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Abstract

With the advancement in the development of connected devices and the Internet of Things
(IoT), continuous monitoring of physical and chemical parameters has become a current challenge
for our society. Additionally, surface acoustic wave (SAW) devices, widely used as filters in
telecommunications, now serve the function of sensors. It is within these two contexts that the

work of this thesis is situated.

The goal is to develop a wireless reading system using one of these sensors, particularly the Love
Wave (LW) sensor with recognized sensitivity in liquid media. Few studies involve this device by
performing a remote reading, and exclusively using its acoustic response. In this thesis, we employ
a more general approach considering its electromagnetic response and a specific measurement and
data acquisition protocol for detecting saline solutions on its surface. Given its passive nature, a
wireless reading system is demonstrated, as well as discussion on its key characteristics, advantages,

disadvantages, and limitations.

Keywords: passive sensor, Love wave, wireless, system, liquid medium
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Résumé

Avec les progres du développement des appareils connectés et de I'Internet des objets (IoT), la
surveillance continue des parametres physiques et chimiques est devenue un défi actuel pour notre
société. De plus, les dispositifs & ondes acoustiques de surface (SAW), largement utilisés comme
filtres dans les télécommunications, remplissent désormais la fonction de capteurs. C’est dans ces

deux contextes que se situent les travaux de cette these.

L’objectif est de développer un systéme de lecture sans fil utilisant I'un de ces capteurs,
notamment le capteur a ondes de Love (Love Wave ou LW) a sensibilité reconnue en milieu liquide.
Peu de travaux impliquent ce dispositif en effectuant une lecture a distance, et exclusivement en
utilisant sa réponse acoustique. Dans cette these, nous employons une approche plus générale
considérant sa réponse électromagnétique et un protocole spécifique de mesure et d’acquisition de
données pour détecter des solutions salines a sa surface. Compte tenu de sa nature passive, un
systeme de lecture sans fil est présenté, ainsi qu’une discussion sur ses principales caractéristiques,

avantages, inconvénients et limites.

Mots clés:: capteur passif, onde de Love, sans fil, systeme, milieu liquide
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Resumo

Com o avango no desenvolvimento de dispositivos conectados e da Internet das Coisas (IoT), o
monitoramento continuo de pardmetros fisicos e quimicos tornou-se um desafio atual para a nossa
sociedade. Além disso, dispositivos de ondas actusticas de superficie (SAW), amplamente utilizados
como filtros em telecomunicagbes, agora servem como sensores. E nestes dois contextos que se

situa o trabalho desta tese.

O objetivo é desenvolver um sistema de leitura sem fio utilizando um desses sensores,
particularmente o sensor Love Wave (LW) com sensibilidade reconhecida em meios liquidos. Poucos
trabalhos envolvem este dispositivo realizando uma leitura remota e utilizando exclusivamente sua
resposta acustica. Nesta tese, empregamos uma abordagem mais geral considerando sua resposta
eletromagnética e um protocolo especifico de medigdo e aquisicio de dados para deteccao de
solugoes salinas em sua superficie. Dada a sua natureza passiva, é demonstrado um sistema de
leitura sem fio, bem como discutidas as suas principais caracteristicas, vantagens, desvantagens e

limitagoes.

Pavavras-chave: sensor passivo, Love wave, , sem-fio, sistema, meio liquido
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Introduction

The current society is immersed in a process of operation based on permanent surveillance. Access
to information and being connected and informed is a real necessity. In this context, the market for
object connectivity has experienced steady growth. In recent decades, wireless communication has
become essential for various civilian, industrial, and military applications. It is especially important
to access harsh environments that require the monitoring and measurement of physical quantities
such as temperature, pressure, and particles in gas and liquid environments. The increased use of
these systems is made possible by the high performance of the sensors and the characteristics of the
electronic reading devices, which enable wireless measurement. In this context, Surface Acoustic
Wave (SAW)) sensors have been increasingly occupying space and applicability. Their sensitivity
to environmental disturbances allows their use in the measurement of temperature, pressure, and
the presence of gases and liquids. Additionally, they are passive devices that can be remotely

interrogated [1].

Among these sensors, Love Wave ([W)) transducers have demonstrated great sensitivity for
biological and chemical detection in gas and liquid media, especially in the environmental and
healthcare sectors. So far, most detection applications using LW rely on dedicated reading circuits
connected to the sensor. Innovative methods capable of identifying and interrogating passive
wireless devices using the principle of Vector Network Analyzer (VNA]) and various wireless
reading techniques have been studied in the last decade. These systems are designed based on
characteristics of the transduction type, such as propagation of electromagnetic and acoustic waves,
geometry, materials, recommended sensitivity depending on the application, and frequency range

of the transducers to be monitored. In a typical wireless configuration, a sensor sensitive to a
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quantity to be measured (such as physical parameters of water) is connected to an antenna, coil,
or LC oscillator. In fact, for the remote detection part, the relationship between the emitted
and received power by the reader depends on the characteristics of the Radio Frequency (R
parameters and changes in the impedance response of the sensor due to the properties of the liquid
deposited onto its surface. Thus, the resonance frequency or amplitude of the backscattered signal

takes into account the parameter of the liquid medium to be monitored [2].

Passive LW sensors have been studied and developed at IMS-Bordeaux (Laboratory for the
Integration from Material to System) over the past decades. The sensor has been applied to gases
and liquids with wired instrumentation and utilizes electroacoustic transduction with a frequency
order of hundreds of MHz (3|, [4]. Specifically, LW sensors designed at IMS and the subject of
study in this work exhibit significant insertion losses in their acoustic energy, making it difficult to
wirelessly read the mechanical parameters of the liquid they affect. However, these same sensors
have demonstrated sensitivity in liquid media when considering a more comprehensive analysis
of their behavior. Recent studies have also explored their electromagnetic response, obtaining
an enriched analysis of energy conversion and flow within the sensor [5]. In this direction, the
electromagnetic response is incorporated into its acoustic response. By temporally separating their
responses, the LW sensor can be conceived as a multiparametric device [5]. To be interrogated

remotely, these sensors require a reader that is compatible with their operational characteristics.

1.1 Objectives

The aim of this thesis is to propose an instrumentation protocol and a data acquisition methodology
for wired and wireless interrogation of LW sensors dedicated to liquid quantity measurements,
specifically:

¢ Directly connected to the VNA: signal analysis in reflection and transmission

e Associated with antennas and circuits and wirelessly interrogated from a distance: signal

analysis in reflection
o Validation of an instrumentation and data protocol acquisition
o Passive nature, without battery or energy harvesting.

This project is part of a Cooperation Program involving partners in Brazil, with the

participation of the Federal University of Campina Grande (UFCG), and in France, with the
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participation of the University of Bordeaux and the University of French Guiana. It is focused
on the design and development of LW sensor-based systems for applications in liquid and gaseous

environments.

1.2 Thesis structure

This thesis is organized into three distinct parts. In the second chapter, the context of the study is
presented, including an overview of the field of connected objects. The basic concepts of wireless
systems and their connections to SAW devices, which are important for understanding the whole
work, are also addressed. The objective is to demonstrate the relevance of wireless measurement
in the field of electronics and its development applied to SAW sensors, focusing on the wireless

reading of LW sensors, based on the state of the art.

The third chapter is dedicated to wired measurements using the LW sensor. The operating
principle and general applications of SAW are presented, along with interest in LW sensors. The
focus is on the wired experimental setup enabling the detection and classification of NaCl solutions.
The relationship between the sensor’s input impedance and the concentrations of the solutions is
established, providing an indication of how the sensor can be detected remotely, aligning with the

central focus of this thesis.

The last chapter demonstrates the feasibility of wireless reading using LW sensors based on
experimental setups, culminating in the remote detection of liquid at different NaCl concentrations.
The issues, advantages, and disadvantages of the experimental setups will be addressed. Finally,

a comparison between the proposed solutions is presented.

The conclusion summarizes the main results, highlights some limitations of the systems, and

new study perspectives are suggested.
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The objective of this chapter is to establish the utilization of wireless readers in the context of
passive sensors, starting with a comprehensive examination of general passive sensors applications
The focus will be directed towards electromagnetic and surface acoustic wave sensors, progressing
to an exploration of advances in LW sensors and the possibilities of wireless connection and reading
based on Radio-Frequency IDentification (RFID]) and radar systems In this chapter, the latest work
for remote reading of passive sensors and a state-of-the-art synthesis of key information related to
implemented systems will be presented. Operational frequency, measurement parameters, distance
capabilities, power requirements, architectural typology, and analysis of signals and antennas
employed will be detailed. The advantages and limitations inherent in these implementations will
be systematized. The purpose is to contextualize current research in the broader domain of sensor
investigation, rationalizing its significance based on the specific requirements of sensor technology.
Finally, a concise exposition of the proposed test strategy that involves sensors, antennas, and
system configurations will be outlined, with detailed elaboration provided in subsequent sections

and chapters.

2.1 Wireless sensing systems

Millions of new sensor devices have been deployed in recent years, and the future trend indicates
that these devices will be widely used for object connectivity. This signifies a pivotal step towards
scaling today’s Internet of Things ([0T)) into the vast IoT of the future. A typical system comprises
a microcontroller, a radio transceiver, sensors, and a power source. However, the limited lifespan of
such devices remains a primary constraint for these systems. With recent advancements in ultra-
low power signal processing and wireless communications, there is potential for replacing a battery
with a solution that enables the device to be powered by its surrounding energy. This facilitates

battery-free sensor applications, contributing to a more environmentally friendly approach [6].

Wireless detection systems are widely used in various fields, such as aerospace applications,
defense, soil mapping, substance detection, healthcare, transportation, and logistics, among others.
The amount of energy reflected by the target depends on the material properties of the object,
its geometry, angle of incidence, distance from the transmitter, transmitted energy, and operating
frequency. An overview of how these systems are integrated into people’s daily lives is illustrated in
Fig[2.1] Wireless systems are multidisciplinary and include fields such as electrical engineering, RF,
mechanics, chemistry, physics, biology, environmental science, and more. Many of these wireless

systems organize and streamline human life. In this context, data can be obtained remotely from a
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target (such as a toxic gas leak, for example), and action plans can be devised with precautions to
ensure the safety. One of such reading systems can be a radar or RFID system, where the target

is a sensor.
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Figure 2.1: Schematic illustration of wireless sensors for environmental monitoring, human
monitoring, industrial production, and daily life .

A change in the state and properties of the sensor can be read and subsequently manipulated
to generate a useful result. There are essentially two elements. The transducer element is the
focal point, responsible. The instrumentation system is the detection part required to convert
the changes in the transducer element’s composition during interaction with the substance. It
consists typically of electrical connections and electronic systems that interpret the sensor element’s
output, such as changes in resistance, voltage, current, etc., into a readable quantity. The output

is presented as a relation of the variation of the studied property over time (or frequency) [g].

Existing detection techniques have been divided into two categories. One technique focuses
on wired-based detection, while the other is a wireless-based technique. Wired-based sensors are
already well-established, but wireless-based detection systems are increasingly prevalent in modern

applications, as shown in Fig[2:2]
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Figure 2.2: (a) Self-powered and multi-mode flexible sensing film with patterned conductive
network for wireless monitoring in healthcare ﬂgﬂ; (b) The beating of the human heart causes
the radial artery vasodilatation, resulting in a slight pressure change on the skin surface ;
(¢) Wirelessly powered urban crowd sensing .
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Figure 2.3: Types of sensor readout techniques .

Wired detection utilizes physical connections between the components of the instrumentation
system involved in the detection process. Such detection system has its advantages and
disadvantages. Being easily available, and with limited development in the field of wireless
communication in the past, the wired-based detection technique has been implemented in two
ways mainly, based on electrical or optical physical connections from the detection system to the
power source and the signal output system, as synthesized in Fig A variation in current,
voltage, frequency or impedance provides the required electrical output signal value, which can be
an image of any change in optical wave (light intensity, phase, frequency). Wireless detection also
involves the use of electronic instrumentation to transmit and receive RF signals , . Due
to advancements in Microelectromechanical Systems (MEMS]) technology, digital electronics, and
wireless communications, significant progress has been made in the field of sensors, particularly

considering their size and passive nature [15].

The wireless detection technique has been widely utilized, with numerous advancements in the
readers and antennas employed for signal transmission and reception. In this context, notable
technologies include Bluetooth, Near Field Communication (NEC), RFID, and Zigbee 7.
NFC is a battery-free platform and is read by an Ultra-High-Frequency (UHE]) RFID reader. It
links powered devices using a short-range backscatter communication mechanism. Radio-Frequency
Identification (RFID) technology is based on wireless communication. The use of RFID tags
spans various sectors such as healthcare, environmental pollution monitoring, food safety, public
transportation, logistics, and more. The RFID system consists of two fundamental components: a
memory microchip (tag) that stores electronic information and a network of readers connected via
antennas for receiving and analyzing signals. In Fig[2.4] a query signal was emitted by the network
analyzer at an energy level to activate the sensor tag under the electromagnetic field condition

of the reader’s antennas. The signal was processed and subsequently redirected back at another
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energy level.
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Figure 2.4: (a) Schematic diagram of hydrogen gas sensing by the UHF-RFID tag sensor system
having RFID sensor tag and antenna; (b) RFID tag on the flexible substrate

Chipless wireless sensors and various transduction schemes

Wireless sensors can be classified into two categories: active and passive. Active sensors are types
of sensors powered by batteries and are typically integrated with other electronic devices, such
as batteries, microcontrollers, and energy harvesting circuits. These sensors offer the advantage
of being readable at greater distances and they are able to process more data. However, these
devices are expensives and with a limited autonomy. Some popular examples of such sensors are
the CC3200 based on the Texas Instruments IoT platform and sensor tags from CAO Gadgets
LLC . On the other hand, passive sensors do not require a battery, depending on whether
they have an integrated active chip. These can be classified into chip-based and chipless sensors.
Chip-based sensors obtain the necessary power for chip activation through energy harvesting or
through the interrogation signal sent by the reader . Commercial RFID tags, for example,
use this principle. The interrogation signal is used both for the radio front-end reception and for
transmitting the identification signal through the modulated signal backscattering scheme. On the
other hand, chipless radiofrequency sensors offer the benefits of a longer lifespan and a lower cost

compared to chip-based sensors [21].

A comprehensive classification of chipless radiofrequency sensors based on their operation is
illustrated in Fig[2.5] Here, low-frequency chipless tags are read using time and frequency domain

analyses, traditionally in the near field, with LC coupling circuits. For tags at higher frequencies,
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principles of radar, backscatter, and delay lines are used as interrogation techniques. In this
work, the interest and focus is on passive sensors without chips and at higher frequencies in the

Very-High-Frequency (VHE]) band.

Chipless RF Sensors

Low Frequency
Coupled Coil Sensor

Time Domain Frequency Domain Time Domain Frequency Domain
Based Based Based Based

SAW based
sensors

High Frequency
Sensors

Retransmission
based

Radar Cross
Section based

Delay line
based sensors

Phase encoding
based approach

Figure 2.5: Chipless passive RF sensors classification based on their principle of operation and
interrogation. [13]

2.1.1 Radar systems

Radar technique is used in many applications such as level measurement, obstacle detection for
automobiles, meteorology, military, etc. The small amplitude signals received by the interrogator
will therefore have to inform us about physical parameters such as the distance between the radar
and the sensor, but it can be also about a pollutant detection value coming from the scanned
measurement cell. Extracting such dual information in the case of a chemical sensor, or other
multiple parameter depending on the application, is important and involves an exploration of
solutions to bring out the interrogator design. By a combination of the waveforms used and
the choice of radar technology, the conditions for remote measurements can be satisfied. The
backscattering of the radar wave by the sensor is a function of its reflection parameters. If the
input reflection parameter varies with the pollutant, the Radar Cross Section (RCS) level also
varies and the measurement can be detected by the radar reader. The fundamental components
of radar systems consist of a transmitter, receiver, and antennas. The transmitter generates an
electromagnetic signal, which is transmitted into space through an antenna. When the transmission
signal encounters an object, it is reflected, and the reflected signal can be detected by a receiving

antenna in the radar system, as shown in Fig[2.6] The received signal is then processed to extract
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information (such as velocity, RCS, distance, etc.) about the target .
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Figure 2.6: Basic radar concept .

Radar equation

Radar range is a key point for interrogating sensors. It will depend on several factors inherent to
the technical specifications of the radar and its environment. The transmission power levels of the
radar to be carried out must be sufficient so that each sensor in the network can be detected and
measured at distances of several meters, depending on the techonogy and aplication. These levels
will depend on the operating frequencies of the radar system, the RCS of interrogated targets,
as well as environmental disturbances around the sensor network. The maximum range R,.qz
is identified as the distance at which the radar can detect the minimum power level , ,

according to the

2

Hmas = K/(4W)S(M§BCJ?)C(¥§;J]3)LSLM' (2.1)
Here, R4, is for the maximum radar range in meters, A, the wavelength in meters, G; and G,.,
the antenna gain during transmission and reception respectively, o, the RCS, P;, the maximum
transmitted power, k, the Boltzmann’s constant, T', the reference temperature, B, the reception

bandwidth, F', the noise factor during reception, (S/N), the signal-to-noise ratio, Ly and L,

the system and atmospheric losses, respectively.
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Radar cross section

The most common RCS measurement technique consists of the relationship between the power
transmitted and sent back by the target in the far field using the S parameters acquired with a
VNA. The RCS is the ability of a target to radiate electromagnetic energy received from the radar.
It is the expression of the ratio of the energy re-emitted to the density of energy received per unit
area [25]. The RCS depends on the wave polarization, the radar wavelength, the reflecting surface

2

of the target and its constitutive materials. It is expressed in m® or in its logarithmic form in

dBsm (decibels referenced to a square meter). The RCS to a given object is expressed by

o o | x|
0—1%11_{%04711:3 |E1|2

(2.2)
Here, o is the RCS (m?), E,., the energy reflected back to source and Ej, the incident energy [22],
[26]. The RCS of a target can be viewed as a comparison of the reflected signal from the target to
the reflected signal from a perfectly smooth sphere of cross sectional area of 1 m?. Measurement
of an object’s RCS is done by inversely using the radar equation, which links the received power

to the transmitted one for a distance R and the gain characteristics G of the radar’s receiving and

emitting power and its wavelength A, as in this expression:

AT3RAP,

X2GG, P, (2:3)

g

The basic setup of two RCS measurements are represented on Fig[2.7] and in monostatic
configuration (one single antenna to transmit and receive signals) and in bistatic configuration
(one antenna to transmit and another one to receive). For targets with simple shapes, like spheres,
cylinders, metal plates and reflectors, the RCS can be expressed analytically as a function of several
parameters, such as frequency and observation angle, then calculated. These objects can be useful
as a known RCS reference, they provide a way to estimate a RCS of any remotely interrogated

object, by calculating the corresponding power ratios [22].
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Figure 2.7: Configurations of the two possible measurement benches: one or two antennas for
transmitting energy and receiving the reflected one .
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Figure 2.8: (a) Bistatic RCS measurement unit ; (b) Monostatic setup to measure a loaded
horn antenna. The T, /R, antenna and the [AUT] put on the support are aligned with a laser

beam .

2.1.2 Electromagnetic coupling

Passive RFID tag

Passive RFID tags are the most widely adopted and have shown significant growth in terms of
units sold in recent years. The frequency range most commonly used is between 860 and 960 MHz.
At these frequencies, the preferred mode of operation for RFID systems is the far field. This
allows for greater reading ranges to be achieved. A tag typically consists of a dipole-type antenna
designed to capture electromagnetic radiation. This antenna is engineered to have an impedance
compatible with that of the chip, which is directly connected to its terminals. The overall diagram
of the principle of a RFID system is depicted in Fig. [2.9] Passive tags operate without a battery,

relying on the electromagnetic field from the base station to power the tag’s chip .
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Figure 2.9: Operation principle of a RFID system .

The interaction between the tag and the reader is modeled by two voltage sources, as shown
in Fig[2.10] At the tag level, the quantity Vj,.K; represents the voltage across the reader antenna
radiation resistance (V) multiplied by a factor K, which includes free-space attenuation, radiation
efficiency, polarization efficiency, mismatch losses, and gain of both the reader and tag antennas.
When approximating the far-field region, this factor Ky decreases by 1/R as a function of distance.
Similarly, the interaction of the tag with the reader is modeled by a voltage source of magnitude
Viag-HK2. The term Vi,, represents the voltage across the tag antenna radiation resistance. This
voltage depends on the voltage detected by the tag (V,s.K1) and the impedance state of the chip.
The term K> is equal to the term K3 if the reader antenna is used for both transmission and
reception (principle of antenna reciprocity). Quantifying these terms is of interest for establishing

link budgets and estimating reading ranges .
Z
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Vtag.K2 N— Vbs K1
I
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I
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Tag

Figure 2.10: Operation principle of a passive tag. ||

Up to this point, optimal energy transfer to the chip has been considered. Fig represents
the equivalent electrical diagram that models the energy transfer between the chip and the antenna
in the matched (a) and short-circuited (b) cases. To maximize the energy transfer from the tag

antenna to the chip (or load), complex conjugate matching must be achieved , . In the case
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of complex conjugate matching, half of the energy is dissipated in the chip (the real load), and the
other half is dissipated in the antenna resistance, which typically consists of two parts: a radiation

resistance and another loss resistance modeling losses in the antenna (Joule losses and dielectric

losses).
I 2.
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Figure 2.11: (a) Adaptation of the antenna to the chip in non-modulated mode; (b) Equivalent
circuit when the chip is modulated (parallel short-circuit)|29].

The principle of generating the tag response to the reader is based on the variation of
backscattered power between two very distinct states. The base station detects a signal whose
variation is directly dependent on the impedance state variation of the load. The tag antenna is
a key element that directly influences its reading range. The design of an antenna must take into
account parameters such as efficiency, matching, and radiation pattern. Size constraints and the
environment often impose performance limits. The increase in the tag’s reading range depends on
the antenna gain. There is a trade-off between the antenna size, its operating frequency, and its
radiation characteristics |[32]. To determine the detection ranges, it may be interesting to use the
antenna’s RCS, which is a parameter linked to its geometry on the one hand (structural mode)
and to its load (antenna mode) on the other. The RCS represents the area that would capture the
power density transmitted by a source located in the far field at a distance R and re-emit it into

space, all in the far-field approximation [33].

RFID technologies cover different principles. Basically, two key elements are found in an
RFID tag, namely an electronic chip connected to an antenna. Chipless RFID is a technological
variant that breaks away from the communication scheme used by radio frequency identification
systems. With no electronic components, typical communication protocol such as amplitude or

phase modulation using clock-based synchronization, used in conventional RFID technologies, is
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not possible. The physical principles implemented for chipless RFID tag design are varied and can
be classified based on how their electromagnetic signatures are utilized. The approaches used are
most often temporal, frequency-based, or based on a radar principle. A chipless RFID tag can be
seen as a static radar target with a specific electromagnetic signature. The design of a chipless
RFID reader, therefore, resembles an airborne radar that detects the signature of flying machines,

scaled to the dimensions and power involved [34].

2.2 Surface acoustic wave sensor (SAW)

Radar systems and electromagnetic coupling have been successfully employed in the field of wireless
sensors with purely electromagnetic response. As the aim of this work is to develop a wireless system
using Love wave-based SAW sensors, it is necessary to understand the main characteristics of these
devices, mainly used in wired configuration, and also how wireless reading has been achieved with

them. This will be discussed in the following section.

2.2.1 Wired interrogation

Currently, chemical and biochemical detection has become a significant research theme, and
many SAW/Bulk Acoustic Wave (BAW]) sensors have been developed and investigated for such
applications. The LW sensor, for example, is widely studied due to its high sensitivity in liquid
detection [1]. The principle of SAW sensors based on Rayleigh and Love waves (the most

representative ones) can be seen in Fig

When the acoustic wave is perturbed due to the presence of additional mass or changes in
properties such as viscoelasticity and other surrounding physical parameters, it results in the
modification of its operating frequency, gain, and phase. Therefore, the detection of different
substances is enabled by analyzing these electrical parameters through the .S;; parameters. In
our case, with a two-port sensor, So; (or Su) and S (or 522) represent the sensor responses
in transmission and reflection, respectively. In 1979, Wohltjen and Dessy first applied and used
chemical (gas) sensors based on SAW devices [35]. Since then, various sensors using the same
principle have been developed and applied to detect various substances, such as CHy, NO3, COq,

ete 36], [37].
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Figure 2.12: SAW sensing: Schematic of (a) Rayleigh wave, having both surface-normal and
longitudinal components with respect to propagation direction; (b) Shear-horizontal (SH) LW
sensing principle, an added guiding layer confines most of SH vibration close to surface ; (c)
LW liquid detection based on S3; magnitude attenuation and resonance frequency shift ; (d)
LW detection principle based on So; magnitude resonance frequency shift and S2; phase shift

In addition to applications in gas environments, SAW sensors are also utilized with liquids. In
this case, they predominantly involve waves with horizontal polarization, as vertical components
rapidly attenuate in the presence of liquids. In this context, SAW and LW devices have garnered
interest among the scientific community. Among the liquid phase applications are those in
the field of biosensors for the detection of Deoxyribonucleic Acid (DNAJ]) with the potential for
remote interrogation f. They have also been employed for the detection of proteins such
as streptavidin, cardiac troponin I, antibodies, and Carcinoembryonic Antigen (CEAI f.
More recently, some sensors have been applied for the detection of the COVID virus . Other
applications involve microfluidic devices, liquid flow, concentrations of saline solutions, electronic
tongue technology, identification of fruit juices, pH measurement, and water quality 7. In

Fig two examples of experimental platforms for liquid applications are represented.
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Figure 2.13: SAW wired sensing: (a) Schematic of dual-delay line [SHFSAW taste sensor; (b)
Photograph of miniature total analysis taste system or electronic tongue; (c) Biosensing set-up,
microfluidic device and SAW device; (d) Resonance frequency shift of SAW device under air and

liquid injection , .

LW sensors have enabled the detection of very low concentrations (metal ions Cd?>*, Hg?t were
successfully detected in the concentration range from 1071% M to 10~* M) of heavy metals in liquid
medium . Numerous studies have been conducted on the measurement of viscosity, turbidity,

pollutants, poly(ethylene glycol), and bacteria with good reproducibility and sensitivity —.
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Figure 2.14: LW wired sensing: (a) Readout electronic circuit operating with a LW sensor; (b) Sa1
frequency domain responses of the LW sensor in air and water media measured with a VNA .

Love wave sensor global response

Before delving into the architectures and interrogation techniques for chipless sensors in this
chapter, it is proposed to start with the operational principle of the Love wave sensor utilized
in this work. Initially, the focus will be on identifying the physical phenomena that constitute the
sensor’s response during interrogation. These phenomena include energy flows (electromagnetic
and acoustic) occurring within the device and are pivotal for comprehending how these devices are
perturbed and determining which remote interrogation techniques are more suitable. The detailed
description of the sensor itself, as used in this study, can be found in Chapter The flows of
electromagnetic and acoustic energy can be examined by viewing the sensor as a multiphysical

target that undergoes variations in its energy flow when disturbed.

Initially, the Interdigital Transducers (IDT)) can be likened to a planar interdigital capacitor.
Consequently, the variation in the electric field and the energy conduction path of this structure
is altered when there is an electrical disturbance in the environment. Interdigitated capacitors are
widely employed sensors for chemical detection based on the variation in their electrical impedance
, . The impedance of an IDT is modeled by an equivalent electrical circuit comprising
basically a static input capacitance and a radiation impedance related to the generation of the
electroacoustic wave. The radiation impedance is associated with the mechanical parameters of
the transducer materials, and more specifically the piezoelectric substrate. This acoustic wave
propagates along the acoustic path, being attenuated and delayed based on the material and
environmental parameters. The induced electromagnetic coupling between the input and output

IDTs generates a third energy path. In this context, three energy flows are evidenced: input
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capacitive impedance, electromagnetic coupling, and acoustic propagation.

In Fig[2.15] we provide an overview of these energy flows due to the physical mechanisms in
the sensor and their influence in terms of the S parameters. As demonstrated in , the S
parameter is linked to the input IDT impedance and is sensitive to the electrical and mechanical
parameters. A disturbance at the input IDT (portl) causing a modification of the Sy, parameter,
which represents the energy reflection at the input, will also result in a modification of the Sa;
parameter, which represents the energy transmission between the input and output transducers.
This applies similarly to port 2 (output IDT), and consequently to the Sae and S15 parameters. The
energy flow paths from the input to the output of the sensor (electromagnetic coupling and acoustic
wave) are disrupted by the dielectric and acoustic properties of the medium. The propagation time
of the electroacoustic wave between the input and output IDTs is in the order of a few microseconds,
while the electromagnetic coupling establishment time is almost instantaneous (far shorter than
the acoustic wave, with a velocity 10° times faster). Therefore, it is possible to separate these two

energies (electromagnetic and acoustic) using time gating to isolate and identify each of them.
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Figure 2.15: (a) Acoustic and electromagnetic wave propagation and the input capacitive
impedance of the LW sensor; (b) Physical parameters of a liquid influencing the LW device
transmission response (Sz1) of the LW sensor. Decomposition of the temporal signature of the
delay line configuration .
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This LW sensor is based on a quartz substrate with a low electromechanical coupling constant,
and the current device exhibits high transmission losses, making it uneasy to use the S2; signal
for remote and passive reading. This could be considered based on SAW sensors with low energy
losses in signal transmission, such that the energy at the sensor output is detectable by a receiver.
In addition, there are issues related to impedance matching that affect the energy flows and that
will also play a role in targeted wireless interrogation. As a consequence, the Sp; signal is also of
interest and could even facilitate further wireless interrogation, similar to the reading techniques
used in chipless RFID. Not surprisingly, as exhibited in recent research results, such sensor has
been promising in utilizing the sensor’s electromagnetic energy to detect variations in the sensor’s
input impedance and its correlation with the substance deposited on its surface [5]. Furthermore,
the objective in this work is not to focus solely on the acoustic aspect, which is already well
documented in the literature as indicated in the Section 2.2.2, but also to explore variations in the
sensor input impedance and the electromagnetic coupling of the LW sensor, especially in a wireless
reading. In this context, this work is moving towards utilizing the LW sensor in a passive and
wireless interrogation system, not focusing on its traditional acoustic response but rather on the
additional electromagnetic one. If a variation in the impedance of the sensor or in the coupling
capacitance between the IDTs is observed, it can be treated as a target, allowing interrogation

similar to radar or some backscattering technique.

Main applications

SAW sensors exhibit a wide range of applications, extending beyond sensor functionalities to
include roles as filters and oscillators. These versatile applications are enabled by employing
piezoelectric components as the core of device development. SAW sensors find widespread use
in diverse fields such as mechanical, chemical, electrical, physical, and biological applications.
In Tab. the extensive scope of applications is evident, primarily attributed to their multi-
parameter measurement capability. Sensors equipped with SAW technology demonstrate high

sensitivity in detecting and classifying various substances.
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Table 2.1: Classification of SAW sensing applications and associated detection parameters

Domains Mechanical 66|, |67] Biological |68]—|71] Chemical |72|—-|75] Gas |2]|, |[76]  Microfluidics |77|—|79|

Cancer cells Vapors Liquid sensing
Structural health monitoring Organic and
Applications Antigen-Antibody Warfare agents and Contaminants
Powder transportation inorganic vapors
Biotoxins Explosives Fluid manipulation

Conductivity
Density Mass

Viscosity Conductivity Viscosity
Detection Conductivity Viscosity
Pressure Pressure Conductivity
Parameter Acoustic modulus Density
Temperature Temperature Density
Temperature Conductivity
Density

One pivotal domain where SAW sensors have made significant contributions is in biosensors.
Extensive research has been conducted on the detection of cancer cells, antibodies, antigens, blood
materials, and toxins in liquid media. In gas applications, SAW sensors have proven instrumental
in detecting vapors in the industrial sector, as well as identifying explosives and toxic gases. Over
the past few years, these sensors have garnered attention in the microfluidics sector, particularly
in medical applications for the control, administration, and classification of pharmaceutical drugs

[76).

2.2.2 Wireless interrogation

The early designs of chipless and time-encoded tags quickly transitioned to the use of piezoelectric
substrates such as quartz (SiOs) or lithium niobate (LiNbO3). SAW filters are commonly used to
produce compact and high-order RF filters. In these devices, the piezoelectric effect is utilized to
transform an electromagnetic wave into an acoustic wave. To achieve this, a pair of wave-carrying
conductors is connected to a transducer consisting of IDT’s deposited on the piezoelectric substrate.
The propagation velocity of the acoustic wave is in the range of 3000 to 5000 m/s, or 100000 times
slower than the speed of electromagnetic wave. This makes it an ideal component for creating a
delay line. SAW tags consist of an antenna directly connected to an electroacoustic transducer.
A wave in the form of a short electromagnetic pulse is transmitted by the reader and captured
by the tag’s antenna. The wave energy is converted into acoustic wave that propagates slowly
through the substrate. Reflectors are positioned along its path to generate reflections toward the
antenna, which are then converted back into electromagnetic waves and re-irradiated towards the
reader, as shown in Fig[2.16] The reflectors are typically metallic elements with various geometric

configurations, deposited on the piezoelectric substrate [80].
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Figure 2.16: Wireless passive surface acoustic wave sensing measurement system \\

In addition to being small, simple, and robust, SAW devices can operate without a battery when
wirelessly interrogated . These devices have been widely used as standard RF communication
components, SAW sensors, and their reading units can be cost-effective with several commercially
available solutions 7. SAW sensors operated wirelessly are especially interesting for
applications in harsh environments, being used in backscatter mode and controlled by the RF

reader located at a fixed point. Two configurations have been the most commonly employed:

o Reflective delay lines (R-DL): an antenna is connected to the IDT with reflectors on
the propagation path surface, as shown in Fig[2.I7] The interrogation system sends
electromagnetic energy to the sensor. The IDT converts the electromagnetic pulse from
the antenna into acoustic energy, which propagates on the sensor’s surface and has part
of its energy reflected based on the acoustic impedance difference. This reflected energy is
transformed back into an electromagnetic wave by the IDT and the antenna, directed towards
the interrogator. If environmental parameters are altered, it is possible to observe a variation
in time between reflected waves and a variation in magnitude. It is essentially a time domain
analysis that, based on reflections, makes it possible to identify various sensors. For wireless
R-DL (and considering that the round trip times are quite slow and the objective of this
configuration to work with strong acoustic signals) it is crucial to use substrates with high
electromechanical coupling coefficient (k2) and low propagation loss. For example, the quartz
substrate has a k2 on the order of 0.12%, and LiNbOj has it on the order of 5.0%. Therefore,
more electromagnetic energy is converted into acoustic energy for the LiNbOg substrate and
vice versa. From this constant, one can analyze the figure of merit concerning the possibility

of wireless reading . The reflections obtained and separated over time create a sort of
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geometrically executed barcode on the plate. The challenge for the designer is to create a
physical structure with the IDTs and substrates in such a way that the reflection peaks have
the same amplitude.

Antenna Exciting signals Guiding layer

/\ 4 ,

Sensing signals
Transceiver unit Antenna

Figure 2.17: Principle of a wireless SAW sensor in reflective delay line conﬁguration.

e Resonators: an IDT is placed between two Bragg acoustic mirrors to form a resonant device,
as depicted in Fig[2.18] The sensor is interrogated at a frequency close to its resonance
frequency. When the signal is withdrawn, the resonator continues to oscillate freely for a
period of time at its natural frequency, which depends on the environmental parameters. In
addition to the k2, this configuration can be optimized based on the sensor’s quality factor
(Q). With a higher Q, it is possible to achieve a narrower frequency bandwidth. In this sense,
the product Q x k? allows determining the backscattering efficiency of the sensor. The higher
this value, the more acoustic energy is efficiently converted into electromagnetic energy, and

the greater the reflected energy, directly influencing its ability to be remotely interrogated.

Exciting signals Antenna
Antenna —
Mirror
| V/ /4% N ///
Transceiver unit —

Sensing signals

Figure 2.18: Principle of a wireless SAW sensor in resonator conﬁguration.

SAW-based wireless setups

Acoustic waves can be generated from the electroacoustic conversion of a RF electromagnetic
signal received at an antenna coupled to its terminals, as shown in Figl2.19] Wen et al. utilized
a wireless SAW R-DL gas sensor with Teflon Amorphous Fluoropolymer (AF]) as the sensitive
layer for COy detection . Lim et al. developed a remotely controlled SAW R-DL sensor for
the detection of both NOg, COs, along with temperature measurement . Xu et al. designed
a wireless SAW sensor for the detection of organophosphorus compounds, demonstrating linearity

and reproducibility . Murphy et al., presented the development of a fully implantable wireless
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sensor capable of providing continuous and accurate pressure measurements in real time . Pan
et al. developed a SAW-based passive gas sensor for the detection of dimethylmethylphosphonate
(DMMDPY) [87]. Jeltiri et al. used commercial SAW devices mounted on steel rebar to conduct
an initial feasibility study of wirelessly reading the deformation of a concrete beam subjected to

bending load .
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Figure 2.19: SAW wireless sensing: Schematic of (a) Wireless measurement setup of the SAW
sensor system; (b) Measured and simulated S1; in the time domain of the fabricated sensor in

absence of gas infusion7 .

Leonte et al. developed a SAW-based system operating in the Industrial, Scientific and Medical
(ISM)) bands of 433 MHz and 869 MHz that can be remotely interrogated for wireless identification
and characterization of bioliquids . Hassani et al. proposed a similar system, but at a lower
frequency of 262 MHz and they demonstrated the feasibility of detection using SH-SAW sensors
. In the works by Oh et al. and Song et al. , wireless interrogation of a LW biosensor was
conducted using a polymethylmethacrylate (PMMAI) waveguide layer and protein receptor layers
on a LiNbOgs-based piezoelectric substrate for immunoglobulin detection, as shown in Fig. A
440 MHz R-DL, composed of unidirectional transducers and three reflectors, was manufactured as
the sensing element. The fabricated devices were wirelessly characterized using a network analyzer

as the reading unit. Good linearity, reproducibility, and high sensitivity were observed. Another
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advantage is also presented, namely a simple wireless measurement method.
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Figure 2.20: LW wireless sensing: (a), (b) and (c¢) Schematic of diagram of the wireless LW
biosensor system; (a) Measured S1; response of the twelfth reflected peak under fixed antibodies
anti-deoxyribonucleoprotein (DNP) concentration (6.25 ug/ml) on the first sensitive film and varied
concentrations of 25, 50, and 100 pg/ml anti-DNP on the second sensitive film [95]; (b) The
measured S1; with and without protein A immobilization [94]; (c) Reflection peak was shifted in
the time domain; the immunoglobulin G (IgG) concentrations were also varied from 1 to 100 pg/ml
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The majority of works involving wireless interrogation of SAW sensors are applied in the
measurement of physical parameters and gas environments [2]. The performance of experimental
reproducibility remains incomplete or not realized in most studies. Despite recent efforts to
configure both wired and wireless setups, a detailed comparison between the two setups has not
been provided. These studies are still in the research stage and this type of sensor has not yet been
commercialized due to the challenges of packaging the sensor in its environment. Furthermore,
wireless interrogation of such sensors in a liquid environment is largely unexplored and would
require further study. However, it should be noted that wired interrogation in liquid environments

is well established.

In this context, there is a challenge in integrating wireless reading of SAW sensors, particularly
when focusing on liquid-medium applications, and it remains an area to be explored on various
levels. On the sensor side, the focus is on the use of new materials to enhance selectivity
and sensitivity to target parameters. On the reader side, the investigation and development
of architectures and reliable interrogation techniques enabling remote monitoring with reduced
energy consumption (autonomy) are crucial. The operating frequency of the sensors, the test cell
and the overall system setup environment are key factors. The VNA has proven to be an excellent
alternative for initial testing in wireless systems, given its versatility and accessibility in today’s
market. As LW sensors are based on the acoustic transduction generated by the piezoelectric
phenomenon, both electrical and mechanical parameters can be utilized as sensing data. Through
signal processing techniques, it is possible to separate these signals, both in the time and frequency
domains, and perform a more comprehensive analysis of the sensor response. In this way, an
analysis of the electrical and electroacoustic behavior of the sensor can be performed rather than
restricting the measurement interest solely to the mechanical interactions between the sensor and
the liquid. This approach is also compelling for remote interrogation of these sensors, as a change
in the electrical parameters of a target allows for a remote reading similar to that performed for a

passive chipless RFID tag.

Market size

Wireless sensors are devices designed to measure and transmit data without the burden of wired
connections. Using technologies such as Wi-Fi, RFID, Bluetooth, and Zigbee, among others, these
sensors communicate information to a central system or other interconnected devices. Examples
include biosensors and sensors for gas, temperature, pressure, and motion applied in industrial,

medical, aerospace, defense, environmental, and agricultural sectors. The primary advantage lies
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in their ability to provide real-time data without the limitations imposed by wired systems. In
this regard, they facilitate deployment in unconventional, hard-to-reach, and hazardous locations.
Additionally, they serve as a fundamental element in the IoT, playing an indispensable role in
decision-making processes and increasing connectivity. In 2022, biosensors held the largest market
share, accounting for 21% based on sensor type |97]. This category of wireless application involves
devices that detect biological/chemical responses and convert them into measurable electrical
signals. The trend indicates the emergence of wearable biosensors with the advancement of
personalized medicine, enabling continuous health monitoring and faster, decentralized testing.
The global market size for wireless sensors reached 18.78 billion of dollars in 2023 and is projected
to reach approximately 105.18 billion of dollars by 2032. Fig[2:21]illustrates the global market size
in a forecast for 2023 to 2032. In terms of regional markets, North America held the largest share
in this revenue, accounting for 38% in 2022, and maintains a substantial stake in the wireless sensor
market owing to a robust technological infrastructure, widespread adoption of IoT applications,
and a high degree of industrial automation. The Asia-Pacific region is expected to witness the
most significant growth and commands a noteworthy share in the wireless sensor market due to
rapid industrialization, technological advancements, and the proliferation of IoT applications across

various sectors [98].
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Figure 2.21: Estimated global market for Wireless Sensors from 2022 to 2032 [98].

In a similar context, the global Industrial IoT market benefits from technological advancements
in new products within semiconductors and wireless electronic devices. As an example, applications
in the fields of logistics, transportation, and healthcare involve solutions encompassing remote
monitoring, data management and analysis, and security. In addition, the easy availability of low-

cost sensors and processors at an affordable cost aids in providing access to real-time information.
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The global Industrial IoT market size was estimated at 320.9 billion dollars in 2022 and is projected
to reach approximately 1,562.35 billion of dollars by 2032 during the forecast period from 2023
to 2032. The logistics and transportation sector absorbed the highest share of Industrial IoT in
2022 as companies embraced smart transportation, real-time monitoring, and tracking. Fig[2.22]
also illustrates the growth of this market until 2032. It is noteworthy that these two areas are
complementary and have been evolving together. As new sensors become available, they are quickly
integrated into wireless applications. Simultaneously, with the emergence of more effective reader
architectures and techniques, new sensors are also developed to meet this demand. North America
asserted its dominance in the industrial IoT market in 2022. Countries in the Asia-Pacific region,
especially China, have emerged as global industrial hubs. Similarly, India is experiencing significant
opportunities for the industrial sector, with cost-effective labor and infrastructure conducive to

establishing industrial units [99).
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Figure 2.22: Estimated global industrial IoT market size from 2022 to 2032 [99].

A variety of architectures and techniques can be employed to interrogate these sensors, in the
time domain, frequency domain, and hybrid approaches. In the next subsection, we will elaborate

on some of these techniques.

2.3 Interrogation methods

Currently, SAW interrogator architectures are divided into two categories: Time Domain Sampling
(TDS), also known as wideband or wideband sampling, and Frequency Domain Sampling (EDS)),
also known as narrowband sampling or partial. There is an additional subdivision based on the

hybrid concepts of FDS and TDS to consider recent developments, such as the use of Stepped
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Frequency Continuous Wave (S-ESCWI), pulsed and continuous Frequency Modulation (EM]) and
Amplitude Modulation (AM]). Both architectures have influences from TDS and FDS in terms
of concept, front-end and signal processing. The Fig. [2.23] provides an overview of wireless
interrogation techniques for SAW delay lines and resonators, based on time or frequency domain,
or hybridizing both of them. Each sensor type and interrogator architecture has advantages and

disadvantages. Depending on the application, an analysis is necessary to select the most suitable

type of interrogator [100], [101].
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Figure 2.23: Current SAW sensor and interrogator architectures and their classification for wireless
detection [102].

For TDS, the read signal spans the entire system bandwidth at once. Therefore, fast sampling on
the interrogator and high measurement update rates are required. With FDS, the sensor frequency
band is sampled in several steps. Thus, the baseband bandwidth can be narrow, resulting in a
simpler, cheaper hardware design with significantly longer interrogation periods than with TDS.
Utilizing a FSCW interrogation signal, the FDS technique is comparable to a single-port using the
S11 (monostatic) or two-ports using the Sp; measurement (bi-static) in a VNA. When a Frequency-
Modulated Continuous Wave (EMCW]) interrogation signal is used, the measurement is similar to
common FMCW radar systems. Both excitation signals can be used for resonant as well as reflective

delay line SAWs devices |102].

For passive sensors based on the resonator-type acoustic transduction principle, the works
7 used the time domain interrogator category, with a pulse in the UHF band and for an
interrogation distance up to 5 m. The transmit power of the reader was 10 dBm and the sensitivity
was related to the variation of the resonance frequency or of the insertion losses, applied to the
measurement of torque or impedance variation. Other works using a resonator type SAW device
used the interrogator category in the frequency domain. For these, the interrogation was carried

out with an FPGA module by pulse and with FMCW, in the HF, VHF and UHF bands and for
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an interrogation distance also up to 5 m [106], [107].

2.3.1 Time domain

The first generation of interrogators for SAW delay lines was based on the pulse radar principle.
A fixed frequency transmitter with RF switches generates a short burst of RF, usually only a few
tens of nanoseconds, which is transmitted to the sensor. At the sensor, it is partially reflected and
transmitted and leads to a train of delayed non-ovelapping pulses as a response signal [100], [108].
The main advantage of this architecture is that dynamic measurements are possible due to the short
interrogation times [109]. However, the high bandwidth is also its disadvantage: the architecture
is quite expensive and complex due to the fast sampling and switching circuits required, and the
required broadband excitation is not always compatible with the strict limits of the ISM band

[110]. Some prototypes were built and evaluated in the works [108], [111]-[115].

In 2017, [81], |116] proposed a wireless interrogation system for SAW delay lines sensors using
the time domain interrogator category. In these cases, interrogation with pulsed signals in the
UHF range has been employed for temperature measurement (ranging from -20 °C to 40 °C) of

SAW sensors at distances of up to 5 m with a maximum transmission power of 10 dBm.

Almost all of today’s interrogators for delay line sensors use one of the FDS or hybrid
architectures, as they are easier and more cost-effective to implement. However, this may change
in the future when the progressive integration of RF chips, software-defined radio solutions, and

faster analog-to-digital converters offers more cost-effective implementation options [102].

2.3.2 Frequency domain and hybrid frequency domain

With FDS, the sensor frequency band is sampled in several steps and the sensor response is
determined from the amplitude, phase and frequency differences between the transmitted and
received signals. The baseband bandwidth can be low, resulting in a simpler and cheaper hardware
design. However, they have longer interrogation times than with TDS. The FDS technique can
be used for both delay lines and resonant SAW sensors. In addition, there are two possible
interrogation signals: FMCW, in which a frequency-modulated linear transmission signal is used,
and FSCW/| in which discrete frequencies are measured one after the other [117]. Frequency domain
sampling with FMCW or FSCW interrogation is ultimately a distance measurement with a radar

system that detects a SAW resonant or R-DL.
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Radars are used in many applications such as level measurement, obstacle detection,
meteorology, military, etc. They are mainly based on pulsed or Continuous Wave (CW])
technologies, including FMCW [25], [103], [118]-]125]. In the CW family of radars, the FMCW
radar transmits and receives a signal continuously, but the frequency of the transmitted signal
changes as a function of time, and therefore the frequency of the received signal can be used to
measure a delay. In the study carried out in [126], a FMCW radar was developed to interrogate a
passive sensor for gas detection using the structure (sensor) and antenna cable considered as a delay
line. By this principle, sensor measurement is optimal and different line lengths allow identifying
multiple sensors with adjacent spectral lines in the radar beating signal. This identification
technique is useful for measuring a physical quantity, regardless of the interrogation distance. For
example, a sensor and its reference (pressure or gas detection) are connected to a single antenna

by two lines of different lengths.

Depending on specific application requirements (such as accuracy, speed and cost) frequency
synthesis can be achieved by a Voltage Controlled Oscillator (VCQ)), a Phase Locked Loop (PLIJ)
circuit, a Direct Digital Synthesis or a combination of these. A detailed comparison of
FSCW, S-FSCW and FMCW interrogators in the same environment and with the same SAW
delay-lines in the 2.4 GHz ISM frequency band is reported in this study conducted by Binder et
al. [127].

The Software Defined Radio (SDRJ) platforms are particularly popular due to their flexibility
and easy customization. SDR hardware is too expensive for large-scale commercial use, but new
interrogation algorithms and strategies can be evaluated quickly and efficiently. In [128], a SAW
interrogator based on a PXle that can operate in any frequency band between 85 MHz and
6.6 GHz was presented. Likewise, the radio platform defined by software, was programmed as
the interrogator for OFC SAW sensor interrogation [129], [130]. The front-end of the RDS B200
platform can process RF signals between 70 MHz and 6 GHz. In the works [131], [132], the SAW
delay-lines were interrogated using a SDR in UHF band (915 MHz and 380 MHz, respectively) for
temperature and mass measurement. The first one was used for an interrogation distance between
20 and 30 m using a PCB antenna and a transmission power of 6 dBm, the second for a shorter
interrogation distance, between 1 and 5 m. Based on resonators and delay lines, the works of [130],
[133], [134] highlighted the interrogation of passive sensors at a distance between 10 and 20 m, in
UHF band (920 MHz) and using FMCW, in order to measure distance and mechanical vibration

from the phase shift and reception signal amplitude..

FMCW radars were designed to interrogate passive sensors, from 20 to 30 m, for distance and
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temperature measurement based on the RCS of the antennas coupled to the passive sensor. These
interrogations were carried out in the K and Ka bands using horn antennas and satellite dishes
with a gain of 13 dBi. It is shown that wireless measurement of various physical quantities is
possible from the analysis of the variability of cross-sections of passive sensors. In addition, the

same FMCW radar can be used to identify passive sensors in a wireless network [135], [136].

In the works in [94], [95], interrogation of a wireless biosensor based on LW sensors is performed
using a guiding layer of PMMA and protein receptor layers on a piezoelectric substrate based on
LiNbOg for immunoglobulin detection. A 440 MHz R-DL composed of unidirectional transducers
and three reflectors was fabricated as sensing element. A theoretical modeling was carried out
to describe the propagation of Love waves in the piezoelectric substrate with high piezoelectricity.
Manufactured devices were wirelessly characterized using the network analyzer as the reading unit.
The binding of IgG to the protein in a receptor layer induced phase shifts of the reflection peaks
due to the mass loading effect. The changes of the reflected peak in terms of time were slow and
it took approximately 10 minutes to reach the saturation. Good linearity, reproducibility, and
high sensitivity were observed. This highlights a simple wireless measurement method over other
currently available ones. Again, various interrogator architectures exhibit their own advantages

and drawbacks and they can be selected depending on the application.

In summary, passive sensors have been the subject of study in recent years, primarily due to their
advantages for use in harsh environments and with energy autonomy. Acoustic wave sensors, in
particular, have garnered attention for their applications in different environments. The detection
and classification of molecule concentrations in liquids are becoming increasingly important with
the advancement of acoustic wave sensor development. In this context, numerous interrogation
architectures and instrumentation protocols have been suggested. The choice of hardware depends
on the cost, operating frequency, and operating principle of the device, as well as the interrogation
distance, energy required / available for each application, and the nature of the measurand. If the
interest lies in simultaneous location and detection, frequency modulation interrogation has proven
to be a viable solution. If the focus is on a more flexible system, SDR is an effective alternative
because it can be quickly programmed for different frequency bands. Depending on the gain and
radiation characteristics of the antennas used, impedance mismatch on the sensor side, and the
sensor’s operating principle, configurations in near-field and far-field should be considered, either
through electromagnetic coupling, backscatter, or target RCS measurement. In studies involving
feasibility and proof of concept, VNAs are preferably used because they facilitate the study of both

wired and wireless sensors, offer flexibility in operating frequency, and provide good resolution.
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The principle of wireless systems considering the electromagnetic response of the sensor is well
established, as seen in RFID systems with no acoustic signal. Considering the acoustic response of
a SAW sensor, it is possible to wirelessly detect and classify various substances. The main current
challenge is to perform this reading at greater distances. In Tab. a synthesis of the state-of-
the-art wireless interrogation for passive sensors is presented, focusing on LW sensors. However,
no work explores the electromagnetic response in a wireless configuration with these sensors. To
date, no conclusive studies are available and further research is necessary. The challenge is to
demonstrate the feasibility and proof of concept of wireless reading using the electromagnetic

response of the LW sensor in a liquid medium.



Table 2.2: Wireless interrogation for passive

sensors: characteristics and applications

‘Work Device Analytes and Applications Frequency (MHz) Reader Distance Interrogation Antenna Type Tr Power Sensitivity
T R-DL Temperature 227 BPSK (PPGA) and FSCW (VNA) 15 cm Monopole x TFeasibility
R-DL Corrosion 256 VNA X Dipole 5 dBm Detection
30|  Resonator Strain VNA - Electromagnetic Coupling 5 mm Coils x 0.439 (/pe)
10| Resonator Strain VNA - Electromagnetic Coupling 10 mm Coils x -182 (Hz/pue)
|141] R-DL Temperature and Pression ESG X Espiral Pulse 1 ms Linearity
23] MSAW Temperature and Magnetic Field SUSS PM5 Probe Station and VNA x x x —63 ppm/°C and —781 ppm/mT
13| MSAW Temperature and Magnetic Field VNA-wired** x x x 774 ppm/mT and -67.7 ppm/°C
144 LW-R-DL Ice 'VNA/Transceiver x X x Detection
@ LW - DL ‘Water contamination 'VNA and Raspberry Pi (Active) 700 m Helical 10 dBm
181 Resonator Electric Field VNA 10 em Helical 13 dBm S
146 Resonator Vibration VNA 20 cm Dipole 20 dBm 10.4 kHz/g
) R-DL Dimethylmethylphosphonate (DMMP) SCM: C8051F065 and FSCW-based 20 cm Planar (18 cm x 5 cm) x 20.1°/(mg/m3)
R-DL Dimethyl methylphosphonate (DMMP) 434 SCM: C8051F065 and FSCW-based STM32 20 cm X x 4.63°/(mg/m3)
im R-DL Temperature 434 FSCW-based 50 cm Planar x 36.5°/°C
) R-DL Soil Impedance 434 VNA 50 cm Microstrip FR4 PCB (5.6 cm x 1.8 cm) 10 dBm Feasibility
194] LW - R-DL Imunoglobulina G 440 VNA 50 cm Planar (10 ¢cm x 10 ¢m) 10 dBm 17.5°/nM.
95 LW - R-DL Imunoglobulina G and Anti-DPN 440 VNA 20 em Planar (10 cm x 10 cm) 10 dBm 167.9 deg pg~'mi~!
@ LW - R-DL 0y 440 VNA 25 cm Planar (10 ¢cm x 10 ¢m) 10 dBm 7.07° ppm~!
06! LW - R-DL Imunoglobulina G and Cartilage Oligomeric Matrix Protein (COMP) 440 VNA 20 em Planar (10 cm x 10 cm) 10 dBm 15 deg/pg/mL(IgC) and 1.8 deg/ng/mL (COMP)
1149 LW - R-DL Imunoglobulina and Anti-DPN 440 VNA 1m Planar (10 cm x 10 cm) 10 dBm 2700 deg for 0.2mg/ml
50| LW - R-DL Imunoglobulina and Anti-DPN 440 VNA x Planar (10 cm x 10 cm) x 167.9°/ug/ml and 44.8°/ug/ml
51} LW - R-DL CO, 440 VNA 50 cm Planar (10 cm x 10 cm) 10 dBm 7 deg/ppm
130] R-DL CO, and NO» 440 VNA 20 em Planar (10 cm x 10 cm) 10 dBm 2.12°/ppm (CO,) and 51.5°/ppm (NOs)
8| R-DL CO, 440 VNA 50 cm Planar (10 cm x 10 cm) 10 dBm 1.98°ppm !
53] Resonator Pr 865 DSP (TMS320C6746) 6 cm Dipole x 200 Hz/mmHg
190| Resonator Blood Pression Detection 868 DDS X Helical Pulse X
53] SAW-RFID Temperature and Strain 915 FMCW-based - Agilent 8648D - Wavetek 395 15 cm Microstrip FR4 PCB (5.6 cm x 1.8 cm) Pulse 10 ns 75ppm/°C and 1 ppm/pue
154  SAW-RFID Temperature 915 OFC - USRP - FPGA 2m PCB (11.43 cm x 3.81 cm) x Concept proof
31 R-DL Temperature 915 OFC - USRP - FPGA 23 cm Dipole ¢ Yagi 10 dBm Feasibility
91 Resonator Temperatura and Strain 2450 Comercial Reader 2.5 cm Patch Comercial x ility
126| EM Gas Concentration 2880 Radar FMCW lmabm Horn x
155 EM Pression 26000 Radar FMCW 20 m - 30 m Satellite Dish and Horn YY
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2.4 Motivation and challenges

Based on the synthesis regarding wireless interrogators and surface acoustic wave sensors, the
objective of this work is to contribute to the advancement of a passive sensor protocol, focusing on
LW, encompassing both wired and wireless interrogation systems, tailored for liquid environments.
Given the increasing importance of these interrogators in communication systems, our proposal
involves the development of a remote reading link that allows the detection and extraction of

information about the liquid deposited on the surface of the LW sensor.

The proposed steps for this work are as follows. First, a testing platform and protocol are
established with our existing LW sensor in the wired configuration. From this sequence, we estimate
the energy flow in the sensor based on S-parameters. Although the LW sensor is designed for
applications in liquid media, to date, only the acoustic response of the sensor has been utilized. In
this regard, an electromagnetic approach has proven being viable as another possible sensitivity
path specific to the electrical parameters of the liquid, given its multiparametric characteristics.
The main idea is to investigate the feasibility of classifying a saline solution (as a buffer electrical
sample) and facilitating wireless reading based on this response. Based on that, we study a model

of this system for predicting and reproducing experimental results.

Considering the wired sensor response, operating frequency, interrogation distance, the
parameter to be read, will help to identify the key characteristics of a wireless link and transmission
and reception circuits adapted for the VHF range. Interrogation techniques are then proposed,
and experimental tests are designed to evaluate the sensor response, initially for the detection of
liquids with extreme characteristics, and then refining the system to enable the classification of

concentrations of saline solutions.

Several challenges will be faced, such as implementing a wireless reading system at the sensor’s
operating frequency in a compact form and dealing with noise associated with this frequency band.
Furthermore, considering the passive nature of the sensor, the interrogation distance that can be
performed. Overall, recent works have interrogated sensors based on the same principle, albeit at a
higher frequency, at distances on the order of centimeters. In this regard, a state-of-the-art review
is necessary concerning the architecture used with SAW and LW sensors. Finally, we investigate
further to propose appropriate physical explanations for what occurs at the system and sensor

levels.
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2.5 Chapter conclusion

This chapter introduced the main techniques for wireless reading of passive and chipless sensors. A
brief analysis of the current and future markets allowed establishing the importance of detection in
liquid environments, particularly with optimistic forecasts in the field of biosensors in the medical
sector. It presented the advantage of using a wireless system instead of a wired one, especially when
applied in hazardous and harsh environments, explained the key techniques for wireless reading of
passive and chipless tags, focusing on radar systems and electromagnetic coupling. In this context,
on the sensor side, it was explored how the impedance change affects the system matching, enabling

the reading of a physical quantity.

Prominent works in both wired and wireless interrogation involving SAW sensors have been
presented, with a focus on the state of the art in the application of LW sensors for the detection
and classification of substances in liquid environments. It is evident that the development for
this application is still in its early stages, creating both scientific and market opportunities.
The LW sensor was introduced along with the possibility of investigating the electromagnetic
signal separately from the acoustic signal. Therefore, it is proposed to explore whether it is
possible to remotely monitor variations in the sensor’s electrical parameters from variations in
the electrical parameters of the liquid deposited across the sensor’s surface, capitalizing on the

temporal distinction between the electrical and acoustic nature of the sensor.

Finally, a global comparison was provided for the most significant works using SAW sensors.
Wireless link characteristics, such as antenna features, distance, interrogation power, measured
parameter, and utilized architectures, were highlighted. It leads us to conclude by suggesting the
use of two wireless system configurations. The first one aims to employ the radar system and
RCS measurement to detect variations in the target. The second one involves using the VNA
and evaluating the reflection coefficient S71, focusing solely on the electromagnetic response of the

Sensor.
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LW acoustic sensors are recognized for their enhanced sensitivity in the detection of biochemical
substances in liquid environments. Additionally, the LW sensors have the capability to
simultaneously measure multiple parameters. While their applications in liquid media pertaining
to the mechanical properties of complex liquids have progressed, their utility in the detection of
electrical parameters, such as conductivity and permittivity, remains relatively unexplored. This
underexplored aspect can present an advantageous potential for LW sensors, particularly given
the high cost of commercial probes and limited range of operation used in electrochemistry [156].
Among other applications, they may be of interest in water quality measurement, as salinity
represents one of the observable variables in this case. The focus here is on electrical quantities,
especially the electrical conductivity of solutions. In this context, a wide range of applications

could be addressed, spanning from medicine and biology to environmental monitoring.

The first part of this chapter goes deeper in the structure and the operating principle of SAW
sensors, moving to the LW sensors used in our work along with their key characteristics. The second
part outlines the wired experimental setup for these LW sensors and presents results related to
the detection and classification of saline solutions. Finally, the chapter ends with an electrical
model elaborated in the Quite Universal Circuit Simulators studio environment. This
analysis aims to characterize the sensor behaviour in terms of input impedance, based on wired
measurements, and highlights a sufficiently significant variation to be detected passively in further

wireless measurements, aligning with the central focus of this thesis.

3.1 SAW devices

As introduced in the previous chapter, eletroacoustic systems for sensor applications have been
the subject of numerous studies for several decades. The literature is abundant with works
describing the use of various electroacoustic transducers based on piezoelectric substrates for many
applications, enabling the production of physical and biochemical sensors for use in gaseous and
liquid environments [63], [76], [80]. The objective of this section is specifically to revisit the
definitions and general characteristics of SAW devices capable of functioning as sensors. Given
that this class of sensors is already well-known, we will not delve into detailed and exhaustive
presentations of these concepts. However, we will provide essential information to understand
the operation of LW sensors applied in a liquid medium. The section on piezoelectricity and the

generation of acoustic waves within the material is presented in the Annex
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3.1.1 The operating principles

In this context of application in liquid and gaseous environments, miniaturization, and
measurement, relevant SAW devices have increasingly become the focus of study, ranging from
their design and manufacturing aspects to the development of wireless systems. Due to their
multiparametric characteristics, they find applications in various fields of knowledge, spanning
from physical concepts to notions of biology and chemistry . Certain phenomena, such as

piezoelectricity or the generation of acoustic waves, are closely linked to them.

The manufacturing of SAW devices in planar technology is particularly well established, which
has attracted significant interest in the RF community , . By employing an interdigitated
array as a transducer, a cumulative effect can be achieved. The application of an alternating voltage
at the input transducer generates alternating compressions and expansions that can propagate
along the substrate, as shown in Fig[3:] The principle of these devices is based on the use of
IDTs, whose periodicity determines the acoustic wavelength in a piezoelectric material with a

specific phase velocity, thus establishing an optimal frequency for wave propagation.
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Figure 3.1: SAW generation phenomenon in piezoelectric wafer ||

This thesis work focuses on the study of LWs, due to their well-known property of being
compatible with an adjacent liquid medium and sensitive to its characteristics. The design aspects

and additional details of these transducers will be detailed in the following subsections.
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3.1.2 Design aspects

A comprehensive understanding of SAW devices requires the study of their fundamental elements,
such as the substrate, materials, IDTs, configurations, electroacoustic coupling coefficient, and

some applications.

The substrate

The piezoelectric substrate is essential for generating surface acoustic waves. Typically obtained
by cutting a bulk piezoelectric crystal into slices (wafers), the substrates are characterized by
the resulting crystallographic orientation. This cut angle and the orientation of the IDTs on the
surface determine the waves than can be generated, in terms of direction and polarization. The
Euler angles (¢,0,1) characterize the crystallographic orientation, including the crystal surface and
its direction perpendicular to the IDTs. They are defined based on elementary transformations of
the reference axes (XYZ) [86], |[159]. In this work, a LW sensor with a AT-cut quartz substrate was
used. LiNbOj is another material extensively used in the literature for the design of such devices.
The substrates and cuts widely used in SAW applications are characterized based on different
properties. First of all, the full set of electromechanical constants characteristic of the material
and its orientation have to be calculated after rotations according to the Euler angles, from a basic
set defined in the reference axes (XYZ). Then, some parameters associated to the acoustic waves

generation and propagation are defined, especially:

e The velocity of surface acoustic waves v, which determines the device’s operating frequency

f in relation with the wavelength A according to:

(3.1)

> <

e The electromechanical coupling coefficient (k?) which characterizes the efficiency of
conversion between electrical and mechanical energy. The value of k2 is typically calculated

using the expression:

(3.2)

Here, v, and v,, are the velocities of the surface acoustic wave in the case of a free surface or

a metalized surface, respectively [160]. For experimental determination, the approximation
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involving the resonance f,. and anti-resonance f, frequencies is often preferred and given by

[161]

fr - fa
fr

2 =2 . (3.3)

Other substrate properties are also considered, among them, the temperature coefficient of
frequency Temperature/Frequency Coefficient (TCE) can be of importance, which quantifies the
device frequency variation in response to a temperature change. The power-flow angle Power-Flow
Angle (PEA)) is also considered, which is the angle between the wave propagation direction and
the energy radiation. It is also interesting to specify that the constants (elastic stiffness, dielectric,
piezoelectric constants, for example) depend on the propagation medium and the crystallographic

section. [162], [163].

For example, quartz substrates are interesting due to their temperature stability but have a
low electroacoustic coupling coefficient compared to the others substrates. The properties of the

most commonly used cuts can be seen in Tab. More details can also be seen in |76].

Table 3.1: Properties of the most used substrates

Substrate Cut Direction Euler Angle v (m/s) k?> TCF (ppm/°C) Ref.
Quartz AT Perpendicular  (0;121.5°;90°) 5098 * 0* (25* °C) [162]7
Quartz ST X (0;-47,25°;0) 3159  0.12 0 (at 25 °C) 186], |160]
LiNbO; Y + 128° X (0;38°:0) 3992 5.3 75 [86], [160]

SAW devices are not limited to the use of monocrystalline piezoelectric substrates. Piezoelectric
films can be deposited on non-piezoelectric substrates, and structures such as ZnO / Si, AIN /

Sapphire, and AIN / Diamond have already been studied [161], [164], [165].

The IDTSs

The IDTs deposited on the piezoelectric material, as shown in Fig. allow the generation and
detection of acoustic surface waves from the alternation of positive and negative electrical potentials
applied, thanks to direct and reverse piezoelectricity. They also define the wavelength from their

spatial periodicity [166].
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@ Guiding layer
Piezoelectric substrate

Figure 3.2: Electrode deposited on a piezoelectric substrate [5]
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With respect to constituent materials, aluminum, gold, platinum, titanium, and copper are the
most commonly used. Aluminum is the most used because it has the advantage of being a good
conductor and low density, limiting the attenuation of waves during their propagation, as it is
also easier to manufacture and better compared to quartz. Another possible material is gold, used
because it is chemically more stable than aluminum. However, it is more difficult to manufacture

and has a higher density and acoustic impedance compared to quartz.

Furthermore, beyond the substrate and IDTs materials and orientation, the design of the IDTs
plays a major role in the device characteristics, both in terms of electrical and mechanical behaviors.
For example, the quality factor of the system can be increased by increasing the number of IDT‘s
fingers or the full shape of the acoustic filtering response can be adjusted with specific geometries.
Split electrodes is a way to limit acoustic reflections when the acoustic signal passes under the
output IDT, by limiting the acoustic impedance breakdown at each 4+ and — electrical center [76],

[80).

Detection principle

Based on such so obtained device, the output electrical signal is delayed and attenuated relative
to the input one. Variations in every parameter of the structure disturbs the wave by altering the
characteristics of wave generation, wave propagation velocity, and attenuation. In this way, external
parameters such as temperature, pressure, driven mass, viscosity, permittivity and conductivity
can influence the state of these devices. For application as chemical sensors or biosensors targeting
specific compounds, an additional sensitive film deposited on the surface is a way to increase

the specific immobilization or interaction, thus amplifying the sensor sensitivity and selectivity,
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provided the interaction results in a change in one of the above parameters. This gives these
devices a multiparameter detection capability, with a sensitivity associated to each one. Finally, if

v is the velocity and Av represents this change, v can be expressed in a general way by

v = f(o,eT,P,m,n...) (3.4)

and
Av 1
P v—o{g—gAa+§—gAe+g—;AT+ LAP+ g—;Am+g—gAn+...}. (3.5)

Here, o is the electrical conductivity, € is the dielectric permittivity, T" is the temperature, P is the
pressure, m is the mass, and 7 is the viscosity. Measuring this disturbance allows for the detection
of specific chemical species and determination of their characteristics, such as concentration, for

example. Based on the wave generated in these devices, they can be more sensitive to gases or

liquids , , , 160]. Fig. proposes a classification of the different configurations most

explored in SAW sensors and possible modifications in the wave, all participating to the sensitivity.

SAW Sensing Parameters

[ Mass loading ] [ Mechanical ] Electrical
[

I
m M; E ey
Freq. Amp. & Shift,
Freq. Amp, & Shift Phase, Wave Velocity Kurtosis, Shear wave velocity

Signal Features to be extracted

Figure 3.3: Classification of the SAW sensing parameters .

An antenna can be connected to the IDT of the sensors (input IDT in the case of a 2-port
device), enabling wireless interrogation without the need for power battery. The interrogation unit
sends a RF interrogation signal that provides the energy to excite the passive sensor through the
antenna-IDT element. Along with converting electrical into acoustic energy and vice-versa, the
IDT can be also influenced electromagnetically depending on changes of its near environment, such
as a material deposited on its surface. Thus, both the IDTs (electrical parameters) and the acoustic

propagation path (mechanical parameters) can be considered as sensitive regions. In the case of a
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single antenna at the input IDT, the interrogation unit will solely receive the reflected signal, with
information to be extracted about these changes. Using the measurement protocol (particularly in
the liquid deposition across the sensor surface), we will elucidate the electromagnetic response of
the sensor and neglect the acoustic one in wireless reading, due to the very low level of reflected
acoustic energy and as a focus is expected on the electromagnetic signal, complementary to the
acoustic one. However, it is important to note that this is not a general characteristic of these
devices. Other SAW sensors built with substrates of different materials have good energy conversion
and low transmission loss, and several studies have managed to detect this signal, based on 1-port

devices specifically designed, as previously presented.

Thus, in our case, when dealing later with wireless interrogation, the sensor will be regarded
as an electrical impedance on which the liquid will exert an influence, focusing on the influence
on the input IDT only, directly and via the insertion loss due to wave emission, apart from the
interactions along the acoustic wave propagation itself, that would have to be considered in further

works as additional signals.

Furthermore, our works targeting liquid media are carried out based on LW sensors, which
have already demonstrated their viability and sensitivity for liquid applications [50], [63]. The
next subsection will present this LW sensor itself and the experimental setup using them as well
as the methodology applied in the detection and classification of NaCl solutions associated with

the testing platform.

3.2 The Love wave sensor

A device with vertically polarized transverse acoustic waves suffers from excessive propagation
losses with an adjacent liquid medium, due to radiation of energy into the liquid. In contrast,
transverse horizontal and longitudinal polarizations can be operated with an adjacent liquid
medium, whose properties will affect their propagation, provided the mechanical parameters such
as viscosity are within a range compatible with acceptable losses induced. Besides, the mechanical
deformation of the acoustic wave is combined with an electrical field due to electroacoustic
coupling, inducing a sensitivity to the dielectric characteristics of the medium encountered along
its propagation. The so-induced electric field in an adjacent aqueous solution induces energy

radiattion in the liquid, and consequently leads to energy losses [167]-|169].

LWs are considered as surface waves with shear horizontal polarization, initially generated as SH
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bulk waves and trapped along a thin layer deposited on the surface, with appropriate parameters.
In the case of an AT-cut quartz substrate, a SiOs thin film on the entire substrate allows the
propagation of this type of acoustic wave. Acoustic energy is then confined in the thin layer, which
serves as a waveguide and is therefore called the guiding layer, as represented on Fig. Thus, the
transducer is protected from the external environment by this layer, making the sensor compatible
for use in liquid medium , . In this sense, applications for the detection and classification

of liquids are shown in the Tab. R.1] become viable.

3.2.1 Measurement parameters of interest

LW devices are commonly electrically characterized through their scattering parameters
(S - parameters), denoted as S;;. These parameters represent the ratio of the output power
at port 7 to the input power at port j. A typical result of the characterization of a LW delay line
as used in this work (two-port device) measured with a VNA in the frequency domain (S7; and

So1) is shown in Fig.
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Figure 3.4: (a) S-parameters of a two-port device; (b) Principle of an open loop measurement
system of LW sensors; (c¢) S1; and (d) Sg; parameters of a typical LW device frequency response
[172).
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Fig[3.4] (d) illustrates that the transmission coefficient of the delay line is comparable to the

absolute value of a cardinal sinus centered at f, as

sin(N.2w(f — )/ fr)

S = A o i

)%, (3.6)

with N the number of fingers (or finger pairs), f. the resonance frequency at which the
electromechanical transduction occurs (here around 118 MHz), f the frequency and A the
magnitude. The bandwidth (at -3 dB) and quality factor are directly linked to the constructive
aspects of the IDTs. The resonance corresponding to the peak in the magnitude of the transmission

coefficient So; is associated to a decrease in the magnitude of the reflection coefficient Si;.

The electrical input impedance Z;1 of the device can be derived from S71, as indicated by

1+ 511
Z11 = Z, 3.7
11 T8, (3.7)
or
Z11 — Zy
Si1= ——-. 3.8
"2+ 2 (8:8)

Here, Z; is the transmission line characteristic impedance, typically 50 Q for a VNA [173]. As
described in [5], in the presence of a liquid facing the IDTs, the input impedance of the device is
modified according to the dielectric properties of the fluid over the full frequency range, while liquid
above the acoustic path between the IDTs mainly modifies the mechanical wave propagation. The
magnitude of the reflection coefficient S1; and the impedance of the device Z;; are key elements
in this study, as the deposition of another layer of material on top of the substrate and the guiding
layer affect the wave propagation, the energy distribution in the system, the resonance frequency,
and magnitude coefficient. In this context, aiming for wireless detection, the measurement of the

reflection coefficient is the focus of analysis.

3.2.2 The Love wave transducer

The device used in this work is illustrated in Fig. [3.5] This LW delay line is based on a AT-cut
quartz piezoelectric substrate with 500 pm in thickness, IDTs with 40 ym wavelength and a 6.4 pm

SiOgy guiding layer. The geometry has been previously described in detail in references [4], [174].
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Figure 3.5: (a) Photo of 4 LW sensors manufactured by IMS and LAAS; (b) Structure of the LW
sensor; (c¢) Cross-sectional view of the sensor and added liquid.

Based on previous descriptions, the electric field contained within each period of an IDT, acting
as a planar capacitor, is at the origin of the primary energy conduction path that can be perturbed
by the medium of detection. Thus, the electrical parameters of an adjacent liquid affect not only
the reflected electrical energy, but also the energy transfer from the input to the output IDT, and
consequently the S1; parameter, thus the input impedance, and the Sp; parameter, as described

previously and illustrated in Fig

Since the liquid inserted on the sensor’s surface has mechanical and electrical properties
(viscosity, density, conductivity, permittivity), isolating the acoustic and electromagnetic energies
by time gating of the S;; parameter at times of a few microseconds and inferior to tenths of
microseconds respectively, as presented in , will allow an analysis of these properties. Similarly,
by depositing the liquid over the entire sensor surface, including over the IDTs, any change of
the liquid electric and dielectric properties and of the induced double layer formed by the liquid
and the sensor surface, will alter the capacitive electrical impedance of the device’s input, as
extracted from the S;; parameter. Thus, the impedimetric approach of the LW sensor and
an equivalent circuit model based on resistance and capacitance can provide us with a good
approximation of how the liquid interacts with the LW sensor. The relationship between the
capacitance and liquid parameters, although seemingly simple, still presents scientific challenges
related to the experimental reproducibility, appropriate electrical circuit models, effective materials
and geometries of substrates, guiding layers and electrodes, surface insulation, surface cleaning and
adsorption. Therefore, it is necessary to investigate how the liquid’s parameters influence both the
reflection and transmission of the LW sensor. In this sense, there are several alternatives for liquid
deposition protocols and geometries of cavities made of PDMS to isolate some of these effects
and facilitate data processing and analysis. This will help to determine the level of influence of a
liquid’s parameters on each type of energy flow, firstly in a wired configuration in order to establish

a setup adapted for a passive wireless system.
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In Fig. an overview of the experiments carried out is shown: wired and wireless
interrogations, both with the liquid deposited onto the entire sensor surface (acoustic path and
IDTs). Based on the results with the wired configuration, an equivalent electrical circuit was
constructed using the QUCS simulator. For the wireless interrogation, different transmission and
reception circuit strategies were employed, first, with antennas in the far field, then with the
circuits. In the next sections, the wired experiments are detailed and the circuit model in QUCS

is presented.

‘ Experimental Setups \

Wired interrogation Wireless interrogation

.~ - @ J

)
Wave propagation Sensors associated with Sensors associated with
(Liquid onto the acoustic Antennas-based Circuits-based
path and on the IDTs) interrogation interrogation

QUCS Model [ Far Field ] [ Coupled ] [ Distanced ]

Figure 3.6: Overview of experiments performed: Strategies wired and wireless.

The next subsection is dedicated to describing how the sensor is inserted into the measurement

cell and the protocol used to introduce solutions onto the sensor surface.

3.2.3 Test cell and experimental protocols

Test cell

The experimental setup consists of a sensor unit with a LW sensor and a test cell, allowing electrical
connections to ensure sensor operation. A PDMS chip was used to localize the aqueous sample onto
the sensor surface and prevent any direct contact with the electrical connections. Measurements
were performed using a microfluidic PDMS chips with open cavity, allowing the injection of a liquid
sample onto the sensor surface using a micropipette. A ”long chamber” chip was used to localize the
liquid sample both on the acoustic path and over the input and output IDTs electrically protected
by the SiO2 guiding layer, while a ”short chamber” chip limits the liquid region to the acoustic

path between the IDTs, similar to most common methods. In this way, the electrical effects are
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superimposed on the mechanical ones and can influence the input and output reflected signals,
as well as the transmitted one through the electromagnetic energy flow and thus the coupling

capacitance between the IDTs, depending on the liquid conduction properties.

The components of the test cell can be assembled manually and sealed by screws that keep
the assembly secure, as shown in Fig The test cell is assembled for the measurement of the
reference S parameters with the bare sensor in a dry state (air only), the use of the VNA making it
possible to observe each parameter (S1; and S;1) to seek to decorrelate the different mechanisms

involved.

Connection PCB

PDMS
Microfluidic cell

Love wave sensor

Figure 3.7: Test cell with LW sensor and PDMS chip H

Typical experimentation protocol

For all measurements, a SOLT calibration was performed first at the cables terminations. After
assembly of the sensor setup, 150 pL of liquid sample are deposited into the PDMS long chamber
open cavity onto the sensor surface (including the IDTs and the acoustic path) using a micropipette,

as shown in Fig. 3.8
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The use of micropipettes was proved to be robust and allowing sufficient reproducibility, and
each measurement was carried out five times . For measurements with a soluted compound at
different concentrations, a typical series of measurement started with measurements in air, then
in DI water, then in successive samples of increasing concentration, after removing the previous
sample carefully with the micropipette at each step. To minimize errors, after each measurement
series, the experimental setup was disassembled, and the sensor and PDMS chip were thoroughly

cleaned with distilled water, isopropyl alcohol, and acetone.

From the measurement of the S parameters, Matlab and Python (SCIKIT-RF, open source
licensed package for RF/Microwave engineering) scripts were used to study and analyze the

resistance and capacitance, resonance frequencies, phase and magnitude of the signals.

+ Attenuation
+ Delay

Input IDT Output IDT
Acoustic Path

() () ()

Figure 3.8: (a) The 2-D cross-section illustrates the structure of the LW sensor and the surface
in contact with the liquid; (b) Illustration of the electromagnetic (EM) and acoustic waves in the
sensor; (c) Long chamber microfluidic PDMS chip designed for precise and reproducible liquid
sample localization onto the sensor surface.

Saline solutions preparation and characterization

The saline solution of NaCl was chosen for this work due to its high conductivity, which most
affected the S;; parameter among other solutions such as DI water, glycerol and ethanol, thus

facilitating further investigation and feasibility demonstration.

The preparation of sodium chloride (NaCl) solutions was carried out using a Sartorius CP225D
analytical balance, ensuring the precision and consistency required for the experiments. In this
regard, common salt, DI water, a beaker, and a spatula for salt manipulation were employed. A
fixed volume of DI water was added to the beaker, and the analytical balance was calibrated.
The mass of NaCl to be added to the water was then measured, and the salt was dissolved
until a homogeneous mixture was achieved. A total of 8 solutions were prepared, comprising

4 with low concentrations (< 5 g/L) and 4 with high concentrations (30-360 g/L). Subsequently,
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using the HI98129 Conductivity Meter from Hannah Instruments, and following cleaning and
calibration procedures, the conductivity’s of the low-concentration saline solutions and DI water
were measured, as shown in Fig Due to the conductivity meter’s reading limit of 3999 uS/cm,
the conductivity values for the highest concentration solutions (30-360 g/L) were estimated from

the NaCl concentration (in mol/L) present in Tab. for at a temperature of 20°C. Permittivity, 3

viscosity, and density were fully estimated from Tables and The characteristics of the
solutions are consolidated in Tab. and more details can be observed in Appendix [A] [L75]-[177].

£ sonorius

—

Figure 3.9: NaCl solutions preparation setup: precision balance, HI98129 conductivity meter and
its cleaning and calibration solutions.

As described previously, the solutions were always deposited on the entire surface of the sensor
by using the long chamber PDMS chip, starting with measurements in air, then in DI water,
passing through the first 4 solutions of low concentrations and ending with the last 4 of highest

concentrations.



CHAPTER 3. THE LOVE WAVE DEVICE AND CHARACTERIZATION IN SALINE
56 SOLUTION

Table 3.2: Characteristics of analysis media: air, DI water and NaCl solutions

Medium Concentration (mol/L) Conductivity (uS/cm) Permittivity Viscosity (cP) Density (g/cm3)
Air x 0.009 1 0.01722 0.00129
DI Water X 10 80.6 0.89 0.9982
NaCl Solution (0.465 g/L) 0.0080 912 80.2 0.94 1.00087
NacCl Solution (0.800 g/L) 0.0137 1525 80.1 0.99 1.00093
3 NaCl Solution (1.240 g/L) 0.0212 2388 80.08 1.01 1.00098
NacCl Solution (2.456 g/L) 0.042 3856 80 1.03 1.00116
NaCl Solution (30 g/L) 0.513 41700 74.0 1.05 1.01709
NaCl Solution (120 g/L) 2.053 132200 60.9 1.25 1.07227
NaCl Solution (240 g/L) 4.106 205100 48.5 1.51 1.13709
NaCl Solution (360 g/L) 6.159 240000 39.8 1.93 1.19412

3.3 Wired interrogation

Preliminary measurements were conducted to investigate the impact of depositing a saturated
NaCl solution (high conductivity) on two sensors operating at respective frequencies of 113 MHz
and 145 MHz. Subsequently, new measurements were performed using the 8 NaCl solutions of
different concentrations, thereby providing results and analyses in both the frequency and time
domains. The results will be used to propose a QUCS electrical model of the circuit based on the

mechanical and electromagnetic responses of the sensor. This sequence is illustrated in Fig. [3.10

‘ Experimental Setups

Dy

Wired interrogation

-~ - J
PR

Wave propagation
(Liquid onto the acoustic
path and on the IDTs)

QUCS Model

Figure 3.10: Overview of wired experiments performed and QUCS Model.

For wired measurements, the LW sensor unit described in the Subsection was connected
to a computer-controlled VNA (Copper Mountain TR1300/1) to measure the Scattering (S)

parameters, as illustrated in Fig.|3.11} Given our final interest in conducting remote measurements,
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our objective was to achieve maximum variation in S7; and, consequently, in input impedance,
justifying the use of the long chamber PDMS chip for liquid across the entire sensor surface,

particularly over the input IDT.

Liquid

Acoustic

Figure 3.11: (a) Experimental setup for the sensor in wired configuration; (b) LW dual delay-line;
(c) Device test cell with microfluidic chip; (d) Full test cell.

3.3.1 LW sensor response in liquid medium: preliminary results

The experimental reflection and transmission characteristics of the sensors in a wired configuration,
with and without liquid deposited onto its surface, are presented in Fig. [3.12] With liquid, it can
be observed a significant shift in the magnitude of the reflection coefficient (S11) over the full
frequency range for both devices (10 or 20 MHz around the acoustic resonance), as well as a slight
shift in frequency. The magnitude of the transmission coefficient (S2;) was also highly affected by
the liquid, resulting in the disappearance of the acoustic peak drowned into the baseline, which
shifted due to the electromagnetic transmission from the input IDT to the output through the
liquid itself. In this case, a shift in resonance frequency cannot be detected any more, though it is

still visible on the Sy; parameter.

Indeed, the addition of the highly concentrated saline solution decreased the reflected energy
S11 of several dB, and increased the transmission of energy So; from the input to the output of the

sensor by several tens of dB. This energy balance can be attributed to the electrical short circuit
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Figure 3.12: Preliminary results comparing the devices S parameters with air and NaCl solution
with high conductivity (24 S/m): Si1 (a, ¢) and Sa; (b, d) for sensors operating at frequencies of
113 MHz (a, b) and 145 MHz (c, d).

behavior of the conductive liquid on the SiO5 guide layer. This leads to a substantial modification
in input impedance which will be further correlated with the parameters of the saturated NaCl
solution, with a permittivity of 39.8 and a conductivity of 240000 uS/cm, as shown in Tab.
From a physical point of view, this change in permittivity and conductivity alters the distribution
of the electric field on the sensor’s surface as well as the conduction of energy from the input IDT.
These results suggest further investigation using NaCl solutions with intermediate concentrations

to explore the sensor’s behavior with respect to the liquid parameters.

3.3.2 LW sensor response in liquid medium: response in NaCl solutions

Using the solutions described in Tab. and employing the experimental setup illustrated in
Fig. [3.13] different NaCl solutions were applied onto the sensor surface. Electromagnetic and
acoustic responses were then captured in both the frequency and time domains. Finally, the

assessment of sensitivity to the electrical and mechanical parameters of the liquid was conducted.
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D
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Figure 3.13: LW sensor-based liquid characterization protocol: saline solutions at various
concentrations and cleaning solutions.

Frequency domain responses

Figures [3.14] and depict the spectrum of parameters S1; and So; in the frequency domain
for the LW sensor response in air, DI water, and various concentrations of NaCl solutions. It
is evident that there is a decrease in reflection and an increase in transmission with increasing
solution concentration. Additionally, it is noteworthy that the change in S7; and Ss; is not linear
with concentration. Therefore, it is feasible not only to detect a saturated solution but also to

classify the solution based on the configured setup.

Preliminary tests in subsection [3.3.1] culminated in the choice of a saline solution as the
liquid most appropriate to substantially modify the sensor response. After this choice, numerous
campaigns were carried out to confirm the experimental reproducibility. As a result, there was
physical damage to the test cell. After several assembly and disassembly procedures, problems
emerged such as screw corrosion, oxidation, and salt residue on the board, even after thorough
cleaning. For this reason, the results of S1; and S2; presented in Figures[3.14and [3.15]and Fig[3.12]

present the same expected pattern but not exactly the same response.
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Figure 3.14: Si; in the frequency domain.
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Figure 3.15: So; in the frequency domain.

Time domain responses

The S7; response of the LW sensor in time domain, calculated from the frequency domain with
an inverse Fourier transform, can be observed in Fig. [3.16] Two energy regions can be observed.
The first region, centered at 0 s, corresponds to electromagnetic energy. The second one, related
to acoustic energy, exhibits some influence around At = 3.7, 4.7 and 6.5 us, attributable to
transit reflections from the IDTs. Since these energies are significantly smaller compared to the

electromagnetic energy at 0 s, their effect will be neglected for the remainder of the study.

Similarly, the Ss; response of the LW sensor in the time domain can be observed in Fig.
Several peaks are noticeable in this time domain response. The first peak at At =~ 0 ps corresponds
to the electromagnetic coupling between the input and output of the IDTs (electromagnetic

response), while the first acoustic peak at At = 2.2 us corresponds to the propagation time
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of the LW acoustic energy from input to output (main acoustic signal). The second acoustic peak
at At = 4.5 usand At = 6.5 pus correspond to acoustic reflections, on the quartz edge(s) and on
the IDTs respectively, the latter known as the triple transit echo (TTE) [80]. In this context, this
response can be temporally controlled through time gating to separate electromagnetic energy from

acoustic energy, subsequently returning to the frequency domain with a specified time window.
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Figure 3.16: Sp; in the time domain.
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Figure 3.17: So; in the time domain.

Time gating

In order to conduct an individual analysis of the responses related to each energy flow in the
frequency domain, excluding the influence of other energies, such time gating technique (time-

domain filtering) was employed, restricting the analysis window to the selected peak. This simple
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method that enables the observation of the temporal spectrum in a specified range [178] offers a
good mean to mitigate the impact of noise associated with the electromagnetic coupling in the

frequency domain.

Figures[3.18|and [3.19]illustrate the frequency spectrum of the Sy; parameter after applying time
gating. Fig. illustrates the time interval from 0 us to 1.2 us to isolate the electromagnetic
energy only. It appears clearly that as the concentration of the solution increases, resulting in
a higher quantity of dissolved ions, the transmission of electromagnetic energy also increases.
Fig. [3.19] resulting from a time gating span from 1.2 us to 3.2 us, is utilized to focus on the main
flow of acoustic energy without the influence of electromagnetic energy nor of the reflected acoustic
one. With increasing viscosity and density of the liquid, greater shifts in frequency (Af) and in
S21 magnitude (AdB) can be observed. The filtered signal resembles a squared sinc function, as
previously demonstrated in Subsection Eq. and consistent with the literature , .
This signal serves as the basis for analyzing our experiments concerning the S3; response of the
sensor. It enables the establishment of the relationship between the mechanical parameters of the
liquid, frequency shift, and sensitivity estimation through the linearization of the acoustic response.
Moreover, by separating electromagnetic and acoustic energy, it becomes feasible to derive a QUCS

electrical model from the descriptive equations, incorporating resistances and capacitances.

T T T T T T T T
A\S —— Air
-20 |- —— Water DI - 10 uS/em
0.475 g/L - 912 uSfem
—— 0.800 g/L - 1525 uS/cm
40 1.240 g/L - 2388 uS/em
2.456 g/ - 3856 uS/cm
—_ —— 30 g/L-41.7 mSlem
% —— 120 g/L - 132.2 mSfem
~ 60 —— 240 g/L - 205.1 mS/cm 4
w& —— 360 g/L - 240.0 mS/cm
w“
[s}
8 ot -
=]
=
=
j=2]
©
= -100 8
-120 - b
-140 1 1 1 1 1 1 1 1 L
100 102 104 106 108 110 112 114 116 118 120

Frequency (MHz)

Figure 3.18: So; in the frequency domain after time gating between 0 us and 1.2 us.
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Figure 3.19: S5; in the frequency domain after time gating between 1.2 us and 3.2 us.

3.3.3 Sensitivity: linearization of the acoustic response

Several methods can be applied to estimate the behavior of LWs with adjacent liquid media.
Some authors use the theory developed by , valid only for thicknesses much smaller than the
wavelength, to estimate the variation in wave propagation in terms of frequency and attenuation.
In the approach developed by , the influence of the liquid is observed from changes in the

defined complex propagation constant () from the equation

v=a+ib. (3.9)

Here, the attenuation is represented by «, and § is the phase constant, given by 8 = 27/A, where
) is the wavelength determined by the spatial periodicity of the IDT. The propagation constant is

modified by a liquid loading on the guide layer by

Aa  AB g wn

Here, S is the sensitivity of the device due to the surface mass charge effect, n is the flow viscosity of

the liquid (Pa.s, 1 cP = 1 m.Pa.s), p is its density (kg.m~?) and 7 is defined as the shear relaxation
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time of liquid [181]-[183]. The relative frequency shift related to the propagation constant can be

calculated by

Af

f —(12)Sey | 2L, (3.11)

:_(Vp

Here, V, = 0w/0p is the group velocity, and V, = w/g is the phase velocity. In equation
the quantity V,/V, is assumed to be constant by [184], as is the sensitivity Ss. The relationship

between the frequency variation and the physical properties of the liquid (,/7p) is given by

(f = 12)] fr = Sen/np- (3.12)

Here, f, is the resonance frequency. Moreover, a direct relation, expressed in equation (3.13]), links

the acoustic wave attenuation AA to the relative celerity shift

AA = 2 Sep-LAP, (3.13)

Here, LAP is the number of wavelengths between the IDTs (from input transducer center to
output transducer center) and p = \/np |181], [185]. It can be noted that, when there is a change

in viscosity and/or density, there is also a variation in the frequency [186].

Based on Eq. and the results of the experimental frequency domain after time gating
(Fig. , it is possible to observe in Fig. the relative frequency shift due to changes in
viscosity and density. As the acoustic energy was isolated, this variation is mainly caused by the
mechanical characteristics of the liquid. A general linearization (I) or a two-interval linearization
(IT and IIT) can be performed. The second option was chosen for its greater realism with the results,
allowing for a better correlation between experimental data and outcomes in the circuit modeling
tool. In this context, Se(rr) = —985.1076 mL~1/2 . ¢cP'/2 . g!/2 is obtained for low concentrations,
Se(rrny = —221.1076 mL~1/2 . ¢cPY/2 . g!/2 for high concentrations. In the next section, we will

detail the descriptive equations and the circuit model performed in QUCS.



3.4. QUCS MODEL 65

x10"*

0.475 g/L - 912 uSlcm
/A 0.800 g/L - 1525 uS/cm
1.240 g/L - 2388 uS/cm
2.456 g/L - 3856 uS/cm
/A 30 glL - 41.7 mS/cm
120 g/L - 132.2 mS/cm
€240 g/L - 205.1 mS/cm
% 360 g/L - 240.0 mS/cm

02}

0.4

08 I

-0.8 |-

Afffy

L . ™
1.3 14 1.5 16
12 (kg.m'z.s'o s)

0.9 1 1.1 1.2
(Viscosity.Density)

Figure 3.20: Variation of the S9; parameter of the electroacoustic wave after time gating as a
function of the mechanical parameters of the liquid (reference: DI water).

3.4 QUCS model

In this section, a behavioral model for the LW sensor using QUCS is proposed to develop the LW
sensor model in a liquid medium. The use of the QUCS tool has gained popularity in academia
and industry due to its open-source nature, allowing RF work . Moreover, it serves as a
cost-effective alternative to other tools capable of modeling electrical and acoustic systems, such
as ADS. The main idea was to replicate an existing SAW-LW sensor model based on descriptive
equations and adapt it to the LW sensor used in experiments in the air medium. Building upon
this initial behavior, the final goal is to propose a circuit model for the liquid that represents the

influence on S-parameters of the sensor when saline solutions are introduced onto its surface.

3.4.1 Equivalent electrical model

The behavior exhibited by the LW sensor response can be effectively modeled using the QUCS tool,
employing equations and circuit representations. In the work carried out by , this approach was
proposed using the QUCS tool and descriptive equations to simulate the acoustic response of the
LW sensor. Here, we contribute to a more global model involving electrical parameters. Initially,
the electrical input impedance of the sensor is characterized by a capacitance (Cj4;) in series with a
resistance (R;q¢) at both the input and output terminals of the sensor. Additionally, a capacitance
(C3) interconnects the input and output ports to shape the electromagnetic coupling surrounding

the device. The values of capacitance and resistance were determined through retrosimulation until
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they aligned with the experimental values obtained in the air medium. Fig. illustrates this

LW sensor model (highlighted in green).

In electrochemical devices, equivalent circuit models have been extensively employed to analyze
device performance in liquid medium, providing an understanding of the contribution of various
components . Two of these circuits widely used to model conductive liquids are Randles and
Debye, based on RC circuit configurations f. Based on these models, the model of the
liquid deposited on the sensor surface was adjusted by introducing a circuit featuring a resistance
(Riiq) in parallel with the input/output IDTs and a capacitance (Cj;4) in parallel with the coupling
capacitor C3, as depicted in the configuration presented in Fig. (red blocks). However, Ry,
in the output IDT does not substantially influence the sensor input impedance. The components

are connected to the LW sensor from the switches Sg, Sg1 and Sc.
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Figure 3.21: QUCS model of the LW device fitting in liquid medium.

3.4.2 Descriptive equations

The acoustic part (SAW block based on equations) at the input can be modeled by

Si1,. =1 — Ag,,sinc*(citN(f — )/ fr)- (3.14)

Here, ¢; is a fitting parameter and N is the number of generation acoustic wavelengths. The

transmission acoustic energy can be modeled by
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Sa1,. = AS218i7’L82(Ct7TN(f — fr)/fr).e_j“td. (3.15)

Here, ty4 is the wave delay time, which is linked to the LAP and the resonance frequency f, with
tq=LAP/f.. Ag,, and Ag,, are respectively the acoustic absorption and the insertion loss at the

resonance frequency of the Si; and S31 responses. 3

All parameters incorporated in equations and and employed to fit the experimental

results with the simulated outcomes are depicted in Fig. [3.22
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Central frequency at reference (Hz) f0=113e6 EquationRelatedParams
Length of acoustic path in lambda LAP=208 resonant frequency (Hz) fr=f0*(1+df)
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Figure 3.22: LW QUCS model descriptive parameters.

Fig and Fig show the comparison between the simulated spectrum (S7; and Sa1) of
the LW QUCS model (dashed lines) and the measurement (solid lines). The simulated results are
close to the measurements, although the fit can be improved for S1; in the sense that the measured

responses present a more pronounced capacitive behavior, especially for the highest concentrations.
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Figure 3.23: S;; parameters: a comparison between wired measurement (solid lines) and QUCS
estimation (dashed lines) for variations in the electrical and mechanical parameters of the solutions
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Figure 3.24: S5 parameters: a comparison between wired measurement (solid lines) and QUCS
estimation (dashed lines) for variations in the electrical and mechanical parameters of the solutions

In the Tab[3.3] and Fig[3:25] the resistance R and capacitance C values of the solutions that
optimally fit with the experimental results are presented. Each pair (R, C) of the electrical model
is associated to a pair of viscosity and density (7, p) representing the mechanical parameters of
the liquid and a pair of conductivity and permittivity (o, €) representing the electrical parameters,
as corroborated by Tab. and as shown in Section The proposed QUCS model is in good
agreement with both measurements and theory. This provides us with a frequency response to
electromagnetic effects when the solution is added to its surface, complementing the state of the
art that has so far only used mechanical parameters (such as viscosity and density) to describe its

behavior [185].

Table 3.3: Resistance and capacitance values for the liquid in the LW sensor

Medium Resistance () Capacitance (pF)

Air Infinite (open switch) Infinite (open switch)
Water DI 2203 0.2449
NaCl Solution (0.465 g/L) 580 0.2999
NaCl Solution (0.800 g/L) 574 0.3196
NaCl Solution (1.240 g/L) 565 0.3724
NaCl Solution (2.456 g/L) 479 0.5713
NaCl Solution (30 g/L) 358 2.052
NaCl Solution (120 g/L) 352 2.9663
NaCl Solution (240 g/L) 313 3.0856
NaCl Solution (360 g/L) 308 3.3639
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Figure 3.25: Relationship between the resistance and capacitance of the LW sensor in the QUCS
simulation as a function of the conductivity of the solution.

In the next chapter, wireless experiments will be presented and discussed.
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3.5 Chapter conclusion

While SAW devices have traditionally been utilized as filters in mobile communication devices,
their application as sensors is currently expanding. The sensitivity of wave propagation velocity to
external disturbances, along with the electromagnetic aspect of the sensor’s response, particularly
influenced by the medium above its IDTs, highlights the sensor’s potential to concurrently measure
various physical parameters. Through the experimental setup, we examined and correlated the
sensor’s responses S1; and Sp; with the electrical and mechanical properties of NaCl solutions
of different concentrations. The protocol employed demonstrated reproducibility, and the use of
time-gating allowed for the separation of the sensor’s electromagnetic and acoustic responses,
consolidating recent works with this sensor. In particular, we focus on the influence of the
liquid on the parameter Si;, which is dependent on the input impedance Zq; of the device, and
adapted established liquid models from the literature and based on RC circuits for our LW sensor
experiment. A close agreement was observed between the measured and simulated results obtained
using the open-source simulation software QUCS. Specifically emphasizing the variation in Si1, we
have the necessary components to utilize the sensor as a tag and detect it in a wireless configuration.
This chapter elucidated various aspects and challenges associated with SAW sensors, particularly
the LW sensor, for applications in liquid environments. We demonstrated the feasibility of detecting
and classifying saline solutions in a wired setup, paving the way for wireless reading, which serves

as the primary objective of this thesis.
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In the context of wireless systems, the type of reader, link characteristics, transmission and
reception, free space losses, and the type and response of the sensor to be read are crucial elements
that significantly influence what can be extracted as information, especially those mentioned
in the previous chapter related to input impedance. In this chapter, we demonstrate how the
electromagnetic response of these passive sensors can be obtained from various experimental
configurations and dedicated calibration processes. The feasibility of wireless reading using LW
sensors will be assessed from setups including antennas and circuits, as well as experimental
configurations based on Radar Cross Section (RCS) measurements and electromagnetic coupling.
The initial experiments were conducted using commercial antennas. Following this, the design
of a transmission circuit with dimensions compatible with the test cell and our LW sensor in its
frequency range will be presented. Subsequently, the feasibility and ability of detection using
these transmission and reception circuits will be investigated, culminating in remote detection of
the electrical parameters of a liquid at different concentrations. Continuing, the results obtained
regarding the design of a wireless system capable of detecting and classifying NaCl solutions present
on the surface of the LW sensor will be presented. The issues, advantages, and drawbacks of
the experimental setups will be addressed. Finally, a comparison will be conducted between the
proposed solutions and prospects as a complementary approach to the use of wireless sensing with
LW sensors, particularly focusing on the measurement of input IDT impedance, which has not

been utilized in the literature, will be presented.

4.1 Experimental setups

Several wireless techniques and systems capable of communicating with devices, especially passive
sensors, have been deployed in different configurations. These systems are designed based on the
characteristics of the transduction type, such as electromagnetic and acoustic wave propagation,
geometry, materials, recommended sensitivity depending on the application and the frequency
range to be monitored. In a typical wireless setup, a sensor sensitive to a measurand (such as

physical parameters of water) is connected to an antenna [102], [139], [152].

As shown in Fig. the schematic setup includes a transmission (7)) and reception (R,) circuit
connected to the reader (electronic reading device). The target consists of another backscatter
circuit connected to the test cell containing the LW sensor. The backscattered signal depends on
the properties of the medium in which the sensor is inserted. To analyze the response of the target

(i.e. the sensor) as a function of the T, and R, signals, techniques based on backscattering and
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RCS measurements can be used.

—\ T, | k\‘\/

€, 6, p, ..
Backscattering
Reader Love Wave
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Ry l j
Target

Figure 4.1: Synoptic schematic in bistatic configuration of a teledetection system.

In these techniques the target (sensing element) consists of a receiving antenna connected to
sensors such as multiresonant transmission lines, spiral or split-ring resonators, or a SAW device
[192]-[195]. The RCS signature of the target (including the sensor) can also be measured from
the change in the resonance frequency or magnitude of the backscattered signal that carries the

information of the parameter to be detected [25], [126], [196]—[198].

The work presented in this section demonstrates the use of a Love wave sensor configured for the
wireless detection of various concentrations of saturated NaCl solution present on its surface. As
discussed in the preceding chapters, given the high insertion losses of the sensor, it is challenging to
extract its mechanical characteristics through wireless interrogation. Here, we are not concerned
with the sensor’s acoustic response regarding the liquid’s mechanical parameters but rather its
electromagnetic response and its relation to the liquid’s electrical characteristics. In this context,
we focus on leveraging its input impedance and reflection characteristics. In addition, a sensor-side
measurement protocol was conducted to explore its electromagnetic response. Indeed, for remote
detection, the relationship between the emitted and received power by the reader depends on the
characteristics of the RF link balance parameters and variations in the sensor impedance response
due to the properties of the liquid deposited on its surface [197], [199]-[201]. Thus, the resonance
frequency or amplitude of the backscattered signal considers the liquid medium parameter to
be monitored. Furthermore, the operating frequency of the LW sensor and the sensor type are
crucial parameters for selecting the reader architecture and the remote interrogation method to be

deployed.

In the preceding chapter, it was shown how the addition of NaCl solutions affects the energy
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flow and modifies the sensor’s impedance in wired experiments. This difference in electromagnetic
energy was measured and serves as the primary indicator for potential wireless detection. In Fig[d.2]
we provide an overview of the experiments conducted in this chapter, highlighting the wireless
approaches. Moving forward, we will address wireless configurations in two different setups. The
first one utilizes commercial omnidirectional antennas associated with the vector network analyzer
(VNA) reader and the sensor. The second setup uses rectangular spiral circuits made of FR-4 for

transmission, reception, and sensor connection.

‘ Experimental Setups

Wireless interrogation

Sensors associated with
Circuits-based

Sensors associated with
Antennas-based

interrogation interrogation

[ Far Field ] [ Coupled ] [ Distanced ]

Figure 4.2: Overview of wireless experiments performed: Sensors associated with antennas and
circuits.

Initially, the feasibility of the measurement was determined. Based on the results of the initial
experiments, we progressed to the experimental setup for the RCS measurement. These approaches
will be detailed in the following subsections, along with the characterization of the antennas used
and others relevant points of the RF link. In the next section, we will focus on the configurations

with the reader and the sensor associated with the antennas.

4.2 Love Wave sensor associated with antennas

In Figlf3] an overview of the initial tests conducted with the LW sensor is presented. Initially,
the aim is to demonstrate the feasibility of remote measurements, based on cost-effective antennas
with easily adjustable frequency. This led us to choose telescopic antennas, which offer flexibility
in adjusting the resonance frequency by varying the dimensions of its sections. They also

present some drawbacks for our application, such as a poor stability in achieving a fixed
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resonance frequency and being omni-directional, thus non-directive and subject to environmental
interferences. Nevertheless, it is a viable option when considering feasibility and when the objective
is not to achieve classification with high sensitivity. To achieve this, two experimental setups were
employed: one with two antennas and the other with three antennas. For this application of
remote sensing of passive sensors, the frequency band of interest is in VHF, more specifically
in 113 MHz and possibly adjustable to 145 MHz. The selected antenna is an omnidirectional
telescopic type with 7 adjustable sections from 16.2 cm to 1.15 m, 50 €2, VSWR<2.0 and operating
in the frequency range of 25-1200 MHz . Typically the gain of these antennas is 2.0 dBi .
On the sensor side, a saturated NaCl solution, consequently with high electrical conductivity, was
added onto its surface. Before conducting the initial tests, antenna characterization was performed
to ensure energy transmission centered at the sensor’s operating frequency. In the next subsection,
the frequency response of the antenna used and the experiments demonstrating the feasibility of

remote detection are detailed.

‘ Experimental Setups

Wireless interrogation

Sensors associated with
Antennas-based
interrogation

Far Field

Figure 4.3: Overview of wireless preliminary experiments in far field performed with two and three
antennas.

Antennas characterization

The setup of the antenna experimental characterization is shown in Fig. a). A computer was
connected to the VNA via a USB cable, and port 1 of the VNA was connected to the telescopic
antenna for S1; measurement and length adjustment to achieve the desired operating frequency.
Theoretically, the length of the antenna should be equal to A/4, thus close to 62 cm to fit with
a sensor resonance frequency of 113 MHz. Practically, the antennas were aligned at identical

positions (same height and perpendicular to the surface) using laser as means of improving link
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efficiency. The magnitude of the reflection coefficient (S1; = 9.04 dB) for the T, (which is also the
R,) antenna can be seen in Fig. Here, fo = 113 MHz is the antenna resonance frequency for a
length of D = 62 cm on all antennas. It can be observed a quite good adjustment of the antennas
around 113 MHz, they also exhibit a bandwidth that ensures that the sensor receives maximum
energy at its operating frequency. However, due to the tripod structure and antenna support, it
was not possible to obtain a stable configuration at the desired frequency from -10 dB (in which
at least 90% of the energy is radiated). Even so, we have good agreement between the energy

transmitted by the antenna and the wired response of the LW sensor at its operating frequency.

~
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Figure 4.4: (a) Schematic of the experimental setup for the characterization of the telescopic
antenna; (b) S7; measurement results of the three antennas with 62 cm in length and comparison
with the wired response of the LW sensor in air and NaCl saturated solution.

Power estimation

For further analysis, it was necessary to have a power budget for several frequencies close to the
operating frequency of the LW sensor. Therefore, we can use the radar equation to estimate
the powers transmitted and received by the VNA with the power reflected by the sensor. The

transmitted and received powers are correlated with the RCS of the sensor by

P, GG\

and the maximum detection distance estimated by
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Here, P; and P, are the power transmitted and received in W, G; and G, are the respective gains
of the antennas in dBi, )\ is the wavelength in m, o is the RCS in m? and R is the distance
in m between the transmitter and the target. For frequency-based remote sensing systems, the
information is related to the variation of the RCS as a function of frequency. Reader reception
must be able to detect a minimum RCS value. This is the threshold value that sets, for a given
frequency and distance, the transmit power and the receive sensitivity. From these values, including
the characteristics of the antennas, we can estimate the maximum detection distance as a function
of a particular bandwidth for different RCS values. The typical values of RCS for these applications
are in the range of -10 to -60 dBsm [13], [25], [29], [197]. Using a Continuous Wave (CW) based
detection system, which consists of a stable frequency wave, radio energy is transmitted and then
received from any reflective objects. CW sets transmit a high-frequency signal continuously. The
echo signal is received and processed on a ongoing basis. The power sensitivity P i, of -75.23 dBm
is chosen to be equal to three times the noise level and detection limit of the VNA in use as a
reader, measured at -80 dBm. As the antennas are identical, the transmit antenna gain has the
same value as the receive one, G; = G,. = 2 dBi. From these values we have an estimation of the
reading distance that we can be obtained according to the European Telecommunications Standards
Institute (ETSI) standard of a radar emitting CW from the characteristics of the detection system
[22]. In Fig. the theoretical detection range chart is calculated and shown as a function of
the frequency, and for RCS values set to -60, -50, -40, -30, -20, -10 dBsm. The output power

transmission is set to P, = 3 dBm and the power sensitivity is Py in = -75.23 dBm.
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Figure 4.5: Maximum reading distance as a function of frequency for different RCS values of the
sensor setup (@ Gy = G, = 2 dBi, P, = 3 dBm, P, ;,;,, = - 75.23 dBm).

In Fig. [4.6]the theoretical detection range is represented as a function of the transmission power,
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and for RCS values set to -60, -50, -40, -30, -20, -10 dBsm. The frequency is set to 113 MHz, and the
power sensitivity is Py pmin = - 75.23 dBm. According to the calculations performed, the theoretical
maximum reading distance does not exceed 17.3 meters, assuming a lossless and interference-free
system. 40 cm was the shortest distance in the far field, and it was chosen for the initial detection

tests by

R="" (4.3)

Here, R is the minimum distance corresponding to the the far field region (Fraunhofer region), D
is the maximum antenna dimension and A the wavelength [22]. In the next subsection, we will
detail the configurations used, firstly to identify the influence of the liquid on Sj1, then focusing
on the RCS measurement considering both the S7; of the sensor and the Ss; of the system.

25
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Figure 4.6: Maximum reading distance as a function of transmission power for different sensor

RCS values (@ G = G, = 2 dBi and Py i = - 75.23 dBm).

4.2.1 Monostatic configuration

The experimental bench proposed for the S7; remote measurements with air and liquid is shown
in Fig. a laptop computer (1), which controls the VNA (3) with USB cable interconnection
(2); the VNA delivers the radiofrequency signal to feed the transmitting antenna (5) via a coaxial
cable (4); the backscattering antenna (8) was connected directly to the cell with the sensor (9).
The transmission and reception of the signals were carried out inside the anechoic chamber kindly
provided by ENSEIRB-MATMECA - Bordeaux INP. It has dimensions of 7 x 3 x3 m3, constructed
using C-RAM SFC absorptive material in pyramid-shaped blocks of 60 x 60 cm? base area, each
containing pyramids with an attenuation of -30 dB for the sensor’s operating frequency (-25 dB
at 20 MHz up to -48 dB at 1.2 GHz). C-RAM SFC is a series of high-performance broadband RF

absorbers made from treated polyurethane foam. Two wooden tripods (6) with a height of 1.2 m
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are used as support for the 1.5 m metallic rail (7) in order to fix the antennas so that they do not
move during the measurements and that provide a facilitated adjustment of the distance between

the antennas.

=

(b)

Figure 4.7: (a) Schematic of the experimental setup for wireless LW sensor interrogation in
reflection; (b) Measurement in the anechoic chamber (ENSEIRB-MATMECA - Bordeaux INP),
details of the test cell and absorbers.

Two identical Bingfu telescopic antennas were used. For example, a length of 62 cm allowed
tuning the transmit and backscattering antenna resonances with a first mode close to the sensor
operating frequency, and an experimental magnitude of -9.3 dB at 113 MHz was measured. The

difference between the previously measured Si; in the subsection[4.2]and those in this configuration
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is due to the fact that in this setup, the antenna is mounted on a support and aligned with the
tripod, substantially altering the transmitted energy. However, with this value of -9.3 dB for Sy,
at the sensor’s operating frequency, it is still possible to ensure that a significant portion of the
energy will be transmitted. For each series of measurements, a Short-Open-Load (SOL) calibration
at the end of the cable (4) was performed before connecting the antenna (5). A minimum distance
of 39 cm at 113 MHz was estimated from the far field equation [33]. Therefore, a distance of 40 cm
between the transmission and backscattering antennas was chosen to perform the experiment.
After SOL calibration and antennas tuning, the test cell and sensor assembly described in Fig. [4.7
were connected to the backscattering antenna. Given the instability of the supports to mechanical
touch in this configuration, the test cell was not disassembled and the LW sensor was not cleaned
during the liquid measurement sequences. The prepared solution was inserted into the sensor
surface with the micropipette in order to control the liquid volume and reduce systematic and

random errors caused by this. The solution has a conductivity of 240 mS/cm.

In Fig. [4.8] (a) the measurement of the reflection characteristics at the transmit antenna is
shown over a 1.2 GHz bandwidth without (blue curves) and with liquid (red curves) on the sensor
surface. As it can be seen, a quite good reproducibility is obtained. Moreover, as shown in
Fig. (a) and (b), a measurable and repeatable shift of the response from ambient air to salted
water can be observed only at the lower resonance of the antenna, which was tuned to be close to
the sensor operating frequency. The other antenna resonance modes remained almost unchanged
(up to about 800 MHz) or led to non reproducible variations at higher frequencies. An average
reflection coefficient and a frequency with standard deviation of -9.39 dB (¢ = 0.09 dB) and
126.701 MHz (0 = 0.41 MHz), respectively, were obtained at ambient air conditions and -9.76 dB
(o = 0.12 dB) and 126.101 MHz (¢ = 0.0075 MHz) in the presence of salted water, as shown in
Tab. [£.11

Table 4.1: Monostatic configuration results

2 antennas FM

Medium Frequency (MHz) o (MHz) | Magnitude S;; (dB) o (dB)

Air 126.701 0.41 -9.39 0.09

360 g/L - NaCl 126.101 0.0075 -9.76 0.12

Thus, the addition of salted water on the sensor induced a change in its impedance and therefore
a change in the reflection coefficient, reproducible around the working frequency of the LW device.

In this way, this setup demonstrated the possibility of wirelessly detect the NaCl solution insertion’s
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Figure 4.8: LW sensor responses based on 3 wireless measurements of Sy, with air (red curves)
and salted water (blue curves): (a) Wide frequency range and zoom in on two antenna resonance
frequencies (ranges 500-590 MHz and 920-980 MHz); (b) Focus on the shift of the lowest resonance
mode close to the sensor operation frequency.

influence on Sp1, compared to a bare device. The addition of the backscattering antenna caused a
change in the resonance frequency of the transmission antenna, moving its resonance frequency to
126 MHz. Each element added at reception (backscattering antenna, test cell and liquid) caused a
change in the S7; signal. Though this initial measurement pointed out some issues, such as in the
adjustment of the experimental setup with several sources of errors, it was considered encouraging
as a first step towards remote measurement of the physical parameters of liquid media. Based on
this initial result, an experimental configuration with three antennas was performed, which will be

discussed in the next subsection.

4.2.2 Bistatic configuration

In this section, we employed a bistatic antenna setup for RCS measurements using the transmission
parameter (S21). The experimental configuration proposed for remote measurements under both air
and liquid conditions is depicted in Fig. 4.9, This experimental setup follows a similar configuration
to the previous one, with the addition of a third antenna and a Short-Open-Load-Through (SOLT)
calibration performed at the end of cables (4) before connecting transmitting antenna (5) and
receiving one (6). Following the SOLT calibration and antenna tuning, the test cell and sensor

assembly described in Fig. were connected to the backscattering antenna (8).

In Fig. (a) the measurement of the magnitude transmission characteristics of the system
is shown over a bandwidth of 1.2 GHz without (red curves) and with liquid (blue curves) on
the sensor surface. Again, as depicted on Fig. [4.10] a measurable and repeatable shift of the

response from ambient air to salted water can be observed only at the antenna lower resonance,
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Figure 4.9: Experimental bistatic setup for LW sensor interrogation: (a) Experimental diagram
overview; (b) Pictures of the experiment performed in the anechoic chamber and details of the
device under test (measuring cell) containing the sensor and the aperture where the liquid was
inserted.
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which was tuned to be close to the sensor operating frequency. The other antenna resonance
modes remained almost unchanged or led to non reproducible variations not allowing the reliable
distinction between the curves with air and with the liquid. This supports the conclusion of
an effect specifically attributed to the sensor near its resonance frequency. Average transmission
coefficient and frequency of —18.93 dB and 117.571 MHz, respectively, were obtained at ambient
air conditions and —19.10 dB and 117.350 MHz in the presence of salted water. These results led
to estimate a mean variation and a standard deviation in magnitude and frequency of the order
of —0.17 dB (¢ = 0.04 dB) and - 221 kHz (0 = 27.3 kHz) from the bare sensor to the sensor with

salted water. The RCS can be calculated from the transmission coefficient by

Sa1 (tgt)—Soq (sdt)
10

ROS(tgt) = RCS(Std)IO (44)

Here, the indices (tgt) and (std) refer respectively to the target and to a standard metal plate,
respectively [204], [205]. The standard metal plate used as a reference was made of FR-4 with a
dimension of 20 cm x 30 cm and theoretical RCS of —11.37 dBsm, as in [205]. The calculated
average RCS values are —10.32 dBsm in ambient air condition and —10.45 dBsm in presence of
the liquid, leading to a shift of - 0.13 dBsm, as shown in Tab. From these results, we can
deduce that the addition of the salted water on the sensor induced a change in its IDT impedance
measured as a change in the reflection coefficient, consequently in its RCS and in the transmission
coefficient of the wireless system, which was reproducible around the working frequency of the LW

Sensor.

For this setup, for a transmitted power of 3 dBm, the received power was —16.09 dBm
considering the bare sensor and —15.92 dBm when liquid was added. From the results of RCS,
antennas gain, transmission power, considering -75 dBm as the minimum detectable signal and
using the radar equation in [22]. The magnitude levels of the transmission coefficient and the RCS
values calculated in this configuration have the same order of magnitude as works in the literature,

used as a reference though not based on SAW devices [25], [206], [207].

In general, studies involving passive sensors and RFID tags have measured RCS in the range
between -10 dBsm to -50 dBsm. For instance, the work by [198] calculates the RCS of an RFID tag
located 60 cm away from the reader around -35 dBsm. Typically, with passive sensors and RCS
measurements, these systems are applied to measure temperature, humidity, gas concentration,

and pressure [206], [20§].

Finally, we show experimentally that the difference in the magnitude of the transmission
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coefficient measured with port 2 of the VNA is related to the change in impedance of the sensor
when salted water is added onto its surface. Therefore, it is possible to perform remote sensing for
two very extreme environments (in this case air and saturated NaCl solution) by measuring the RCS
using the bistatic configuration, which allows a separation between transmitted and backscattered

interrogation signals.
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Figure 4.10: LW sensor responses based on 6 wireless measurements of Sa1, with air (red curves)
and salted water (blue curves). (a) Wide frequency range and zoom-in on three antenna resonance
frequencies (ranges 462-466 MHz, 739-744 MHz and 1062-1066 MHz); (b) Focus on the shift of
the lowest resonance mode close to the sensor operation frequency and (c) the corresponding RCS
values.

Table 4.2: Bistatic configuration results

3 antennas FM Configuration
Medium Frequency (MHz) o (MHz) | Magnitude of S3; (dB) o (dB) | RCS (dBsm)
Air 117.571 0.0273 -18.93 0.04 -10.32
360 g/L - NaCl 117.350 0.0273 -19.10 0.04 -10.45

Nevertheless, though the shift in average RCS values at ambient air condition and in presence
of the liquid could be detected, and this effect of the liquid presence was observed with a quite good
repeatability only around the working frequency of the sensor, the variations of the parameters are
still very small. Additionally, the system needs to be more robust to achieve better reproducibility
in order to further distinguish not only highly concentrated salted solutions compared to air, but

also several media with closer properties.
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Indeed, as shown in the summary Tab[1] and highlighting the measurements through
reflection parameters Si; (monostatic configuration) and transmission parameters Ss; (bistatic
configuration), several challenges arise in reproducing and interpreting the measurements, even
when conducted in an anechoic chamber. The commercial antennas such as those used, despite
advantages such as flexible use and low-cost, also exhibit robustness limitations, with significant
variations in their operating frequency adjustment and transmitted energy, as well as susceptibility
to interference and size. Consequently, a new solution is described in the following section, which
involved the design and implementation of a FR-4 circuit to access the sensor’s parameters Sq;

and Ss1, aiming to achieve measurements with enhanced reproducibility.

4.3 Sensor associated with circuits

In this section, we propose the same two experimental configurations as previously presented, based
on S11 and S measurements of the wireless link and estimation of associated characteristics of the
sensor input port and their variation depending on the fluid on the sensor, but replacing commercial
antennas with resonant circuits for wireless interrogation. This is represented in Fig. coupled
and also distanced here will be considered for practical reasons related to the sensor low frequency
range. We will first outline the steps from circuit design to characterization, which will be validated
to ensure energy transmission centered on the sensor’s operating frequency. Subsequently, the
configurations will be implemented, and experiments demonstrating remote detection with various

concentrations of the NaCl solution will be detailed.

‘ Experimental Setups

Wireless interrogation

Sensors associated with
Circuits-based
interrogation

[ Coupled ] [ Distanced ]

Figure 4.11: Overview of wireless experiments performed with circuits.
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Circuits characterization

Microstrip rectangular spiral patch circuit can assume different geometric shapes, can be easily
fabricated with low-cost material, allow a design with reduced dimensions and are used in several
applications [33], [209]. Compared to other commercial antennas in the same operating frequency
range close to 100 MHz, such as telescopic, Yagi-Uda or helical antennas, we will see that a
microstrip patch can have the same order of size compared to the devices to be interrogated in
a passive remote sensing system [94], the so-facilitated manipulation can also minimize random
errors of measurement, thus improving the reproducibility of the experiments. A compromise was
required between the size, directivity and radiation pattern of the irradiating element. The Yagi-
Uda and helical antennas are more directive and typically have higher gain but are large in size to
be connected to the sensor. The telescopic antenna has an omnidirectional radiation pattern and

low gain but has low cost and variable frequency adjustment.

Spiral microstrip patch antenna circuits were used in many works. Among them, [210] developed
a circularly polarized wide-band printed square spiral antenna operating in Ku-band (8 GHz -
12 GHz), applied to small satellites such as microsatellites and CubeSats. In [211] was simulated
and measured a spiral antenna, built on Duroid 5880, with bandwidth of 400 MHz, resonance
frequency of 1.69 GHz and area of 10.58 cm?. A square microstrip spiral patch antenna, feeded
by coaxial cable, for radio frequency microelectromechanical system applications, was developed
in [212]. A wide band square spiral antenna with truncated corner, operating at 5 GHz, with
bandwidth of 1.2 GHz and maximum experimental gain of 7.3 dBi was developed in [213]. In [214]
was developed a circular spiral patch antenna with circular polarization operating in frequencies
of 1.2 GHz, 1.5 GHz, 2.4 GHz, 3.3 GHz, and 5.8 GHz for vehicular mobile communications, with
tests performed with a vehicle moving speed of 15 km/h. A spiral coplanar waveguide (CPWI
antenna for biomedical applications, operating in GSM bands, Bluetooth, ZigBee, Wi-Fi, WLAN
and LTE bands was presented in [215]. However, these developments use higher frequencies and
conventional antenna circuits for the VHF band exhibit large dimensions, non appropriate to our

small-size LW sensors.

The objective of this subsection is to describe a rectangular spiral microstrip patch circuit, with
compact dimensions, operating frequency range of our LW devices, close to 113 MHz, in order to
be used in our system. A slightly modified circuit was also realized, adapted to the other sensor
resonance frequency of 145 MHz. This set of sensors and circuits (113 and 145 MHz) was used to

obtain preliminary results regarding the influence of sensors on the systems and of the liquid on it.
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The design method used was adapted from [213], [216] and can be divided in:

1. Choice of the circuit bandwidth: 2 MHz (111 MHz to 115 MHz with a center frequency of
113 MHz);

2. Selection of the material, including cost and characteristics parameters: FR4 substrate was

chosen and characterized from 50 MHz to 170 MHz;
3. Design, simulation and fabrication according to the best simulated results;

4. Measurement and validation tests performed to compare the experimental results with the

simulated ones;

5. Feedback between experimental and simulated data and fitting process to adapt the

experimental circuit behaviour to the targeted values.

The electrical characterization of the material was performed with the measurement of the
permittivity, loss tangent and thickness of the dielectric substrate by a probe process with the
software Dielectric Probe 85070, using the VNA of Agilent Technology model E5071C (300 kHz

— 20 GHz). The results of the dielectric characterization of the substrate material are shown in

Fig. [217].
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Figure 4.12: Dielectric characterization of FR4: a) Permittivity; b) Loss tangent.

This project presents a rectangular patch circuit with a spiral shape. The simulations,
fabrication and measurements were performed using Ansys’™ software, LPKF ProtoMat E33
PCB plotter and a VNA Copper Mountain TR 1300/1 (300 kHz - 1.3 GHz), respectively. The
circuit structure is composed of a rectangular spiral irradiator element and a ground plane separated
by FR4 dielectric substrate, thickness h = 1.6 mm, operating at 113 MHz with characteristics as
measured: permittivity €, = 4.3, loss tangent § = 0.02. The design was adapted from [218], [219]

for resonance frequency compatible with the sensor, with a spiral spacing of 1 mm, lines length
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calculated as fractions of the guided wavelength (\,) and a total area of 16.55 cm?. The effective

guided wavelength (),) can be calculated by

A= (4.5)

fO\/effr )
1+4¢€,

Here, efpr = (=5=), €, is the relative dielectric constant of the substrate, ¢ is the light velocity in

vacuum and fy is the resonance frequency [33].

Fig. shows the simulated circuit dimensions with a resonance frequency of 113.08 MHz.
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Figure 4.13: Patch circuit design @ 113MHz: patch element with fitted dimensions in millimeters.

The detection distance between the reader and the LW sensor depends on the characteristics
of the link budget, transmission power, and the magnitude of the reflection coefficient of the LW
sensor to the power detection threshold at reception . The experimental setup used for the
circuit response measurement is shown in Fig. a computer (1) connected with a USB cable (2)
to the VNA Planar TR1300/1 Copper Mountain (3); the VNA provides signals via a 30 cm RG-174
coaxial cable (4) to the patch circuit (5) connected by a SMA connector. For fixing the circuit, a
metal bracket (6) is used, avoiding movement during the measurements. For each measurement,
a one-port SOL (short-open-load) calibration was performed at the end of the coaxial cable (4)

before connection to the circuit (5).

The comparison between the simulated and measured results of the reflection coefficient of each
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Figure 4.14: Experimental setup for characterization of the patch circuit reflection coefficient:
a) Diagram; b) Picture.

one of two similar patch circuits (Rx and Tx named as their future role in the sensor interrogation)
can be seen in Fig. and in Tab[4.3] where fj is the resonance frequency, f; and f are the
lower and upper frequencies at —10 dB (in which at least 90% of the energy is radiated), BW is
the bandwidth (f2 - f1) and Si; is the magnitude of the reflection coefficient. From the results,
the difference between the resonance frequencies of the sensor and the patch circuits is very small

and not critical for wireless interrogation.

Compared to the 900 MHz antenna from which our circuit was designed , radiation loss
is observed with the increase in the dimensions of the traces to adjust to the desired frequency.
In this sense, it almost completely loses its antenna characteristic and becomes a resonant circuit
at the desired frequency, with radiating property. Indeed, as meeting all requirements of the
initial project was physically non feasible with good efficiency, the circuit as proposed represents a
technological compromise between operating frequency (113 MHz), small dimensions though quite
low frequency, and good efficiency. Consequently, there is a reduction in the distance over which
these circuits can be used for remote detection, which can be still interesting depending on the
target application. When compared to the commercial antenna, these circuits offer the advantage
of smaller dimensions, experiencing less interference, and not requiring adjustments for resonance

frequency.

In Fig[i.16] the frequency response can be observed when the two circuits are positioned face
to face and the S-parameters measured with the VNA Planar 304/1 Copper Mountain. Not
surprisingly, the mean value of the S;; magnitude remains close to 0 dB, with several resonance
minima, while the Sa; magnitude is close to —30 dB over the range approximately (80 - 250 MHz),

—50 dB over the full range up to 1 GHz dips, also with resonance peaks. This low value of S3; can
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Figure 4.15: Measured and simulated results for the reflection coefficient of the rectangular spiral
circuits and the sensor operating range.

Table 4.3: Measured and simulated reflection coefficient parameters of the rectangular spiral
circuits

Parameters

Results fo I A | fo [BW] [S4]

MHz dB
Simulated 113.08 | 112.25 | 114.10 | 1.65 | - 20.04

Measured T, | 113.55 | 112.58 | 114.52 | 1.94 | - 16.73

Measured R, | 113.74 | 112.79 | 114.72 | 1.93 | - 16.64

be attributed to radiated electromagnetic energy from the circuit 1 to the circuit 2. In some cases,
a drop in S7; seems to be associated to an increase in Sy, which would be expected for antenna
operation, though with poor quality factor for example at 900 MHz. Near the sensor’s operating
frequency and few other frequency points, it can be noted that both S7; and So; parameters exhibit
a drop, attributed to resonance losses, instead of a peak of energy received by circuit 2. This is not
the ideal situation in terms of efficiency, but the circuits may enable remote sensor readings, based
on the electromagnetic coupling between them. The greater the distance between the circuits,
the lower the energy received measured with S;;. The maximum levels of energy transmission
occur when the circuits are positioned a few centimeters apart from each other. As expected, it
was observed that the preferential direction of radiation is orthogonal to its face. Little energy is
radiated laterally or from its back. Experimental tests were conducted considering the variation

of distance and rotating the circuits.

As there are also sensors operating at 145 MHz, similar circuits were also designed at this
frequency, based on slight reduction of the conductive lines dimensions to achieve a higher resonance

frequency. The experimental characterization results were satisfactory in terms of resonance
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Figure 4.16: (a) Schematic and setup with the LC circuits and (b) S1; and Sa; response of the
T, and R, circuits and with the distance between them varying from 10 (dashed bottom) to
0.5 (dashed top) cm for a bandwidth of 1 GHz .
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frequency, bandwidth, and magnitude of Sy;, as shown in Fig Finally, a good agreement
can be observed between the resonance frequencies of the circuits and the frequency response (S11)

of the sensor.
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Figure 4.17: Frequency response of the LW sensor and the T, and R, circuits at the operating
frequencies of (a) 113 MHz; (b) 145 MHz and circuits and sensors operating in the same region.

It should be noted that the resonance behavior, and thus, the reading and detection system
performances, is strongly influenced by the relative positions of the T, and R, circuits. Indeed, at
far distances (from 2 c¢m) the resonance frequency and magnitude of Si; tend to remain constant,
similar to the measurements above. As the circuits are closer to each other the minimum value of
S11 decreases. The Ss1, on the other hand, shows an increase in energy transmission as a function
of distance. The closer it is, the more energy is transmitted, as seen in Figlf.16] In the next

section, the setup will be discussed with solutions of low and high NaCl concentration.

4.3.1 Coupled measurements

Preliminary results

The proposed experimental bench in coupled configuration for remote measurements with air and
liquid is shown in Fig. f.18 a computer controls the VNA by a USB cable interconnection; the
port 1 of the VNA delivers the 3 dBm radiofrequency signal to feed the transmitter circuit (LC
circuit 1) through a SMA adapter; the backscattering circuit (LC circuit 2) is connected directly
to the load, i.e. the cell with the sensor for its wireless interrogation. The experiment was carried
out in a laboratory environment, outside the anechoic chamber. Two identical rectangular planar
spiral microstrip circuits 7, and R, were used, both with the same target resonance frequency as
the sensor. The distance of 2 cm between the transmitting and backscattering circuits was chosen

to carry out the experiment. After SOL calibration and circuit alignment, the test cell and sensor
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assembly described in the Chapter 3 were connected to the backscattering circuit R,.
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Figure 4.18: (a) Schematic of the coupled experimental setup for wireless measurement of the
LW sensor; (b) Experimental setup: Two identical resonant circuits were used, one of which was
connected to the test cell containing the LW sensor; (c¢) Illustration of the magnitude and frequency
shifts in the S1; paramater as wirelessly measured when liquid is added in the LW sensor surface.

For this setup, the two sets of circuits and the two sensors at 113 MHz and 145 MHz were used.
Four configurations were evaluated, based on matched and unmatched resonance frequency between
the circuits and the LW sensor as shown in the Tab. [£:4] in order to understand the influence of
the liquid over a wide band, including the operating range of the sensor. Five measurements were

performed in two experimental sequences with air and NaCl solution for each configuration.

In this experiment, only a saturated solution with a conductivity of 240 mS/cm was employed.
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Table 4.4: Coupled Measurements configurations

Setup Configurations | Sensor 113 MHz | Sensor 145 MHz

Microstrip 113 MHz (a) Matched (b) Mismatched

Microstrip 145 MHz (¢) Mismatched (d) Matched

The tests with these four configurations were carried out in two sessions on two different days.
All manipulations exhibited good reproducibility, provided no change in the setup such as in the
distance between the circuits, which was a goal of these circuits compared to more conventional
antennas. Compared to previous telescopic antennas, the use of circuits provided greater immunity
to interference, gave more stability in frequency adjustment and presents a more compact system in
terms of dimensions. Typical results are synthesized in Fig/f.19 and Fig[4.20} It can be observed a
variation in frequency and magnitude of S1; due to the liquid injection, only when the set of circuits
and sensor are in a matched configuration (same resonance frequency). The variation in magnitude
is clearly highlighted in the dedicated curves at the low part of each figure. This conclusion related
to the changes in frequency and magnitude is also clearly supported by consolidated data presented
in TabJ4.5] demonstrated by another experimental sequence. This table represent the Sy values
in terms of magnitude and frequency, with air, DI water and concentrated NaCl solution, at the

two operating frequencies of the LW sensors used which a good reproducibility was achieved.

These variations upon addition of the NaCl solution are explained by the influence of the
solution permittivity and conductivity, which affects the impedance on the sensor side, and
consequently, the impedance seen by the reader, as previously presented. In this configuration
based on the resonant circuits, it can be clearly observed that, when the circuits operate unmatched
with the sensor, there is no variation in frequency, and the variation of Si; is smaller and not
reproducible. On the basis of these preliminary results, this setup with the circuits and LW

sensors at 113 MHz will be discussed in the next section.
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Figure 4.19: Experimental coupled wireless LW sensor characterization with two identical resonant
circuits at 113 MHz, the backscattering one connected to the test cell containing the LW sensor at
113 MHz (left) and 145 MHz (right).
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Figure 4.20: Experimental coupled wireless LW sensor characterization with two identical resonant
circuits at 145 MHz, the backscattering one connected to the test cell containing the LW sensors
at 113 MHz (left) and 145 MHz (right).



Table 4.5: Coupled measurements - results for all configurations (distance 2 cm between T, and R, circuits)

Setup Configutations

Sensor 113 MHz

Sensor 145 MHz

Circuit 113 MHz

| 511 (dB) | Ag,, (dB) [ Frequency (MHz) [ Ay (MHz)

| 511 (dB) | Ag,, (dB) [ Frequency (MHz) [ Ay (MHz)

Region 113 MHz

Region 145 MHz

Air -15.84 0 113.943 0 Air -14.12 0 114.186 0
‘Water -15.43 0.41 114.000 0.057 ‘Water -14.10 0.02 114.186 0
‘Water /Salt -15.16 0.68 114.024 0.081 Water/Salt -14.09 0.03 114.186 0
Circuit 145 MHz Si1 (dB) | Ag,, (dB) | Frequency (MHz) | Ay (MHz) S (dB) | Ag,, (dB) | Frequency (MHz) | Ay (MHz)
Region 113 MHz Region 145 MHz

Air -18.91 0 145.866 0 Air -18.06 0 145.785 0

‘Water -18.58 0.33 145.866 0 ‘Water -17.93 0.13 145.830 0.045

Water /Salt -18.30 0.61 145.866 0 Water /Salt -17.89 0.17 145.866 0.081
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Influence of NaCl concentration

The rectangular spiral patch circuit consists not only of inductance but also of parasitic resistance
and capacitance, which can be represented by lumped RLC elements considering the desired
resonance frequency and parasitic capacitance. The inductance of the circuit can be determined by
the geometric parameters of the conductor, while its capacitance is related to the distance between
the conductive traces and to the dielectric properties of the substrate. Physical measurements that
alter these geometric and dielectric parameters will consequently change the values of inductance
and/or capacitance of the circuit, which in turn causes a change in the magnitude and frequency
of S11. In this sense, when the LC-based circuit is connected to the LW sensor, the level of S7; can

be measured by tracking the resonance frequency using another similar external reading circuit.

In the previous experiment, it was observed that the system responds with variations in
frequency and magnitude of S1; when employing a dual-circuit configuration. Up to this point,
all wireless experiments were conducted in air, D.I. water or NaCl solution with the highest
conductivity. Thus far, wireless detection of the presence or absence of high conductive liquid on
the sensor surface has been achievable. The set of circuits operating at 113 MHz was selected for the
experiments because initial tests were conducted using telescopic antennas at the same frequency.
Furthermore, the preliminary results of the wireless system with the 113 MHz circuits exhibited
greater variation in the S-parameters compared to the configuration at 145 MHz when saturated
NaCl solution was added onto the sensor surface. In this section, the same experimental setup is
used, along with the same calibration and test protocols as described in Chapter 3, with air, DI.
water and the eight prepared solutions at different NaCl concentrations with conductivity ranging
from the order of puS/cm to mS/cm, as those used in wired experiments. The distance between
the T, and R, circuits was slightly reduced to 1 cm in order to increase the Si; sensitivity and
facilitate the results analysis. All experiments were carried out under temperature and humidity
at 20°C and 53.2%, respectively. This setup is illustrated in Fig featuring a VNA as the
reader, connected to a T, circuit. Another R, circuit is connected to the sensor terminals. A 50
load is connected to the sensor’s output terminal. NaCl solutions of varying concentrations were
deposited onto the sensor surface, and S7; measurements were conducted using the same protocol

outlined in Chapter 3.

The frequency response of the system can be observed in Fig With increasing
concentration, thus increasing conductivity and decreasing permittivity of the solution, a change

in frequency and magnitude of S;; was observed. The results demonstrate that the frequency and
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Figure 4.21: (a) LW sensor wireless measurement setup; (b) set of eight solutions of NaCl at
different concentrations

magnitude of the system will change (with the higher conductivity solution) by approximately
- 1.80 MHz and 3.12 dB, respectively. The system provides a solution for remote detection (non-
contact and short-range) of NaCl solutions using the LW sensor. The system response was obtained

based on the relationship between the NaCl solutions, the magnitude of S1; and the frequency.
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Figure 4.22: Measured Sy for different concentrations of NaCl sample solutions (7, and R, circuits
and LW sensor at 113 MHz, distance 1 cm).

In Tab. the consolidated results are presented, considering the physical characteristics
of various concentrations of solutions (focus on conductivity and permittivity), along with the

magnitude and frequency of S7; for this wireless system.

In Fig. [4.23] a comparison is presented in terms of the magnitude of S1; and frequency shift for
the experiments as a function of the electrical conductivity of the solutions. Compared to classic

wireless systems with passive sensors based on SAW signals (only the acoustic reflection signals),
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Table 4.6: Coupled measurements - results

Medium Coajéjcctlilv)lty Permittivity | S1; (dB) | Frequency (MHz)
Air 0.009 1 -17.25 112.164
Water DI 10 80.6 -14.36 111.846
Water/Salt (0.465 g/L) 912 80.2 -15.37 111.683
Water /Salt (0.800 g/L) 1525 80.1 16.11 111.663
Water/Salt (1.240 g/L) 2388 80.08 -16.28 111.682
Water/Salt (2.456 g/L) 3856 80 -16.07 111.666
Water/Salt (30 g/L) 41700 74.0 -14.55 111.121
Water/Salt (120 g/L) 132200 60.9 11.80 110.742
Water/Salt (240 g/L) 205100 i85 1127 110.299
Water/Salt (360 g/L) 240000 39.8 -11.24 110.064

electromagnetically coupled wireless systems offer a simpler configuration due to the integration
possibility of a low-complexity PCB-based resonator circuit. Furthermore, it can be observed more
variations with the wireless configuration as the solution becomes more concentrated, thus more
different from the reference medium, which may be attributed to the impact of the shape of the
circuits resonance itself, added to the sensor response. However, a notable limitation is that the
interrogation distance is constrained to a few centimeters, as the spiral or rectangular circuit must
be positioned within the near region of the reader and considering the quite low frequency which

prevents from using antennas compatible with low dimensions.
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Figure 4.23: Wired and wireless systems results: (a) Magnitude of Si1; (b) Frequency as a function
of the solution electrical conductivity.

The rectangular PDMS cavity for the sensor IDTs is difficult to fill completely without
introducing experimental errors. With the micropipette, although reliable, it can introduces
mechanical disturbances, and even the use of DI water to dilute the residual solution leaves salt
particles on the surface of the sensor. The system remains susceptible to these errors despite
good fixation. However, it does not compromise the experimental reproducibility if the protocol is

followed.
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The experimental setup for measuring RCS, as described earlier, was also replicated, with the

circuits replacing the antennas. This will be detailed in the next subsection.

4.3.2 Distanced measurements

Fig[4.24) presents the experimental setup in bistatic configuration. Similarly to previous setups, a
computer (1) controls the Copper Mountain TR 1300/1 (VNA) (300 kHz - 1.3 GHz) (2). VNA
port 1 sends a 3 dBm radio frequency continuous wave (CW) to the T}, circuit (3). The backscatter
circuit (5) is connected directly to the test cell with the LW sensor (6), both elements constitute
the target. The R, circuit (4) is connected to port 2 of the VNA. A SOLT calibration is performed
before connecting circuits (3) and (4). After SOLT calibration, the T, and R, circuits are connected
to the VNA, the test cell and sensor are assembled and connected to the backscattering circuit (5)
as presented in Fig. To perform the experiment, a distance of 2 cm is chosen between the

backscattering circuit and each one of both facing ones, T, and R,.

Love wave sensor

1 Acoustic wave
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Figure 4.24: Experimental setup for bistatic configuration in CW using the VNA: (a) Schematic ;
(b) Pictures of the setup with the LW-based sensor under test and illustration of liquid handling.

The magnitude of the Scattering Level (SLl), defined as the Sp; parameter measured by the
VNA according to the setup presented in Fig[f:24] is shown in Fig[f.25] over a bandwidth of
1.3 GHz [221], [222]. The SL signal represents the energy reflected by the target, as measured by
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VNA port 2, from the emitted energy sent by VNA port 1, thus passing through the 3 circuits.
A measurable and reproducible shift of the SL from the air medium to saturated NaCl solution
can be observed from the mean and standard deviation of 5 samples in the range close to the
sensor operating frequency. An average shift from -73.27 dB to -73.63 dB in magnitude, and from
115.100 MHz to 114.950 MHz in frequency, was measured. Thus, a mean variation and a standard
deviation in magnitude and frequency of -0.35 dB (0 = 0.05 dB) and -150 kHz (o = 21.3 kHz)
from the bare sensor to the saturated NaCl solution can be deduced, respectively. It was noticed
that the addition of saline water affected other frequency bands, but this region was the only one
over the full bandwidth where the SL signal was obtained with a reproducible change and with a

variation in magnitude.

In order to estimate a RCS value, the standard metal plate used as a reference with dimensions
of 40 cm x 10 cm has a theoretical RCS of —25.08 dBsm, as in [205]. Based on this value, and using
the equation [£.4] the calculated average RCS values are —22.12 dBsm in ambient air condition and

—22.42 dBsm in presence of the liquid, as shown in Fig. [4.25
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Figure 4.25: LW sensor responses based on 5 wireless measurements of SL for a distance of 2 cm
between the backscattering circuit and circuits connected to the VNA, with air and saturated salt
solution: (a) Wide frequency band response; (b) Focus on the shift of the lowest resonance mode
close to the sensor operation frequency; (¢) Magnitude of the calculated RCS.

From the results of RCS, gain of the reader, T, power, considering —50 dBm as the minimum

detectable signal, and using the radar equation in , we calculate the maximum reading distance
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for this configuration to be around 1.2 m. Thus, the experiment was also performed with a 40 cm
distance between the reader and the target. In this case, the value of RCS remained the same

(ratio of energies) although the received energy decreased due to greater distance.

The addition of saline solution in this configuration with three circuits produced RCS variations
in the same order of magnitude as in the configuration with three telescopic antennas, regardless
of distance. Compared to the configuration with two circuits at a shorter distance using the same
circuits, this configuration did not present variations in the signals that would allow the solutions
to be classified. However, detection of the liquid is still possible. The addition of saturated NaCl
solution onto the LW sensor modified the input impedance of the sensor with a variation similar

to that found in previous experiments with different T), and R, circuits and antennas [197].

Table 4.7: Experimental results with three circuits

Bistatic Configuration
Parameter/Distance 2 cm 40 cm
Magnitude of SL 4, -73.27 dB -78.16 dB

Magnitude of SL(sorution) -73.63 dB -78.36 dB
ASL -0.35 dB -0.30 dB
RCS(4ir) -22.12 dBsm | -25.50 dBsm
RCS(sotution) -22.42 dBsm | -25.85 dBsm
ARCS 0.30 dBsm 0.35 dBsm

Such circuit-based setup offers the advantages of not using coaxial cables between the reader and
the sensor, being carried out outside the anechoic chamber and having more robust adjustment of
the link frequency to the sensor frequency. From this, we observed a minimization of measurement
errors, an improvement in reproducibility, and a decrease in the time needed to perform the

experiment when compared to the previous ones.

The RCS values calculated in this work have the same order of magnitude as the works used
as reference [197], [198]. In [198], for example, a chipless RFID tag was interrogated at a distance
of 20 cm, which exhibited a RCS around —24.50 dBsm. Typically, with passive sensors and RCS
measurements, these systems are used to measure temperature, humidity, and gas concentration.
The levels of the transmission coefficient depend on the characteristics of the wireless system (75
power of the reader, minimum value detectable by the receiver, frequency, and characteristics of
the circuits). In this work, it is shown experimentally that the difference in the measured RCS is
related to the addition of salted liquid onto the sensor surface, which modifies the impedance seen

by the reader.

However, detecting the level of variation in the RCS is not encouraging for a more thorough
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detection. Remote sensing can be performed by measuring the RCS with the bistatic configuration,
although some improvements can be performed in the system, such as greater isolation between T
and R, increased gain, and directivity of the T, and R, circuits. One of the main disadvantages
of RCS-based systems is that they require a well-calibrated environment for their operation and
measurement reliability. As soon as the operating frequencies are close to or contained in known
commercial frequencies (such as radio, TV, Wifi, etc.), calibration becomes a challenge. If the
calibration is not carried out properly or in case of interferences, a post-processing effort will be

necessary.

A bistatic experimental setup was presented to measure the RCS of a LW sensor and detect
liquid onto its surface. This work was performed on a laboratory bench, with interests in
terms of wireless measurement, as well as without the need for an anechoic chamber. Improved
reproducibility, ease of assembly, reduction of the time needed to carry out the experiment, and

reduction of measurement errors were some of the advantages of this setup.

In Tab. several characteristics can be observed from the results of the wireless reading

configurations of systems with the LW sensor associated with antennas and circuits.

Table 4.8: Comparison between the experimental setups carried out

Experimental configurations used
Characteristics | Sensor associated with antennas Sensor associated with circuits
Reproducibility Worse Better
Tx/Rx Dimensions Larger size Smaller size
Experiment time Longer time Shortest time
Interferences More interference Less interference
Setup structure Larger setup Compact setup
Reading Range Up to 40 cm Order 1 cm
Presence of liquid Detection Detection up to 40 cm and Classification at 1 cm

From an experimental setup with the T, and R, circuits, it is possible to achieve better
reproducibility, with smaller transmission and reception circuit sizes comparable to the dimension
of the test cell and sensor, shorter experiment duration, with a more compact system that allows
detection and classification of NaCl solutions. However, the maximum reading distance is shorter
compared to the experimental setup with antennas. In the conclusions, we revisit this discussion,
and in the outlook, we will outline future directions to optimize this wireless reading system for

LW sensors and other passive sensors of similar nature.




104 CHAPTER 4. PASSIVE WIRELESS LOVE WAVE SENSOR SYSTEM

4.4 Chapter conclusion

The purpose of IoT is focused on providing thousands of small devices that can work together for
a common purpose. Among these devices, sensors with wireless communication capabilities are
gaining ground. Many sensors have been extensively researched to monitor parameters in various
environments, but their practical use has been limited due to battery power dependence. Typical
wireless passive sensors can be divided into SAW, RFID, and RF-powered LC sensor. SAW sensors
can be used for wireless monitoring in aggressive environments, particularly LW sensors in liquid
detection. In this sense, the development of wireless measurement has attracted significant interest

and with increasing prospects in the coming decades.

From experimental procedures, it was found to be possible to wirelessly detect passive LW
sensors, without a battery and without the use of energy harvesting circuitry. Experimental setups
based on backscattering and target RCS measurement were conducted. From these results, it was
observed the capability of detecting and classifying the NaCl solutions with different conductivities
and permittivities and how these physical properties modify the sensor’s input impedance. It was
demonstrated that it is possible to utilize the electromagnetic response of the acoustic sensor,

enabling multiparametric measurement.

The proposed solutions have advantages and disadvantages. Limitation regarding operating
frequency remains a challenge when aiming for wireless readings at distances of the order of meters
or more, especially when aiming for a compact system with dimensions compatible with the sensor’s
size. Systems implemented with commercial antennas have a greater detection range, but do not
allow for solution classification. In contrast, the system that uses transmission and reception
resonant planar circuits has compact dimensions to be used along with the sensor, but with reduced
reading distance. This configuration also allows for a reduction in the physical structure for
performing experiments, improving reproducibility, handling time, and enabling operation outside
the anechoic chamber. The performed systems do not employ modulation techniques, which makes
them simpler, and with low levels of transmission energy. Among the experiments performed, those
using circuits exhibit more consistency and robustness. Finally, it was possible to classify NaCl
solutions over a wide range of conductivities based on frequency and magnitude shifts of the

reflection coefficient, caused by variations in the sensor’s impedance as observed by the reader.



Prospects

The LW sensor, as characterized and experimented with, exhibits promising behavior in wireless
detection of electrical parameters of liquids and shows good potential for short-range applications.
Meanwhile, several characteristics of the system could be improved. The system presents some

limitations and prospects for improvement can still be considered, including;:

e Multiparametric wireless system: new experimental setups can be performed to take
advantage of the enriched approach (electromagnetic and acoustic responses) of the sensor
and simultaneously measure the influence of the mechanical and electrical parameters of the
liquid using a reflector-based LW device , as shown in Figl4.26] This prospective system
proposal consists of a LW sensor structured with a reflective delay, two antennas, and
a network analyzer serving as the reader. When the input IDT on the sensor receives
electromagnetic energy from the VNA via an antenna, a LW wave is generated in the
waveguide layer and propagates towards the reflectors. The choice of substrate material and
waveguide layer material affects the efficiency through the electromechanical coefficient k2.
The propagation of the LW wave is partially reflected by the reflectors and converted back into
electromagnetic energy waves by the IDT, then transmitted to the interrogation unit through
the antenna. A high value of k2 allows for greater energy conversion efficiency, facilitating
lower overall transmission loss which is of importance for both forward and backward wave
travels. Consequently, this favors an increased sensitivity to the mechanical parameters of the
liquid. Conversely, a low value of k? leads to low energy conversion efficiency at the input IDT,
reflecting much of the electromagnetic energy and converting less energy into acoustic energy.
This lower value favors sensitivity to the electrical parameters of the liquid. Therefore, the
selection of materials and the thicknesses of the layers composing the sensor based on an
intermediate value of k? (with both high and low efficiency aspects) and appropriate acoustic
path for low acoustic losses, may enable the simultaneous detection of the electrical and

mechanical properties of the liquid.

By utilizing a PDMS chip with two distinct cavities, samples of the same liquid can be

separated, allowing for the evaluation of the influence of its physical properties (electrical and
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mechanical) on the sensor. With such a device, while conductivity and permittivity primarily
affect the input IDT, viscosity and density induce a change in wave velocity, resulting in phase
and magnitude changes of the reflected acoustic peak. By assessing the signals in magnitude
and frequency at different times, the physical parameters of the liquid could be determined

separately.
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Figure 4.26: (a) Schematic of a multiparameter wireless system utilizing SAW devices. From
the sensor input, it is possible to extract both the electromagnetic and mechanical responses and
associate them with the corresponding properties of the measured fluid sample; (b) Cross section
view of the sensor: substrate, guiding layer, PDMS chip and liquid sample.

e Other liquids: new experimental campaigns can explore the influence of other saline
solutions on the sensor surface in order to classify which type of salt was deposited. A
distinction between salts with similar conductivities but different permittivities (and vice
versa) can be made. The same can be achieved by relating to the density and viscosity of the
solutions. At certain intervals, the sensor can be applied as an electronic tongue, as shown in
Fig[4.27 If another reflector is designed on the opposite side of the sensor, it is also possible
to deposit another liquid of a different nature from the first one and verify its influence on
the acoustic parameters of the wave. These signals can be separated and identified in time,
where the fastest signal (the electromagnetic one) is observed approximately at ~ 0 u s, and
the other acoustic signals can be visualized with delays of a few microseconds depending on
the position where the other reflectors were built. If a third sensitive layer is added to the
sensor, it can adsorb specific biomolecules. In this regard, the mechanical characterization
of two liquids in the acoustic path between the IDT and the reflector and the electrical

characterization of what is chosen to be deposited on the IDT could take place.
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Figure 4.27: (a) Schematic view of a multiparameter wireless system for more than one liquid
deposited onto the sensor surface: expected acoustic reflection peaks in relation for two different
liquids in the acoustic path/reflectors and the electromagnetic reflection in the input IDT; (b) Cross
section view of the sensor: substrate, guide layer, PDMS and liquid.

¢ Reading Range: the more the sensor reflects electromagnetic energy, the farther it can

be remotely read. Changes in the design of IDT structures, optimization of the thin SiO,
layer, or even in an earlier circuit to be coupled to the input IDT can improve the reflection

coefficient and the sensor response.

Size: although the transmission and reception circuits have dimensions compatible with those
of the test cell, they have low efficiency and energy radiation. Work with a sensor at higher
frequencies can reduce the size of the structure required for interrogation. Consequently, a

better compromise between losses and dimensions can be found.

Antennas: the operating frequency limits the compromise between antenna size and
efficiency for VHF frequencies when compared to typical frequencies at 433 MHz, 900 MHz,
and 2.45 GHz. A study on new antenna designs can be carried out, especially aiming at the
limit of obtaining antennas compatible with the sensor dimensions and offering more power.

If the target operates at a higher frequency, the use of commercial antennas becomes more

viable.

Sensor network: the measurements carried out were limited to interrogating a single sensor
at a time. An experimental setup with two or more sensors can be considered, combining

identification and measurement in the same interrogation. In this sense, the use of broadband
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antennas or even antennas with reconfigurable resonance frequency may be interesting, as

shown in Fig[4.2§
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Figure 4.28: Wireless system of multiple LW sensors

¢ Presence of restrictions: although the wired system is robust and presents better
reproducibility when compared to the wireless one, a study on mechanical impact, different
measurement positions, and the use of another liquid insertion protocol into the sensor can

be performed.



Conclusions

A wireless system utilizing LW sensors was at the core of this manuscript. The subject of this thesis
provided a multidisciplinary approach by addressing topics of electromagnetic and acoustic nature,
as well as wired and wireless instrumentation, along with physical properties of liquids. Starting
from an already designed LW sensor, it was characterized and simulated in wired configuration.
Based on its electromagnetic response, it was then integrated into a wireless system for passive
detection when solutions of NaCl at varying concentrations were deposited onto the sensor surface.

These approaches were disseminated in some scientific communications.

The IoT market is currently experiencing significant growth, particularly in domains with hostile
environments and healthcare. Among these fields, sensors applied in gas detection have already
demonstrated their feasibility. However, the application of sensors in liquid environments remains
an area to be explored. In this context, LW sensors emerge as a relevant approach, particularly due
to their passive nature. The sensitivity of wave velocity to certain external parameters gives rise to
and defines the function of these sensors. Given the appropriate configuration and protocols, these
devices can be passively and wirelessly interrogated. Several studies have confirmed the feasibility
of wireless measurement using the sensor’s acoustic response. However, no work has attempted
to consider its electromagnetic response as well. LW sensors used and mentioned in the literature
have already demonstrated their potential in liquid detection, especially of biochemical species,
and recent work addresses their multiparametric characteristic. Only the approach using wired
interrogation electronics has been verified. In this direction, a wireless system has been proposed
aiming at criteria such as wireless and passive reading utilizing the LW sensor. Propositions
for wireless interrogation strategies were then proposed. The selection of systems was initially
justified based on the ease of implementing the wireless system, as well as the operating frequency

and typical sensor response.

Constructive details of the sensor and its application in liquid media were discussed.
Highlighting its multiparametric characteristic, an experimental setup and appropriate
measurement protocol were proposed for extracting the acoustic and electromagnetic response
of the sensor. From NaCl solutions, it was demonstrated that the LW sensor is suitable not only

for providing sensitivity based on the mechanical parameters of a liquid but also as a function of
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the variation in its electrical properties. These characterizations were performed using a VNA and
showed a shift in the magnitude of the reflection and transmission coefficients as a function of the
concentration of NaCl solutions. The liquid was deposited across the entire surface of the sensor
using a long PDMS that allowed interaction with the sensor’s IDTs and thus affected the input
impedance. Due to the difference in the propagation time of electromagnetic and acoustic waves
in the sensor, it was possible to isolate the electromagnetic wave and obtain a variation in this
impedance as the main characteristic and key element for investigating the feasibility of wireless
detection. The LW sensor was then validated in a wired configuration for use in the detection and

classification of NaCl solutions.

The state of the art allowed for a discussion of the advantages and disadvantages of different
wireless strategies. Initially, the RCS measurement strategy with commercial antennas was
used for the remote detection of a liquid on the LW sensor surface. Although detection was
possible, classification was not achievable, and the system lacked greater reproducibility and lower
interference. In this sense, circuits were proposed and fabricated to perform this reading. With
dimensions compatible with the measurement cell and sensor, they were added to the wireless

system and the final measurement was obtained.

Detections were possible for distances of up to 40 cm. Sensitivity was observed to the
concentration of NaCl solutions at a distance of 1 cm. The developed system stands out from
the state-of-the-art because it presents some advantages:

e Wireless connection to transmission and reception circuits

o Passive, no battery required

e Operating at a frequency of 113 MHz, atypical frequency for wireless connection of objects

o Utilizing the electromagnetic response of a LW sensor, further exploring the typical acoustic

response of the sensor

o Interrogation with the VNA, without the need for modulation and demodulation techniques

of signals

o Instrumentation and measurement protocol validated for the application in liquid media

e Measurements carried out outside an anechoic chamber, in a real environment.

The wireless system presented here is a first step considering the LW sensor as the target.

Ahead, its sensitivity to various parameters can be leveraged for broader applications involving
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wireless detection of acoustic response, at different operating frequencies and longer distances. The
developments made in this work can be utilized in future studies. Lastly, this system may also be

useful for other applications involving different substances.
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Annex 1

Piezoelectricity

The direct piezoelectric effect was predicted and verified in 1880 by the brothers P. and J.
Curie in certain materials such as quartz. It is the natural ability of some materials to generate
an electric voltage under the action of mechanical stress 7 . The existence of the inverse
effect was predicted the following year by G. Lippmann and confirmed by the Curie brothers .
Materials such as quartz, tourmaline, and topaz allow the observation of this phenomenon. This
effect only manifests itself in crystals whose elementary cell lacks a center of symmetry. The effect
of a mechanical action can thus create an electric dipole in each mesh of the material from the

displacements of the barycenters of positive and negative charges, as shown in Fig[4.29]

Figure 4.29: Tllustration of the principle of piezoelectricity: appearance of an electrical polarization
under the action of a deformation [163]

The first application of piezoelectricity took place during the First World War with the invention
of the sonar by P. Langevin . The first quartz oscillators were subsequently discovered by W.
Cady in the 1920s, followed by extensive findings related to the phenomenon of direct and inverse
piezoelectricity. A quartz oscillator is an electromechanical device and also an electronic oscillator
circuit. It utilizes the mechanical resonance of a vibrating crystal, which is made of a piezoelectric
material. This process enables the oscillator to generate and obtain an electrical signal with high
precision frequency. To this day, these phenomena are part of our daily lives, such as in pressure

sensors in the aeronautics and automotive industries. It is also possible to find their inverse effect in
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the positioning systems of printers and atomic force microscopes. Finally, there are other systems

that combine both direct and inverse effects, as is the case with SAW devices.
Generation of acoustic waves

In very general terms, a wave corresponds to the propagation of energy in a material or
immaterial environment. In our case, we focus only on mechanical (or acoustic) waves that
propagate with a velocity and an amplitude dependent on the material medium. If the material
medium has an elastic (or acoustic) behavior, meaning that the disturbance generates a reversible
variation in the properties of the medium, the waves are called acoustic. Vibrations in a steel

string and a seismic wave are two examples.

In this sense, two main types of waves can propagate: BAW (when propagation occurs within
the material) and SAW (if propagation remains at the interface). Within the family of BAW, there

are still two distinct categories, as shown in Fig. [£-30}
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Figure 4.30: Acoustic polarization’s of waves H

o longitudinal waves: energy moves parallel to the direction of wave propagation, creating a

succession of compression-expansion zones and causing a back-and-forth motion.

o transverse or shear waves: energy moves perpendicular to the direction of wave propagation,
inducing a vertical and horizontal particle movement in the medium for transverse and shear

waves, respectively.

There are also other waves that can propagate on the surface, the most well-known being:

e shear horizontal waves: emanate from their equivalent volume subject to surface boundary

conditions leading to damping in depth.
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¢ Rayleigh waves: has both longitudinal and vertical shear components, resulting in an elliptical
trajectory of surface particles and a rapid decay of particle oscillation with depth into the

substrate.

o Love waves: correspond to a purely shear horizontal wave in a thin layer (a few pm) deposited

on the surface of a semi-infinite medium, as shown in Fig. .
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Figure 4.31: Propagation of Love waves: [185]

The propagation of surface acoustic waves in piezoelectric materials is governed by a coupling
between the equations of motion and the equations of the electric field, in a relationship involving

Hooke’s Law and Maxwell’s equations, according to

Tij = CijkiSki — erijEx (4.6)

Di = eilekl + EijEj.
Here, T;; represents the components of the mechanical stress tensor, Cj;i; is the elasticity tensor,
eri; is the piezoelectric tensor, €;; is the electric permittivity tensor, Ej, is the electric field tensor,

Sk is the strain tensor, and finally, D; is the electrical displacement tensor |160].
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Some physical properties of NaCl

solutions

A.1 Dielectric parameters

Concentration

(mol/L) &, +&.* T (ps) +1¥(ps) % +o* a; (S/m) +a* RMSE
0.001 80.6 0.1 9.16 0.08 0.005 0.003 0.01 0.00 0.36
0.005 80.0 0.1 9.21 0.08 0.002 0.003 0.05 0.00 0.36
0.01 80.1 0.1 9.25 0.08 0.001 0.003 0.11 0.00 0.36
0.03 80.2 0.1 9.37 0.10 0.001 0.003 0.30 0.00 0.44
0.05 80.1 0.1 9.37 0.12 0.002 0.004 0.49 0.00 0.54
0.07 78.9 02 9.12 0.16 0.005 0.006 0.72 0.00 0.72
0.09 78.4 02 9.18 0.19 0.005 0.007 0.94 0.00 0.86
0.1 78.2 02 9.08 0.20 0.006 0.008 0.96 0.00 0.92
0.2 77.0 02 8.98 0.10 0.009 0.004 1.83 0.01 0.44
0.5 74.0 02 8.91 0.13 0.023 0.006 4.17 0.01 0.53
0.7 724 02 8.80 0.15 0.023 0.006 5.64 0.01 0.57
0.9 70.1 02 8.50 0.14 0.038 0.006 7.04 0.01 0.54
1 68.7 02 8.55 0.16 0.038 0.006 7.76 0.01 0.61
1.5 65.3 03 8.44 0.21 0.040 0.009 10.54 0.01 0.72
2 60.9 03 8.13 0.26 0.065 0.011 13.22 0.02 0.81
25 56.8 04 8.01 0.34 0.085 0.015 15.85 0.02 0.95
3 53.8 04 7.95 0.41 0.104 0.018 17.53 0.02 1.04
35 50.5 0.3 7.86 0.51 0.125 0.022 19.48 0.02 1.14
4 48.5 0.5 7.89 0.58 0.147 0.024 20.51 0.02 1.19
4.5 46.1 0.6 7.98 0.70 0.175 0.028 21.62 0.03 1.26
5 439 0.7 8.13 0.85 0.207 0.032 22.33 0.03 1.31

Figure A.1: Dielectric parameters of different NaCl solutions at 20°C using the Cole-Cole Model
[175]
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A.2 Viscosity

VISCDSITY OF ROUEDUS NACL SOLUTIONS
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Figure A.2: Viscosity of NaCl solutions as a function of the concentration (A, B, C, D, E, F, G, H
I,J, K, L M, N, P)= (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150) °C |176
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A.3 Density

m fmol'kg(HQO}_l T=10.0°C T=250°C T=400°C T=550°C T=700° TI=850°C

0.1 1.00399 1.00116 0.99622 0.989¢64 098168 0.97234
0.2 1.00822 1.00520 1.00016 0.99332 0.98334 0.97640
03 1.01239 1.00921 1.00406 0.99736 0.98936 0.98022
0.4 1.01651 1.01317 1.00792 1.00117 0.99315 0.98401
0.5 1.02059 1.01709 1.01175 1.00495 0.99690 0.98776
0.6 1.02463 1.02098 1.01555 1.00867 1.00062 0.99148
0.7 1.02864 1.02483 1.01931 1.01240 1.00431 0.99317
0.8 1.03260 1.02866 1.02305 1.01609 1.00797 0.99883
0.9 1.03653 1.03245 1.02676 1.01975 1.01161 1.00247
1.0 1.04043 1.03621 1.03043 1.02338 1.01522 1.00607
12 1.04812 1.04366 1.03771 1.03036 1.02235 1.01321
14 1.03569 1.05096 1.04488 1.03764 1.02939 1.02024
1.6 1.06313 1.05817 1.05194 1.04462 1.03633 1.02717
18 1.07044 1.06527 1.05890 1.05150 1.04317 1.03400
2.0 1.07765 1.07227 1.06577 1.05829 1.04992 1.04075
25 1.09517 1.08932 1.08253 1.07486 1.06640 1.03721
3.0 1.11203 1.10579 1.09873 1.09090 1.08235 1.07313
35 1.12829 1.12170 1.11440 1.10642 1.09778 1.08854
4.0 1.14398 1.13709 1.12958 1.12145 1.11274 1.10347
45 1.13915 1.15199 1.14428 1.13602 1.12724 1.11795
3.0 1.17385 1.16644 1.15854 1.15016 1.14130 1.13200
3.5 1.18811 1.18048 1.17239 1.16388 1.15496 1.14564
6.0 1.20198 1.19412 1.18585 1.17721 1.16822 1.15891

Figure A.3: Values of the density of NaCl solutions as a function of the concentration and

temperature .
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