximum amplitude of Re{Z1} at f = fmax_r is given by:

LyL,

8rf, —1=2<k2Q3
L,+L su
ZRl,max = Re{Zl}lfzfmaxr = Rl + ( 2 2 T) - (7'13)
) sy — 1
Considering the condition with Qsu » 1, Zr1,max can be simplified as following:
LlLZ 2
Zr1imax = Ry + 21f, L,+1, k*Qgy- (7.14)

The quality factor Qsu can be determined from the full width at half maximum (FWHM)
bandwidth of Re{Z:} [66]. The limiting frequencies of the FWHM bandwidth frwuwmi2 can be

determined from the following equation:

Re{Zl}|f=fFWHM1,2 — Ry

ZRl,max - Rl

1
> (7.15)

As shown in Figure 7.8 FWHM bandwidth BWf rwum can be calculated as the absolute

difference between frwumi and fewnmz:

BWfFWHM = |frwamz — frwuml (7.16)
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Re{Z;}1

Ps
Z R1,max

(ZRl,max - RI)/Z

A

(ZRLmax - Rl)/

fsu f

—

BWf FWHM

—_—

Figure 7.8 — Representation of the real part of the impedance Z: measured at the interrogation coil.

Considering Qsu » 1, the FWHM bandwidth and knowing fsu, Qsu can be determined as:

fSU
Qv ~gw. (7.17)
frwHM ’

By knowing the QCR motional arm equivalent parameters R, C;, Lr and the coils parameters

R1 and Ry, in the condition where Lr >> L,, the resistive sensing element value Rs can be
determined from the Equation (7.11) of Qsy and results:

_r
C,

RSQ = - Rz - RT'

(7.18)
Osu

By knowing Ry, C, Li, R1, L, and fsy, Qsu, it is also possible determine the coupling factor kq
[66]:

ko ~ ZRl,max - Rl
e~ L,L )
2T fsy ﬁ Qsu

(7.19)

PhD Thesis — Zini Marco — XXXVI Cycle 115



7.3 SPICE simulation

The proposed approach for contactless interrogation of coil-coupled passive resistive
sensing element has undergone testing through spice simulation using the LTSpice software

and the equivalent circuit presented in Figure 7.9, to verify the applicability of the technique.

Vori Vv Rs v Lr Rr
prim sec /\/\/ qcr KW\ /\/‘\/
{R_s} {L_r} {R_r}
R1
e Co Cr
Vi {R_1} {R_2} €
@ :>.' {c_o} {c_r>
— L1 [+] o Lz
{L_1} L2}

~ ~

Figure 7.9 — LTSpice circuit configuration employed for simulation purposes.

To perform the simulation typical parameter values have been considered for the
components in the equivalent circuit of Figure 7.9. A QCR characterized by Co = 10.07 pF,
Lr=131.95mH, C-=10.95 fF, Rr = 19.84 Q, and f, =4.1926 MHz has been considered. Two
coupled inductor with inductances L1 ,L; = 8.8 pH and resistances Ri, R2 = 12 Q have been

included to emulate the coupling coils.

The first simulation has been carried out considering a constant coupling factor k between
the coils of 0.2 and a resistive sensing element Rs with variable resistance ranging from 10 Q
to 100 Q. A step parametric simulation has been conducted with AC analysis in the frequency

range from 4.1915 MHz to 4.1935 MHz, i.e. around the resonant frequency.

Figure 7.10 displays the obtained Re{Z:} for the considered values of Rs with constant k
around the resonant frequency. A reduction in the amplitude of Re{Z1} peak occurs while
increasing Rs. As observable in Equation (7.15) the amplitude of Re{Z1} peak directly impacts
the FWHM bandwidth.
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Figure 7.10 — Simulation results of Re{Z1} as function of f close to the resonant frequency, for different
values of Rs between 10 Q to 100 Q at constant k = 0.2.

Figure 7.11a shows that within the explored range of Rs a shift of 124 Hz in the FWHM
bandwidth has been observed with a corresponding shift in the quality factor of 5.39-10%, as
shown in Figure 7.11b. In the worst cases, i.e. for Rs = 100 Q, a quality factor of 2.36-10* has
been obtained, ensuring that the conditions outlined in Section 7.2.2 to apply

Equation (7.14) have been met.
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Figure 7.11 — Simulation results of (a) BWs rwhm, fmax_r and (b) Qsu for different values of Rs between
10 Q to 100 Q at a constant k=0.2.
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Consistent with the expectations derived from Equation (7.11) of Qsy, Figure 7.11 shows a
linear relationship between the inverse of the quality factor and Rs, with a maximum

linearity error of 0.0676 % of the span.
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Figure 7.12 — Derived 1/Qsu values obtained with the proposed technique and corresponding linearity
error as a function of Rs.

By applying the theoretical formula presented in (7.18) to retrieve Rs from the Qsy values
determined using the proposed method, the Rsq values shown in Figure 7.13 are obtained.
It can be observed that there is no exact correspondence between the values of Rs and the
corresponding determined Rsq values. This discrepancy arises due to the presence of G in
the equivalent model of the QCR used in the simulation, which is not considered in the
theoretical formulation provided in Section 7.2.2. Conducting the same simulation without
considering the capacitance G results in a perfect match between the reference values of

Rs and the Rsq values determined using the proposed technique.
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Figure 7.13 — Rsq values determined from quality factor with the proposed technique as function of Rs.

Two additional simulations has been executed using different ranges of Rs. Figure 7.14a
shows the obtained Re{Z:} around the resonant frequency for Rs values ranging from 100 Q

to 200 Q, while Figure 7.14b show the corresponding quality factor values.

4

30 . . . . 2.4 210

S—lOOQ:k—Oi °
28t R=1102 . k=02 |
(= 1200 k=02 22¢ o
261 (1300 k=02
" (- 1400Q k=02 5 o AQ =1.03e+04
[ =150, k=02] | [ _

— s , o Oy = 1:33c+04
g 5l (=160, k=02] |
= G= 1709, k=02 0{)% 18k o
= 20t G180, k=02] ]
~ (<1900, k=02 o

181 R =2000, k=02 1.6 ©

o
16+ o
14+ o

140 °

b 12 ! ! | I I I I

41915 4192 41925 4.193 4.1935 100 120 140 160 180 200 220

fMHz] R 1]
(a) (b)

Figure 7.14 — (a) Simulation results of Re{Z1} as function of f close to the resonant frequency, for
different values of Rs between 100 Q to 200 Q at a constant k = 0.2; (b) corresponding Qsu values as a
function of Rs.
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Figure 7.15a shows the obtained Re{Zi} around the resonant frequency for Rs values

spanning from 1000 Q to 1100 Q, and Figure 7.15b show the corresponding quality factor.
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Figure 7.15 — (a) Simulation results of Re{Z1} as function of f close to the resonant frequency, for
different values of Rs between 1000 Q to 1100 Q at a constant k = 0.2; (b) corresponding Qsu values as
a function of Rs.

In both Rs ranges, the condition Qsu » 1 to apply Equation (7.14) results satisfied.
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Figure 7.16 — (a) Derived 1/Qsu values obtained with the proposed technique and corresponding
linearity error as a function of Rs between 100 Q and 200 Q; (b) derived 1/Qsu values obtained with
the proposed technique and corresponding linearity error as a function of Rs between 1000 Q and

1100 Q.
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As observable in Figure 7.16a and Figure 7.16b, a linear relationship between the inverse of
the quality factor and Rs has been obtained for both ranges. For Rs values between
[100 Q 200 Q] and between [1000 Q 1100 Q], a linearity error of 0.0855 % and 0.395 % of

span has been obtained respectively.

k=02 k=02 k=02
Rg=10-100 Q Rg=100-200Q | Rg=1000-1100Q
ABW,,  [Hz] 124 138 403
Af max, [Hz] 0.3 0.3 03
AQsy 5.39-10° 1.03-10° 71.7
Qumin 2.36-10" 1.33-10° 2.710°
Nonlinearity error
0.0676 0.0855 0.395
of 1/Qsy [%span]
A(1/Q _ _ _
A(1/0) Q-1 32810 33010 9.6210"
AR
AR
5Q 1.14 1.14 0.33
AR

Table 7.1 — Simulation results with constant k and different ranges of Rs.

As can be noted from Table 7.1,the linearity error increases as Rs values rise, a phenomenon

that may be attributed to the behaviour due to the presence of Co.

A second simulation has been conducted to assess the performance of the applied
techniques as a function of the interrogation distance and, consequently, the coupling
factor. In this analysis, a fixed value of Rs = 100 Q has been considered, and a step parametric
simulation was carried out with k ranging from 0.1 to 0.4. Figure 7.17a shows the real part
of impedance Z; around the resonant frequency for the tested values of k while maintaining
Rs constant. It can be observed that, as expected, the sensor resonant frequency remains
constant as the coupling factor k varies. Notably, there is an observable increase in the peak
amplitude of Re{z1} with increasing k, as predicted by the Equation (7.7) where k only acts
as an amplitude scaling factor. The quality factor does not change as the coupling factor k

varies within the explored range, as shown in Figure 7.17b.
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Figure 7.17 — (a) Real part of impedance Z: obtained with a fixed value of Rs for different k values; (b)

Simulations have been repeated for different Rs values ranging from 100 Q to 200 Q. Figure
7.18a shows the obtained values of 1/Q for all the tested Rs values as a function of k, while
Figure 7.18b shows the obtained values of 1/Q for all the tested k values as a function of Rs.

As expected, it can be observed that, for each Rs value, the quality factor remains constant

50

R
R

S
S
N
S

=100,
=100,
=100,
=100,

k=01

k=02 |

k=03
k=04

4.192

4.1925

/[MHz]

(a)

4.193

4.1935

j
]
Q

x 10

2.35665

2.3566

2.35655

2.3565

2.35645

2.3564

corresponding Qsu as a function of k.

within the considered range of k.

7571

6.5

/0

551

45F

Figure 7.18 — Derived 1/Qsu values obtained with the proposed technique as a function of (a) k
between 0.1 and 0.4 and (b) Rs between 100 Q and 200 Q.

122

%107
0 Rg=100Q o RG=160Q
o O| o Rg=100 o RG=1700
) o Rg=120Q © Rg=180Q
0 Rg=130Q o RG=1900Q
o o
O Rg=140Q o R =200Q
o o O Rg=150Q
(] o o o
o o) o o
o o o o
o o o o
o o o o
o
0.1 015 02 025 03 035 04 045
k
(a)

l/QSU

k

(b)

0.1 015 02 025 03 035 04 045

-5
8 ><10‘
75+ o
T )
6.5+
o
or o
55¢ °
5l i
o k=0.1
L o k=02] |
4.5 =03
o k=04
4 | | ! ! I I
100 120 140 160 180 200
Ry [€]
(b)




Noncontact interrogation of passive resistive sensors

7.3.1 Effect of parasitic capacitance in parallel to interrogation coil

As discussed in Chapter 3, the presence of a parasitic capacitance in parallel with the
interrogation coil introduces a dependency of the measured resonant frequency on the
coupling factor, and subsequently, on the interrogation distance. To investigate this effect,
the proposed approach has been tested considering a capacitance C, of 10 pF added in
parallel to the primary coil, constituted by inductance L; and resistance Rj, as illustrated in

Figure 7.19.

Figure 7.19 — LTSpice circuit configuration with parasitic capacitance C,, employed for simulation
purposes.

A step parametric AC simulation in the frequency range from 4.1915 MHz to 4.1935 MHz,

i.e. centred around the resonant frequency, has been conducted.
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Figure 7.20 — Real part of impedance Z: obtained from simulation with parasitic capacitance C, for
different values of Rs between 100 Q and 200 Q and for different k values between 0.1 and 0.4.
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Variable values of k, ranging from 0.2 to 0.4 and variable values of Rs ranging from 100 Q to
200 Q has been considered. Figure 7.20 shows Re{Zi} around the resonant frequency for

different k values across all tested Rs values.

The estimated inverse of the quality factor 1/Q does not remain constant with the coupling
factor k, and, consequently, with the interrogation distance, as shown in Figure 7.21a. As a
result, Figure 7.21b shows how the relationship between 1/Q and Rs exhibits varying
sensitivities for different values of k. This variation highlights that the sensor resistance
cannot be directly determined from the quality factor of the sensor unit, as assumed without

the parasitic capacitance.
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Figure 7.21 — Derived 1/Qsu values obtained with the proposed technique, with presence of parasitic
capacitance Cp, (a) as a function of k between 0.1 and 0.4 for different Rs values, and (b) as a function
of Rs between 100 Q and 200 Q for different k values.

As detailed in Chapter 3, the presence of the parasitic capacitance in parallel with the
interrogation coil can be effectively mitigated through the application of compensation
techniques. This enables the implementation of the proposed interrogation approach,

ensuring its independence from the interrogation distance.

124



Noncontact interrogation of passive resistive sensors

7.4 Experimental results

Following the simulations, the proposed approach has been experimentally validate for

contactless interrogation of resistive sensing element.

Figure 7.22 — Experimental setup employed to test the proposed technique.

To assess the proposed technique, a customized experimental setup has been devised, as
shown in Figure 7.22. The interrogation coil (IC), milled from a flame-resistant substrate
(FR4) with dimensions of 35 mm x 35 mm, has been fixed to the structure and connected to
an impedance analyser (HP4194A). The sensor unit (SU) coil, with the same IC
characteristics, has been fixed to a precision-controlled positioning stage, facilitating the
adjustment of the distance between the two coils, which are maintained in parallel
alignment. The SU coil has been connected, in accordance with the schematic presented in
Figure 7.6, in a series configuration with a commercial QCR and with the reference resistor.
The QCR has been characterized through the impedance measurement near its resonant
frequency. By fitting the BVD model with the measured conductance (G) and susceptance
(B), as illustrated in Figure 7.23a and Figure 7.23b respectively, a capacitance Co = 10.07 pF,
and L =131.6 mH, C. = 10.95 fF, R = 19.84 Q have been determined.
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Figure 7.23 — Measured and fitted values of the conductance (a) and susceptance (b) of the adopted
QCR around the resonant frequency.

Surface-Mount Device (SMD) commercial resistors, with a tolerance of 1%, has been used
as reference resistors for Rs. To facilitate the interchangeability of the reference resistors
within the SU, the selected SMD resistor was soldered onto a compact commercial

connector, as shown in Figure 7.24.

Figure 7.24 - Surface-Mount Device (SMD) commercial resistors soldered onto a compact commercial
connector used as reference resistors for Rs.

The first experimental characterization has been carried out with a constant distance d
between the coils of 1 mm and a resistive sensing element Rs with variable resistance
ranging from 100 Q to 200 Q. For the data collection, the impedance analyser has been set
with a frequency span of 400 Hz and 401 data points per sweep frequency measurement

from 4.1924 MHz to 4.1298 MHz.
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Figure 7.25 — Measured Re{Z1} as function of f close to the resonant frequency, for different Rs values
between 100 Q to 200 Q at a constant d =1 mm.

Figure 7.25 shows the obtained Re{Zi} for the considered values of Rs. As expected, an
observable reduction in the amplitude of Re{Z:} peak is noted with increasing the value of
Rs. Figure 7.26a shows that within the explored range of Rs, a shift of 127 Hz in the FWHM
bandwidth has been observed with a corresponding shift in the quality factor of 1.16-10%, as

shown in Figure 7.26b.
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Figure 7.26 — Experimental results of (a) BWs rwhwm, fmax_r and (b) Qsu for different Rs values between
100 Q to 200 Q at a constant d =1 mm.
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In the worst case, i.e. for Rs = 100 Q, a quality factor of 1.46-10* has been obtained, ensuring

that the conditions outlined in Section 7.2.2 to apply Equation (7.14) has been satisfied.

Consistent with the expectations derived from Equation (7.11) of Qsu and the result of the
simulation in Section 7.3, Figure 7.27 shows a linear relationship between the inverse of the

quality factor and Rs, with a maximum linearity error of 0.352 % of the span.
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Figure 7.27 — Experimental results of 1/Qsu values obtained with the proposed technique and
corresponding linearity error as a function of Rs.

By applying the theoretical formula to retrieve Rs from the Qsy values, as presented in
Equation (7.18), the Rsq values shown in Figure 7.28 have been obtained. These
experimental results are in alignment with the outcomes of the simulations performed with
the presence of Co. However, as expected, they do not perfectly align with the theoretical
predictions, which do not take into account Co or the parasitic capacitance Cp. By knowing
the value of Cp and applying the compensation techniques for G, as illustrated in Chapter 3,

it become possible to accurately determine the value of Rs.
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Figure 7.28 — Rsq values determined through quality factor estimation from experimental result using
the proposed technique, as a function of Rs with fixed d =1 mm.

A secondary experimental characterization to evaluate the efficacy of the employed

techniques in relation to the interrogation distance has been performed. In this tests, a fixed

reference resistor Rs = 100 Q has been considered, and the same acquisition has been

carried out with d ranging from 1 to 10 mm. Figure 7.29a shows the real part of impedance

Zy around the resonant frequency for the tested distances while maintaining a constant Rs.
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Figure 7.29 — (a) Measured real part of impedance Z: obtained with fixed Rs = 100 Q for different d
between 1 mm and 10 mm; (b) corresponding Qsu as a function of d.
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Notably, there is an observable decrease in the peak amplitude of Re{Z1} with increasing d,
aligning with Equation (7.7) considering that the coupling factor k decrease with increasing
the distance between the coils, and a shift in the frequency corresponding to the peak of
Re{Z1} can also be observed. The calculated quality factor increase as the distance dincrease,

with a variation of 1.91-10% in the explored range, as shown in Figure 7.29b.

The same characterization has been repeated for different values of Rs ranging from 100 Q
to 200 Q, as shown in Figure 7.30a. Figure 7.21b shows the relationship between 1/Q and
Rs, demonstrating, according with simulation expectations, variable sensitivities across

different values of d.
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Figure 7.30 — (a) Measured real part of impedance Z: for different values of Rs between 100 Q and 200
Q, for different d values between 1 mm and 10 mm; (b) correspondent 1/Qsu values obtained with the
proposed technique as a function of Rs between 100 Q and 200 Q for different d values.

In Table 7.2 is reported a summary and a comparison of the results obtained with

simulations and measurements with constant k and d.

130



Noncontact interrogation of passive resistive sensors

SIMULATION SIMULATION
MEASUREMENTS
k=0.2 k=0.2 d=1
=1mm
Rg=100-200Q Rs =100 -200Q
Rg=100-200Q
NO Cp Cp =10 pF
ABW [Hz] 138 157 127
Af max, [HZ] 0.3 0.6 5.11
AQgy 1.03-10* 1.03-10* 1.16-10*
Quin 1.33-10* 1.22-10% 1.46-10%
Non-linearity error
0.0855 0.593 0.352
of 1/Qsy [%span]
A(1
AQ/9sv) [Q1] 3.3-107 3.73-107 3.01-107
ARg

Table 7.2 — Comparison between simulation and experimental results achieved with constant coupling
factor k and interrogation distance d.

The results obtained from simulations and measurements are consistent and lead to the

same conclusions. Only a notable discrepancy is observed in the variation of fmax r between

the simulated and measured obtained values.

SIMULATION SIMULATION MEASUREMENTS

k=0.1-0.4 k=01-04 d=1-10
=1- mm
Rg =100-200 Q Rg=100-200Q

Rg=100-200Q
ABW [Hz] 138 259 138
Af max, [Hz] 0.3 2.1 28.7

AQgy 1.03-10* 1.37-10* 1.35-10%

Table 7.3 — Comparison between simulation and experimental results achieved for different values of
coupling factor k and interrogation distance d.

The results obtained for different values of coupling factor and interrogation distance,
reported in Table 7.3, also result consistent between simulations and experimental
characterization. As well in this case a notable discrepancy is observed in the variation of
fmax_r between the simulated and measured values and the variation in the in the FWHM
bandwidth obtained with the measurements results is more consistent with the simulation

performed without the parasitic capacitance C,.
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The resolution of the proposed technique has been verified performing 100 repeated
measurements with a measurement every 6.57 seconds with a frequency span of 200 Hz
and 401 data points per sweep frequency measurement from 4.1925 MHz to 4.1927 MHz.
Figure 7.31a shows the obtained Re{Z1} for the repeated measurements. The corresponding
obtained values of 1/Q plotted in Figure 7.31b lead to a standard deviation of
01/a = 2.74-10°. Considering the sensitivity S = A(1/Q)/AR obtained from Figure 7.27, the
corresponding standard deviation for the resistance or = 01/0/|S| results equal to 9.1 mQ,

which can be considered the equivalent resistance resolution at one o.
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Figure 7.31 — (a) Results of 100 repeated measurements of Re{Z1} obtained with fixed Rs = 100 Q and
fixed d = 1 mm with a measurement every 6.57 seconds with a frequency span of 200 Hz and 401 data
points per sweep frequency measurement; (b) corresponding 1/Qsu values as a function of t.

The stability of the proposed system over time has been validated by performing
consecutive measurements taken at 5-minute intervals over a 12-hour duration, employing
a frequency span of 200 Hz and 401 data points per sweep frequency measurement ranging
from 4.1925 MHz to 4.1927 MHz. In this timeframe, the room temperature T has been
monitored using a PT1000 sensor. Figure 7.32a shows the obtained FWHM bandwidth BW
as function of time t along with the room temperature, while Figure 7.32b reports BW as

function of the measured room temperature.
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Figure 7.32 — Results of repeated measurements taken at 5-minute intervals over a 12-hour duration:
(a) BWs rwhm and T as a function of t; (b) BWs rwnm and corresponding non-linearity error as a
function of T.

It results a linear dependence of BW from T with a sensibility of 0.646 Hz/°C in the
considered range of temperature. Figure 7.33a shows the measured frequency fmax r related
to the maximum of Re{Zi}, which differently to BW do not assume a linear behaviour as

function of T.
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Figure 7.33 — Results of repeated measurements taken at 5-minute intervals over a 12-hour duration:
(a) fmax_r and corresponding non-linearity error as a function of T; (b) 1/Qsu and corresponding non-
linearity error as a function of T.
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Figure 7.33b shows the corresponding 1/Q as function of T, which present a linear behaviour
with a resulting sensibility of 1.54:107 Q. It therefore appears that 1/Q maintain the
linearity observed with BW without being significantly affected by fmax r while still appearing
in the equation to determine Q. The resulting variation Afmax r = 7.14 Hz of fax_r is equivalent
to a relative change with respect to fmax r of 1.7 ppm while the variation ABW = 0.98 Hz of
BW correspond to a relative change with respect to BW of 6000 ppm, and therefore

dominant compared to the variations obtained on fmax .
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Figure 7.34 — Temperature compensated 1/Qsu as function of t resulting from repeated measurements
taken at 5-minute intervals over a 12-hour duration.

By compensating the temperature effects, whose results are reported in Figure 7.34, the
resulting standard deviation of 1/Q is 61/q = 5.58-10°. Considering the sensitivity S obtained
from data of Figure 7.27, the corresponding standard deviation for the resistance

or = 01/0/| S| results equal to 18.5 mQ.

To verify if the observed variation in 1/Q, linked to temperature changes, can be attributed
to the temperature effect on the reference resistance Rs or to other components of the
sensor unit (SU), another characterization has been conducted with only the QCR and the

coil Ly in the SU, i.e., with Rs =0 Q.
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Figure 7.35 — Results of repeated measurements with Rs = 0 Q taken at 5-minute intervals over a 2-
hour duration: (a) 1/Qsu and corresponding non-linearity error as function of T; (b) temperature
compensated 1/Qsu as a function of t.

As shown in Figure 7.35a, in this case as well, the trend exhibited by 1/Q is linearly correlated
with the ambient temperature variation, with a sensitivity of 8.31:10 °C. This suggests
that the temperature sensitivity shown in Figure 7.33b can be attributed to Rs for
approximately half of its extent, while the remaining half can be ascribed to the QCR and
coil of the SU. As shown in Figure 7.32b, BW presents a linear relationship with temperature,
while fmax r does not present relevant specific temperature-dependent variations, as shown
in Figure 7.33a. The theoretical expression to calculate the quality factor, reported in
Equation (7.8), include the resistive, capacitive and inductive elements of the SU. Indeed,
the formula to calculate the SU resonant frequency, reported in Equation (7.9), only includes
the capacitive and inductive elements of the SU. This suggest that the SU temperature
dependence observed without the sensing element, i.e. with Rs = 0 Q, can be attributed to

the resistance R; of the coil or to the resistive component R, of the motional arm of the QCR.

The temperature compensated 1/Q reported in Figure 7.35b, obtained with Rs = 0 Q,
presents a standard deviation o1/q = 6.75-10°. This value aligns with the standard deviation
of Figure 7.34, obtained with Rs = 100 Q. Such consistency indicate that the observed

measurement uncertainty is not attributable to Rs but rather to the overall measurement
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circuit. Consequently, this standard deviation can be considered as the uncertainty of the

setup and of the proposed measurement system.
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Chapter 8

Conclusions

8.1 Research activity overview and outcomes

Considering the growing interest in noncontact sensing, in the present thesis innovative
techniques, circuits and devices for contactless sensing through wireless coupling have been
studied and presented. The research highlights how noncontact sensing systems boost
flexibility, broaden the range of monitoring applications, and unlock new opportunities in

many scenarios from industrial to healthcare applications.

The thesis distinguishes between distant wireless sensing and proximate noncontact sensing,
operating in the electromagnetic far field and near field, respectively. Each domain is
characterized by specific technologies, applications, and methodologies that reflect their

operational range and underlying principles.

In the scenario of distant noncontact sensing, the thesis examines the use of
electromagnetic waves for unobtrusive level monitoring. This technology relies on the
interaction of electromagnetic waves with objects to extract information about their

properties and position.

In particular, a radar system for unobtrusive level monitoring of granular solids, such as
grains, flour, sand, or feed stored in silos, has been presented. The proposed system is based
on a commercial 76-81 GHz frequency-modulated continuous-wave (FMCW) radar sensor
and a Raspberry Pi board to acquire the data and manage a remote communication through
Wi-Fi connection. A tailored algorithm has been devised to process the reflected power
measured by the system, thereby improving the signal-to-noise ratio and the accuracy of

the material level estimation inside the silo. The developed prototype has been installed
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outside the top face of a circular fiberglass silo containing sound-absorbing, granular and
dusty material. The system has been tested for 15 consecutive days during which the silo
has been loaded and progressively unloaded in the level range between 0.5 and 5.2 m. The
effectiveness of the system has been verified comparing the estimated level of the material
inside the silo, obtained exploiting the radar, with those from the load cells system. The
resolution has been estimated as 0.037 m performing repeated measurements at a fixed
level. This application underscores the effectiveness of the distant noncontact sensing in

agriculture and industrial applications.

In the domain of noncontact proximate sensing, the thesis provides an in-depth analysis of
noncontact interrogation of passive sensors. It analyses the operation of the contactless
interrogation of resonant passive sensors, highlighting the principles of inductive coupling
and the exploration of the resonant frequency and quality factor as principal readout signals.
The thesis studies different typologies of sensor units and interrogation techniques,
analysing the challenges of obtaining distance-independent measurements and proposing
mitigation strategies to enhance reliability and accuracy. The proposed approach opens up
new possibilities for creating low-cost, disposable, and implantable devices, particularly in
healthcare and industrial applications, due to their operation without the need for active

electronics.

In this scenario, a system for the noncontact measurement of the resonant response of
piezoelectric thin-film piezoelectric on silicon aluminium nitride (TPoS AIN) disk MEMS
resonators, vibrating at 6.33 MHz in contour mode, has been presented. The proposed
technique leverages the magnetic coupling between the interrogation and sensor units,
switching between excitation and detection phases. The readout signal is appropriately
down-mixed with a local oscillator, and the resonator frequency measurement is
accomplished through a sophisticated post-processing approach based on autocorrelation.
The proposed approach has been applied for temperature sensing, exploiting the
capabilities of the MEMS resonator as a passive temperature sensor with contactless
readout. The temperature coefficient of frequency (TCF) of the resonator has been

determined, obtaining values of 46.7 ppm/°C and of 47.4 ppm/°C for contact and
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noncontact measurements, respectively. The measurements obtained using the proposed
technique, in good agreement with the reference measurements, exhibit independence
from interrogation distance and robust performance in terms of signal-to-noise ratio (SNR).
The presented approach does not require bulky bench instrumentation for resonant
frequency readout, thereby allowing the development of compact devices tailored for the
noncontact interrogation of piezoelectric resonators. The activity carried out has lead to the
development of a versatile platform based on MEMS device that can be further applied for

applications in different scenarios.

In the same field of the proximate sensing, a passive flexible patch for body temperature
measurements, combining contact sensing with contactless readout by a nearby
interrogation unit, has been presented for healthcare applications. The flexible patch,
forming the sensor unit, is composed of an inductive copper coil for magnetic coupling, a
ceramic capacitor as the temperature-sensing element based on its temperature coefficient
of capacitance (TCC) and an additional inductor to make the resonant frequency of the
resulting resonant RLC circuit independent from the bending of the patch. The contactless
reading exploits magnetic coupling between the interrogation and sensor units and
operates exploiting a time-gated technique by switching between excitation and detection
phases. The readout signal, at a frequency of 1.63 MHz, is down-mixed with a reference
signal and the frequency of the sensor unit related to the measured temperature is obtained
by a digital elaboration based on autocorrelation. A proof-of-concept prototype has been
developed by employing a paper-based flexible patch and off-the-shelf components. The
prototype has been experimentally tested within the temperature range 32 - 46 °C, giving a
sensitivity of 619.8 Hz/°C and a resolution of 0.06 °C. Thanks to the additional inductor
introduced in the resonant RLC circuit of the patch, the maximum variation of the resonant
frequency due to the effect of the patch bending has been reduced to 7.5 ppm for a
minimum curvature radius of 73 mm, leading to an equivalent maximum error in

temperature reading of 0.019 °C.

As a further exploration of the proximate sensing, the thesis presents the development and

testing of a contactless interrogation method for an inductive sensor designed for the
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detection of conductive targets. The sensor, comprising a solenoidal coil around a plastic
pipe and connected to a capacitor, forms an LC circuit resonating at a frequency of
2.51 MHz. This frequency, used as readout signal, is altered by the presence of a conductive
target nearby the inductive sensor. The proposed approach has been tested to detect a
conductive lead sphere up to 7.5 mm from the center of the coil, achieving a frequency
variation of 180 kHz when the sphere is at the center of the coil. This detection capability is
minimally influenced by the interrogation distance between the inductive sensor and the
interrogation coil. However, it will be possible to apply techniques already known in the
literature to compensate for this dependence, thereby guaranteeing the effectiveness of
the proposed contactless interrogation technique. The sensor versatility of the sensor to be
adapted to various target sizes and materials highlights its potential for widespread
applications in industrial monitoring, machinery maintenance, and contamination control.
Further developments could be addressed towards refining the geometry and the
technology used to realize the sensor, particularly in enhancing its sensitivity for
smaller-scale targets. This innovative approach offers a versatile and reliable solution for a

wide array of applications.

As the final topic in the field of noncontact proximate sensing, this thesis presents an
advanced technique for the contactless interrogation of passive resistive sensors exploiting
QCR (Quartz Crystal Resonators) as resonant element. The novel method for contactless
interrogation of a resistive element is based on the quality factor estimation. Exploiting the
frequency stability and high quality factor of a QCR, the proposed method enables accurate
sensor resistance estimation, independent of the interrogation distance. Experimental
validations of the proposed method, have consistently demonstrated its reliability and
adaptability, covering a range of resistive sensing element from 10 Q to 1100 Q and varying
interrogation distances from 1 mm to 10 mm. The equivalent resolution at one sigma,
determined through short-term repeated measurements, has been found to be 9.1 mQ.
Upon conducting long-term repeated measurements, the equivalent resolution at one
sigma yields a value of 18.5 mQ. The proposed method provides distance-independent
accurate readings addressing key limitations in existing technologies, and representing a

significant advancement in the contactless interrogation of passive sensors. This
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advancement broadens the scope for using resistive sensing elements within the context of
contactless interrogation of passive sensors, thereby enhancing their applicability and

versatility across a range of technological domains.

In summary, this thesis underscores the application and technological advancements of
noncontact sensing through wireless coupling and demonstrates the versatility of the
proposed approaches, both in the fields of distant and proximate noncontact sensing. The
integration of innovative sensor technologies, coupled with advanced computational
methods, makes noncontact sensing via wireless coupling a pivotal technology for
applications ranging from industrial monitoring to healthcare, providing a solid platform for

future innovations in these fields.
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