Chapter 1

Introduction to RFID

In this chapter, we will present the RFID technology from a general point of view. A brief historical review will allow us to go back over the applications and the development context of the first RFID systems until the latest advances. The different major RFID technologies will be breifly reviewed. A section on the challenges of RFID will be done to understand the enthusiasm around this technology and the context of this thesis.

History of RFID

RFID (for Radio Frequency IDdentification) is an identification (ID) technology based on the use of radio waves. Traditional radar applications allow the detection of a target presence, position and/or velocity. Classical architectures are composed of one or several antennas able to emit an electromagnetic wave towards the target and receive the backscattered field. Backscattering RFID applications based on this principle are used for identification and sensing purposes. In such a case, the main difference with traditional radar applications is the use of a known target that has been designed for encoding information. The first application of this technology dates back to the Second World War with the identification of planes "Friend or Foe" [1]. This application consisted in equipping the planes with a radio frequency transponder allowing them to emit a coded signal when the plane was illuminated with an electromagnetic wave from a radar. Thus, the ground could recover this signal and compare it with a database to judge the hostility of the plane. In parallel, from the beginning of the 1900s until the cold war, Léon Theremin's works were also at the origin of the physical concepts which are still used by the RFID technology today [2]. Thusly, in the early 1900s, we find a contactless musical instrument called "Thereminvox" which uses wirelessly the position of the hand of the musician to produce a sound (see Fig. 1.1) or the passive spy system called "The Great Seal bug". The latter was offered as a gift by the USSR to the American embassy during the cold war (see Fig. 1.1). When impinged by a continuous wave (emitted outside the embassy), this passive device was able modulate its backscattered field as a function of the audio signal present in the vicinity of the bug. Due to the planarity of the device, it remains undetected during a period of 6 years.

RFID was then democratized with consumer applications such as the anti-theft system (EAS) present in supermarkets, passport identification, access/transportation cards or even animal identification [3]. The RFID anti-theft system (EAS) in supermarkets was the first major commercial use of RFID technology. Today several classes of RFID were developed to answer very specific problems [4]. We can find tags with a chip and with a battery for the remote toll, tags with a chip but without a battery in the identification of passports, or tags without a battery and chip for anti-theft systems, ... An illustration of these example is given in Fig. 1.3. Also, a brief description of the RFID solutions is given in Fig. 1.2. This manuscript will focus on the chipless technology uinsg REP (RF Encoding 

Current market and challenges

RFID technology has exploded in recent years. This section aims to understand why such a boom has been possible by briefly looking at the issues that this technology can claim as well as its current market.

Current market

The global RFID market was valued at US $ 2.13 billion in 2009, US $ 10.87 billion in 2020 [5,6] and is expected to reach US $ 14.42 billion by 2026 and US $ 35.6 billion by 2030 [7]. This market is composed of the sale of tags, readers but also services/softwares. The most common uses of RFID technology are tracking goods in the supply chain, tracking shipped objects, or for security purposes (anti-thief systems in shops or authorization badge). The second most important user of RFID technologies is the military (see Fig. 1.4). In Fig. 1.5, it is possible to see the estimated growing interest in RFID with an exponential growth in the last years. This estimation was done in 2009 [6]. In reality, printed solutions did not take off as predicted. Today, most of the growth comes from passive UHF RFID (RAIN RFID) tags.

Still, in the line with the first major commercial use of the RFID technology in the shops (with EAS) new disruptive breakouts for public habits are beginning to appear in the way of shopping and so the market might increase in the future years. Indeed, for example, companies such as Amazon are creating cashier-less shops [START_REF]Just walk out (technology by amazon)[END_REF] described as "a system for automatically transitioning items from a materials handling facility without delaying a user as they exit the materials handling facility". This new way of shopping uses in parallel imaging from cameras and the RFID technology [START_REF] Puerini | Transitioning items from a materials handling facility[END_REF]. This solution is an efficient way to automatize data collection with low maintenance and an infinite lifetime of operation.

In addition, the increasing adoption of RFID tags in Industry 4.0, and the Internet of Things (IoT) are expected to provide a favorable opportunity for the future growth of the RFID market. [6].

While the market keeps increasing for this technology, scientific interest is also growing. As of 19/07/2022, "RFID" is a term that gives more than 720.000 results on Scholar, 135.832 patents, and 95 million results on Google. Meanwhile, specialized events such as the IEEE RFID (16 years old), RFID-TA (12 years old) conferences or the specialized journal JRFID (5 years old) started to appear as the enthusiasm grow.

Challenges

Today for the identification purpose, we can find mainly two technologies :

• the barcode -which relies on an optical approach.

• RFID -which is based on an radio-frequency (RF). approach

The term barcode is used in a general way in this report to describe any identification system based on an optical technique. Indeed, we can find different standards according to the targeted application (Code 39 for drugs, EAN for store objects, PostBar for the Canadian post office, ... ), but also different forms (1D, 2D) as illustrated in Fig. 1.6. Different standards of barcodes can be found in Table 1.1 as a reference. Although RFID is a very present technology today, the barcode is still the most used solution for some applications. The reasons for this are its earlier appearance, its implementation in different markets such as the retail industry (all stores are equipped with barcode readers, and they have suppliers who tag the products with barcodes as soon as they are manufactured), and especially its much lower price than RFID (in particular when the price of the tag is of the same order of magnitude as that of the object tagged). But the barcode has some drawbacks : it needs direct line of sight (which imply human manipulation to orient the product with the reader), it has a limited read range, it can read a single tag reading at a time, there is no sensing applications, ... Table 1.2 summerizes the main differences between these technologies. To overcome these disadvantages, the RFID technology brings solutions to decrease its cost and increase its added values :

Highlighting of its assets : The RFID technology is based on a radio frequency approach which has many assets that its competitor does not have. It is for example possible to read simultaneously several RFID tags at a distance higher than the barcode and without a direct line of sight (through certain materials). The current memories of the RFID tags allow them to offer high storage capacities. It is also possible to rewrite an RFID tag after its conception. We can also go beyond the simple identification by integrating directly in the tag sensor functionalities such as the measurement of temperature, humidity, localization, ...

A low-cost design :

The last years have allowed to reduce the price of an RFID tag considerably limiting the gap between the two technologies. The price of RFID chips has decreased considerably. In the case of a chipless RFID, by removing the battery and the chip, the price of the tag falls drastically and reaches almost the price of the barcode. Also, today chipless tags are compatible with planar technology making it possible to print them directly with a printer in the same way as we would print a barcode. * still in the research stage [START_REF] Purushothama | Electronically rewritable chipless RFID tags fabricated through thermal transfer printing on flexible PET substrates[END_REF].

Despite the advantages like the important reading distance, the tags with battery have significant drawbacks like their important size, the limited time of operation, and the cost all due to the battery.

They are therefore not adapted to the problems to which the barcode answers. On contrary, the RFID tags without a battery have a cost and a reduced size (which comes from the absence of a battery), negligible maintenance but also an infinite operational life. These tags suggest many possibilities like the end of the barcode in shops [START_REF]Just walk out (technology by amazon)[END_REF] or new types of sensor [START_REF] Costa | A review of RFID sensors, the new frontier of internet of things[END_REF]. Chipless tags reduce even more the unitary price but with a smaller reading range, less reading robustness, etc... (see Table 1.2) : they can pretend to compete with the barcode which does not give satisfaction in certain applications (for example where a reading without direct line of sight is preferred). Notice also that while chipped RFID are standardized (ISO14443 and ISO180006c for HF and UHF respectively), the chipless technology is not.

Context of the thesis

This thesis is part of a project currently carried out by Etienne PERRET (LCIS -Grenoble INP) : ScattererID. It is a project funded by the European Research Council. The aim of this project is :

"to develop a new generation of radio-frequency identification labels, without chip, printable, recyclable and 1.4. Outline of the manuscript inexpensive. Unlike barcodes, they can be read through opaque objects or from a distance. It is also possible to implement new functionalities that are incompatible with barcode technology. Finally, since they do not include a chip or antenna, they are much less expensive than RFID tags. With costs comparable to those of a barcode, these labels should stand out by offering more functionalities than the optical approach".

This thesis aims at taking advantage of the possible sensor applications of chipless RFID tags to extend the gap of RFID assets which the barcode. RFID technology with sensing capabilities can represent the turn-around point for the massive development of this technology or the spread of IoT. The proposed solution shares the specifications of the barcode and is not comparable to chipped RFID in particular on the reading distance as stated in Table 1.2.

It is important to notice that the developed sensor applications can be implemented on already existing chipless RFID tags but can also be used independently as a complete sensor on its own. The sensing on top of the identification functionality can be used in the example of the Amazon shop [START_REF]Just walk out (technology by amazon)[END_REF]. The identification allows the shop to know which items are taken by the consumer, and manage the shelves and the expiration dates. The sensing can be added to monitor the temperature of food (protect the cold chain) and humidity (protect household appliances) as a control on the quality of the products. Shops are not the only potential beneficiaries. It could also be desirable to have the protection of sensitive infrastructures by detecting the presence of water in walls (water leakage) using the planarity of tags as well as their infinite lifetime of operation without maintenance.

Finally, such sensors start to appear to the large public with for example bracelets for authorization purposes [12], toys [13,[START_REF] Spielberg | RapID: A framework for fabricating low-latency interactive objects with RFID tags[END_REF], gesture recognition [START_REF] Li | PaperID: A technique for drawing functional battery-free wireless interfaces on paper[END_REF], monitoring of human [START_REF] Marrocco | RFID antennas for the uhf remote monitoring of human subjects[END_REF][START_REF] Amendola | RFID technology for iot-based personal healthcare in smart spaces[END_REF][START_REF] Occhiuzzi | Design of implanted RFID tags for passive sensing of human body: The STENTag[END_REF] ... Notice that these examples are chipped RFID with a small reading distance. In such applications, chipless tags can replace them hence the enthusiasm in this approach.

The developed sensors in this thesis can also be used without the identification paradigm. Advantages can be found in the wireless reading method, its cost, its small dimensions (planar), its infinite lifetime of operation, or its utilization in a hazardous environment where chipped sensors can not go due to the presence of electronics (too high temperature, corrosive, ...).

Outline of the manuscript

Chapter 2 will proposes environmental sensing with a focus on temperature sensors extended to humidity sensing. This chapter will first study the thermal dilatation of metallic scatterers with no substrate. A method to characterize this dilatation using a contactless measurement of the frequencydependant backscattered signal of a metallic resonator is presented. Then, this principle will be used in addition to permittivity thermal variations to resonators with a substrate. Unlike previous works in this domain where the thermal dependency is considered empirically, the introduced model is used to take into account all thermal effects affecting the resonant scatterers allowing to link rigorously the variations of the measured resonance frequency with the temperature without any lookup table. Eventually, we will notice that the permittivity is also sensible to other physical quantities such as humidity. The material's permittivity (impacted by these two quantities) and dilatation (impacted only by the temperature) are taken into consideration to estimate these two physical quantities independently and simultaneously using only the measurement of the resonance frequencies of two scatterers. The sensing limitation as well as the possibility of this approach to characterize the temperature and humidity dependencies of unknown materials are also presented. No specific material, i.e. particularly sensitive to the quantities to be measured, is used for ease of implementation.

Chapter 3 presents an analytical model of the radiation pattern of a loop resonator which is frequently used as chipless RFID tags. The radiation pattern will be used in practice as a sensor to determine the orientation between the tag and the antenna in 3D for both mono-static and bi-static antenna configurations. Since the sensor is based on the radiation pattern (and so the amplitude of the signal) which is known to be less robust than the position of the resonance frequency, uncertainties will be studied with Monte-Carlo simulations. After that, the radiation pattern will be used to encode multiple peaks of resonance on the same frequency slot without interfering together. This doubles the coding capacity without increasing the frequency band of operation. Also, a method to improve the readability of a chipless tag is presented. The proposed approach permits to obtain a higher signal-to-noise ratio (SNR) of resonators whose orientation with respect to the reader is unknown and thus increasing the reading distance of the tag. It allows the separation of the resonance mode of the resonator that is connected to the identifier from other parasitic resonance modes that may appear due to possible misalignment between the tag and the antenna. A study of the improvement in the read range or harsh environments is achieved to highlight the potential of the proposed technique. This method will also be compared to state-of-art approaches.

Later on, Chapter 4 will present medium sensors. The first section suggests shows the possibility to detect the presence of grafted molecules on the surface of silicon nanowires thanks to a wireless RF radar approach based on the measurement of the backscattered signal of a resonant structure on which the nanowires are deposited. The measured resonance frequency allows the determination of the intrinsic properties related to temperature and humidity variations. Several functionalizations of nanowires have been realized and characterized. A RF approach allows the detection of significant differences related to the presence of grafted molecules on the surface of nanowires. The obtained results confirm the very good potential of the radar approach to identify the functionalization of nanowires. Also, discussions about the application of such functionalizations are made to increase the sensibility of sensors working using the radar approach. Secondly, a method to characterize the complex permittivity of dielectric is presented. The back-scattered signal from a resonant scatterer placed in contact with the dielectric is used to estimate the quantities. This method is wireless, nondestructive, with no restriction on the sample thickness, and is done using a VNA and an antenna.

Discussions on the geometry of the resonator as well as the calibration step are proposed to improve the sensing capability of the approach.

Finally, Chapter 5 concludes this manuscript.

In the next section, the operating principle of chipless RFID will be presented briefly. The physical principles used to achieve the identification of chipless tags and the sensing paradigm will be introduced.

Working principle of chipless RFID tags for identification and sensing applications

This section briefly introduces the working principle of chipless RFID. The physical principles used to achieve a chipless tag identification will be presented with a focus on the chipless frequency approach. After that, the sensor paradigm of chipless tags is developped.

Back-scattering approach

When a target is illuminated by an electromagnetic wave, it will reflect part of the incident wave. It is this reflected wave or back-scatterered wave that will be able to be captured by the reader and give an indication of the target. This is the principle of radar as illustrated in Fig. 1.7. Illustration of the principle of re-radiation of a radar target using a bi-static antenna configuration. A transmitting antenna will emit an electromagnetic wave towards the target (1). The target will receive and reflect part of this wave (2). The reflected wave will then be able to be captured again by the receiving antenna (3).

The radar cross section (RCS) noted σ is the proportion of the wave reflected by the target in a specific direction compared to the incident wave. The RCS is a fictitious surface often different from the physical surface of the target. The RCS (at a given frequency in a given direction) is expressed as follows : σ = 4πR 2 W s W i R-→∞ (1.1) where W i is the density of the power incident on the radar target and W s the density of the power reflected by the target at a distance R.

The RCS is characteristic of the radar target. It depends on its geometry, the illumination angles as well as the wavelength used or the nature of its constituent materials. Example Chipless tag with ground plane 3•10 -2

Chipless tag without ground plane 3 •10 -5 On the power returned by the tag through the RCS, it is important to distinguish two contributions called "antenna mode" and "structural mode". The total RCS is the sum of the antenna mode and the structural mode :

Structural mode : In the case of an antenna, the structural mode is determined when there is a conjugate match between the antenna and its load. It corresponds to a reflection of the wave (optical reflection type) on the structure. Thus the structure mode is present on all objects and therefore does not code any information. The environment generates a structural mode.

Antenna mode : Another part of the energy will be guided, stored then re-emitted by the load. It depends on the charge connected to the antenna : it is the mode which will encode the information. While the structural mode has the same characteristics as the incident wave, the antenna mode can vary by changing the load (used in chipped RFID) or resonate only at a particular frequency (used in chipless RFID frequency domain approach). It is important to notice that the antenna mode can be not resonant but for chipless RFID applications, resonant radar target are specifically designed to have a resonant antenna mode. Then, with the design of a particular radar target, it is possible to create a "specific" radar signature by defining the resonant frequencies of the target. In this thesis, this chipless RFID frequency domain approach is used.

The re-emitted wave being the complex sum of the two modes, we can have a peak or a dip depending on the phase between the two modes as shown in Fig. 1.8. The singularity expansion method (SEM) can be used for quantifying the transient electromagnetic scattering from targets illuminated by pulsed EM radiation [START_REF] Baum | The singularity expansion method[END_REF]. What interests us here is to extract the resonant mode of the target and thus the ID. The concept of SEM has been widely used in circuit theory for a long time.

Let's consider the equivalent electrical model of a resonant scatterer : the RLC circuit is illustrated in The following equation can be etablished : By applying the Laplace transform to (1.2), the current can be written in the complex s-plane by [START_REF] Rezaiesarlak | Chipless RFID[END_REF] :

dv(t) dt = L d 2 i(t) dt 2 + R di(t) dt + 1 C i(t) (1.
i(s) = Cs s ω 0 2 + 1 Q s ω 0 + 1 × v(s) = y(s) × v(s) (1.3)
the radian resonant frequency, ω 0 , and the Q-factor at the resonant frequency, Q, are defined as :

       ω 0 = 1 √ LC (1.4a) Q = 1 ω 0 RC (1.4b)
The admittance y(s) can be developped as :

y(s) = A s -s 1 + A * s -s * 1 (1.5)
where s 1 = α 1 + jω 1 is the complex natural resonance (CNR) of the circuit. The damping factor and resonance frequency are obtained with :

         α 1 = ω 0 2Q (1.6a
)

ω 1 = ω 0 2 4 - 1 Q 2 (1.6b)
The traditional responses i(t) of resonant chipless tag is an exponentially damped sinusoidal in time and a peak in frequency as illustrated in Fig. 1.8 by "Antenna mode". This resonator damping and resonance frequency are defined by α 1 and ω 1 respectively. Hence, the control of ω 1 while the design of the resonator allows the ID encoding. The above discussion can be easily generalized to multiresonant circuits. In a multi-resonant circuit, the input admittance of the circuit is expanded versus the singularity poles of the circuit as [START_REF] Schelkunoff | Representation of impedance functions in terms of resonant frequencies[END_REF] :

y(s) = R(s) + N ∑ n=-N A s -s n (1.7)
where N is the number of the poles' resonators (s n ) of the circuit and R(s) is the non-resonant part of the circuit. R is the quasi-optic reflection (structural mode).

A chipless RFID tag is thus a structure which, when is excited, diffuses a unique signature inherent to its geometry through the antenna mode. Therefore the information is encoded in the dimensions of the resonator and recovered from the backscattered field. With the design of a particular radar target, it is possible to create a "unique" radar signature by defining known resonant frequencies of the target. This principle will be further discussed in Section 1.5.5.

Reader Emitting antenna Gain G t

Receiving antenna Gain G r Radar target RCS σ R 1 R 2

Emitting power P t

Received power Pr

.10: Illustration of a bi-static radar approach. The blue electromagnetic wave is emitted by the reader. The red electromagnetic wave is reflected by the radar target.

Read range

Fig. 1.10 represents how the electromagnetic wave reflected by the radar target, will be partially captured by the reader. For active RFID, the read range is mainly limited by the power received by the reader P rc . Indeed, when the active tag powered by a battery send a signal to the reader, the only condition to be readable is the received power at the reader P rc to exceed its threshold value. This power can be computed in free-space using Friis equation assuming perfect coupling by : P rc = P tag G tag G r λ 4πR 1 2 (1.8) where P tag is the power sent by the tag, G tag and G r the gain of the RFID tag antenna and receiving antenna of the reader respectively. For passive and semi-passive RFID, the power received by the tag P tag need to exceed the sensitivity thresold to wake up the chip [eq. (1.8)]. Then, the modulated power of the back-scattered signal ΔP r of the tag received by the reader need to exceed its sensitivity [START_REF] Barbot | Classical RFID versus chipless RFID read range: Is linearity a friend or a foe?[END_REF] : 3 (1.9)

ΔP r = P t G t G r λ 2 Δσ R 2 1 R 2 2 (4π)
where P t and G t are the power transmitted by the reader and the gain of its emitting antenna. R 1 and R 2 are the distance from the tag to the emitting and receiving antenna respectively. Δσ is the differential RCS [START_REF] Barbot | Differential RCS of modulated tag[END_REF]. Therefore, the emitted power, path losses, the reader/tag's chip sensitivity limits the maximum reading range. For recent chip (-22dBm activiation treshold for the Impinj Monza R6) and reader (-90dBm for the ST25RU3993 reader), the read range is usually limited by the tag's chip sensitivity.

More generaly in radar applications, the back-scattered power received by the reader P r needs to be higher than its sensitivity threshold. The power P r can be computed using the radar equation [START_REF] Balanis | Advanced engineering electromagnetics, john willey & sons[END_REF] : 3 (1 .10) where G r is the gain of the receiving antenna of the reader. For chipless RFID, the limiting factor in the reading range is the environment. The maximal reading distance of chipless tags is given when the power received from the tag is higher than the one received from the environment. In the case where objects are present and reflect the electromagnetic wave, the coupling between antennas is not perfect, multipath, etc, an expression derivated in [START_REF] Barbot | Classical RFID versus chipless RFID read range: Is linearity a friend or a foe?[END_REF] can be used : R = 4 G t G r λ 2 σ ε(f) 2 (4π) 3 (1.11)

P r = P t G t G r λ 2 σ R 2 1 R 2 2 (4π)
where ε(f) is the transfer function of the residual environment. Note that, contrary to the read range extracted from (1.10), this expression does not depend on the transmitted power nor the sensitivity of the reader and is generally much lower than the one given by (1.10). This bound has been reported in Fig. [START_REF] Nikitin | An overview of near field UHF RFID[END_REF] [27] [START_REF] Sample | Design of a passively-powered, programmable sensing platform for UHF RFID systems[END_REF] [29] [START_REF] Karthaus | Fully integrated passive UHF RFID transponder IC with 16.7-microW minimum RF input power[END_REF] [31] [START_REF] Sharma | An electrically small, 16.7 m range, ISO18000-6c UHF RFID tag for industrial radiation sources[END_REF] [27]
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.11: Theoretical read range versus EIRP for passive and semipassive at 915 MHz in free space and their associated measured read range. Chipless RFID performance is identical to semipassive RFID in free space. Dashed lines correspond to (1.9) and (1.11) [START_REF] Barbot | Classical RFID versus chipless RFID read range: Is linearity a friend or a foe?[END_REF].

Reading methods

To interrogate a tag, a reader sends a signal toward the tag and measures the backscattered response to estimate the resonant frequencies. The signal sent by the reader could be a frequency sweep (such as a VNA-based measurement -frequency-modulated continuous-wave radar) or a time pulse (pulse radar). The antenna configuration is either a bi-static antenna configuration (as illustrated in Fig. 1.10) or a mono-static antenna configuration (only one antenna is present). As previously explained, in chipless RFID, the interrogation process is affected by the clutter present in the environment hence different reading methods have been proposed to enhance the tag readability :

The subtraction of the environment (sometimes called empty measurement) is very common in chipless RFID works. This is a very simple way to subtract the effect of the environment to make the tag easier to read [START_REF] Ramos | Temporal separation detection for chipless depolarizing frequency-coded RFID[END_REF][START_REF] Vena | A depolarizing chipless RFID tag for robust detection and its FCC compliant UWB reading system[END_REF]. An initial measurement S e of the environment called "empty"

(with objects present but without the tag) is done first. Then, the tag is added and a second measurement S is done. In this case, the tag response S t can be approximated by : S t ≃ S -S e (1.12)

In real application this method is difficult to implement when the tag is printed on the package since tag and package can not be easily separated. This is not usable especially when the environment contains objects that move over time.

Time-Gating uses the time response of the tag to reduce the clutter. The time response is obtained via inverse Fourier transform from a measurement done with a VNA for exemple. As illustrated in the Fig. 1.8, the mode of interest is the resonant antenna mode. The clutter response is the initial pulse of Fig. 1.8. Due to its high-quality factor, the antenna mode is long-lasting. By taking a time window where the clutter response is null but the antenna mode still resonating, it is possible to only have the tag response. The frequency response is obtained by the Fourier transform of this time window. Notice that it is possible to have several clutters due to multiple reflections/multipath. This technique is very efficient in the presence of a ground plane where the initial peak is very strong. The major drawback is that it does not exist analytical formula to determine the time window to use. Also, if an object is present at a distance larger than the tag, the method cannot be used easily. The time-gating approach can combine time and frequency in representation such as a spectrogram [START_REF] Ramos | Temporal separation detection for chipless depolarizing frequency-coded RFID[END_REF].

Pole residue techniques are methods to extract the complex poles of a chipless tag response as presented in Section 1.5.1. Algorithms such as the Short-Time Matrix Pencil [START_REF] Rezaiesarlak | Short-time matrix pencil method for chipless RFID detection applications[END_REF][START_REF] Blischak | Embedded singularity chipless RFID tags[END_REF] or numerical fitting of the damped time response illustrated in Section 1.5.1. This technique is also used on the time response.

Polarization filtering is also common in chipless RFID works. The idea is that most ordinary objects do not depolarize the electromagnetic wave and therefore can not reflect it in cross-polarization since, around us, objects are mostly positioned vertically or horizontally and we do the same for the orientation of the reader. Induced currents on radar targets used for chipless RFID backscatter the wave in a preferred direction. This direction can induced cross-polarization when using special resonators shapes [START_REF] Vena | A depolarizing chipless RFID tag for robust detection and its FCC compliant UWB reading system[END_REF][START_REF] Costa | A depolarizing chipless RF label for dielectric permittivity sensing[END_REF] or by positioning the resonators with an angle (usually 45°) from the co-polarization axis [START_REF] Borgese | Depolarizing chipless tags with polarization insensitive capabilities[END_REF][START_REF] Ali | A simple RCS calibration approach for depolarizing chipless RFID tags[END_REF]. The major drawback of this approach is that not all the power is received in cross-polarization, a part of the power is still in co-polarization hence lower signal levels. Also, relative orientation between the reader and the tag needs to be known a priori.

The configuration illustrated in Fig. 1.7 is simulated in CST MW using the time domain solver and a plane wave excitation. The probe is postionned 1 meter from the loop resonator. A dielectric of 5mm and permittivity 20 is placed 20mm behind the loop resonator to create a reflexion (environment). The raw simulated backscatterer signal is compared to the other approaches in Fig. 1.12.

Notice that for the loop at 45°, a wide peak at 2.5GHz is present which is not linked to the loop resonator's behavior. This peak is a parasitic mode of resonance exhibit in Section 3.3. A more complete comparison of these approaches is done in Section 3.3.

Re-radiation pattern

The concept of re-radiation pattern will be presented in this section and be used in Chapter 3. The re-radiation pattern is a representation of the back-scattered power of a target in space usually in its far-field region (distance R with R < 2D 2 /λ where D is the largest dimension of the target) -similar to the RCS. Indeed, backscattered signals are not emitted with the same amount of power in the different directions of space, some regions are privileged. An example of common chipless RFID resonators' radiation patterns can be found in Fig. 1.13. In Fig. 1.13, red regions are the directions with the maximum power reemitted while blue regions are the regions with the lowest power. 

Identification principle

To encode the information in RFID chipless tags, it is necessary to encode the ID on a physical parameter since no electronics/chips are present to establish a communication protocol. The reader will detect these physical variations to identify the tag. We find various approaches which were proposed during the development of the RFID chipless : time domain (using delay transmission lines) [START_REF] Nair | Temporal multi-frequency encoding technique for chipless RFID applications[END_REF][START_REF] Nair | Novel encoding in chipless RFID using group delay characteristics[END_REF], frequency (using the position, the amplitude or the phase at certain resonance frequencies) [START_REF] Jalaly | Capacitively-tuned split microstrip resonators for RFID barcodes[END_REF][START_REF] Rance | Rcs magnitude coding for chipless RFID based on depolarizing tag[END_REF][START_REF] Balbin | Phase-encoded chipless RFID transponder for large-scale lowcost applications[END_REF], using a radar image [START_REF] Zomorrodi | Novel mimo-based technique for em-imaging of chipless RFID[END_REF][START_REF] Poepperl | Polarimetric radar barcode: A novel chipless RFID concept with high data capacity and ultimate tag robustness[END_REF] or a combination of several of the preceding methods. A recent comparison of the data encoding of different approaches is presented in [START_REF] Rance | Toward RCS magnitude level coding for chipless RFID[END_REF] and is summarized in 

Polarization

Split ring [START_REF] Vena | A compact chipless RFID tag using polarization diversity for encoding and sensing[END_REF] 3 -

We will focus on the frequency approach since it is the one used for this thesis. The frequency approach is today the most attractive compared to the others. Currently, this approach allows obtaining high coding capacities with compact tag geometries.

The frequency approach in chipless RFID consists in coding the information by creating peaks/dips on the amplitude of the backscattered signal of the tag at certain frequencies. For this reason, the vast majority of frequency tags require a very large frequency band to operate and are therefore subject to FCC (in the USA) or ECC (in Europe) legislation [START_REF]Federal communications commission[END_REF][START_REF] Decision | On the harmonized conditions for devices using ultra-wideband (uwb) technology in bands below 10.6 ghz[END_REF]. Chipless RFID technology can work in the ultrawideband range (3.1-10.6 GHz). UWB frequency masks defined by FCC and ECC are presented in Fig. 1.14. This impose low and limited emission powers from the reading system.

Notice that it is not required to measure the RCS of the tag but S-parameters sufficient [START_REF] Wiesbeck | Single reference, three target calibration and error correction for monostatic, polarimetric free space measurements[END_REF]. Frequency chipless tags can be classified into two categories :

Planar filter tag : It consists of two antennas connected by a transmission line coupled to resonators. One antenna acts as a receiver and the other as a transmitter. Often, the two antennas are oriented at 90°to each other to avoid crosstalking. Planar filter tag with only one antenna also exists. Each resonator will act as a notch filter. Thus in the frequency response, the presence of a resonator at a frequency f i will appear as a notch/peak on the signature of the backscattered wave represented as a function of frequency (see Fig. 1.15). If we want to encode a '1', we can short-circuit the resonator which has the effect of translating the notch in higher frequencies outside the operating frequency of the tag.

REP (RF Encoding Particle) :

The REPs are resonant elements that backscatter the wave comprising a receiving antenna, a filter/generation of the ID and a transmitting antenna all-in-one. There are several types of resonators performing these functions : dipole, patch, SRR, C-shaped, Lshaped, loop, ... Some resonators are also independent of the polarization of the incident wave. Their geometry intrinsically allows a resonance mode at a given frequency. REPs are very attractive thanks to their compacity. Therefore, they are at the center of this thesis work. Finally, frequency tags have also been realized in the THz frequencies. The identifier is encoded in the arrangement of layers in a Fabry-Perot type structure. Its operation is thus similar to Fabry-Perot cavities where the reflected wave depends on the permittivity of each layer and their thickness [START_REF] Perret | THID, the next step of chipless RFID[END_REF].

Frequency coded chipless tags are composed of several resonators as illustrated in Fig. 1.17 with dipoles resonators. When an incoming electromagnetic wave illuminates a tag, resonators will backscatter some energy at their resonance frequencies. Since each resonator has its own resonance frequency (the frequency where the resonator dimension is λ/2 -see Fig. 1.17), it is possible to differentiate each resonator individually. Based on this principle, diverse data encoding schemes have been proposed. A conventional encoding scheme is the On-Off Keying modulation : a frequency band will be chosen and divided into sub-frequency slots. Each frequency slot is associated with a bit of data. In Fig. 1.17, a resonance peak is present in a frequency slot if the corresponding resonator is present, then the bit is set to '1'. If no peak is present (the corresponding resonator is absent), the bit is set to '0'. The simplicity and robustness of this encoding scheme explain its widespread.
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Figure 1.17: REP apporach using dipoles [START_REF] Jalaly | Capacitively-tuned split microstrip resonators for RFID barcodes[END_REF] and OOK encoding. advantages for long-distance data transmission, but the use of batteries increases system complexity, maintenance issues, and shortens system life (they must be replaced every few days) limiting the environmental capabilities (temperature, humidity, corrosion, etc.). Battery-less tags can also exist powered by either the reader or the environment. A possible architecture is shown in Fig. 1.19. The sensor resides on the tag and interacts with the [START_REF]WISP platform[END_REF] chip or is integrated into the chip [START_REF] Zannas | Self-tuning RFID tag: A new approach for temperature sensing[END_REF]. Some bits of the ID code can be used to transmit the value of the detected parameter. Another solution is to integrate a sensor mechanism on top of the antenna (see Fig. 1.19).

RFID sensors

In contrast, chipless RFID detection is a relatively new paradigm with the potential to become a disruptive solution in the market but further research in this area is needed to adapt it for use in specific scenarios. Various elements make the tag sensitive to their environment limiting their application. This sensitivity can be used to make sensors. An example of the change in losses or permittivity due to ambient variation can be seen in the frequency response as shown in Fig. 1.20.

The losses impacts the amplitude of the resonance frequency while the permittivity impacts its position. In practice, detection can be achieved by many radio frequency properties, such as dielectric constant/loss changes [START_REF] Wiltshire | Passive split ring resonator tag configuration for RFID-based wireless permittivity sensing[END_REF], tag geometry changes [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF], and wave polarization conversions [START_REF] Requena | Modelling of the radiation pattern of a loop resonator for orientation sensing[END_REF]. In this work, we present several sensors that use these different properties. By eliminating the chip and battery, the cost of the sensor can be greatly reduced, and theoretically, infinite service life can be achieved. With no electronics, chipless RFID sensors can be suitable for harsh environments where chipped tags can not go (high temperature, corrosion, ...). As it was presented in Table 1.1, the unitary price of a chipless RFID sensor is lower than the price of UHF RFID which is also lower than the price of an electronic sensor. The price chart as a function of the number of sensors brought is shown in Fig. 1.21. RFID technologies present an initial offset due to the acquirement of a reader which is a one-time purchase. This sensor functionality can be added to current frequency chipless RFID tags at no additional expense while maintaining their identification capabilities keeping the traditional interrogation procedure. Indeed, such small shifts as illustrated in Fig. 1.22 in their resonance frequencies do not impact the chipless RFID identification scheme and do not reduce the coding capacity of the tag. We will see later in the manuscript that for example variation of 1°C leads to a shift of 64kHz which is negligible compared to the width allocated to the frequency slots for the identification (100 MHz).
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Finally, concerning sensors in the general case, two types exist:

Threshold sensor These sensors are more easily achievable and often not expensive. It does not allow measuring precisely physical quantities but allows us to know if this one exceeded a certain threshold value. Because of these characteristics and its simplicity, it is of interest in applications such as food distribution with the monitoring of the cold chain.

Absolute sensor These sensors are more delicate to realize in practice but allow to have a value and not an indication of a value overtaking.

We can make an analogy with digital signals. The first type of sensor would be digital with discrete values that indicate whether the value being measured has exceeded a threshold or not. The second type of sensor would be an analog with continuous values. In this manuscript, the work focuses on absolute sensors. 
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Conclusion of the chapter

In this chapter, the history of RFID technology from the Thereminvox to the latest advancements was introduced. A comparison between the barcode and RFID was presented to understand its assets and the enthusiasm around this new identification technology. A focus was done on chipless RFID to explain the context behind this thesis work. The working principle of such tags was presented with the back-scattering approach and its radar configuration, the reading methods used to read chipless tags, and how the information is encoded in the back-scattered signature. Finally, a brief section explaining the interest and a working example of chipless frequency sensors was introduced.

The next Chapter will continue on the idea of sensors with temperature and humidity sensors.

Chapter 2

RFID Chipless and environment sensing

In this chapter we will focus on the relation between thermal considerations and the radio-frequency domain. Firstly, we will focus on the phenomenon of thermal dilatation. This study will led to the creation of a novel test-bench to characterize thermal dilatations of metals. A second section will focus on the temperature measurement using classical chipless RFID scatterers. The sensing will be achived though the thermal dilatation of the tag as well as the permittivity variation of its substrate due to changes in temperature (both with and without dielectric resonators will be studied). It will be shown that the selectivity of this sensor is not perfect since other physical quantities can also affect the response of the sensor. For this reason, a final section will present a method to isolate and sense multiple physical quantities with an example on combined temperature and humidity sensing.

Characterization of thermal dilatation by RF approach

Thermal expansion coefficient is a crucial parameter for applications in the field of civil engineering or semiconductor industries. We can see in the literature that many different experimental approaches have been used. This significant diversity comes from the great variety of techniques that exist to measure displacement. We can cite purely mechanical approaches, or the very wide variety of optical approaches (interferometry, optical imaging, X-rays diffraction...) [START_REF] James | A review of measurement techniques for the thermal expansion coefficient of metals and alloys at elevated temperatures[END_REF]. Thus, to extract the thermal expansion of a material, examination of the literature reveals for example mechanical dilatometers such as capacitance dilatometers [START_REF] Neumeier | Capacitive-based dilatometer cell constructed of fused quartz for measuring the thermal expansion of solids[END_REF] which consist of two parallel plates with one stationary and one that can move. The thermal expansion moves the free plate and so, shifts the gap between the plates. By measuring the capacitance, the thermal expansion coefficient can be extracted. Push-rod dilatometer [START_REF] Hyde | Improved dilatometer[END_REF] can also be found, where a rod of the material under-test expands and transfers its expansion to a pressure gage measuring the displacement. This method is widely used for many reasons. For example, it is compatible with most materials. However, one of the main drawbacks of this test benches comes from the fact that the material under test is in contact with the bench, so particular attention must be paid to thermally isolate the bench from the heated sample. Specific materials are needed to fabricate the test bench, and reference samples can be used to reduce the uncertainty. For this reason, contactless methods have been widely studied. To develop more precise test bench, several optical approaches have been used to measure CTE [START_REF] Wolff | Fundamentals of optical interferometry for thermal expansion measurements[END_REF]. Compared to dilatometry, significantly greater accuracy can be obtained. For example, optical dilatometers using an interferometer can have resolution of 0.1% [START_REF] Bianchini | Interferometric dilatometer for thermal expansion coefficient determination in the 4-300K range[END_REF][START_REF] Tseng | Optical interference dilatometer[END_REF]. However, the main limitation of these techniques, such as interferometry, is a maximum temperature of measurement above 700°C. Other drawbacks of these methods are the cost of optical setup, the need of alignment accuracy as well as a strict control of the environment (the use of a vacuum chamber for the effect of the refractive index of the atmosphere on the wavelength of light, strict control of the wavelength of the laser...). Another optical method consists in a digital microscope to picture the expansion as a function of temperature and an optical mire to convert pixel to length [START_REF] Montanini | Non-contact measurement of linear thermal expansion coefficients of solid materials by infrared image correlation[END_REF]. For some materials such as crystals, X-ray diffraction can be used to measure the crystal lattice parameter as a function of the temperature in order to extract its thermal expansion [START_REF] Okada | Precise determination of lattice parameter and thermal expansion coefficient of silicon between 300 and 1500K[END_REF].

From the state of the art, each experimental approach has advantages and disadvantages depending on multiple factors such as the uncertainty, the sample size or shape, the sample preparation time, or the temperature range required. Note also that most of these test methods have been standardized

for general use [START_REF]Standard test method for linear thermal expansion of solid materials with a vitreous silica dilatometer[END_REF][START_REF]Standard test method for linear thermal expansion of rigid solids with interferometry[END_REF][START_REF]Standard test method for linear thermal expansion of solid materials by thermomechanical analysis[END_REF]. A brief summary of the general advantages and disadvantages of some approaches is given in Table 2.1. Multiple other CTE measurement benches exist and have been listed

in [START_REF] James | A review of measurement techniques for the thermal expansion coefficient of metals and alloys at elevated temperatures[END_REF].

In the first raw of Table 2.1, the uncertainty of the different methods is compared based on some references in order to give examples of the error that can be reached. However, even if the CTE of various materials are listed in a large number of reference books, the uncertainty is seldom reported.

Due to the fact that these values are averaged over large ranges of temperature in most sources, the uncertainty at ambient temperature can be increased. Another reason why reference books could not be accurate enough is relating to the fact that metals are rarely pure, so CTE can vary from manufacturer to manufacturer. Note also that all these different experimental approaches require dedicated and optimised test benches that are generally not commercially available or not easy to access to non-expert in the field of materials engineering. For all these reasons, an easy approach to implement CTE measurement technique is required. Contrary to most existing techniques, the one presented here requires no calibration or sample of reference. It is based on a very simple analytical model that everyone can implement. Moreover, the bench is composed of commercially available off-the-shelf RF equipment. Last but not least, this novel test bench can be easily replicated by any expert in the field of RF in order to measure the CTE of his own material.

Despite the very large number of test benches developed for the measurement of CTE, to our knowledge, none is based on an RF principle. However, since the begining of the 19th century [2], it has been shown that by sending an electromagnetic wave towards a specific target, and by receiving the backscattered field, many physical quantities can be sensed wirelessly. A striking example of such back-scattering application can be traced back to the early 1900's with Leon Theremin's work [2]. This work includes the contactless musical instrument called 'Thereminvox' which uses the position of the hand to produce a sound, or the passive listening device called 'The Great Seal bug' [2]. Since then, numerous works have been done to wirelessly sense physical quantities using this back-scattering principle such as mechanical displacement of the order of 100 μm [START_REF] Perret | Displacement sensor based on radar cross-polarization measurements[END_REF], strain [START_REF] Thai | Novel design of a highly sensitive RF strain transducer for passive and remote sensing in two dimensions[END_REF], small variations due to the fabrication randomness of the tag for authentication [START_REF] Ali | Detection of minimum geometrical variation by free-space-based chipless approach and its application to authentication[END_REF], or even permittivity [START_REF] Costa | A depolarizing chipless RF label for dielectric permittivity sensing[END_REF]. The closeness between RF and thermal domain has been also used to develop RF temperature sensors by using, for example, temperature dependence of permittivity [START_REF] Amin | Development of a chipless RFID temperature sensor using cascaded spiral resonators[END_REF] or dilatation of a 3D structure [START_REF] Thai | Design and development of a millimetre-wave novel passive ultrasensitive temperature transducer for remote sensing and identification[END_REF].

Here, a free-space measurement of the resonance frequency of a resonator is used to characterize the thermal coefficient of metals. Specific planar resonant scatterers fabricated with several metals under characterization have been introduced for this purpose. The scatterer's shape is simple enough to be modeled with an analytical expression and also to fabricate. With this model, the derivation of the CTE does not require any advanced computation, any RF solver or even a lookup table as it is generally the case when one seeks to capture a physical quantity by using the principle of back-scattering because of the complexity of the problem. The measurement technique is essentially based on the resonator which has been designed to meet precise specifications: the resonator is made entirely of metal, in one layer and has a high resonating behavior. As described below, these two characteristics are essential for the measurement of CTE using RF waves. 

Thermal dilatation principle

The thermal expansion of a material is defined as the modification of its volume with a temperature variation at a constant pressure. If we consider a 1-dimension object of length l 1 at temperature T 1 (Fig. 2.1), this object will expand with an increase of temperature, and the final length at a temperature T 2 is :

l 2 = l 1 + d l = l 1 (1 + α CTE (T 2 -T 1 )) (2.1)
where d l is the variation in length due to the increase in temperature [START_REF] James | A review of measurement techniques for the thermal expansion coefficient of metals and alloys at elevated temperatures[END_REF] and α CTE the coefficient of thermal expansion (CTE) of the material. T 2 -T 1 will be written ΔT in the rest of the manuscript. In this work, the thermal expansion coefficient α CTE is supposed to be temperature-independent in the considered temperature range which is usually the case for metal on wide temperature ranges (e.g. for temperature in the range 0°C and 100°C). Note that this coefficient is positive for almost all materials. In addition, this thermal effect affects a real 3D object in all directions which means that if the material is not isotropic for this phenomenon, the CTE can be different in the different directions (x, y, and z). Example of CTE for different metals can be found in Table 2.2. Tungsten 4.5x10 -6 In this section, a loop resonator is considered as the scattering device and its thermal expansion is studied (Fig. 2.2). The resonator is only composed of one layer of metal to remove the substrate thermal influence since the dilatation of the resonator is the under-characterization phenomenon.

T 1 l 1 T 2 l 1 d l l 2
The thickness of the metal is sufficiently important (around 500μm) to ensure a good rigidity of the pattern. The case where is the resonator is placed on a substrate will be studied in the next section.

With this loop shape, the resonance frequency can be considered to be related only with its larger dimensions. So the extracted CTE is in the direction of the notch characterized by its length l (along x axis) as illustrated in Fig. 2.2. In the rest of the manuscript, a physical quantity with subscript 1

(respectively 2) is considered at temperature T 1 (respectively T 2 ).

The measurement principle based on free-space measurement is illustrated in Fig. 2.3. When a loop is illuminated by an incoming electromagnetic-field, the maximum energy back-scattered at a temperature T 1 occurs at its resonant frequency f 1 defined by [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF]:

f 1 = c 2 √ ε eff (l 1 + 2Δl 1 ) = c 2 √ ε eff L 1 (2.2)
where c is the speed of light in vacuum, ε eff is the effective permittivity seen by the loop, l 1 is the length of the notch and Δl 1 is the additional length taking into account the presence of short circuit (SC) discontinuities (see Fig. 2.2). Indeed the loop resonator can be considered as a transmission line section terminated at both ends by a SC [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF]. Note that the effective length L 1 = l 1 + 2Δl 1 will be used for the rest of the manuscript. Note also that if the loop is used without any substrate, so ε eff is equal to 1.

As mentioned, the physical length of the resonator l 1 follows (2.1) but 2Δl 1 which physically corresponds to an interconnection realized by a conductor does not necessarily follow the same dependence with temperature. Indeed, the shape of this conductor is not only along the x axis but also the y axis. At a temperature T 2 > T 1 , the effective length L 1 will increase and its expression L 2 can be written as :

∆l i l i ∆l i ∆l i l i ∆l i a) Metal l g w x y b)
L 2 = l 1 (1 + α CTE ΔT) + 2Δl 1 (1 + Kα CTE ΔT) (2.3)
with a constant coefficient K, where in the proposed model, describes the specific dilatation of the SC discontinuities. Therefore, the resonant frequency f 2 for a temperature T 2 > T 1 will be shifted to lower frequencies and can be written as :

f 2 = c 2 √ ε eff L 2 = c 2 √ ε eff L 1 (1 + α c ΔT) (2.4)
where α c is introduced as the equivalent expansion coefficient for the effective length L 1 . The expression of α c is deduced from (2.3) and (2.4) and is :

α c = α CTE l 1 + 2KΔl 1 l 1 + 2Δl 1 (2.5)
In order to study the effect of K, electromagnetic simulations of a loop resonator in vacuum with dimensions given in Fig. 2.2 have been carried out using the software CST MW. The quantity 2Δl 1 has been determined so that the effective length in (2.4) matches the simulated resonance frequency for T=0°C. The frequency response of the resonator has been extracted for different temperatures in the range 0-60°C based on (2.1). Fig. To illustrate the effect of K, with the use of (2.5), two cases were plotted: K = 0 (Δl 1 doesn't expand with temperature) and K = 1 (both lengths are affected in the same way). We can see that the case (K=0) leads to the maximum error with the simulations while the case (K=1) gives better results. However, the optimal result is obtained when K=1.02 leading to an equivalent expansion coefficient :

α c = 1.01α CTE (2.6)
The quantity K is a geometry dependant parameter of the scatterer and Δl 1 is a function of the effective permittivity as expressed in [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF]. Simulations with different loop lengths l show that K can have different values (for example, K=1.60 is found for l=39mm) which makes (2.6) necessary to obtain a good accuracy on the extracted CTE. A study of the influence of K on the accuracy of the measurement is presented later in Section 2.1.4.

In simulation, it has been noticed that different resonator lengths lead to different K values. Thus two resonators of the same metal -same α CTE -have two different α c values. We will see in more details in the next section that this conclusion offers a significant advantage.

When temperature increases, the effective length L 1 (1 + α c ΔT) increases leading to a lower value of the resonant frequency as described by (2.4). If the substrate permittivity is assumed temperatureindependent, the value of α c can be extracted with the measurement of two resonant frequencies (f 1 , f 2 ) at different temperatures (T 1 , T 2 respectively) and then the value of α CTE can be extracted using (2.6). Indeed, based on (2.4) we can write for two temperatures T 1 , T 2 with a reference length L 0 at temperature T 0 :

L 1 = L 0 (1 + α c (T 1 -T 0 )) = c 2 √ ε eff f 1 (2.7) L 2 = L 0 (1 + α c (T 2 -T 0 )) = c 2 √ ε eff f 2 (2.8)
Considering (2.7) and (2.8), the CTE can be extracted using the following formula:

α c = f 1 -f 2 f 2 T 2 -f 1 T 1 -(f 2 -f 1 )T 0 (2.9)
Note that (2.9) is independent of L 0 and also of the effective permittivity ε eff . With this method, the CTE can be extracted with a good accuracy without a prior knowledge on the length l 0 and effective permittivity of the scatterer. For the rest of the manuscript, the reference temperature T 0 is set to 0°C to be able to compare our results with the data given by the metal's provider (Table 2.4). In this case, (2.9) can be simplified:

α c = f 1 -f 2 f 2 T 2 -f 1 T 1 (2.10)
Another solution to extract α c is to develop (2.7) and (2.8) using Taylor series of first order and to note that the frequency shift Δf caused by a variation of the temperature is equal in first approximation to

Δf ≃ f 1 α c (T 2 -T 1 ) (2.11)
So if we have several measurements at different temperatures, this linear expression can be used to extract α c .

Measurements in climatic chamber

Tags made of different metals have been realized to validate the approach. Tag dimensions are given in Fig. A climatic chamber VC0018 by Votsch is used to control the temperature. Absorbers are placed inside the chamber to reduce the reflection level (see Fig. 2.5). A bi-static antenna configuration is used to increase the isolation. The protocol followed to do the measurements is the following: the temperature in the climatic chamber is first set. When the temperature is stabilized, the S 21 parameter is measured using a VNA. The exact measurement of the temperature of the loop is then determined using a thermal camera (Infrared Thermal Camera TC-1). We used this method to be sure of the extracted temperature because of the thermal inertia of the different materials inside the climatic 

Results and analysis

The loop of the same geometrical dimensions presented in Fig. 2.2 has been realized with 4 different metals (Zinc, Nickel, Copper, and Aluminum). High purity metals have been chosen for the fabrication (more than 99% purity). The CTE of these metals is given by the manufacturer following ASTM or DIN (international standards test-methods) [100] presented in Table 2.4 and compared to our measurements. Note that aluminium is coming from a different provider and its CTE is given with a precision of ±5%. As shown in Fig. 2.6-a, simulations and measurements are in good agreement for the considered temperature range. A maximum error of 0.3 MHz can be observed at 31.1°C. Fig. 2.7 plots the measured frequency shift versus temperature for the different metals. With the exception of this temperature the measured resonance frequencies tend to a linear evolution as obtained in simulation and stated by (2.11). By applying the protocol described previously, the CTE of zinc can be extracted using (2.6). By considering only the minimum and maximum temperature values, a CTE of 31.08 × 10 -6 °C-1 is computing using (2.10). A linear fitting based on the five different temperatures and by using using (2.11) leads to a value of 31.03 × 10 -6 °C-1 presenting thus a relative error of 0.09 % when compared to the value provided by the manufacturer.

The same measurement protocol has been applied for the three other metals (Copper, Nickel, Aluminum). Results are presented in Table 2.4. The extracted CTE exhibits a good agreement with the value provided by the manufacturer. For Copper and nickel, both the fitting technique and the linear extraction give the same value for the CTE. The error compared to the provider value is higher for nickel which presents the lowest CTE value. The lower is the CTE, the smaller is the expansion, and thus, accuracy is lower. For the lowest CTE (Nickel), an error of 6% is obtained while Zinc and Copper provide a better agreement with an error less than 1%. The relation between the measured expansion in length of the loop Δl due to an increase of temperature is plotted in Fig. 2.8. It is interesting to note that we can extract from this figure that the approach is accurate enough to measure the dimension variation of Δl = 3.6μm. This is observable for aluminium between 43°C and 46°C. This value can be compared with the 25μm of variation in length already detected based on a RF backscattering wave approach in [START_REF] Ali | Detection of minimum geometrical variation by free-space-based chipless approach and its application to authentication[END_REF]. It can be noticed that the extraction of the conductor expansion coefficient seems rather robust against the precision of the resonator dimensions. Indeed, the precision of the resonator cutting is about 100μm while the studied variations are about 0.1μm or 1000x smaller. Fig. 2.8 shows the high sensitivity to length variation of the proposed approach which is requested to extract with high accuracy the CTE of different metals.

In Fig. 2.7 the measured frequency of the different metals as a function of temperature is plotted.

Note that, in such representation, the slope of the measured frequency shift is equal to f 0 α c as stated by (2.11). An analysis of the evaluation of K on the extracted CTE can be done to check the criticality of this parameter. We can calculate the CTE(α CTE ) using (2.5). Using this equation, we can vary the value of K to evaluate its effect on the extraction of α CTE , for example if a constant value of K is used for several dimensions of the loop. If we vary the value of K from 0.6 to 1.6, we find that an error of 2% is obtained in the worst case if K is equal to 1.6. This means that an error of 56% on K only introduces an error of 2% on the measured CTE.

Incertainties

The theoretical uncertainty of the method can be estimated. From (2.6) and (2.10), the error on α CTE can be written as

1.01Δα CTE = f 2 (T 2 -T 1 ) (f 2 T 2 -f 1 T 1 ) 2 Δf 1 + f 1 (T 1 -T 2 ) (f 2 T 2 -f 1 T 1 ) 2 Δf 2 + f 1 (f 1 -f 2 ) (f 2 T 2 -f 1 T 1 ) 2 ΔT 1 + f 2 (f 2 -f 1 ) (f 2 T 2 -f 1 T 1 ) 2 ΔT 2 (2.12)
This sensibility study shows that in order to have a better precision for CTE extraction, a higher variation in temperature is required. The higher is the difference, the higher is the resolution on the extracted CTE. Also (2.12) can be applied to evaluate the uncertainty on the extracted value. If a lower precision is required, the temperature variation range during the measurements can be increased.

Conclusion of the section

In this section, a new method based on a non-contact measurement approach to extract metal CTE is presented. This method allows to extract this coefficient with a better accuracy than the one used to fabricate the planar resonator. This approach allows a non-contact measurement without the need of any calibration. Resonator loops on several metals such as zinc, nickel, copper and aluminum have been made and tested. The extracted values for the coefficient of thermal expansion are in good agreement with the values provided by the manufacturer, highlighting the potential of the radio frequency measurement approach for characterizing the coefficient of thermal expansion. This work brings interests for the characterization of the thermal expansion coefficient of conductive material since :

1. It proposes a new approach that offers many advantages over existing techniques. Contrary to mechanical approaches, the measurement bench is not in direct contact with the temperature source and therefore it does not expand causing errors on the measurement. Compared to optical approaches, the strict control of the environment (such as air) is not required. Also, the proposed approach is simpler to implement and less expensive.

2. This is also the first CTE measurement by a radio-frequency approach.

A perspective of improvement of this work can be the characterization of dielectrics' thermal dilatation. Indeed, dielectric resonator also exhibit a resonance frequency linked to their geometry hence possibly extending the present approach to non metallic materials [START_REF] Petosa | Recent advances in dielectricresonator antenna technology[END_REF][START_REF] Herrojo | A new paradigm in chipless-RFID: all-dielectric permittivity contrast tags[END_REF].

Chipless RFID temperature sensors

In this section, a reflectometry approach is used to develop a thermal modeling of a transmission line (TL) based resonant scatterer by introducing the temperature dependence in the line effective permittivity, as well as in its physical length. The resonators are considered as coplanar strip (CPS) or microstrip (MS) lines with specific boundary conditions. With this approach, the introduction of the temperature dependence is straightforward: thermal expansion of metals and temperature dependence of the substrate permittivity (which are physical quantities directly linked to the scatterer resonance frequency) can be added in common TL formulas such as the ones describing CPS or microstrip line. In this way, physical insight into the origins of the thermal dependency is kept. Note that this approach is different from the classical one used to model thermal variations in TL [START_REF] Leger | OTA-based transmission line model with variable parameters for analog power flow computation[END_REF][START_REF] Cecchi | Incorporating temperature variations into transmission-line models[END_REF],

where a thermal dependency is considered on the inductive reactance and the series resistance of the transmission line. Contrary to that, the proposed approach uses as inputs the coefficient of thermal expansion (CTE) and the thermal dependency of the substrate which are two physical quantities that are generally provided by manufacturers.

Based on the reflectometry approach, all the measurements are done remotely using one or two antennas and a VNA. Based on the analytical formulas introduced, an approach to extract the temperature is also described demonstrating how the designed scatterers can be used as temperature sensors. The extracted temperature will be compared with the one directly measured with a thermometer for demonstrating the accuracy of the proposed model. Numerous works have been done in the field of chipless RFID for temperature sensing (see Table 2.5). For example, the use of a resonator composed of a substrate with thermal dependent electrical parameters has been widely investigated [START_REF] Virtanen | Temperature sensor tag for passive UHF RFID systems[END_REF][START_REF] Amin | Development of a chipless RFID temperature sensor using cascaded spiral resonators[END_REF][START_REF] Noor | High-density chipless RFID tag for temperature sensing[END_REF]. The variation of electrical conductivity can also lead to the measurement of the temperature [START_REF] Preradovic | Chipless RFID tag with integrated sensor[END_REF][START_REF] Vena | A fully inkjet-printed wireless and chipless sensor for CO2 and temperature detection[END_REF]. the TL effective permittivity is presented and the temperature dependence is exposed. The variation of the scatterer dimensions and its electrical parameters due to a change in temperature causes a shift of its resonance frequency which can be monitored remotely using a reflectometry approach.

Then the use of such a model and scatterers can be applied to the measured resonance frequency for temperature sensing.

The section is organized as follows : first analytical expressions used to model the CPS TL effective permittivity and the resonance frequency of the scatterer with temperature are introduced. Then the validation in simulation and measurement of the model for application in temperature sensing is presented. Finally, model of the microstrip resonant scatterer and discussion on the humidity impact on the temperature sensing are made.

Description of the scatterer-based CPS TL

The first step to model the temperature effect on a scatterer, as previously explained, consists of treating a resonant scatterer as a TL. The rectangular loop is a good candidate, because an analogy between this simple geometry and a CPS TL section terminated at both ends by a short circuit (SC) can be done [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF]. Fig. 2.9 presents the topology of a classical rectangular loop resonator. In this simple configuration, the resonator is only composed of one layer of metal, without any ground plane or substrate. The geometrical dimensions (l, g, w) illustrated in Fig. 2.9-a are the nominal dimension used for the fabrication. The metal is thick enough 100μm for the loop to be rigid. The resonator can also be placed on the top of any support, like planar dielectric substrates. Note that in this last configuration, the structure is similar to a more practical CPS TL short-circuited at both ends. With such a metal loop and the possibility to place it on top of any substrate, it is possible to dissociate the effect of temperature on the metallic part of the TL (which will characterize the TL length variation), from the ones relating to the presence of the dielectric. So, based on this, the following methodology will be used: 1) the dilatation of the loop alone will be first characterized. The formula describing the TL length elongation due to temperature variation will be obtained based on the detection of the loop resonant frequency shift. 2) a more complex configuration will be considered: dielectric support with a thermal dependent permittivity will be added to the loop to derive the formula of the TL effective permittivity with temperature dependence. For ease of characterization, the metal loop resonator can be placed on a specific dielectric as already mentioned, or the resonator can also be fabricated like a classical PCB. This second type of fabrication will also be considered for its ease of fabrication. When a loop at a temperature T is illuminated by an incoming electromagnetic-field, the maximum energy backscattered occurs at its resonant frequency f r (T) defined in Section 2.1 by (2.2). When a temperature dependant substrate is present, this resonance frequency can be written as :

Metal

f r (T) = c 2 ε eff (T)(l(T) + 2Δl(T)) = c 2 ε eff (T)L(T) (2.13)
where ε eff (T) is the effective permittivity seen by the loop and depends on the substate on which the loop is placed. The thermal dependency of the permittivity will be developed in the following part. Please refer to the previous section (Section 2.1) for the thermal dilatation consideration.

Temperature dependence of the effective permittivity of the CPS TL-based scatterer

For the loop, the effective permittivity can be modeled by considering again the resonator as a slot line terminated at both ends by SC as illustrated in Fig. 2.2. Thus, the effective permittivity of the loop resonator ε eff , on a single substrate layer, can be expressed as [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] :

ε eff = 1 + ε r -1 2 q (2.14)
where ε r is the permittivity of the substrate. The parameter q is dependent on the thickness of the substrate and the geometry of the resonator as described by the analytical expression given in [112, eq. (21)]. In our case, the permittivity of the support is considered to vary with the temperature following the relation ε r (T) = ε r (1 + σT) where σ is the thermal-dependency of the substrate that can be obtained from material datasheets. Equation (2.14) can be rewritten as:

ε eff (T) = 1 + ε r (1 + σT) -1 2 q (2.15)
Like previously for the effective length L 2 in (2.1), the effective permittivity can be expressed as:

ε eff (T) = ε eff (1 + α CPS p T) (2.16)
where the thermal dependency of the effective permittivity (α CPS p ). The coefficient α CPS p can be expressed as a function of the thermal-dependency of the dielectric substrate σ by using (2.15), (2.16) and [112, eq. (21)] as:

α CPS p = σqε r
2 + (ε r -1)q (2.17) Fig. 2.10 shows the error if considering σ instead of α CPS p with as an example a simulation of a dielectric of 1mm. Concerning the validity range in frequency of the model, it depends on the analytical expressions of the TL used in the approach. Note that (2.14) can be used up to 100 GHz [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] which shows that the model is compatible with the UWB band (3.1 GHz -10.6 GHz) which is usually used in chipless RFID. However, the sensitivity of the approach is also related to the value of the quality factor (Q-factor) of the resonators. The higher the Q-factor, the more accurate the extraction of the resonant frequency and therefore the temperature estimation. Also, as the Qfactor decreases with increasing frequency [START_REF] Rance | RCS synthesis for chipless RFID: theory and design[END_REF][START_REF] Collin | Foundations for microwave engineering[END_REF], the best results will be obtained for the lowest frequencies of the considered band.

Temperature extraction

The equation of the thermal dependence of the loop resonance frequency can be obtained by injecting (2.5) and (2.16) in (2.13). Thus, the resonance frequency f r at a temperature T is : Where α CPS p is the thermal-dependency of the effective permittivity and α c the coefficient of effective dilatation of the loop. Linearizing (2.18) using a Taylor series for small value of α i T (since α CPS p T and α c T are in the order of 10 -5 and T < 100°C). The following equation can be derived :

f r (T) = c 2 ε eff (1 + α CPS p T)L(1 + α c T) (2.
ε ef f (T ) ε ef f (1 + α CP S p T ) ε ef f (1 + σT )
f r (T) ≃ c 2 √ ε eff L 1 -(α c + α CPS p /2)T = c 2 √ ε eff L (1 -αT) (2.19) 
where α is defined by

α = α c + α CPS p /2 (2.20)
Note that α depends on thermal proprieties of the conductor, the substrate dielectric and the scatterer shape as shown in (2.20). Fig. 2.11 shows the error done in the approximation of (2.19) for different metals. Using (2.19), the relation between the resonance frequencies f r (T 1 ) and f r (T 2 ) for respectively two temperatures T 1 and T 2 is:

f r (T 2 ) = f r (T 1 ) 1 -αT 2 1 -αT 1 (2.21)
Note that (2.21) gives the relation between tag's resonance frequencies (obtained from measurement) and the coefficient α (known value depending on the scatterer shape and the material used)

and the considered temperatures T 1 and T 2 . So, a simple approach to use this resonant scatterer as a temperature sensor consists in characterizing T 1 and f r (T 1 ) one time. Then the measurement of f r (T 2 )

will allow to extract T 2 using (2.21).

It is interesting to note that when the current temperature T 2 has been extracted, all the characteristics of the line can be directly obtained at the temperature under test. Indeed the computation of the effective permittivity ε eff (T 2 ) of the TL is computed using (2.16) with ε eff defined by (2.14). Then the physical TL length l 2 is extracted using (2.5) and (2.21).

Moreover, one can also remark that the length of the loop does not appear in (2.21), which means that the approach is valid regardless of the length of the loop and so of the operating frequency from the moment the structure resonates. It is therefore possible to miniaturise the tag by working at higher frequencies if necessary.

This equation permits to explain the different influences of the parameters such as the dependency on the metallic conductor chosen to do the resonator, the dielectric parameters such as thickness, permittivity, thermal dependency, the resonator shape, etc ... It can be used to find optimal parameters to increase the sensibility of a potential sensor: the initial resonance frequency, a conductor who expends more, dielectric who varies more, etc ..

Discussion on Approximations for the determination of the temperature

Temperature variation has a lot of consequences on RF parameters even for the simple TL-based scatterer under study. It is why only the main contributions have been taken into account in the model introduced above. This means that several approximations have been made in order to obtain this model, and the objective of this subsection is to discuss these assumptions. Some of them will be evaluated in simulation in the next section and the entire model will be confronted with measurements to validate its accuracy in the rest of the section.

Thermal Expansion of Dielectric

Like for the metal part, the substrate volume is not constant with the temperature variation. Dielectrics generally expand with an increase of temperature, and this is observable in the three spatial directions. For needs of mechanical robustness, particularly to ensure temperature robustness, materials used in the realization of any item must have similar thermal expansion constants. Otherwise, the object may deform irreversibly or even break. This applies to the manufacture of PCB and electronic packaging. For example the Rogers RO4003C has CTE of 11, 14, 46 ppm/°C respectively in the x, y, z-axis. The CTE of copper is 17 ppm/°C. Our model integrates the mechanical deformation of the line as a function of temperature. However its origin could be related to the metal as well as to the dielectric. What is important here is to take into account a CTE value representative of this deformation. Taking that of the metal (the latter being slightly higher than the dielectric) leads to results in accordance with the experiments shown in Section VII. This was also confirmed by our approach of treating the metal loop alone and then with the dielectric. It is the same when the loop is simply placed on the dielectric or attached as is the case when the resonator is manufactured as a PCB.

Dielectric elongation can also impact the substrate thickness. In such a case, almost all devise parameters are modified like q or even Δl. However, in the considered temperature range, the thickness variation is low in comparison with the other effects. In the case of Rogers RO4003C, q varies from 0.5828 to 0.5830 for a substrate expansion caused by a temperature variation of 60°C. In this case, α CPS p goes from 23.738 ppm to 23.744 ppm which is negligible.

Electrical conductivity variation with temperature

It is also well-known that the electrical conductivity of any metal varies with temperature. This phenomenon has not been considered in this work for two reasons. In first approximation, electrical conductivity variation will affect only the TL losses and not the TL electrical length. Effects of temperature on losses are not considered in this section since only the resonance frequency shift is taken into account. Note that the resonance frequency shift can be measured with high accuracy. This is not the case of the magnitude of the signal at the resonance which can be impacted by the presence of surrounding objects around the scatterer.

To characterize TL losses variations with temperature, a simple approach like the one in [START_REF] Leger | OTA-based transmission line model with variable parameters for analog power flow computation[END_REF][START_REF] Cecchi | Incorporating temperature variations into transmission-line models[END_REF] can be used. The temperature dependence of the line effective resistance can be taken into account using a formula similar to (2.1) (linear dependence of the resistance with the temperature).

The second reason is due to the fact that in the temperature range under study, the variation of the electrical conductivity is small. It will be decreased by a factor of 2 -3 for an increase of 100°C.

These small variations in the electrical conductivity will lead to variations of the magnitude of the RCS that are not significant in relation to the measurement accuracy.

Approximations linked to Δl(T) and α c

As explained in Section 2.1.1, for a metal loop a more general relation between α c and α CTE is given by (2.5). When the scatterer is printed on a dielectric, the relative permittivity has also to be considered in the computation of Δl 1 . This dependency is given by the following formula [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF] :

Δl(ε eff ) = Δl √ ε eff (2.22)
So (2.5) can be rewritten considering the presence of the dielectric. The study of the influence of K on the temperature extraction presented in Section 2.1.4 and in Section 2.2.5 (with or without dielectric)

shows that the introduced errors lead to a very small variation which is negligible. Indeed, the measurement errors of the resonance frequencies have higher errors contributions in the extraction of the temperature as shown in Section 2.2.5. Later in this section dedicated to temperature sensing, loop geometry are used to match the condition K=1, so α c and α CTE are considered to be equal.

Simulations

CST thermal and mechanical solvers are first used to impose the desired temperature on each point of the loop given in Fig. 2.9-a by considering a constant ambient temperature. The initial loop dimensions given as input in the simulation are the ones noted in the caption of Fig. 2.9-a. These dimensions are considered to correspond to temperatures in the range 0°C-60°C with a 5°C step. Then, a simulation in CST MW with a plane wave excitation and the Time Domain Solver is used with the loop dimensions extracted from the mechanical solver. The loop is in free space and is made with copper (no dielectric) so that α = α c = 17 × 10 -6 °C-1 . The simulated RCS is plotted in Fig. 2.12. By increasing the temperature, the TL length increases so the resonance frequency decreases as stated by (2.19). A total frequency shift of 3MHz is observed for the 60°C variation with an initial resonance frequency of around 2.98 GHz at 0°C. Fig. 2.13-a presents the evolution of the resonance frequency versus the simulated temperature. By applying (2.21) on the simulated resonant frequencies f r , we can plot the extracted temperature as a function of the one imposed in simulation (Fig. 2.13-b). Extracted temperature is very close to the imposed one with a maximum error below 0.1°C over the 0°C-60°C temperature range. To study the effect of K on the extracted temperature, a loop of dimensions l=38mm is considered. Following Section 2.1, this loop is characterized by a value of K equal to 0.91. If we approximate K=1 to simplify the expression of α c , the extracted temperature using (2. [START_REF] Skolnik | Radar handbook second edition[END_REF]) is plotted in Fig. 2.14.

The error is less than 0.5°C on a 0-60°C temperature variation. The linearity in the error comes from the error in the linear coefficient of (2.20) since K was approximated in α CPS p . In this case, due to the approximation K=1 (rather than considering the exact value 0.91), the maximum error introduced on the estimated temperature is only of 0.03°C. So, compared to the resonator used in this section (l=51mm and K=1.02 without any approximation), the difference between K=0.9 and 1 is higher and so introduces more errors than the case used in practice. For these reasons the approximation K=1 was assumed to be suitable for the application and for the loop resonators.

The case of a non-thermal dependent support (σ = 0, ε eff ̸ = 1) has also been studied to see the effect of the permittivity of the support on the extracted temperature. The same loop described in Fig. 2.9 is simulated on a 50 mm thick dielectric of permittivity constant ε r ranging from 1 to 5. Fig. 2.15 plots the error between the extracted temperature and the simulated one. The coefficient α c is calculated with K = 1.02, ε eff is obtained with [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] and

Δl(ε eff ) = Δl √ ε eff .
The error on the extracted temperature is very low (less than 0.2°C) thus validating the possibility to use a substrate in the presented model.

Finally, the general case of a support with a temperature dependency of the dielectric constant has been studied to validate that both conductor and dielectric thermal effects were correctly considered in (2.19). In this last configuration, the simulated temperature sensor tag is supposed to be fabricated with PCB technology. The loop is in copper (α CTE = 17 × 10 -6 °C-1 ) on a RO4003C substrate with a dielectric constant of 3.55 with thermal dependency σ = 40 × 10 -6 . The substrate thickness is 1mm which leads to a value q = 0.58 [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF]. Simulation results are plotted in Fig. 2.16.

The extracted temperature is in good agreement with the imposed temperature with an error of less than 0.7°C. The linearity in the error comes from an error in the linearity in (2.21) on the value 

ε r = 1 ε r = 2 ε r = 3 ε r = 4 ε r = 5

Figure 2.15:

The error in the extracted temperature of (2.21) in °C as a function of the simulated temperature with 0°C as a reference measurement for a copper resonator on a 50mm thick support whose permittivity is ranging from ε r = 1 to 5. of α. The calculated α using (2.21) is 25.5×10 -6 °C-1 while a value of 25×10 -6 °C-1 (equivalent to q = 0.53) leads to lower error of less than 0.45°C. Henceforth, these results demonstrate that (2. [START_REF] Skolnik | Radar handbook second edition[END_REF]) is accurate enough to model thermal effects on the resonance frequency of the loop. 

Evaluation of the error Uncertainty

The uncertainty of the method can be estimated with (2.21) using :

ΔT = ∂T ∂f(T 1 ) Δf(T 1 ) + ∂T ∂f(T 2 ) Δf(T 2 ) + ∂T ∂α Δα (2.23)
with Δf = 10kHz (VNA accuracy) and Δα = 1 × 10 -5 (corresponding to 5% error on the calculated α).

If we do the numerical application where T is given by (2.21) using Δf = 10kHz and Δα = 10 -5 , we can see that errors in the measured frequencies Δf i introduce uncertainties 10 times bigger than error Δα on the coefficient α but overall, the uncertainty is low (around 3°C) which explains the good agreement with our results in practice. In practice since each resonator can estimate the temperature, sensing and averaging on all the resonators can increase the robustness of the sensor without impacting the identification functionality.

Sensitivity of the sensor

The resonance frequency shift due to temperature at the n-th harmonic of a resonator can be computed using (2.19) and is

df n = αΔT nc 2 √ ε eff L (2.24)
Thus, to improve the sensibility of our sensor, we have to increase the frequency shift. To achieve this, we can :

• Increase the coefficient c 2 √ ε eff L
which results in a more compact resonator resonating at only higher frequencies.

• Increase the factor n. We can keep actual dimensions for the ID functionality and do a measurement on a harmonic for the sensor functionality (see Fig. 2.17). In blue are represented temperature independant resonance frequencies and in red, real resonance frequencies temperature dependant. The measurements of harmonics shifts df n introduces bigger variations easier to measure leading thus to a better resolution.

• Increase the factor α which means use a metal that expands more (like zinc) and/or a support whose permittivity is more affected by thermal variation σ. A totally different geometry of resonator can also contribute in increasing α p and so α as shown in Section 2.2.5.

The frequency shift df due to temperature for a given resonance frequency can be computed using (2.24) and compared with previous simulation results. In the case of the copper loop, the calculated shift is 3MHz which is in good agreement with the simulation results shown in Fig. 2.12.

Note that the frequency shift due to temperature is small enough to be compatible with the use of this type of scatterer to realize chipless RFID tags for identification purposes [START_REF] Perret | Radio Frequency Identification and Sensors: From RFID to Chipless RFID[END_REF]. This numerical application shows that the sensing capability can be added to this type of chipless RFIDs tag without any compensation. Indeed this frequency shift has no impact on the ID capability of a chipless RFID tags that encodes data using a frequency position technique [START_REF] Perret | Radio Frequency Identification and Sensors: From RFID to Chipless RFID[END_REF] where a frequency band of few tens of MHz is generally allocated to each code. Thus sensing capability can be added without reducing the coding capacity.

As mentioned in the introduction, several papers have been published using the variation in permittivity to sense the temperature (see Table 2.5). However, this approach does not consist in proposing a model of the thermal phenomenon but rather a lookup table that allows linking the measured resonance frequency to a temperature value. This lookup table is obtained after a first practical characterization, in temperature, of the tag. With the proposed approach it is possible to
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.17: Utilization of harmonics to increase the frequencies shift. In blue, temperature independant resonance frequency. In red, real resonance frequencies temperature dependant. dissociate the variation coming from the dielectric permittivity change from the variation coming from the material elongation. Contrary to what is claimed in most chipless RFID papers on this topic (see Table 2.5 -planar / PCB configurations) where only the contribution of the permittivity variation is considered, it should be noted that it is not possible to neglect the contribution of the elongation of the metallic parts as a function of temperature. This is particularly true for scatterer-based CPS TL, and also true to a lesser extent for scatterer-based microstrip TL as it will be discussed in Section X. Equations (2.20) and (2.24) show that the shift in frequency is due to the factor 1 -(α c + α p /2)ΔT .

Since both terms α c and α p usually have the same magnitude, the shift in frequency caused by the metal dilatation is twice more important than the shift caused by a change in permittivity since it is divided by 2. This is amplified if the support is of small thicknesses. In this case, the coefficient q used to calculate α CPS p is around 0.5 so the thermal dielectric effect can be divided by 4. For example, the factor α of a zinc loop resonator with support with no thermal dependency is α = α c = 31 × 10 -6 while a copper loop resonator on a 1mm thermal dependent dielectric like Rogers RO4003C has a factor α = α c + α CPS p /2 = 29 × 10 -6 . Hence, a single metallic resonator with no support can have more thermal sensibility than a resonator with a thermal dependent substrate. Most of the time, material elongation is neglected in existing works. Current studies are essentially focused on the choice of a dielectric that is as sensitive as possible to temperature, i.e. with the highest coefficient σ.

Impact of the distance

To conclude on the evaluation of the errors related to the implementation of this reflectometry-based approach, we will study in this section the impact of the measurement distance on the temperature extraction. The resonator was placed on a guiding rail in an anechoic chamber. The S-parameters were measured with a VNA for different spacings between the tag and the antenna (bi-static configuration). Fig. 2.18-a shows the impact of the distance between the tag and the antennas on the resonance frequency. A resonance frequency shift of 0.4 MHz is measured for a distance variation from a 3 cm to 1 m as illustrated in Fig. 2.18-b. By using (2.24), this frequency shift corresponds to a change of around 4°C. This error of 4°C can have two origins. First when the distance increases, the backscattering signal becomes lower, and it is possible that part of the variation is due to the measurement itself.

The second origin can be explained by the variation of the temperature inside the anechoic chamber due to the presence of an operator who has to enter into the chamber to change the position of the tag.

Considering this second effect, we can admit that an error on the temperature extraction of 3°C, as computed in Section VII.A, can still apply for a measurement range from 3 cm to 1 m. This possible error of 4°C will have no effect on the measurement. Indeed, in (2.21), the reference measurement will act as a calibration so if the tag is not moved during measurement, no additional error will be added. This idea will be demonstrated in practice using different reading ranges.

First the measurement benches used to validate the temperature extraction are described. The first set of measurements focuses on the validation of the model developed in this section for various tags configuration in a controlled environment. The second measurement emphasizes the sensor application where a low-cost traditional PCB design is used in a real environment to sense temperature. 

Temperature sensing in a climate chamber

The model developed in (2.19) will be first validated in a controlled environment. Like in Section 2.1.2, several resonators with the same geometric dimensions presented previously in Fig. 2.9-a have been fabricated using different metals such as Zinc, Copper, and Nickel. In such configuration no dielectric support is used. CTE of these different metals provided by our metals' provider Goodfellow [100] for a temperature range 0°C-100°C following ASTM or DIN test methods are reported in Table 2.2. Copper resonators on a Rogers RO4003C dielectric and a zinc loop put on a high temperature-dependent dielectric (K50) have been also fabricated to take into account the support thermal dependence. The dielectric and thermal properties of RO4003C and K50 are listed in Table 2.6. The main characteristics of the Rogers RO4003C substrate are given in [115]. It can be seen that the evolution of the dielectric constant is linear regarding the temperature over the range -50°to 150°C. For K50, the characteristics can be found in [116]. This panel of 5 resonators has been selected to prove the validity of (2.19) for different materials and with or without support.

Copper Zinc Nickel Copper on RO4003C

Zinc on K50 3 cm 

Measurement setup

The measurement setup used in a climate chamber and the fabricated scatterers operating as temperature sensors are illustrated in Fig. 2.19. The measurement protocol is the same as Section 2.1.2.

The resonance frequency of each temperature is extracted and (2.21) is applied to determine the temperature based on the RF measurements. 

Results and analysis

Temperature sensing in a real environment

The PCB scatterer composed of a copper loop on a RO4003C substrate is the one considered in this section. For this resonator, the loop is realized by etching on a RO4003C substrate laminated on one side by a copper layer. The resonator photo is shown in Fig. 2.19-b. The presence of a thermal dependent dielectric increases the frequency shift (so the accuracy as mentioned in Section VII.B).

Measurements

Four test-benches in a real environment were built and used to validate the potential of the scatterer for temperature sensing applications (Table 2.8). The principle of the test-bench is illustrated in Fig. 2.21. The PCB tag is placed on a support of thickness t at a distance d from the antenna(s).

Both monostatic and bi-static antenna configurations were tested. Measurements were performed in different places such as in corridors, offices. Some places were air-conditioned, some were not. The support was either polystyrene (ε r ≃ 1.1) to simulate a spacing with air or wood/glass when the measurement was done between two-rooms for example. All these parameters are summarized in Table 2.8. A program running on a computer was measuring every minute the S-parameters of the VNA. The computer was controlling also the measurement of the temperature using an integrated temperature sensor (TES 1365). Measurements through a window glass and a wooden door were achieved from one room to another. The test-bench used with the wooden door is shown in Fig. 2.22

as an example. For the wooden door and glass measurements, a spacer in polystyrene of 2cm was used between the tag and the object (see Fig. 2.21). An empty measurement of the environment is first done. After that, we subtract this empty measurement to the next measurements to remove as much as possible the environment noise (door impact, glass impact, ...). In all cases during the temperature monitoring, the first measurement was used as a calibration (measurement at T 1 ) and the tag was not moved during the measurement. For the wooden door and glass measurements, a spacer in polystyrene of 2cm was used between the tag and the object (see Fig. 2.22). This spacing isolates the tag from the object so that the two elements are not coupled. Therefore, the evolution of the resonance frequency, particularly as a function of temperature, remains independent of the object on which the tag is placed. Indeed, from [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] it is possible to calculate the thickness of the separation layer (spacer) allowing a sufficient isolation between the tag and the object on which the tag is attached. For example, if we consider the following constraining case, namely the stacking of layers: 1) tag dielectric support, 2) metallic layer, 3) air spacer of 5mm and 4) an unknown object (door) potentially of infinite thickness. In this case, the coefficient that multiplies the dielectric permittivity of the different layers q can be computed, and as a result, the effective permittivity is composed at 96% of the first layer dielectric constant (air in this example), and 4% of the second (object on which the tag is attached). So, the influence of an object like a door (in wood or in plastique) will be negligible compared to the others dielectrics. This result is confirmed in practice. 

Results and analysis

Extracted temperature results are plotted on Fig. 2.23 to Fig. 2.26. For the four test-benches, the temperature using the integrated temperature sensor and the one extracted from the loop resonator response with (2.21) are in good agreement. In Fig. 2.23, temperature variations corresponding to daytime/nighttime can be seen. The maximum difference between both measurements is around 2°C on the 3 days measurement duration. To increase the isolation between the incident and reflecting wave and to reduce the error, bi-static measurements are then considered. Bi-static measurements through 12cm of polystyrene and through a wooden door give a maximum error of 0.5°C (Fig. 2.24 and 2.25). Bi-static measurement through a window glass gives a higher error of 1.5°C (see Fig. 2.26).

In Figs. 2.23 and 2.25, we can see in practice the effect of the distance on the measurements : the distance variation is not impacting the accuracy of the temperature extraction.

Another noticeable point is the importance of the frequency resolution (number of points for a given frequency span) for the sensor sensitivity. For test-benches with polystyrene (test-bench n°1 and n°2), a frequency resolution of 10kHz was used. This value corresponds to a temperature sensitivity of 1/9°C as stated by (2.24) which is observable in the results. For measurements from one room to another (test-bench n°3 and n°4), a lower frequency resolution of 30kHz was used. The corresponding temperature sensibility is 1/3°C as stated by (2.24) which is also what was measured in practice. This result points out a limiting factor in temperature sensing with this RF approach which is a temperature resolution directly linked to the frequency resolution of the RF equipment used for the measurement.

Thermal characterizations of a resonant scatterer-based microstrip TL

The same concept can be applied to different types of scatterers. In this section resonant scattererbased microstrip TL is considered. In its simplest form, the scatterer is a metallic strip (a dipole) above a ground plane. This scatterer can be considered as a microstrip TL section terminated at both ends by an open circuit (OC). This resonator is illustrated in Fig. 2.27. This resonator offers multiple advantages for temperature sensing. Indeed, the presence of a ground plane confines the electromagnetic fields in the substrate (Fig. 2.27). We will see that in such a case the sensitivity of the sensor can be increased compared to scatterer-based CPS TL when a temperature-dependent substrate is used. Moreover, the ground plane isolates the scatterer from its direct environment, so a spacer as the one used in Fig. 2.22 is not needed. The major drawback of this resonator is its lower Q-factor compared to the loop, leading to a wider peak resonance which makes it harder to find the peak apex corresponding to the resonance frequency. About the thermal dependency of the resonance frequency, the expansion due to temperature can be modeled exactly like the loop. So (2.16) can be used such as the equality between α c end α CTE . The thermal-dependency of the effective permittivity α MS p can be obtained following the same approach introduced in Section 2.2.2, i.e. in this case by modeling the dipole over a ground plane as a microstrip line. Note that this line is similar to a patch antenna which has been widely studied in the literature [START_REF] Balanis | Advanced engineering electromagnetics, john willey & sons[END_REF]. So the classical expression of its effective permittivity can be used and the dependence with temperature can be added. The coefficient α MS p can then be expressed as:

α MS p = ε r σ 2 1 + 12 h W ε r + 1 2 + ε r -1 2 1 + 12 h W (2.25)
where h is the thickness of the substrate and w the width of the dipole as shown in Fig. 2.27. Considering the scatterer-based microstrip TL geometry given in Fig. 2.27, a value of α MS p = 23.6 × 10 -6 is obtained with (2.25) using the same Rogers RO4003C.

Note that in the case of the scatterer-based CPS TL shown in Fig. 2.9, where α CPS p = 22.4 × 10 -6 was obtained with (2.17) for the same substrate, α MS p has a higher value. This is due to the presence of a higher confinement of the EM fields in the thermal-dependent substrate for the dipole (see Fig. So, by using the same metal and same substrate as the loop, the dipole over the ground will have a greater frequency shift. Even in this TL configuration, the coefficient α c is not negligible in the frequency shift response to temperature and should be considered as stated in Section 2.2.6. Ease to produce Harder Easier

Measurements

In this measurement, a chipless RFID tag composed of three dipoles over a ground plane is studied [START_REF] Perret | Radio Frequency Identification and Sensors: From RFID to Chipless RFID[END_REF]. This measurement will show that the proposed model can be generalized to other types of the resonator, as well as the possibility to implement the temperature sensing to existing chipless RFID tags without impacting their identification capability. The measurement protocol is the same as in Section 2.2.7 and test-bench is shown in Fig. 2.28. A cross-polarisation measurement is done. The 3 microstrip dipoles have respectively a resonance frequency of 3.1, 3.7 and 4.1GHz.

Results and analysis

Extracted temperature results are plotted in Fig. 2.29 alongside the integrated sensor results in black.

Extracted temperature using (2.21) and ( 2 We can also see in Fig. 2.29 that having multiple resonators permits to have multiple independent temperature extraction that can be averaged to increase the robustness of the temperature sensor compared to the utilization of a single resonator. An error of 2.7% is obtained when the averaging temperature is considered. similar errors in practice. This can be explained by the fact that the measurement accuracy is also related to the quality factor of the resonators. Indeed, as said earlier, the higher the quality factor, the more accurate the extraction of the resonance frequency and therefore the temperature will be. Here, at the considered frequencies, the quality factor of the scatterer-based MS TL resonator is lower than the CPS TL resonator resulting in a better and more robust measurement of the resonance frequency (maximum of the S-parameter curve) for the CPS TL resonator. The measured CPS resonator Q-factor is of 148 while the MS resonator has a Q-factor of 48 (3 times lower).

It is also important to note that the shift in frequency is not only linked to α but also to the resonator length L, the substrate permittivity and other parameters as shown in (2.24). A figure of merit based on (2.24) can be introduced to better illustrate the temperature sensitivity of the resonators under study: 

2Ldf n cnΔT = α √ ε eff (2.

Humidity effect

Temperature variation in the environment can also significantly change the relative humidity. Such humidity variation can have an impact on the temperature extraction using the proposed model.

Indeed, as water's real part of permittivity is around 80 near 3GHz, a higher humidity can lead to a lower resonant frequency due to the increase of the effective permittivity seen by the resonator.

First measurements were done in a climatic chamber where the humidity was maintained constant. These measurements results allowed to validate the introduced thermal behavior. Secondly measurements were done in a real environment where humidity varied during the measurement.

These variations (not taken into account in the model) impacted the temperature extraction by adding errors to it. However, it is possible to investigate the humidity impact for a possible real environment application of this type of tag sensors where the humidity effect is not considered. Note that in Section 2.3 a more general model (taking into account both the temperature and the humidity) will be introduced to further increase the extraction accuracy of the temperature for example.

By using the climatic chamber presented above, a variation of humidity from 40%RH to 60%RH at constant temperature 20°C was performed to characterize the humidity impact on the measured resonance frequency. The measurement results are plotted in Fig. 2.31. We can see that a 20% relative humidity variation (from 40%RH to 60%RH) leads to 0.5 MHz shift on the resonance frequency. So by using (2.24), this shift (linked to a change of 20% of the relative humidity) can be seen as a variation of 0.25°C/%RH. Always based on results given in Fig. 2.31, the introduced error by considering a variation from 50%RH to 40%RH is lower: the shift is only of 0.1MHz which corresponds to a variation of 0.1°C/%RH. Indeed, as shown in [START_REF] Vena | Toward a reliable chipless rfid humidity sensor tag based on silicon nanowires[END_REF], the higher the relative humidity, the more the resonance frequency varies. We can extrapolate an error of 0.06°C/%RH for the humidity range 40%-30%RH and 0.0033°C/%RH for the range 30%-20%RH.

Concerning the highest humidity values we had during our measurement in real environment, a variation between 40%RH and 42%RH was observed, hence an error of 0.1°C/%RH can be considered in such a case. So, the error on the temperature due to the variation of humidity can be estimated to a maximum of 0.2°C. In the other measurements, a relative humidity lower than 40%RH (even lower than 30%RH in some) was observed, hence the introduced errors are even smaller. However, we will see in the next Section 2.3 that more important errors on the temperature can occur. Also, in these configurations, a more complete model integrating the effect of humidity on the permittivity can resolve the the problem.

Conclusion of the section

This section introduced an analytical thermal frequency behaviour of resonant scatterers by modelling them as transmission lines. This approach can be generalized to a large variety of resonators as long as their shape can be analytically described using Scattering Matrix concatenation method.

The model permits to rigorously link the variations of the measured resonance frequency with the temperature without any lookup table. Several resonators configurations have been tested (different metals, different substrates, different types of resonator) to validate the equations. Unlike previous works in this domain where the thermal dependency is considered empirically, the introduced model is used to take into account all thermal effects affecting the resonant scatterers allowing to link rigorously the variations of the measured resonance frequency with the temperature without any lookup table.

As previously presented, the humidity also impact the sensor functionnality. It was shown that a controlled humidity variation was necessary to achieve good temperature sensing. In the following section, a generalization of the sensing approach for temperature extraction will be presented. This new approach will permit to sense temperature and humidity at the same time allowing to dissociate both impacts (and so reduce errors) as well as measuring more physical parameters.

Combined Temperature and Humidity Chipless RFID Sensor

Several chipless RFID humidity sensors have been published [START_REF] Amin | Development of a low cost printable chipless RFID humidity sensor[END_REF][START_REF] Borgese | An inkjet printed chipless RFID sensor for wireless humidity monitoring[END_REF][START_REF] Fan | A depolarizing chipless RFID tag with humidity sensing capability[END_REF]. In these works, dedicated substrates with permittivities sensitive to humidity are used. In this case, a humidity variation will cause a variation of the permittivity detected by resonators resulting in a shift of their resonance frequencies. These frequency shifts are used to compute the ambient humidity around the resonator.

At the same time, multiple chipless RFID temperature sensors have been made [START_REF] Amin | Development of a chipless RFID temperature sensor using cascaded spiral resonators[END_REF][START_REF] Virtanen | Temperature sensor tag for passive UHF RFID systems[END_REF][START_REF] Noor | High-density chipless RFID tag for temperature sensing[END_REF][START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF] based on the same idea, i.e. temperature variations induce a shift on the resonance frequency which can be detected by the reading system. The link between the resonant frequency and temperature involves two physical phenomena. The first studied mechanism is the thermal expansion of the material. In this case, when the temperature varies, the physical dimensions of the resonator will change resulting in a variation of the resonance frequency. The second mechanism is the change of the dielectric constant of the substrate with the temperature. Similar phenomena is observed for humidity. One of the advantages highlighted with this remote reading approach is the possibility to retrieve the tag identifiant (ID) along with the temperature even through some everyday objects, such as through a wall or a door [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]. A summary of recent works is presented in Tab. 2.10.

An important limitation of these works is that these sensors can only estimate a single physical parameter while the other has to remain constant (and known). However, in a real-life application, both temperature and humidity will vary and impact the resonance frequency which is used as a sensor but also to decode the tag identifiant. This is due to the fact that most of these studies are not based on an analytical model. Indeed they use an empirical approach, which makes it impossible to separate the effects of temperature and humidity. Note that these two variables have an impact on the resonance frequency, which is generally the only quantity that is measured and therefore used to recover the information related to these two independent quantities. Then, when humidity is studied for example, temperature variation can be wrongly interpreted introducing errors on the extracted humidity. Therefore, the real-world applicability of these sensors is debatable. Also, contrary to the majority of works on chipless sensors where specific materials are used to obtain the desired function, the introduced approach is based on an analytical model and can be simply applied to tags previously introduced for identification applications. These tags do not contain any specific material, i.e. particularly sensitive to the quantities to be measured and they have the advantage of being simple to manufacture. An undeniable advantage over other works is the ability to simultaneously retrieve three independent information sources : the tag identifiant, the surrounding temperature and humidity. This section redrafts the problem definition from a theoretical point of view and goes as far as showing the potential and the limits of this approach through several practical experiments.

Thus, this section shows how to measure two physical quantities at the same time without the addition of any specific material, with a very accurate physical model that predicts the evolution of the resonance frequency of resonators when the tag is subjected to both temperature and humidity variations. Measurements in a real environment; a study of repeatability on the extraction of the physical quantities and their limiting range, as well as Monte-Carlo simulations are achieved in this section. A method to characterize the temperature and humidity dependencies of unknown materials is also proposed. This section focuses on the estimation of temperature and humidity based on the chipless RFID technology. The study of the remote sensing principle through obstacles (wood, glass, walls...), reading distance or resonator geometry has already been presented in detail in Section 2.2.

As the obtained results showed good performance in reading, these studies have not been repeated here.

The section is organized as follows : first the expressions used to extract the temperature and humidity from the measured S-parameters are introduced. Then simulations and measurements in a controlled and in a real environment respectively are presented. Moreover a method to estimate the model coefficients, a repeatability study and the estimation of the errors and the uncertainties of the method using Monte-Carlo simulations were done. Finally, a conclusion is drawn. 

Theory

Relationship between resonance frequency, temperature and humidity

As previously said in the introduction, the substrate dependence of humidity is unknown. A rare case where the humidity is characterized by its provider is presented in Fig. 2.32 with Kapton HN dielectric. In the most general case, by considering small variations of humidity around a specific value RH 0 , where RH denotes the relative humidity (in %) seen by the resonator, it is possible to linearize the resonator substrate permittivity ε r with:

ε r (T, RH) ≃ ε r (RH) × (1 + σT) ≃ ε r (RH 0 ) × (1 + σT) × 1 + ε ′ r (RH 0 ) ε r (RH 0 ) (RH -RH 0 ) (2.27)
where σ is the thermal dependence of the substrate often characterized by the provider. ε ′ r (RH 0 ) is the derivative of ε r according to the variable RH. Equation (2.27) can be rewritten as:

ε r (T, RH) = ε r (RH 0 ) × (1 + σT) × (1 + [a + ηRH]).
(2.28) The coefficients a and η represent the humidity dependence of the substrate. For the loop, the effective permittivity can be modelled by considering the resonator as a slot line terminated at both ends by a SC. Thus, the effective permittivity of the loop resonator ε eff , on a single substrate layer, can be expressed as [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] :

ε eff (T, RH) = 1 + ε r (1 + σT) × (1 + [a + ηRH]) -1 2 q (2.29)
where ε r is the permittivity of the substrate at T = 0°C and RH = RH 0 . The parameter q is dependent on the thickness of the substrate and the geometry of the resonator as described by the analytical expression given in [112, eq. ( 21)] which leads to :

ε eff (T, RH) ≃ ε eff (0, RH 0 ) × (1 + α p T) × (1 + a ′ + γRH) (2.30) with : α p = σqε r 2 + (ε r -1)q (2.31) and γ = ηqε r 2 + (ε r -1)q (2.32)
and a ′ = aqε r 2 + (ε r -1)q (2.33)

In this case, (2.1) can be rewritten as :

f(T, RH) = c 2 ε eff (1 + α p T)(1 + a ′ + γRH)L 0 (1 + α c T) ≃ F × (1 -αT - 1 2 [a ′ + γRH]) (2.34) with α = α c + α p /2 and F = c 2 √ ε eff L 0 (2.35)
Notice that the thermal and humidity dependence on the permittivity is expressed by the coefficients α, a ′ and γ in (2.34). For this reason, the value of ε eff in (2.34) is a constant which does not depend on the temperature nor on the humidity. Please also note that for the remainder of this section, we will consider the values of α, a ′ and γ to be known. A method for the extraction (used in the measurement part of this section) of these coefficients will be described later.

The principle of the sensor introduced is based on the use of two resonators of the same topology.

Rectangular loop resonators are studied for their good EM performance. As illustrated in Fig. 2.33, the resonators present two different lengths l 1 and l 2 (associated to their resonance frequencies f 1 and f 2 ) for respectively resonators 1 and 2. Based on (2.34), and considering two loops, we can write the following equations:

-F 1 F 2   α 1 γ 2 α 2 γ 2   ΔT ΔRH = Δf 1 Δf 2 (2.36)
where ΔT = T -T ini , ΔRH = RH -RH ini with T ini (respectively RH ini ) the initial temperature (respectively relative humidity) at time t 0 , T (respectively RH) the temperature (respectively relative humidity) at time t (t > t 0 ).

The quantity F n (independent of temperature and humidity) can be extracted using an initial measurement and (2.34). Indeed, by measuring the temperature T ini and humidity RH ini of the first measured resonance frequency f n ini of the resonator n, we have:

F n = f n ini (1 -α n T ini - 1 2 [a ′ + γRH ini ]) (2.37)
As the set of terms appearing in the second part of (2.37) is known, it is possible to calculate F n . If the criterion α 2 ̸ = α 1 is respected, (2.36) allows a unique expression for both temperature and humidity as follows :

       T = T ini - 1 F 1 F 2 (α 1 -α 2 ) (F 2 Δf 1 -F 1 Δf 2 ) (2.38a) RH = RH ini - 2 γF 1 F 2 (α 1 -α 2 ) [F 1 α 1 Δf 2 -F 2 α 2 Δf 1 ] (2.38b)
If the resonators are placed on the same substrate, they will present the same values for γ and a ′ and α p as well. However, even if scatterers are designed on the same substrate and the same metal for the resonator's pattern, the value of α c so α varies with the resonator length (see [START_REF] Requena | Contactless characterization of metals thermal expansion coefficient by a free-space RF measurement[END_REF]). Thus the fact of considering two different lengths means that we have α 1 not equal to α 2 in a vast majority of cases and especially in the case that will be presented next.

By doing a initial measurement of the resonance frequency f n ini for both resonators at a known temperature T ini and humidity RH ini , we can then calculate F n using (2.37). To extract T and RH at time t, (2.38a) an (2.38b) will be applied on the measured resonance frequencies of the two resonators f 1 and f 2 . As previously said, coefficients α, γ and a ′ are supposed to be known using (2.31), (2.32) and

(2.33) for known tag materials and geometry or can either be obtained by measurement (described later). In the present section, Rogers RO4003C will be used as a substrate. Note that its humidity dependence is not characterized by its provider. So, the procedure detailed later was first used to extract missing coefficients. 

Simulations

Prior to that, EM simulations using CST were achieved to make a proof of the sensor concept presented above. and (2.38b) with the simulated resonance frequencies. The axes in Fig. 2.35 correspond to the temperature and humidity values imposed in the simulation. It can be seen that the extracted physical quantities are independent, which shows that the system of equations (2.36) can be solved.

The extracted temperature in Fig. 2.35a is in good agreement with the simulated temperature with an average error of 2°C (and a maximum of 6°C). With humidity, a slightly larger error with 3%RH on average (and a maximum of 9%RH) is observed.

A second simulation has been done where the previous parameters still apply except for the permittivity which is now described by ε r (T, RH) = 3.55 (1 + 20 × 10 -6 RH)(1 + 40 × 10 -6 T). The goal of this simulation is to demonstrate the concept which is the importance of the substrate for the humidity extraction. The humidity dependence has been lowered compared to the value used in the previous simulation (a reduction of η from 40 to 20). For temperature, σ was increased from 10 to 40.

Extracted temperature and humidity are plotted in Fig. 2.36. The extracted temperature is in good agreement with the simulated temperature with a maximum error of 4°C and 2°C on average. For humidity, a maximum error of 22%RH and 10%RH on average are observed. We can confirm that by increasing the thermal dependence σ, hence the frequency shift, it is easier to estimate the correct temperature. Meanwhile, by reducing the humidity dependence η and so its frequency shift, higher errors on the humidity extraction are observed. Also, we can see that the behaviour between the temperature and humidity is not symmetrical since a low value of 10 × 10 -6 on σ does not increase significantly errors compared to η. This behaviour appears since the temperature extraction is also impacted by the thermal dilatation of the resonator while humidity extraction is only impacted by the permittivity.

These simulations confirm the trends in extraction, but they do not allow to estimate very precisely the error to be expected when using (2.38a). Indeed, despite a very dense mesh, and therefore a very long simulation time, the numerical accuracy obtained in the simulation remains relatively low and induces significant errors which will not be present in measurement. It is the experimental study that will allow us to better characterize the errors obtained on the extraction of temperature and humidity. 

Sensitivity of the measurement

The choice of the substrate which makes up the resonator is important for the accuracy of the sensor, especially for humidity. Temperature extraction is impacted by both the substrate and the metal part of the resonator [see (2.35)] while humidity can only be sensed by the substrate.

To increase the resolution of the sensor, the frequency resolution of the VNA has to be low.

Indeed, the resonance frequency shift Δf due to temperature and humidity can be computed with [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]:

Δf = c 2 √ ε eff L (αΔT + 1 2 γΔRH) (2.39)
Using typical values for α and γ (given in the next section), we can find that an increase of 1°C leads to a frequency shift of 64kHz. The frequency step on the VNA during our measurements is 6kHz. Thus, the estimated temperature is discretized by steps of 1/11°C. Moreover, an error in the research of the curve maximum of only 11 frequency steps can lead to an error of 1°C. Therefore, increasing the number of frequency points during the measurement would reduce this error and this discretization.

Note that loop resonators are considered in this section but other tag geometries can also be used. For example, in Section 2.2, (2.1) is also used for dipole over ground plane resonators. In this case, the expression of α p and also the transformation from η to γ is different and must be updated.

Parameters characterization

Substrate temperature variations are often given by providers in the data sheet but humidity response is often not characterized. This section will show how to characterize the coefficients a ′ , α and γ with an example of Rogers RO4003C substrate. The time transient response as well as the limiting range of (2.34) will also be studied for this dielectric.

By normalizing the measured resonance frequency f in (2.34) by (2.37), we have : By considering f ini as the first measured resonance frequency at time t 0 , as the coefficients a ′ , α, γ are small compared to one (see Table 2.12), one can simplify (2.37). From this, we can rewrite (2.40) as follows. Note that this simplifying assumption will be validated later.

f F = 1 - a ′ 2 -αT - γ 2 RH ( 2 
f f ini ≃ 1 - a ′ 2 -αT - γ 2 RH (2.41)
From (2.41) it is possible to extract the coefficients a ′ , α and γ by linear regression applied on measurement. Indeed, it is possible to have the resonance frequencies corresponding to a set of different values of temperature and humidity. The set of measurements presented ealier, as long as we have measured at the same time the temperature and the humidity with an independent electronic sensor can be used to make this extraction.

Measurements in the climatic chamber with temperature and humidity profiles such as the one shown in Fig. 2.38-a have been used to extract the three coefficients. Indeed, once the frequencies f were measured alongside the temperature T and humidity RH, a fit of all the realized measurements was done based on (2.41) to find the values of α n , γ and a ′ and is illustrated in Fig. 2.38-b. This extraction was repeated three times. For each measurement, the entire test bench was disassembled and put back in place. Extracted coefficients are listed in Table 2.12. The measurement in a real environment is also used to estimate these coefficients and the obtained results are added in Table 2.12.

Fig. 2.39 shows a comparison between the normalized resonance frequency and (2.41) using the measurements obtained in real environment. We can see that the fitting is in good agreement for different humidity and temperature variations.

Table 2.12: Fitting coefficients of (2.41) for different measurements using the same resonator.

Measure 1 Measure 2 Measure 3 Real environment α 3.852×10 -5 4.624×10 -5 4.165×10 -5 4.131×10 -5 γ 2.658×10 -5 3.108×10 -5 2.926×10 -5 2.836×10 -5 a ′ 0.004 0.006 0.006 0.004

We can see that the extracted coefficients in the climatic chamber (for a sensing range of 40°C-60°C and 60%RH-70%RH) are very close to each other, reflecting a good repeatabilily of the measurement. In comparison to the real environment estimation, we can see that the setup has a limited impact on the extraction. Also, in the real environment the measurement was done in the range of 20°C-25°C and 25%RH-40%RH as shown in Fig. 2. [START_REF] Costa | A chipless RFID based on multiresonant highimpedance surfaces[END_REF]. It means that the linear approximation of humidity made for the Rogers RO4003C (which is uncharacterized in terms of humidity) seems a good approximation for the whole 25%RH-70%RH range. This range of validity for our substrate and the limits of the approach will be discussed later.

Some of the extractions presented here were also done using the same approach (linear regression on a set of measurements made at different times for different values of temperature and humidity) applied on (2.40), i.e. before the simplification indicated above. The results obtained are close to those presented in Table 2.12, with an error of less than 10% on each coefficient. This value of 10% will be taken into consideration to calculate the uncertainty and the error induced on the extraction of temperature and humidity. However, the extraction from (2.40) is more difficult to implement. Indeed, it has been seen in practice that this extraction is strongly dependent of the initial values given to a ′ , α and γ since F also depends on these parameters as stated in (2.37). This is not the case with (2.41) where the obtained results are independent from the initial values given to these coefficients. This is the reason why only the extracted values obtained with (2.41) are used in this section. 

f f ini in a climatic chamber 1 - a ′ 2 -αT - γ 2 RH

Sensing in a controlled environment

The introduced approach is mainly based on the measurement of scatterer resonance frequencies. This information can be obtained from the measurement of the RCS of the scatterer [START_REF] Vena | Chipless RFID tag using hybrid coding technique[END_REF], a quantity that can be easily obtained in simulation. In practice, it is not necessary to have the RCS, the measurement of the S 21 parameter in bi-static configuration and in frequency is sufficient. Indeed, the resonance frequencies are intrinsic to the scatterers and do not depend on the measurement setup like the distance between the antennas and the tag or the antennas themselves [START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded rfid[END_REF]. Temperature and humidity are controlled using a Votsch climatic chamber VC0018. The measurement protocol is the same the one described in Section 2.1.2.

Measurement setup and tag design

In practice, a standard PCB chipless tag was measured. On a Rogers RO4003C substrate, the tag is made up of two copper resonators (see Fig. 

Results and Analysis

The measured resonance frequencies are plotted in Fig. 2 The highest difference with the electronic temperature sensor is of 2.8 • C and 0.95°C on average.

For humidity, the highest difference is very localized near 700min and equals to 7.2%RH. On average, an error of 2.1%RH was made with the electronic sensor. We can see that humidity is estimated with more errors than temperature. Indeed, as presented ealier, the humidity impact tends to be lower than the temperature one since it is only sensed by one physical mechanism (the substrate variation) and so induces smaller shifts which are harder to measure. This is the case for copper resonators on Rogers RO4003C. Investigations on substrate properties will be presented later and Table 2.12. 

Sensing in a real environment

Measurements

Measurements were done in a real environment to validate the sensing approach. The measurement setup is shown in Fig. 2.41 and the tags used in practice are presented in Fig. 2.33. The bistatic antenna configuration is kept to increase the isolation. A computer is connected to a VNA and an electronic temperature and humidity sensor. Each minute, the computer triggers measurements on the VNA and the sensor. Temperature, humidity and the S-parameters are saved on the computer. The measured S-parameters have been smoothed to remove any residual measurement noise that may impact the search of the resonance frequency and thus induce an error on the frequency extraction.

The tag was not moved during the whole monitoring.

Results and analysis

The recorded temperature and humidity during the measurement are shown in Fig. 2.43 in red.

The measurement lasted 2200 minutes. Equations (2.38a) and (2.38b) are applied and the estimated temperature and humidity are shown in Fig. 2.43 in blue alongside the electronic sensor in red. We can see that the two quantities are in good agreement with an error lower than 1°C and 5%RH on the estimated quantities. In Fig. 2.43 the estimated temperature which can be sensed using a traditional chipless RFID temperature sensor is also plotted in brown. As said in the introduction, if the humidity effect is not considered, a higher error of 2°C on the extracted temperature can be observed. The 2°C error is obtained for relatively low humidity values (around 30%), and would be even greater if humidity increases. This approach shows how it is possible with (2.38a) to reduce the errors in the estimation of temperature as well as enabling to sense more physical quantities (here humidity). 

Discussions on the proposed approach Discussion on measurement conditions

The introduced tags allow to perform an identification and a sensor function (temperature, humidity) simultaneously. It should be noted that the measurement conditions associated with these two functions are quite different from each other. Indeed, for the identification function, the objective in application is to be able to retrieve information in the most constrained environments, potentially in motion, and an interesting example to illustrate this type of measurement condition is when the tag is held in the hand. To this end, several approaches have been introduced to make the measurement as independent as possible of the environment, even if the tag is coupled with the unknown object on which it is placed [START_REF] Vena | A fully printable chipless RFID tag with detuning correction technique[END_REF][START_REF] Vena | Design of compact and auto-compensated single-layer chipless RFID tag[END_REF]. The measurement in connection with the sensor functionality is quite different and requires to further constrain the measurement conditions [START_REF] Requena | Contactless characterization of metals thermal expansion coefficient by a free-space RF measurement[END_REF][START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]. This also means that it will always be possible to obtain the tag identifier when reading in sensing mode, whereas the reverse is not true. In identification, we can allow a margin of 80 MHz on the detection of the resonant frequency for the decoding of the information, in sensor, we will try to measure the smallest variations of the resonance frequency and we must therefore make sure that this variation is linked to the physical parameters that we are measuring and not to the changing environment. As an example, a variation of 0.8 MHz (i.e. 100 times less than for the identification mode) is equivalent to a change of 6°C in temperature for the tags presented. Therefore, the results presented are only possible if the environment (excluding temperature and humidity variations) and the measurement system have an effect on the resonant frequency of less than 0.1 MHz (64kHz for 1°C of error as discussed earlier).

To illustrate that, it is important to note that in an environment where nothing moves in the vicinity of the tag (i.e. within a radius of one meter centered on the reading zone), the action of taking the tag and replacing it strictly in the same place implies a modification of the resonance frequency of around 0.8 MHz. This figure shows that 1) the error due to the environment on the tag's resonance frequency can be reduced very significantly when the environment is perfectly stationary, 2) any displacement of the tag, even if very small, leads to significant errors for the sensor function. This is why the measurement conditions implemented in the article impose a fixed environment around the tag and a fixed tag that is not moved during the measurement [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]. The person carrying out the measurements stands at a distance of at least one meter from the tag and most of the measurements are carried out without any person in the room where the experiment takes place. In terms of measurement methodology, the principle of extraction is based on 1) the initial measurement of the resonance frequency (at time t 0 ) as well as the temperature and humidity, 2) successive measurements at time t of the resonance frequency under the same conditions as the measurement at t 0 where only the humidity and temperature vary over time. The difference in resonance frequency Δf = f(t) -f(t 0 ) obtained thus contains information on the effects of the variation of the physical parameters on the resonator, effects which are modeled and given by (2.36). Note that the fact of imposing not to move the tag or the environment in contact to the tag during the measurement is not incompatible with applications, we can give the example of a sensor fixed in a building and positioned far from human activities. Under these conditions, temperature and humidity can be extracted remotely with simple resonators manufactured with classical PCB manufacturing techniques. Note also that we do not use any specific materials that are particularly sensitive to humidity or temperature for the sensor function (the RO substrate is known to be relatively insensitive to humidity variations). Also, depending on the application, it is always possible to select another substrate to reduce the reading constraints specified here.

Time transient responses

The measurement done to identify the parameters in the climatic chamber in Fig. 2.38 permits to find the same coefficients as the ones obtained with the measurement in a real environment. We also note that the measurement in the climatic chamber offers additional information on the time response of the sensor. Indeed, since we can change temperature and humidity more quickly in the climatic chamber, we can see in Fig. 2.38 the transient response of the sensor, i.e. the time response of the Rogers RO4003C substrate in regard to humidity variations. According to the estimated humidity in the previous subsection, as well as the comparison with the real environment fitting where this time response was not taken into account, we can neglect this effect for this particular substrate.

Indeed, fitting the measured frequency to (2.41) using the end of humidity steps only (where the transient time is nearly over), leads to α = 4.190 × 10 -5• C -1 and γ = 3.710 × 10 -5 %RH -1 instead of α = 4.165 × 10 5• C -1 and γ = 2.934 × 10 -5 %RH -1 when considering the whole response. This measurement correspond to measure n°3 in Table 2.12. For measurements every minute, we can notice that the impact on temperature response time is negligible and the impact on humidity is low confirming the results previously presented.

Parameters limitations

Unlike temperature dependence of the permittivity, which can often be considered linear for classical materials used for tag fabrication in a range that could be around 0-100 • C, the linearization of humidity dependence in (2.27) is only valid for a limited range of humidity around a specific value.

However, to increase this range of definition, it is possible to use a model with more parameters [compared to (2.27)] describing a nonlinear variation of the permittivity with humidity. This model can be based on a polynomial fitting of order 2 or 3 for example.

Furthermore, some materials such as Kapton dielectrics, have been characterized in both humidity and temperature variations [126]. The thermal and humidity dependencies are linear and are valid on 0°C-200°C and 0%RH-100%RH ranges. With similar materials, the linear assumption is valid for the whole 0-100 %RH sensing range. In reality, close to 100 %RH, the presented approach will not work since water droplets will start to form on the surface of the tag. The presence of water will heavily impact the resonance frequency of the resonator due to its high permittivity (ε water ≃ 80). Measurements with different humidity values have been done in order to determine this limitation for the dielectric used in this section (Rogers RO4003C). An example of normalized resonance frequency used to extract the coefficient γ is plotted in Fig. 2.44. The estimated γ for different humidity ranges are presented in Table 2.13. The 25%RH-40%RH range was the one considered during the measurement in a real environment. The last measurement (measurement n°3) was done from 60%RH to 95%RH and divided in sub-domains. Between these measurements, the test-bench was completely disassembled and put back together. We can see that γ is quite constant for humidity values lower than 75 %RH. For higher values, γ significantly increases with the humidity and the linear model cannot be used to extract the relative humidity on the total humidity range considered here. At 85 %RH, the value of γ = 2.8 × 10 -5 %RH -1 does not describe well the humidity dependence of the resonator and so can be considered as a limitation of (2.34) here this linear approximation model is considered on this wide range. In Fig. 

Monte Carlo simulations

Monte Carlo simulations have been made to estimate the error done on the estimation of the humidity and temperature as well as uncertainties. The RCS curves of Fig. 2.34 have been used with a SNR of 40dB which is a coherent value measured in practice. Resonators were chosen to have f 1 = 3GHz, α 1 = 16 × 10 -6• C -1 , f 2 = 3.2GHz, α 2 = 32 × 10 -6• C -1 and γ = 40 × 10 -6 %RH -1 . Monte-Carlo simulations show no particular behavior which means that the estimation is without bias (not shown here). Errors are quite low with less than 1°C on the temperature and less than 0.5% on the humidity. Uncertainties are 2.6°C for temperature and 1.5% for humidity. To increase the temperature and humidity accuracy and sensibility, dielectrics with higher temperature and humidity dependencies (like Kapton [126])

as well as a resonator made of metals with higher dilatation coefficients (like zinc) should be used.

By doing so, coefficients α 1 and α 2 in (2.34) will increase, resulting in higher frequency shifts which are easier to measure. Also, by looking at (2.38a) or using (2.38b), one can notice that the temperature and humidity resolution are immediately linked to the frequency steps used for the measurements.

Hence having a lower frequency step increases the resolution of the measurands.

Uncertainties on the parameters α and γ in (2.38a) and (2.38b) can also impact the estimation, so we also studied the errors and uncertainties resulting from an error on these parameters. Results are plotted in Fig. 2.46 and Fig. 2.47. We can see that the errors and uncertainties introduced on the extracted temperature and humidity are higher than the ones coming from an error from the measurement of the resonance frequency. We can also notice a tendency in which the uncertainty increases for the estimated temperature as temperature increases and the uncertainty for the estimated humidity increases when temperature or humidity increase.

It is notable that (2.38a) does not depend on γ and so the error on the estimated temperature only increases as T increases. Meanwhile, (2.38b) does depend on both α and γ and so the error increases as T or RH increases.

Overall, even with high uncertainty, the sensor functionality remains possible as demonstrated in the measurements. Indeed, a high uncertainty means that the estimated quantities are in an interval of +/-10%RH for humidity as an example for ΔT = 80°C and ΔRH = 80%. But the error stays low for both estimated quantities so on average, the estimated quantities are close to the real quantities.

This average is easy to do on a measurement by using the average functionality of the VNA.

It is reminded that the sensitivity of the measurement is directly related to the accuracy of the measuring device. The use of a VNA is perfectly suitable with a high dynamic of measurement and the resolution in frequency essential to implement the introduced approach. 

Generalization

In real environment, during our measurements, temperature and humidity can both vary and impact the resonance frequency. In a more complex environment, other physical quantities can also impact the resonance frequency. We can imagine having a substrate whose dielectric constant is also sensible to several gases. In this case, the model presented in this section can be generalized to n parameters using n resonators with :

        α 1 1 1 1 α 2 1 1 1 α 3 1 1 1 α 4 1 1 1 ...                 T γRH + a ′ ζGas 1 + b ′ κGas 2 + c ′ ...         =              1 -f 1 2L 1 √ ε eff c 1 -f 2 2L 2 √ ε eff c 1 -f 3 2L 3 √ ε eff c 1 -f 4 2L 4 √ ε eff c ...              (2.42)
where α, σ and γ follow the same equation presented in Section 2.2 for their respective dependencies.

The advantage of such an approach is significant in an environment where multiple gases can be present and vary for example. Thus, it is important to consider their contributions to isolate the estimated quantities and remove their interdependency on the resonance frequency which is the only measurand used to make the sensor application.

Conclusion of the section

A combined temperature and humidity sensor for RFID chipless applications is described in this section. It is shown that two physical quantities such as temperature and humidity can be extracted independently using only the measurement of resonance frequencies of resonators positioned on a label and interrogated remotely using a radar approach. We also note that these two quantities are obtained simultaneously and that the tags used do not include any specific materials which makes them very accessible. Simulation and real-life measurements are used to validate the sensor model.

The linear approach for a Rogers RO4003C substrate was determined to work up to 80%RH with errors of 1°C and 5%RH in the real environment and 1°C and 2%RH in an anechoic climatic chamber.

It was demonstrated that there is no hysteresis for Rogers RO4003C substrate.

Conclusion of the chapter

In this second chapter, we linked the resonance frequency of resonators used classically in chipless RFID to physical ambient quantities such as temperature, and humidity. We started by characterizing the thermal dilatation of the metallic part of resonators. This work led to a new type of test bench to measure the CTE of metals offering advantages to the current state-of-art methods. After that, we studied temperature sensing by including the permittivity variation on the resonator's response. This section was focused on temperature sensing but also its real-life application with investigation towards the reading range, and different possible real environment cases, ... Equations were also extended to different resonators with an example of a MS resonator. Lastly, we showed how to incorporate all ambient physical quantities that can be sensed on the length of the resonator or change in permittivity with the example of combined temperature and humidity sensing. This section provides for the first time an analytical equation to rigorously link these quantities to the resonance frequency of a resonator. These not only permit to achieve multi-sensing but also reduce the errors on the estimated quantities (since they all impact the resonance frequency which is the only measurand). These errors were characterized using numerical Monte-Carlo simulations. Finally, this last section enables the characterization of dielectric to numerous physical quantities as it is mostly reserved today for temperature variation using the presented test bench. This chapter presents some perspectives :

1. In the same way as the CTE testbench was etablished, a similar protocol can be developped with dielectrics resonators to characterize the dilatation of dielectrics. Indeed, dielectric resonator also exhibit a resonance frequency linked to their geometry hence possibly extending the present approach to non metallic materials.

2. During this thesis, measurements were done to characterized Rogers RO4003C sensitivity to CO2. It was measured that 1°C variation had more impact than nearly 100% variation of CO2 hence this substrate is not appropriate to gas sensing. Various dielectrics can be characterized using the protocol presented in Section 2.3 to find a more suitable dielectric to achieve a proper gas sensor using (2.42).

Radiation pattern modeling of loop resonators

When impinged by a plane wave along the y direction, significant currents are induced along the small arms of the loop at the fundamental frequency and harmonics. The approach introduced is based on the use of the first two resonance modes of the loop. Loop scatterer, coordinate system and notations. The angle under study φ is between the resonator and the receiving antenna. Emitting and receiving antennas are positioned at the same angle θ both in monostatic (α = 0) and bistatic (α ̸ = 0) configurations. Fig. 3.2 presents the electromagnetic simulation done using CST MW to illustrate the surface current distribution at resonance on the loop for the fundamental and first harmonic. These currents are in phase at the fundamental frequency and for odd harmonics while they are in opposition of phase for even harmonics. Surface currents are also induced in the top and bottom arms of the loop but they are always in phase opposition. Since the top and bottom arms are close to each others, the radiated field caused by them is nearly cancelled out. For this reason, these currents are not taken into account. As a result, we can model the loop resonator as two small dipoles of length L and spaced λ/2 apart in the z direction as illustrated in Fig. 3.3.

If we consider the two dipoles with the same current I 0 , the total radiated electric field ⃗ E s is the complex summation of the two electric fields radiated by the two dipoles. This quantity ⃗ E s can be obtained using the array-factor (AF) from the array-antenna theory knowing the electric field radiated by a single infinitesimal dipole ⃗ E d as [START_REF] Balanis | Advanced engineering electromagnetics, john willey & sons[END_REF] :

⃗ E s = ⃗ E d × AF = jη kI 0 Le -jkr 8πr sin(θ)⃗ e θ × sin (kd sin(θ) cos(φ) + β) 2 sin (0.5(kd sin(θ) cos(φ) + β)) (3.1)
where k is the wavenumber, d and β are respectively the distance and the phase difference between the dipoles. I 0 the uniform current flowing through a dipole with length L and r is the distance between the center of the coordinate system and the observation point of the E-field.

Hereafter, a subscript will indicate the integer n relative to the resonance mode considered. At the fundamental frequency (n = 1), we have kd = n 2π λ • λ 2 = π and β = 0. The total radiating field E s (f 1 ) amplitude ( ⃗ E s is along the z-axis) is : 

E s (f 1 ) = E d × AF 1 = k 1 T 1 sin(θ) sin (π sin(θ) cos(φ))
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Back-scattering expressions

We are now interested in the expression of the induced current on the loop in order to be able to compute T 1 and T 2 . The classical electrical equivalent model of a dipole in the receiving mode is shown Fig. CST result Considered model
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CST result Considered model (c) The effective length of a dipole antenna is defined by [START_REF] Balanis | Antenna theory: analysis and design[END_REF] :

L eff = V oc /E i (3.6)
where V oc is the open circuit voltage appearing across the antenna's terminal and E i is the incident electric field on the antenna surface. Therefore, the current on the dipole I is :

I = V oc Z a + Z l = V oc Z a = E i × L eff Z a (3.7)
where Z a is the antenna impedance and Z l the load impedance which is considered to be equal to zero as the dipole is in short circuit. It should be noted that the effective length is also a far-field quantity and it is related to the far-zone field E a radiated by the antenna, with current I in its terminals, by : E a = -jη kI 4πr L eff e -jkr (3.8)

After identification with (3.2) and (3.8) considering the same current on the dipole and the same frequency, we have :

L eff-n = L 2 sin(θ) × AF n (3.9)
Thereafter, the ratio T 2 /T 1 can be expressed using (3.7) and (3.9) as :

T 2 T 1 = I 2 I 1 = L eff-2 × Z a (f 1 ) L eff-1 × Z a (f 2 ) = Z a (f 1 ) Z a (f 2 ) AF 2 (Ω) AF 1 (Ω) (3.10)
Since we are consider the received power, the angle that needs to be used in the array factor is Ω, i.e. the angle between the resonator and the emitting antenna. The value of Ω can be calculated using Fig. 3.1 and is equal to :

Ω = π -α -φ (3.11)
The expression of the impedance Z a of the antenna to be considered corresponds to the halfloop, i.e. the vertical part (of length L, modeled until now by an infinitesimal dipole) as well as the two horizontal bars, each of length d/2. Although these horizontal parts do not participate in the radiation, they are at the origin of the imaginary part of the antenna impedance Z a . However, at the resonant frequency of the loop, this imaginary part is zero. Therefore, for the rest of the demonstration, only the real part of Z a was considered. The latter is obtained by considering, as before, that the radiation of the antenna is linked to the vertical part of the loop modeled by an infinitesimal dipole and its expression is given by [127, p. 179] :

R a = 80π 2 L λ 2 (3.12)
Thus, the coefficient Z a (f 1 ) Z a (f 2 ) is a constant that is equal to : 

Z a (f 1 ) Z a (f 2 ) = λ 2 λ 1 2 = 1 4 (3.

Orientation Sensing

For orientation sensing, most of the studies have been focused on the detection of the tag's rotation in the plane perpendicular to the propagation vector using co-polarization [START_REF] Qin | A novel passive chipless RFID tag for angle sensor[END_REF][START_REF] Vena | A compact chipless RFID tag using polarization diversity for encoding and sensing[END_REF] or crosspolarization [START_REF] Genovesi | Chipless RFID sensor for rotation monitoring[END_REF][START_REF] Genovesi | Chipless RFID tag exploiting cross-polarization for angular rotation sensing[END_REF][START_REF] Genovesi | Chipless radio frequency identification (RFID) sensor for angular rotation monitoring[END_REF][START_REF] Barbot | Angle sensor based on chipless RFID tag[END_REF] measurements. All these methods permit to determine the orientation

0 • 20 • 40 • 60 • 80 • 0 0.5 1
Incidence angle Ω with the emitting antenna of the chipless tag from the magnitude of the received signal and are often based on a reference measurement which has to be done at the same distance and in a known orientation. It can also be noted that it is possible with a radar approach to detect yaw and pitch change with the help of a dedicated designed transponder [START_REF] Lyu | Detecting yaw and pitch change with single millimeter-wave CW radar[END_REF].

T 0 (Ω) T 1 (Ω) -CST simulation Z a-1 × AF 0 (Ω) Z a-0 × AF 1 (Ω)
In this section, a novel approach is introduced to determine the roll orientation of a loop resonator tag, i.e. its inclination and azimuthal angles when considering a spherical coordinate system.

This approach is based on an analytical model of the radiation pattern of the loop resonator and is significantly different from the EM polarization based methods described in the literature. The proposed approach is derived to be independent from the reading distance, the loop tag geometry and does not depend on a reference measurement.

Azimuthal angle determination

From (3.2), (3.4), (3.10) and (3.13), it is possible to measure the azimuthal angle φ, i.e. the rotation of the loop resonator around the z-axis (φ) as shown in Fig. 3.1. By dividing (3.2) and (3.4), we have :

E s (f 2 ) E s (f 1 ) = 2 k 2 k 1 T 2 (Ω) T 1 (Ω) sin π 2 sin(θ) cos(φ) (3.14)
Finally, by replacing (3.10) and (3.13) :

E s (f 2 ) E s (f 1 ) = 4 k 2 k 1 Z a (f 1 ) Z a (f 2 ) sin π 2 sin (θ) cos(φ) × sin π 2 sin (θ) cos(Ω) = 2 sin π 2 sin (θ) cos(φ) × sin π 2 sin (θ) cos(π -α -φ) (3.15)
Equation (3.15) is particularly interesting as it is independent of the geometric quantities describing the resonator or the distance r between the scatterer and the antennas. It is thus possible to use this equation to derive the angles without any calibration step or knowledge on the distance r, which is very different from the angle measurement approaches already introduced in chipless RFID. In practice, by using a VNA, we will only be able to measure S-parameters. With the radar equation, the incoming power P y on the port y of the VNA and the emitted power P x on the port x and the definition of S-parameters, we have:

|S xy | 2 = P y P x = G t (θ, φ)G t (θ, Ω)GG ′ λ 4 (4π) 4 R 2 0 R 2 1 × (1 -|Γ| 2 ) × (1 -|Γ ′ | 2 ) (3.16)
where G and G ′ are the gain of the emitting and receiving antennas respectively, R 0 and R 1 the distances between the emitting and receiving antennas with the resonator, Γ and Γ ′ the reflection coefficients respectively for emitting and receiving antenna. where η is the intrinsic impedance of the medium and the radiated E-field E can be computed using (3.2) or (3.4) for example. We have :

S
G t (θ, φ, f i ) = a(i) × sin(θ) 2 × AF i (θ, φ) 2 (3.18)
where we can calculate for the first two resonances using (3.17 

S xy (f 2 ) S xy (f 1 ) = 0.86 × G(f 2 )G ′ (f 2 ) G(f 1 )G ′ (f 1 ) × 1 -|Γ(f 2 )| 2 1 -|Γ(f 1 )| 2 × 1 -|Γ ′ (f 2 )| 2 1 -|Γ ′ (f 1 )| 2 × sin π 2 sin (θ) cos(φ) × sin π 2 sin (θ) cos(π -α -φ) (3.20)
In our case, QH2000 antennas are used in practice with the antenna gain and matching Γ provided by the manufacturer [START_REF]Datasheet -open boundary quad-ridge horns[END_REF]. So, (3.20) and (3.15) can be translated into S-parameters to :

S xy (f 2 ) S xy (f 1 ) = 2.42 sin π 2 sin (θ) cos(φ) × sin π 2 sin (θ) cos(π -α -φ) (3.21)

Uncertainty

A Monte-Carlo simulation was done in order to estimate the robustness of the proposed method and explain behaviors exhibit in simulation/measurements. Both mono-static and bi-static configurations have been studied. Simulation results are plotted in Fig. 3.9. The true angle φ varies from 0°to 90°a nd the estimated angle φ is extracted with an SNR of 40 dB which corresponds to the classical noise observed in measurement.

To achieve such results, first CST simulations have been realized for different angle values (from 0°to 90°as shown in Table 3.2). The corresponding S-parameters have been then exported to Matlab.

A white gaussian noise with a standard deviation corresponding to a SNR of 40 dB has been added

to both real and imaginary parts of the 10.000 S-parameter points. Then (3.23) or (3.26b) has been applied to the S-parameters with noise and the uncertainty information have been extracted from the obtained estimated angles using Matlab dedicated functions. When measurements are corrupted by noise, this noise impacts the estimators by two different ways: a bias, which is a systematic error between the estimated value and the true orientation of the tag (characterized by the mean of the estimator); and a random error, which can be characterized by its standard deviation. With this method, both the errors and the uncertainties are presented in the manuscript. We can see with this simulation that the bi-static is more robust than the mono-static configuration. Also, we can notice that for low φ angle values, the mono-static approach has high uncertainties below 40°and cannot be used for φ angles below 15°with an error lower than < 7°. Indeed, the instantaneous estimation in mono-static for a value of φ between 15°and 40°can have an error of 15°but on average, the error is very low beyond an angle of 15°. Note that common VNAs natively implement average functionalities allowing to use this approach as low as 15°for the mono-static case for this given SNR. These remarks will be further illustrated in the measurement part. In the Monte-Carlo simulation [see Fig. 3.9], the residual environment is modeled by additive gaussian noise and considering that the variance is a function of the distance. This simulation can be used to maximize the correctness of the sensor in bi-static configuration where an optimal setup can be obtained when α = 54°.

Mono-static and bi-static approaches have been studied because they both bring their own advantages and disadvantages and the model described previously can be used to charaterize the performance of both approaches. The cost of a mono-static measurement is lower since only one antenna is required compared to a bi-static approach. Additionally, a mono-static measurement gives one solution of φ while the bi-static gives two solutions due to the periodicity of (3.15) as a function of α. Furthermore, the bi-static introduces errors in practice because the angle α need to be determined while this parameter does not exist for the mono-static configuration. Besides these disadvantages, the bi-static offers advantages like a higher precision on the extracted angle, a lower uncertainty and the possibility to sense very low angles. Last but not least, a setup with two antennas can be used to take advantage of both configurations. Starting by measuring S 11 (mono-static approach) only one solution will be found. After that, a S 21 measurement (bi-static approach) can be done to extract the angle with a higher precision and lower uncertainty. Two solutions will be found with the periodicity of (3.15) but the correct one can be found since it will be the closest to the one measured with S 11 . A comparison between both mono-static and bi-static antenna configurations is provided in Table 3.1. 

Simulations

Simulations have been carried out using CST MW to validate the introduced approach to estimate the orientation φ of a loop. The transient solver with a plane wave excitation was used. So the azimuthal angle φ is extracted using (3.15), and the backscattered E-field E s is obtained using far-fields probes in the simulator. The loop dimensions also used in the measurement part are given in Fig. 3.7. Results are given in Table 3.2 and Table 3.3. We see that the estimated angle φ is in good agreement with the simulated angle φ. Both mono and bi-static antenna configurations were simulated and validated, allowing thus the possibility to use the desired one as a final application. A noticeable point is the obtained measurable range : in bi-static the estimated angle is accurate down to 0°, but for the monostatic configuration the estimated angle cannot go lower than 30°limiting the measurable range to [30°; 90°]. The reason behind this limitation has been discussed and is illustrated in Fig. 3.10. In the mono-static case, when the incidence angle φ is small, antenna aperture of the loop is small both for the wave reaching the loop and for the wave backscattered to the antenna. This case is different in bi-static, where it is clear that the receiving antenna is positioned in a favorable direction, namely at the main lobe of the loop antenna. It is for this reason that in a mono-static configuration below 30°, the estimated angle is constant because the backscattered E-field is equal to the noise floor. Notice that the higher uncertainty and error of the mono-static approach are predicted by the Monte-Carlo simulation [see Fig. 3.9].

Table 3.2:

Simulation (CST) in mono-static (α = 0°) φ 0°10°20°30°40°50°60°70°80°90°φ 28°26°21°27°40°51°61°70°80°88°T able 3.3: Simulation (CST) in bi-static (α = 90°) φ 0°10°20°30°40°50°60°70°80°90°φ 0°11°20°30°40°50°56°70°80°90°0 • 45 • 90 • 135 • 180 • 225 • 270 • 315 • 0 1 2 3 4 • 10 -2 a) φ 0 • 45 • 90 • 135 • 180 • 225 • 270 • 315 • 0 1 2 3 4 • 10 -2 (b) φ Figure 3
.10: (a) Path followed by the electromagnetic wave when the incidence φ is small in a monostatic case and (b) in a bi-static case.

To improve the measurable range and precision, we can use a bi-static configuration or even higher harmonics. Indeed, by looking at the radiation pattern of the second harmonic in Fig. 3.5c, we can see that we have a maximum of power around 45°allowing thus a higher back-scaterring power for small values of φ. Indeed, this second harmonic E s (f 2 ) for example, can be used instead of the first harmonic in (3.15) with the following equation to extend the measuring range :

E s (f 3 ) E s (f 1 ) = 1 3
(2 cos(π cos(φ)) -1) × (2 cos(π cos(Ω)) -1) (3.22)

Measurements

Now that the extraction of the loop orientation is validated in simulation, real measurements are considered both in mono and bi-static configuration. Measurements for the mono-static configuration were done following the test bench shown in Fig. 3.11. For the bi-static configuration, the same setup is used but with a second antenna placed at α =90°from the first one. The tag is placed on top of a rotating pillar (about 15 cm away using a piece of foam to isolate the loop from the pillar which is very reflective). The protocol used for the measurement is the following : the S-parameters are measured using the VNA (Keysight P9375A) for the tag being rotated from 5°to 90°in relation to the antenna with a 5°step (the antenna is perpendicular to the loop for φ = 90°as described in Fig. 3.1).

If we place the antenna at θ = 90°, (3.21) can be simplified to:

S xy (f 2 ) S xy (f 1 ) = 2.42 sin π 2 cos(φ) × sin π 2 cos(π -α -φ) (3.23)
For each angle, (3.23) is used to determine φ. A first measurement without the resonator is subtracted to the other measurements (with the resonator) to remove the response of the environment [START_REF] Ramos | Temporal separation detection for chipless depolarizing frequency-coded RFID[END_REF][START_REF] Wiesbeck | Single reference, three target calibration and error correction for monostatic, polarimetric free space measurements[END_REF][START_REF] Nikitin | Theory and measurement of backscattering from RFID tags[END_REF]. Raw measurements directly measured with the VNA are used without any postprocessing.

Mono-static configuration

The mono-static configuration offers several advantages, such as the fact that it is easier to implement as presented in Table 3.1. For these reasons, the mono-static configuration (case α = 0°) is first considered. Measurements were done following the test bench described in Fig. 3.11 and the results are given in Fig. 3.12. The resonator is 20 cm away from the antenna.

The obtained results are in good agreement with those previously described in the simulation : the mono-static configuration can be used with a very good accuracy for angles higher than 40°. Indeed, in the simulation, the limit angle was equal to 30°, in practice due to a higher noise floor, this angle is near 40°. Overall, the estimated angle is in good agreement with the real angle validating the potential of this approach. In the range 40°-90°, the maximum error measured is 2.6°when the real angle is equal to 55°. Below a real angle of 40°, measured errors are getting higher with almost 10°f or a real angle of φ =30°as predicted by Monte Carlo simulations. Below 30°, errors were too high to extract any angle. obtained at 50°with a difference of 5°. As the Monte-Carlo showed, the measured quantities are in very good agreement with the real angle with value as low as φ =10°.

Bi-static configuration

Generalization of the approach

Before, we have considered θ = 90°but the proposed model is more general and allows the estimation of both the inclination θ and the azimutal φ angles. If we consider a configuration with two antennas where both antennas have the same inclination θ (as illustrated in Fig. 3 
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Real angle Thus, by solving the system of equations composed of (3.24) and (3.25), the following equations can be obtained :

Measured angle
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Note that (3.26b) can be used to estimate θ. After that, θ can be injected in (3.26a) to estimate φ.

Note also that S 21 parameter means signal coming from antenna 2 to antenna 1 but both antennas share the same polarization axis (along the resonator arms).

Simulations

Simulations have been done in order to validate this approach. The simulated configuration is the same as previously but now, both θ and φ can change simultaneously and (3.26a) is applied on the simulated results. Results are plotted in Table 3.4. We can see that extracted quantities are in good agreement with the expected ones. Errors increase as angles values decrease with a maximum error of 8°on φ at φ = 60°and θ = 50°.

Measurements

A semi anechoic environment (MVG StarLab) has been used to validate the determination of both θ and φ in measurement. The setup is illustrated in Fig. 3 

Monte-Carlo simulations

Monte Carlo simulations have been done on (3.26a) and (3.26b) in order to estimate errors and uncertainties on the extracted quantities φ and θ and results are plotted in Fig. 3.16 and Fig. 3.17 

Real environment measurement

In this section, we want to show potential applications of the proposed approach. These applications have in common that they are implemented in a real environment, namely in an office-type room. In the first part, we will focus on the accuracy of measurement obtained in this type of environment. We will be particularly attentive to the undesirable effects linked to the presence of objects near the tag.

These effects will be quantified by characterizing the limitation induced on the reading distance as well as the angular range of the sensor. The second part will present application examples in a more constrained environment (resonator placed on a plastic card moved by hand in front of the reader).

We will see that despite the presence of these objects near the tag, it is possible to use the proposed solution to track in real time the movements of a plastic card. Indeed, we will see that for this type of application, it is not necessary to have a very good precision in the extraction of the angles but rather to be able to extract the information from a method that is very inexpensive in terms of calculation time. Table 3.6 summarizes the informations of the different setup configurations used in this section. a semi anechoic environment is also presented (dashed red) for comparison. We can see that in a real environment, the lower bond of the measuring range angle increases as the distance resonatorantenna increases. This can be explained by the Monte-Carlo simulation [see Fig. 3.9] and the link between distance and SNR [START_REF] Barbot | Classical RFID versus chipless RFID read range: Is linearity a friend or a foe?[END_REF]. Indeed, the minimum measurable backscattered signal amplitude can be seen in Fig. 3.19. The measured resonant frequency peak apex can not be lower than -60dB and as shown in (3.16) the signal levels are a function of the distance between the tag and the antenna. Thus, it is possible to relate Fig. 3.19 to a Monte Carlo study (Fig. 3.21) where the error has been calculated for different SNR values. Comparing the two figures, it is very clear that increasing the reading range reduces the SNR and therefore increases the measurement error and more significantly reduces the range of use of the sensor by limiting the angles for which measurement is possible. We can notice in Fig. 3.21, that errors start to appears for φ = 90°(first harmonic should be zero) when the SNR decreases but also the lower bond of the measuring range increases (when the fundamental and the first harmonic come close to zero) which was confirmed in practice in Fig. 3.20. We can also see in Fig. 3.20 (black line) that by using an antenna with a higher directivity (QH800 [START_REF]Datasheet -open boundary quad-ridge horns[END_REF]), the measuring range is increased by 30cm. Indeed, the higher is the gain, the lower is the residual environement [START_REF] Barbot | Classical RFID versus chipless RFID read range: Is linearity a friend or a foe?[END_REF] but also the backscattered signal from the loop is higher meaning a higher SNR. Note that the Monte-Carlo simulations are a good way to predict the measurable range in practice for a given environment knowing its SNR. Moreover, the introduced formulas are not sensitive to the distance variation between the tag and the antennas nor to the geometry of the loop.

Indeed, the formulas can be applied without any indication on the distance between the resonator and the antennas. However, in practice, the SNR is a function of the distance, which is a limitating factor. This is why the measurement distances are those classically found in chipless applications.

The measurement noise is also linked to the environment, typically to the presence and the variation over time of objects placed near the tag. In practice, we observe a measurement distance of around 50 cm in a controlled real environment (no or few objects near the tag), this distance can be reduced to 20 cm if the environment near the tag changes during the measurement. Monte-Carlo simulations can be performed to estimate the measuring range knowing the SNR of the environment.

Measurements through a lossy object have also been carried out. A plastic box was used as a container as showed in Fig. 3.22. The distance between the resonator and the antenna is 20cm. The resonator was either placed inside the box or on its side and estimations are presented in Fig. 3.23. We can see that the response is similar to the previous case without any obstacle between the resonator and the tag [see Fig. 3.20]. So the plastic had a limited impact of the estimation. The sensor functionality seems more viable when the resonator is placed on the side of an obstacle if an obstacle is present.

Again by using an antenna with a higher gain, the measuring range is improved as illustrated in 

Real time angular tracking application

Two examples of real-time applications in real-life are presented below as a proof of concept of this approach. To see concretely the achievable performances for a real time application, two videos have been made [START_REF]real-time angle sensing using a chipless RFID resonator[END_REF]138]. In these videos, the loop angular sensor is used to allow a user to interact with an electronic equipment (the chipless reader). The loop is fixed on a plastic card in credit card format.

The reader is composed of one or two antennas (depending on the reading mode recommended, i.e. extraction of information on one [START_REF]real-time angle sensing using a chipless RFID resonator[END_REF] or two angles [138]), a VNA for the measurement of the S parameters and a computer that performs the calculations and controls the VNA. The real time information of the angular position of the card is displayed on the PC screen. A user holds in his hand the plastic card. When he puts the card above the antenna [see Fig. 3.25] the reader detects the angle of the loop and displays it in real time on a computer screen (using Matlab). Note that in these two examples, measurements are done in a real environment with the presence of humans nearby as well as scattering objects (human hand, plastic card). No alignment (such as calibration measurements) between the antenna and the resonator is performed, the user just place its card above the antenna.

The video [START_REF]real-time angle sensing using a chipless RFID resonator[END_REF] presents the mono-static configuration [see Fig. 3.25a], where only the azimuth angle is detected [see (3.23)]. In the video [START_REF]real-time angle sensing using a chipless RFID resonator[END_REF], on the left is shown the hand holding the resonator in front of the antenna (QH800). On the right is presented the real time estimated azimuth angle on to the loop resonator. The red arrow is orthogonal to the loop resonator showing the direction in which the resonator aims. In this experiment, several distances between the tag and the antenna were recorded. Also, the measurement is done in a real environment with the presence of humans nearby as well as scattering objects (humans hand, credit card, ...). No alignment (such as calibration measurements) between the antenna and the resonator is performed, the user just place its card above the antenna. We can see that the estimated angle (given in the top of the left window) is in good agreement with the movement of the user.

A second video was recorded [138] in a bi-static configuration [see Fig. 3.25b], where both the elevation and azimuth angles are extracted [see (3.26a) and (3.26b)]. The setup configuration is the same as before except the use of two antennas (QH2000) here. Due to the presence of the human and his hand near the resonator, it is not possible to obtain displacements as regular as those obtained in the monostatic configuration. However, it is possible to detect different positions of the tag. In the video, we can see that the user switches the card between two positions and the estimated angles Estimated value of φ when the resonator is placed on the side of the plastic box for a low or high directivity antenna (respectively QH2000 and QH800 from MVG [START_REF]Datasheet -open boundary quad-ridge horns[END_REF]). The measurement bench is shown Fig. 3.22. The loop to antenna distance is 20cm. relating to these positions are correctly detected.

Note that these two examples were recorded in real time using a computer with normal specifications. We can see that the real environment as well as the human or hand/card presence does not affect too much the sensing. In the end, the detection is compatible with this type of application.

We also notice that in our case, no 'artificial intelligence', 'learning algorithm' is necessary since the resolution is done analytically on the basis of perfectly determined physical quantities. This allows to reduce the computational cost as much as possible and to be able to present angular tracking results in real time without any specific work. A few examples of practical applications can be found in the field of wireless joystick, human-computer interface, or for gesture recognition. Indeed, the main interest here is the possibility to detect without any electronic device (obviously without battery) the angular displacement of a small object (that can also be identified) that a user would move to interact with an electronic equipment, and this at short distance. This approach based on a sensor without chip literally breaks with the solutions currently proposed which in the vast majority requires a battery to operate. This work is therefore in line with the idea of providing innovative solutions that are environmentally friendly while providing a much sought-after functionality in many applications. More precisely, we can quote for example a use to make gaming, sign language, virtual manipulation, daily assistance, or even human robot interaction. 

Conclusion of the section

In this section, a model of the radiating pattern of a loop resonator has been developed. This radiation pattern was then used to determine the orientation of the loop with respect to the positions of the antennas. Simulations and measurements have been done to validate the proposed method and the derived expressions. This approach can estimate the azimutal angle of the chipless tag with an error less than 2.6°(one dimension angle extraction). In the case where one seeks to extract at the same time the azimuthal angle and the inclination, errors were on average lower than 3°for both estimated angles (for the rather favorable directions). Moreover, the analytical expressions are not sensitive to the distance variation between the tag and the antennas nor to the geometry of the loop. It can be applied without indication on the distance resonator-antennas but depending on the SNR in practice, the measuring range can be reduced. Monte-Carlo simulations can be performed to estimate the measuring range knowing the SNR of the environment. Unlike chipless approaches which at best can extract a unique rotation angle, the introduced method does not require any special calibration measurements. Finally, the identification functionality of the tag (for example if we consider a tag composed by several loops similar to the one presented here) can be remained untouched so that identification and sensing can be combined to address a new kind of applications.

Increased Coding Capacity of Chipless RFID Tags Using Radiation Pattern Diversity

In this section, a method to increase the coding capacity of chipless RFID tags by encoding multiple resonance peaks into a single frequency slot is proposed while keping a constant total frequency range. The proposed method is based on the spatial diversity which can be compared to imaging technique similar to [START_REF] Zomorrodi | Cross-RCS based, high data capacity, chipless RFID system[END_REF] allowing a tag to be made with several resonators having the same resonance frequency. However the approach introduced is not based on imaging. The novelty is the use of different radiation patterns to achieve this new reading method. This radiation pattern diversity will be achieved using the loop resonators and its differents harmonics. we place an antenna at φ = 90°, long loop resonators working at their fundamental frequencies (f L i ) can be seen according to their radiation patterns (see Fig. 3.28a) but short loop resonators working at their first harmonic (f S i ) can not be seen (see Fig. 3.28b). Now, if a second antenna is placed at φ ̸ = 90°, both resonators can be seen according to their radiation patterns. The idea in this section is to use a long and a short resonator working at the same frequency (sharing a frequency slot) and being able to read both of them to increase the coding capacity. An illustration of the requested frequency band is presented in Fig. 3.29. Note that first resonance (for small loop) and second resonance (for long loop) can lie outside the operating frequency band of the reader. These peaks do not impact the proposed method since chipless tags are linear time-invariant systems. The protocol to read both modes of resonance (even at the same resonance frequency f S i = f L j ), is based on two measurements using 2 antennas (see Fig. 3.27) : First, a S 11 measurement at φ = 90°has to be done with antenna n°1. This measurement gives the response of loop resonators working at their fundamental frequencies only. Then, a S 22 measurement needs to be done with antenna n°2 at the angle φ (see Fig. Since the response of resonators operating at their fundamental frequency is known (using S 11 ), it is possible to remove its contribution from S 22 to only have the resonators response operating at their first harmonic. Indeed, using (3.2) and (3.4), we can evaluate the value of the contribution of resonators working at their fundamental is reduced at an angle φ.

Principle
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In conclusion, resonance frequencies of resonators working at their fundamental frequency M L can be obtained using :

M L = S 11 (3.27) Frequency |RCS| f S i f L j f S i /2 f L j × 2 Short resonator (f S i )
Long resonator (f L j )

Figure 3.29:

Frequency band considered where some resonators work at their fundamental frequencies f L j and some work at their first harmonic f S i . The hatched areas are not used to encode information.

For resonators operating at the first harmonic, the frequencies can be obtained from the following M s signal :

M S = S 22 -S 11 × sin π 2 cos φ 2 (3.28)
Using a configuration with two antennas and the first two modes of resonance it is possible to realize the reading of the short resonator and the long resonator independently. This procedure actually double the coding capacity since it is now possible to encode 2 bits per frequency slot (one related to loops operating in their fundamental resonance frequency and one to loops operating in their first harmonic).

Simulations

Simulations have been carried out using CST MW to validate the approach. Four loop resonators, as illustrated in Fig. 3.30, were designed such as 2 of them operate at their fundamental mode of resonance while 2 others work at their first harmonic mode of resonance between 3GHz and 3.4GHz.

Furthermore, one resonator at the fundamental frequency and one at the first harmonic have been chosen to share the same resonance frequency (frequency slot) at 3GHz. Simulated E-fields corresponding to S 11 and S 22 parameters are plotted in Fig. 3.31 for a second antenna placed at φ = 60°.

We can see on Fig. 

Measurements

Measurements in a semi-anechoic chamber inside a StarLab from MGV were achieved as shown in Fig. 3.33. A configuration with two antennas is used where antenna n°1 is placed at φ = 90°and antenna n°2 placed at φ = 60°. The two resonators working at 3 GHz (on their fundamental and first harmonic) on the same frequency slot (dimensions are obtained from the simulation) have been cut

in an aluminium sheet as shown in Fig. 3.32. S-parameters have been measured and (3.28) has been applied. We can see that (3.28) allows to make the distinction between the two loops having the same resonance frequency. This results shows the potential of this new approach to increase the coding capacity by a factor 2.

Conclusion of the section

In this section, a method to increase the coding capacity with a constant frequency bandwidth of chipless tag was proposed. This approach is based on the radiation pattern diversity of same resonator topology but different modes of resonance. Simulations and measurements have shown the increase in the coding capacity using conventional loop resonators. We note that it is also possible to use the same principle with different families of resonators, for example by mixing loops with C shape resonators.

Reading robustness

RFID was democratized with consumer applications such as anti-theft systems in supermarkets, passport identification, access/transport cards, or even animal identification [3,4]. The RFID antitheft system (EAS) in supermarkets was the first major commercial use of RFID technology. The goal of the chipless RFID technology is to provide more functionalities than a barcode at a comparable price. One of the direct drawbacks of this approach is the deterioration of the tag readability for example in term of reading range compared to a UHF RFID tag. By removing the chip and the load modulation used in classical RFID systems, chipess tag reading is lower and clearly less robust in real environment. However a certain level of robustness is needed to correctly read the tag, as well as to improve the reading distance. In addition, today chipless RFID applications do not only include the identification functionality but also sensing capabilities [START_REF] Karmakar | Chipless RFID sensors[END_REF][START_REF] Requena | Chipless RFID temperature and humidity sensing[END_REF][START_REF] Costa | Wireless detection of water level by using spiral resonators operating in sub-ghz range[END_REF][START_REF] Marindra | Chipless RFID sensor tag for metal crack detection and characterization[END_REF][START_REF] Amin | Chipless RFID tag for light sensing[END_REF]. This sensing approach often relies on the remote measurement of a shift in the resonance frequency of a resonator.

Such shifts can be as low as 25 kHz [START_REF] Requena | Chipless RFID temperature and humidity sensing[END_REF][START_REF] Requena | Contactless characterization of metals thermal expansion coefficient by a free-space RF measurement[END_REF], hence a certain level of robustness of reading is highly expected for practical applications of chipless RFID technology.

A large number of resonators of different shapes have been introduced for use in RFID chipless [START_REF] Kracek | Scalar method for reading of chipless rfid tags based on limited ground plane backed dipole resonator array[END_REF][START_REF] Polivka | Improvement in robustness and recognizability of rcs response of u-shaped strip-based chipless rfid tags[END_REF]. Contrary to the previous generation of tags that included one or two antennas and a transmission line on which the resonators were positioned [START_REF] Karmakar | Chipless RFID sensors[END_REF], the REP approach allows to realize tags where only resonant structures are present [START_REF] Perret | Radio frequency identification and sensors: from RFID to chipless RFID[END_REF]. These simpler structures have shown better performances in terms of compactness but also in terms of reading distance in real environments [START_REF] Ramos | Single-layer, flexible, and depolarizing chipless RFID tags[END_REF][START_REF] Ramos | Temporal separation detection for chipless depolarizing frequency-coded RFID[END_REF][START_REF] Perret | Radio frequency identification and sensors: from RFID to chipless RFID[END_REF]. Also, as previously indicated, these resonant forms are compatible with reading techniques based on time gating or the polarization of the reading system to significantly increase their performance. Contrary to the so-called time-domain chipless RFID tags [START_REF] Hu | Study of a uniplanar monopole antenna for passive chipless uwb-rfid localization system[END_REF][START_REF] Girbau | Time-coded chipless rfid tags: Design, characterization and application[END_REF], the reading principle of the REP tags is based on the resonance frequency of the geometrical shape that composes the tag. Also, strictly speaking, the information is not obtained from the structure mode and the antenna mode [START_REF] Green | The general theory of antenna scattering[END_REF] of the tag as for the time-domain tags [START_REF] Girbau | Time-coded chipless rfid tags: Design, characterization and application[END_REF] but in the extraction of the resonance modes of the tag [START_REF] Rezaiesarlak | Complex-natural-resonance-based design of chipless rfid tag for high-density data[END_REF][START_REF] Baum | On the singularity expansion method for the solution of electromagnetic interaction problems[END_REF][START_REF] Blischak | Embedded singularity chipless RFID tags[END_REF][START_REF] Ramos | Temporal separation detection for chipless depolarizing frequency-coded RFID[END_REF][START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded RFID[END_REF]. Most often, in the operational frequency band of the tag, only one resonance mode per elementary form is present, so the temporal expression of the backscattered electric field is none other than a damped sinusoïdal to which a term is added corresponding to the non-resonant part of the backscattered field and which, from a temporal point of view, is present only in the early-time response of the tag [START_REF] Rezaiesarlak | Complex-natural-resonance-based design of chipless rfid tag for high-density data[END_REF][START_REF] Baum | On the singularity expansion method for the solution of electromagnetic interaction problems[END_REF][START_REF] Blischak | Embedded singularity chipless RFID tags[END_REF][START_REF] Ramos | Temporal separation detection for chipless depolarizing frequency-coded RFID[END_REF][START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded RFID[END_REF]. It can be seen from this example that this representation of the electric field is not the one used to describe loaded antennas [START_REF] Green | The general theory of antenna scattering[END_REF] which means that the terms "structure mode" and "antenna mode" are not strictly adapted to describe the operation of a REP tag. For ease of implementation (especially for sensor applications) and to reduce the price of the tag, REP tags without a ground plane are very interesting [START_REF] Ramos | Single-layer, flexible, and depolarizing chipless RFID tags[END_REF][START_REF] Perret | Radio frequency identification and sensors: from RFID to chipless RFID[END_REF]. Techniques allowing to take into account the frequency shifts observed when such a tag is placed on different supports have been introduced and allow to use these tags in a large number of configurations [START_REF] Vena | Design of compact and auto-compensated single-layer chipless rfid tag[END_REF].

We note that the rectangular loop resonators [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF], which have a RCS twice as high as the C-loops [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF][START_REF] Perret | Radio frequency identification and sensors: from RFID to chipless RFID[END_REF][START_REF] Vena | Design of compact and auto-compensated single-layer chipless rfid tag[END_REF][START_REF] Polivka | Improvement in robustness and recognizability of rcs response of u-shaped strip-based chipless rfid tags[END_REF], are particularly interesting shapes because they have a high quality factor (of the order of 130 at 3 GHz), comparable to resonators with a ground plane [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF][START_REF] Kracek | Scalar method for reading of chipless rfid tags based on limited ground plane backed dipole resonator array[END_REF]. On the other hand, the main drawback that limits the use of these structures is the impossibility of reading them in cross-polarization (in this case the loop must be rotated by 45°compared to a classic co-polarization reading). This is directly linked to the fact that a rectangular loop has two resonance modes, namely a weakly reasoning mode (parasitic mode) which is located a few MHz before the loop mode, the later one is resonant enough to be used to encode information. It is therefore particularly expected to be able to read these loops with a new approach that will allow to isolate the polarization that contains the information, thus reducing a significant part of the amplitude of the backscattered field (namely the parasitic mode, but more generally the contribution of the reflection oriented in the direction of this mode) which behaves as noise in the measurement of a REP chipless tag. Subsequently this method is general and allows to improve the reading of all the REP type tags.

Several works have been done to improve the robustness reading of chipless RFID. We can cite for example [START_REF] Polivka | Improvement in robustness and recognizability of RCS response of u-shaped strip-based chipless RFID tags[END_REF][START_REF] Borgese | Radar cross section of chipless RFID tags and BER performance[END_REF] where authors have shown that the arrangement of the resonators on the tag can improve its robustness. Others works are based on the polarization of electromagnetic waves. Indeed, the environment does not usually depolarize electromagnetic waves. For this reason, de-polarizing tags such as in [START_REF] Ramos | Single-layer, flexible, and depolarizing chipless RFID tags[END_REF][START_REF] Khaliel | A novel co/cross-polarizing chipless RFID tags for high coding capacity and robust detection[END_REF] or resonators placed at 45°in relation to the orientation of the antennas have been studied to send a signal with a polarization in a different direction from the environment's response (cross polarization measurements). The drawback of such methods is that only a part of the signal is depolarized by the tag and arrives at the receiving antenna positioned at an angle of 90°regarding the transmitting antenna. Hence the received signal is reduced and so its readability distance (for example, 6dB is lost when a resonator is placed at 45 degrees with respect to the same measurement in co-polarization with an angle 0 with respect to the antennas). Also, placing resonators at 45°can excite parasitic modes of resonances which can pollute the final electromagnetic response of the resonator. Moreover, in all these measurement approaches, the tag orientation must be known prior to the measurement. This is why measurement techniques independent of the orientation of the tag have recently been introduced from the reader part [START_REF] Barbot | Chipless RFID reading method insensitive to tag orientation[END_REF][START_REF] Genovesi | Orientation-insensitive and normalization-free reading chipless RFID system based on circular polarization interrogation[END_REF] or the tag part [START_REF] Rance | Design of planar resonant scatterer with roll-invariant cross polarization[END_REF]. However, these techniques do not separate the wave reflected by the environment from the one linked to the tag and therefore its identifier [START_REF] Olivier | Comparison between cross-polarization and circular polarization interrogation for robust chipless rfid reading[END_REF]. Moreover, numerous approaches based on the postprocessing of the time response of a resonator have been proposed to increase the robustness. We can cite for example methods based on time gating [START_REF] Blischak | Embedded singularity chipless RFID tags[END_REF][START_REF] Ramos | Temporal separation detection for chipless depolarizing frequency-coded RFID[END_REF][START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded RFID[END_REF]. Even if this method is very effective and allows to significantly improve the performance of reading chipless tags, unfortunately, as with cross-polarization readings, cutting off the signal (early time part) also contributes to not using a significant portion of the energy that continues the tag identifier. In addition to that possible different attenuation coefficient of resonators on the same tag due to their different working frequencies or their Q-factors as well as the empirical way to obtain the needed parameters (such as t start and t stop to select the part of the time signal to be retained) are majors drawbacks of this technique. Most of the time, these parameters need to be characterized by the user based on the measurement responses.

In this section, a method based on incident wave polarization is proposed. The presented approach is able to isolate orthogonal modes of resonance from the measurement and to detect 100% of the useful signal for the detection while keeping a low environment response. In addition, it does not require any knowledge about the tag orientation. This method can be applied to different resonators but loop resonators which are resonators commonly used in chipless RFID [START_REF] Perret | Radio Frequency Identification and Sensors: From RFID to Chipless RFID[END_REF] are considered in this section. Indeed, these scatterers can exhibit a strong parasitic mode of resonance and so are a good example for such approach. This work will show how the polarization filtering can remove this parasitic mode for identification application.

Theory

The loop resonator illustrated in Fig. 2.2-a is a resonator commonly used in chipless RFID. In this study the resonator is a metal loop with no substrate. The thickness of the metal is sufficient to give good rigidity to the structure which allows it to be handled and used on different substrates. These loops are widely used in RFID chipless systems because they have no ground plane (only one metal layer) and their geometry allows them to have a high quality factor (above 120 for frequencies around 3 GHz), which is comparable to many ground plane resonators. However, their main disadvantage is that this scatterer have to be read in co-polarization with a precise orientation with respect to the reader's antenna. Indeed, the preferred direction is when the incident field is perpendicular to the length of the loop (see Fig. 2.2). The identification of the loop will be possible in this configuration with at least a misalignment of a few degrees. When the loop is illuminated by an incoming electromagnetic field, the maximum energy backscattered occurs at its resonant frequency f defined by (2.2). To improve the robustness reading of this resonator, it is important to notice that depending on the incident E-field orientation this resonator can present two modes of resonance: a dipole-like mode A d and a loop-like mode A l . So, in the general case (when the tag is not aligned with the antenna), both modes can be excited and the total measured radiated field will be the complex summation of the two. To illustrate this, the loop resonator with the dimensions given in Fig. 2.2-a is simulated using CST MW and the transient solver. The resonator is first oriented at 40°to the incoming electric field. Simulation results are plotted in Fig. 3.35. A wide peak can be seen at 2.5 GHz corresponding to the dipole mode A d and a sharper peak at 3 GHz from the loop mode A l . We will see that polarization filtering introduced here will permit to remove the parasitic mode to facilitate the extraction of the information contained in the tag, whatever its orientation in relation to the reader. It can also be seen for α = 0°the tag is easily detectable (only the resonance mode A l linked to the identifier is present) and for α = 90°it is not possible to catch the resonance frequency. The further away from the condition α = 0°the more difficult the reading, which shows a significant limitation. It has been shown in [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF] that the loop mode A l scattering phenomenon is associated to the induced current on the extremities of the resonator. This phenomenon can be confirmed by the simulated current distribution at the resonance of the loop mode (see Fig. 3.36-a). The loop resonator can then be modeled as two infinitesimal dipoles spaced by λ/2. This equivalence is illustrated in Fig. 3.37-a. For this resonance mode, the radiation pattern but also the polarization of the backscattered wave can be determined using [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]. The Q-factor associated to this mode is high as seen by the sharp peak in the S-parameters (see Fig. 3.35). Due to its sharpness, this mode is the one wanted in chipless RFID when using loop resonators for identification or sensing applications.

The second mode of excitation is when the currents are induced on the whole resonator as shown in Fig. 3.36-b. The scattering mechanism is closer to a single short circuited dipole (without ground plane) as illustrated by its equivalent model in Fig. 3.37-b. Here, the radiation pattern but also the polarization of the backscattered wave by a dipole are known in the literature [START_REF] Balanis | Antenna theory: analysis and design[END_REF]. It should be noted that the two resonance frequencies are very close to each other (relative to distances l and l + 2w respectively) and cannot be suppressed simply by design or even with time gating. Thus, as illustrated Fig. 4, the two modes of resonance of the loop resonator can be associated to dipoles which are orthogonal to each other. This orthogonality can be used with a polarization filtering approach as discussed below to extract the parasitic mode of resonance. Indeed, by filtering the two modes using the polarization of the backscattered wave, the parasitic signal can be removed but also the peak prominence is improved.

We will also see that the method proposed here is not limited to the suppression of the dipole mode of the loop, but in a more general way will allow to subtract all the reflections coming from the environment which are 1) excited by the incident wave (direction of port 1) and 2) whose polarization of the backscattered signal is aligned with the direction of the dipole A d . This is why the interest of this method is not limited to the dipole resonator (even if it is a very good example because of the presence of the dipole mode) but applies whatever the scatterer is. The demonstration will be done considering that the environment reflects a wave in the direction of the dipole mode A d and we will treat the case of a completely different resonator (resonator with ground plane) for which the method can also be can also be applied with a notable gain on the robustness of reading. Unlike a cross-polarization measurement, we will see that this method does not reduce the influence of the environment in the A l direction. However, without this property, we will see that it is possible to use this method with a notable improvement in the read distance even when the tag without ground plane is in the presence of a large reflecting object as well as for tags with ground plane (where time gating can be combined with the proposed approach).

A dual-polarization antenna (2-ports) will be used for the study. The coordinate system and the preferred directions to excite the loop modes are illustrated in Fig. 3.38. When the resonator is rotated by the angle α, the polarization scattering matrix S (Sinclair matrix) which relates the scattered electric field vector E s to the incident field vector E i is [START_REF] Knott | Radar cross section[END_REF] :

S(α) = Ω × S(0 • ) × Ω T (3.29) with S(0 • ) = A l 0 0 A d , Ω = cos α sin α -sin α cos α (3.30)
and T denotes the transpose. A n denotes the contribution of the resonance in the direction of mode E n . S-parameters coefficients for the angle α can there be written :

S 11 (α) = sin(α) 2 A d + cos(α) 2 A l + E 11
S 21 (α) = sin(α) cos(α)A d -sin(α) cos(α)A l + E 21 (3.31) where S xy corresponds to the environment response (without the loop) in the direction of the xy-port of the antenna. So both modes are given by : An initial measurement without the resonator is done to get E 11 and E 21 and then the tag is placed. If the rotation angle of the loop α is known as well as S 11 (α) and S 21 (α), (3.32) can be used directly to extract only A l (and so the tag ID), removing the parasitic mode A d . If the rotation of the loop α is unknown, a numerical resolution can be done in order to estimate this angle. More information about this resolution can be found in Section 3.3.2. This second approach allows to correctly apply the presented method as well as to add a rotation sensor capability to the existing identification functionality of the chipless RFID tag. Notice that this approach can be used to improve the readability of a loop resonator without indication of its position but also as an orientation sensor following the first remark. This ability to read a tag regardless of its orientation is also a way to improve reading robustness in real applications [START_REF] Barbot | Chipless RFID reading method insensitive to tag orientation[END_REF].

A l = [S 11 (α) -E 11 ] -tan(α) [S 21 (α) -E 21 ] A d = [S 11 (α) -E 11 ] + cot(α) [S 21 (α) -E 21 ] (3.32) 
E d E l α Port 1 Port 2
Notice that for α=0°or α=90°, (3.32) does not grant solutions. Indeed, for these values the mode is not excited or not received (orthogonal to the antenna ports) hence this result. It is possible however to use S 22 and S 21 in such cases to remove this problem since these ports are orthogonal to S 11 and S 12 , they will excite and receive the modes.

It is clear from the second part of (3.32) that this method suppresses the dipole mode of the loop A d but also the contribution of the environment which is aligned with the direction of the loop A d .

Previously, we have considered the term A d as the dipole mode of the loop resonator. However, in a more general case, A d represents the total contribution of the backscattered field perpendicular to the preferred reading direction (E l ) of the tag by the rotating target, a target consisting of the tag and any support that would rotate or not with the tag. Indeed in this term Ad, we can take into account both the presence of a parasitic mode (example specific to the loop), or the quasi-optical mode of the tag or the contribution of the support on which the tag is attached (we have chosen to illustrate the method on a loop insofar as with this parasitic mode, this structure alone has a significant contribution in this specific direction E d ). Like the parasitic mode of the loop, depending on the angle of this target in relation to the reading antenna, A l is directly involved in the measured signals S 11 and S 21 [see (3.31)] and therefore negatively impact the tag reading by adding to the signal a contribution not including the ID of the tag which necessarily reduces the ratio between the useful signal and the total signal measured and thus results in the end in a reduction of the reading distance. Thus, as we will see in practice, this possibility to remove a part of the environment which does not include useful information on the tag will allow a significant increase in the reading distance. A practical case study will be discussed in Section 3.3.6. We note, however, that this approach does not overcome the unknown contribution of the environment or the quasi-optical mode of the tag in the preferred reading direction (E l ). This is for example the case when a large metal plate is positioned behind the loop (see Section 3.3.5) or when tags with a ground plane are used. Since these two configuration are commonly used in practice, in Section 3.3.5 and 3.3.8 a modified version of the approach introduced here will be applied. It will be shown through these examples that the approach is general and allows a reading improvement for any chipless tag based on the use of resonators, with or without ground plane and this in different environments.

Last but not least, 100% of the useful signal of A l is captured using (3.32) whereas only 1/4 is captured when only measuring S 21 with a tag at 45°as it is done today hence improving the SNR and so the maximum reading range. 

Angle estimation

Lets consider the loop resonator of Fig. 3.38. The polarization axis of A l is along the E l axis. If the antenna polarization port 1 matches the A l axis, 100% of the resonance is received by the port 1 and none on the port 2. Now, if the resonator is rotated at 45°, 50% is received on port 1 and 50% on port 2. So, if we tell that 100% on the resonator is received on 1 port and 0% on the other port, we know that the coordinates system of Port1/Port2 is aligned with the resonator. We are using this principle to estimate the angle rotation. Using (3.32), we have a rotating coordinate axis. If we rotate the coordinate system to match the A l axis, the port 1 of the coordinate system have 100% of the power while the port 2 of the rotating axis have 0%. To estimate if no signal is received on port 2, we can look at the phase at resonance of A l . Indeed, at resonance, a jump on the phase is present due to the resonant behavior.

Hence to estimate the rotation of the resonator, the following algorithm is implemented in Matlab : The numerical resolution tries all the angle from -180°to 180°until port 2 no longer have a phase jump at the A l resonance: so the rotating axis port 1 is aligned with the resonator. The value of α which gives no phase jump is the one with the lowest norm of the residuals of a fitting with linear function (line 10 of the algorithm). An illustration is given in Fig. 3.40 where a loop resonator is simulated at α = 45°. The phase of Âd for α = 35°and α = 45°are presented with their respective linear fitting. Since the loop is place at α = 45°and A d is orthogonal with A l , no phase jump due to resonance is present for α = 45°on the phase of Âd .

1 [S11,F]=extract('S11.txt','re_im'); 2 S21=extract('S21.txt','re_im');

Simulations

Simulations have been carried out using CST MW to validate the proposed approach. A plane wave excitation along the direction noted Port 1 in Fig. 3.38 was used. The loop dimensions for the simulation part but also for the loop used in measurements are shown in Fig. both modes are excited and a contribution of each is seen in the simulations. For the S 21 parameter, excited modes can not be received at α = 0°or α = 90°due to the position of the loop regarding to the incident wave and the received probe. For this reason simulated E-fields corresponding to S 21 have not been plotted in Fig. 3.41. Between α = 0°and α = 90°, the contribution of the two modes follows (3.31). So, by applying (3.32), the modes A d and A l can be isolated from each other. The mode that includes the tag ID (A l ) is plotted in Fig. 3.42. By removing the dipole mode contribution, the loop mode can be found perfectly. It is also clear that the extracted curve is rotation independent (as long as α is correctly estimated as it is the case in Fig. 3.42). The dipole mode A d is plotted in Fig. 3.43 as an example. The dipole mode is clearly found, with some residual contributions of the loop mode around its resonance frequency due to numerical errors. The simulations are in good agreement with the theory, namely that it confirms the orthogonality of the two modes and therefore the possibility of separating them. Fig. 3.39 illustrates the resolution approach to estimate the value of α. The unwrapped phase of A d is plotted versus frequency for several values of estimated α. By varying α, the criterion α = α is verified when the loop mode and dipole mode are independent one of each other, i.e. when the A d mode obtained after projection (3.32) is independent of the loop mode and therefore only the contribution of the dipole mode is present. For this reason, by looking at the phase of A d , we know that the loop mode is not present if no non-regular variation of the phase around the resonance frequency of the loop mode is present. A numerical resolution consists of linear fitting the phase A d near the A l resonant frequency. The correct value of α is the one that minimizes the norm of the residues of the linear fitting. In Fig. 3.39 the loop resonator is placed with α = 40°and the only value of α that presents no phase variation on the estimated A d is α = 40°.

In general, the direction perpendicular to the loop axis, in addition to admitting the dipole resonance mode A d , can also recover a parasitic field contribution reflected from the environment.

This contribution negatively impacts the detection system. We can see that (3.32) allows to reduce this contribution, that can be considered as external noise. The reduction of these environment responses is not visible in the simulation since this effect is not taken into account in the simulator. However this significant effect will be seen in Section 3.3.5 and 3.3.6 on measurements in real environments.

For comparison with the introduced approach, time-gating (TG) technique will be applied to the loop resonator at α = 45°. In Fig. 3.44, the frequency response (backscattererd E-fields obtained from a probe on CST with plane wave excitation, i.e. quantities similar in measurement to the parameters S 11 and S 21 ) of the simulated loop is presented along the extracted modes A d and A l . We can see that the mode of interest A l is correctly extracted. If we look at the time domain representation of the E-fields in Fig. 3.45, we can see that it is difficult without any post processing to differentiate the differents modes in the response. Now if we apply (3.32) on these time signals, we can compute the time response of each mode as illustrated in Fig. 3.46.

The mode A l is resonating for a longer time than the mode A d due to its higher Q-factor. From Fig. 3.46, to remove the response of A d from the signal, a time-gating with a t start = 7ns is needed. With such t start , time-gated signals TG S 11 and TG S 21 are presented in Fig. 3.47. We can see that the A l mode present in TG S 11 and TG S 21 is also partly removed hence the peak apexes of these two curves have lower amplitudes. Indeed, the time-gated signal is 8dB lower than the A l mode. This is because the time-window 7ns on S 11 or S 21 also remove A l 's signal as showed in its time response in Fig. 3.46. Futhermore, as said previously, it is difficult to estimate t start . In practice, to limit the effect of the present of the object on which the tag is fixed, one can choose to cut off the order of 1ns from the maximum of the time response signal (which here makes t start = 4.5ns -see Fig. 3

.46).

In this case, the result that we would have is presented in Fig. 3.48. We can see that the time-gated signals are not as pure as the A l signal. The problem in this case is that if for a given ID, another scatterer could resonate around 2.4 GHz, it would be impacted by the presence of the A d mode. The peak amplitude is also lower than the A l amplitude by 6dB. Since less signal was removed (2.5ns time-window difference), the amplitude difference with A l is lower. Finally, if we compare the results between Fig. 3.47 and 3.48, we can say that the approach introduced here allows us to suppress the entire spurious mode. If we had tried to cut the spurious mode with time-gating (Fig. 3.47 or Fig. 3.48), we would have significantly degraded the useful signal, reducing the signal-to-noise ratio and thus the read range.

In summary, the proposed method allows to improve the reading robustness of the resonant scatterers. This approach can be advantageously used in combination with the time-gating method (see section 3.3.8). It allows to isolated different resonance modes that time-gating can hardly separate. 

Measurements

The test-bench setup is presented in Fig. used to separate the resonator from the antenna. A protractor is placed under the loop to measure α as the resonator rotates. S 11 and S 21 measurements are done and plotted in Fig. 3.50 and Fig. 3.51 respectively. S 11 are in good agreement with the simulation, but S 21 presents a dip instead of a peak at the resonance frequency. This is due to a phase opposition between the resonator contribution and the environment (not considered in simulation). With these S-parameters and the dipole mode A d phase, α is estimated as previously explained. The angle value α measured with the protractor can be compared with the estimated α and both values are listed in Table 3.7. The estimated and real angle values are in good agreement with a maximum difference of 5°. This shows that the method can also be used to determine the angle of the loop to the antenna. When α is found, (3.32) is used to extract the loop mode A l which is plotted in Fig. 3.52. Like in simulation (Fig. 3.42), we can see that the peak is more visible when (3.32) is applied but also that the peak does not change with α. The noise is higher for the measurement at α = 60°which is also the measurement where the guessed α has the highest error of 5°. The dipole mode A d is plotted in Fig. 3.53 for illustration. When a chipless RFID tag is composed of several loop resonators, the technique is still valid; it is even more efficient because the dipole mode of each loop can impact a loop mode of another loop.

Also the possibility to remove it will increase the peaks prominence of each scatterer. This idea is presented in Fig. 3.54 where a tag of 4 loop resonators is placed at α = 45°. The raw measurement where the environment is subtracted with a first measurement gives the S 11 parameters in orange where prominence of each resonator peak is quite low. Equation (3.32) is applied resulting in the improved ratio between the amplitude of loop modes and noise. The residual environment as defined in [START_REF] Barbot | Classical RFID versus chipless RFID read range: Is linearity a friend or a foe?[END_REF] is reduced by -12dB in minimum. 

Reading robustness

Impact of highly reflective environment

In this paragraph, we want to emphasize the improvement of the reading robustness of this approach according to the environment. The introduced method eliminates the total contribution of the environment and the tag oriented perpendicular to the preferred reading direction (E l ). The measurement setup in this highly reflective environment is illustrated in Fig. 3.55. A metallic plane is placed below the loop resonator to increase the reflection of the incoming electromagnetic wave, introducing a higher residual environment. A spacer of polystyrene is used to reduce the coupling effect between the loop and the metallic plane that would change the scatterer resonant frequency. The measured S-parameters of this configuration are presented in Fig. 3.56 when the resonator is placed at 45°. Raw S-parameters and S-parameters with an empty measurement (with the metallic plate) are compared in Fig. 3.56. Note that the peak corresponding to the resonance frequency is hardly visible for S 11 and S 21 with the metallic plane used as an empty measurement. If (3.32) is applied to the measured S-parameters with empty, the resonance frequency is easily observable with a peak prominence of 10dB. Time-Gating (TG) post processing is used for comparison with optimised t start = 3μ s and t stop = 3.1973μ s. Results are presented in Fig. 3.57. We can notice that (3.32) gives a better peak prominence than TG (10dB higher) because it is able to use 100% of the resonator useful signal (6dB) as well as it compensates for the resonator misorientation (4dB). Measurements have been achieved for different a priori unknown orientation angles α of the resonator in front of the metallic plane.

Extracted A l modes using (3.32) are plotted in Fig. 3.58. We can see that the residual environment is always reduced while the resonator amplitude remains constant when the resonator rotates since the total energy is conserved during the post processing. 

Impact of the distance

A study of the readable distance of a chipless tag has been done. The test bench used for this measurement is illustrated in Fig. 3.59. The resonator is placed on a polystyrene support above the antenna. S-parameters are measured and then the distance between the antenna and the tag is increased from d = 1.5cm to 84.5cm by adding a new polystyrene support. For each distance, S 11 and S 21 raw measurements are compared with the proposed approach (3.32) as well as with the S 11 and S 21 parameters where TG is applied. For each distance, TG parameters' (t start and t stop ) are deduced from the inverse Fourier transform of the S-parameters to maximized the accuracy of the response.

The loop resonator is placed at α = 45°. Comparisons for distances d = 1.5 cm and d = 20.5 cm are plotted as examples in Fig. 3.60 and Fig. 3.61 respectively. A quantitative criterion was chosen to consider if a loop resonator can be read or not. The criteria are the following : the peak prominence should be +10dB or higher, the maximum amplitude in a frequency span of 0.15 GHz must be greater than -50dB (this must correspond to the amplitude of the resonance peak). This procedure is done using the findpeak function in Matlab. Results are presented in Table 3.8 where a "1" indicates that the peak is detected and a "0" when it is not, considering these criteria. We can see that for a loop resonator placed at 45°, these criteria are never valid for raw measurements of S 11 and S 21 because the +10dB peak criterion can not be met due to the presence of the A d mode and the environment response. With the TG technique, it is possible to satisfy correctly this criterion up to 64,5 cm. After that, the signal amplitude goes below the -50dB threshold and the peak predominance of +10dB with the environment noise is not respected. The limitation of the TG approach is due to the fact that : some part of the useful signal will be removed hence deteriorating the peak signal. On the contrary, the idea introduced here is that when doing the projection with (3.32), we are retrieving 100% of the useful signal while reducing others parasitic signals, hence keeping a better peak prominence. By using (3.32), the peak is better marked as shown in Fig. 3.60 and Fig. 3.61 allowing an increase of 30 cm compared to the TG on a readability with a maximum distance of 84,5 cm. The tag is now composed of 4 resonators and is measured as a function of distance. The same tag configuration as the one presented in Fig. 3.54 is used. The same criteria as previously described are used with a frequency span of 0.65GHz for resonators between 2.2 GHz and 2.7 GHz (see Fig. 3.54).The number of peaks correctly detected up to 4 are plotted in Table 3.9. We can see that raw S 11 and S 21 never succeed to respect these criterion for the 4 resonant frequencies. Since the tag is now composed of 4 resonators, the post-processing to implement the TG approach is harder since higher resonant frequencies tend to attenuate sooner in time than lower frequencies. Choosing a lower t start allows to capture more high frequency signal but also environment noise. For these reasons, the TG method is not able to respect the imposed criterion as soon as the distance is higher than 13 cm. However, the proposed approach allows to see the 4 peaks up to 34 cm. Notice that reading distance decreases because the tag composed of 4 resonators has resonators with a lower Q-factor than the resonator used alone (see Table II). (3.32) and TG] for a distance between the resonator and the antenna of d=20.5 cm.

Case of an antenna not placed in normal incidence with respect to the tag

In the previous cases, the loop resonator is rotated in the xOy plane and the antenna is placed in a plane parallel to the xOy plane. In a more general case, the antenna is aiming at the resonator not necessarily in a parallel plane. In this case, a spherical coordinate system can be attached to the loop to indicate the position of the antenna as illustrated in Fig. 3.62. The dual-port antenna will sense the fields along the axis ⃗ θ and ⃗ φ. By noticing that : The polarization of the loop resonator can be projected to the xOy plane using (3.33) and (3.32) can be applied. The scattered field for the loop polarization A l can be estimated with :

      
A l = -E φ sin(θ) -tan(α y ) cos(φ) cos(θ)E φ + sin(φ)E θ sin(θ) sin(φ) (3.34) Notice in (3.33) that the loop resonator also radiates energy on the⃗ r which is not measured by the antenna. For this reason, a constant amplitude of the estimated mode for varying values of α y is not verified there. Simulations have been done using CST MW with an antenna placed at θ = φ = 80°a nd results for a rotation of α y = 50°is plotted in Fig. 3.63. We can see once again the utility of the approach with a residual environment reduced by 25dB in this example.

Measurement in a semi-anechoic chamber were done to validate (3.34). The measurement setup is shown in Fig. 3.64 and results in Fig. 3.65. We can see that the peak amplitude is increased by almost 5dB but most importantly, the dipole mode of the loop is reduced by almost 10dB hence confirming the approach. 

Example with other resonator's shapes

Example with other resonator's shapes While a loop resonator was considered until now, this principle can be applied to other resonators shapes and types. In this section, resonators without ground plane illustrated in Fig. 3.66 will be used as different examples. These resonators can be found in different works such as in [START_REF] Vena | A compact chipless RFID tag using polarization diversity for encoding and sensing[END_REF]. Simulations have been done as in Section 3.3.3. For the square loop, dimensions were l = 25mm, w = 1.4mm.

For the circular loop, the same l and w were kept. Results are displayed in Fig. 3.67 and Fig. 3.68 We can see that the highest Q-factor mode for these resonators' shape is well extracted, again with an amplitude higher than the one given by S-parameters. Once again, this shows the advantage of (3.32) over raw measurements. This method is straight-forward for resonators with no ground plane so the following section will discuss about resonators with ground plane where additional considerations have to be taken into account. 

Applications to resonators with ground plane

The same concept can be applied to different types of scatterers. In this section a resonant scattererbased microstrip transmission-line (TL) is considered. In its simplest form, the scatterer is a metallic strip (a short-circuited dipole) above a ground plane. This scatterer can be considered as a TL terminated at both ends by an open circuit. This resonator is illustrated in Fig. 2.27.

These scatterers have a high Q-factor (around 120 at 3GHz) but due to the presence of the ground plane, these scatterers also exhibit a strong quasi-optic reflexion (comparable to the A d mode discussed for the loop) making them hard to read. For this reason, this resonator is commonly placed at α = 45°and measured using cross-polarization (S 21 ) to reduce the ground response contribution.

As a consequence, the reading of such tag can only be done for a fixed orientation (limiting its usage in real applications) but also the resonator signal backscattered on the co-polarization (S 11 ) is not used. In Section 3.3.5, the highly reflective support was removed using an empty measurement of the metallic plate. This method being hard to implement in practice, in this section, the use of both (3.32) and TG jointly is presented to improve the measurements. The angle α can still be known a priori or estimated as presented in Section 3.3.2. The TG will allow to remove the ground plane response and then (3.32) can be applied on the TG responses to retrieve more signal using both polarizations. CST MW simulations with the tag illustrated in Fig. 2.27 have been done and are plotted in Fig. 3 We can see the presence of the ground plane on the raw S-parameters with the low prominence of the resonance peak. The responses of TG allowed to increase the peak prominence by removing successfully the ground plane response. Then when (3.32) is applied on TG, the peak amplitude is even higher by 6dB. Note that while the TG responses are dependent of the orientation of the resonator, when (3.32) is applied on TG, the response is no longer orientation dependent as shown in previous section.

Measurements of the microstrip resonator of Fig. 2.27 are acheived using the same test-bench presented in Fig. 3.64. Raw measured S-parameters as well as (3.32) with TG are presented in Fig. 3.70.

The TG window is t start = 3.5e -9 and t stop = 6e -8.

Discussion

The method presented here allows by a projection to separate the useful signal (signal related to the loop mode) from the signal without information, namely the whole signal which is perpendicular to the excitation direction of the loop mode. It is now interesting to come back on the positioning of this method compared to the methods classically used in RFID chipless to read a tag, in particular the use of the background subtraction, the reading in cross-polarization and the time-gating. A general detailed comparison of these methods was made in the introduction of the article so the discussion here will focus on the link between these methods and the one introduced. We are interested in how these methods can interact with the introduced one in order to improve the chipless tag reading.

Link with the background subtraction

It is difficult in chipless to perform a tag reading without performing a background subtraction. This can be seen from the very limited number of articles on the subject, especially when the tag is positioned next to different objects [START_REF] Blischak | Embedded singularity chipless RFID tags[END_REF]. Moreover, the use of background subtraction is not necessarily prohibitive for a real application. Indeed, it is similar to calibrating the device, once the system is started. However, it should be kept in mind that if the environment changes after this calibration measurement, the system must still be able to obtain accurately the identifier, so in this case it would be necessary to perform other calibration measurements over time when the tag is not present in front of the reader antennas. So, a background subtraction calibration is compatible with the practice, however, it can only take into account the fixed part of the environment of the system, like for example the effect of the antennas (matching, coupling), and part of the direct reflections on the walls, ceiling (supposedly fixed). Even if these contributions (background subtraction relative to the fixed part of the environment) are not sufficient to allow the reading of a tag without other dedicated techniques when adding objects to the scene, a very important part of the signal not related to the tag ID is subtracted. This is why it is still preferable to use background subtraction and this is what has been done in the article.

Link with cross polarization reading

The objective of the introduced method is to read a classical chipless tag whatever its orientation and in order to recover the whole useful signal. This is why we use both co-polarization and crosspolarization measurements (S 11 and S 21 in [4]). This method is different from a classical crosspolarization measurement and therefore cannot be combined together. Compared to a co-polarisation measurement, cross-polarization reading is still very efficient in that it reduces the signal by about 25 dB (to keep only the part containing the tag information). However, except for very special tag designs (with a rotation invariant cross-polarization), the reader antennas must be oriented in a specific way with respect to the environment and similarly for the tag with respect to the antennas [START_REF] Ramos | Temporal separation detection for chipless depolarizing frequency-coded RFID[END_REF].

Furthermore, unlike the approach introduced here, a cross-polarization measurement only recovers a quarter of the power of the useful signal and this for an optimal orientation of the tag with respect to the antennas. Finally, we can see from the two examples presented here (rectangular loop and microstrip dipole) that the cross-polarization measurement alone is not sufficient. If we take the rectangular loop with an optimal position (45°) for this type of reading, according to (3.32) we have S 21 equal to (A d + A l )/2 which shows that we are not able to isolate the useful signal, namely A l .

Similarly, for the tag with microstrip dipole, the ground plane can have a cross-polarization reflection which will be visible on the S 21 parameter. This is exactly what we have in Fig. 3.69, where the Raw S 21 curve shows a dip (and not a peak) characteristic of the presence of a significant reflection not related to the resonance of the tag (quasi optic reflexion). In conclusion, we can say that the crosspolarization measurement is all the more interesting when used with time-gating. On its own, it does

not provide an answer to all the problems of chipless reading, but it may prove indispensable in practice.

Link with time-gating

What allows to read a tag in a very robust way (e.g. without background subtraction in a mobile environment or with objects near the tag that potentially move), is the use of time-gating combined with a tag with a high-quality factor (higher than 100). It is precisely this idea that has been implemented in [START_REF] Ramos | Temporal separation detection for chipless depolarizing frequency-coded RFID[END_REF] and that allowed to read tags without background subtraction. We show that we can temporally separate the quasi-optical reflections of the environment from the ones linked to the resonances of the tag which is spread over more than ten nanoseconds. By optimizing the time window on which the useful signal is recovered, it is possible to read some tags in mobile environments presenting various objects. Of course, the reading in cross polarization, as it is the case for the background subtraction, improves the reading when the environment is perfectly fixed and especially can be combined with the time-gating to further improve reading. However, time-gating cannot always be applied successfully, and the rectangular loop is a very good example. Indeed, for some angles, the dipole mode will be excited, and this mode is resonant (weakly resonant, but resonant all the same) which means that temporally, it will exist over several nanoseconds, which to eliminate it would lead to use a tstart of the same duration and thus cut off too much of the useful signal. From then on, it would no longer be possible to read the loop mode with a sufficiently high SNR and this for a distance greater than 20 cm. This example highlights one of the many interests of the proposed method. Indeed, it is quite possible to add to the described approach a time gating step (the time gating step can be performed on the raw signal as well as after the method described here, it is theoretically identical).

The difference here is that the tstart to be considered will no longer be linked to the dipole mode (the latter will be eliminated by the method introduced in the article) but only to the environment, which means that it can be reduced to one nanosecond, for example, in order to eliminate the non-resonant part of the signal and thus keep only the part where the information is coded.

Conclusion of the section

In this section, a novel method based on polarization separation is presented to increase the peak prominence of the co-polarized chipless tag independently of the resonator orientation. The theory has been validated in simulations and with real-life measurement with both known and unknown orientations of the resonator. The presented results highlights the potential of the approach to increase the robustness of reading. In addition, this approach also allows the orientation of the tag to be determine, which provides additional information that can be used for sensor applications.

The improvement was also quantified in terms of maximum reading distance. A comparison with the commonly used TG technique is presented as well as the jointly use of both methods to harsh environments.

Perspectives

As we have seen previously, it is possible to express the radiation pattern of a loop resonator, using antenna array theory, with the following formula : Once the radiation pattern of the loop is known, it is possible to reapply the antenna array theory to express the total radiation pattern of a tag consisting of several loops. Considering two loops as illustrated in Fig. 3.71, we obtain : 1. make a distance sensor. Indeed, following Section 3.1.3, the following equation can be written :

E s (f 0 ) = E d × AF 0 = k 0 T 0 sin(θ) sin (π sin(θ) cos(φ))
E s (f 0 ) = E d × AF x × AF z =
E(f 1 ) E(f 0 ) = 8 sin π 2 sin(θ) cos(φ) sin π 2 sin(θ i ) cos(φ i )
× sin kd 2 (cos(θ) + cos(θ i )) cot kd(cos(θ) + cos(θ i ))

× sin kd 2 cos(θ i ) cot kd cos(θ i ) (3.38)
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CST simulation Analytical expression Considering a known antenna position, (3.38) can be solved for the distance d. The estimated quantity is the distance between the resonators. Simulations were done using two approaches to break the periodicity of (3.38) and actually solve for d. Either a bi-static antenna configuration or a set of 2x2 loops working at different frequencies can be used (as illustrated in Fig. 3.74).

The first case introduce a diversity on (θ, φ) with two positions of the antennas and the second a diversity on the value of k. Perspectives on this chapter using the radiation pattern were presented in this section. These results have been validated using different simulations but no measurements have been done in practice.

Conclusion of the chapter

In this chapter, several chipless RFID sensors were presented. These sensors did not use the value of the resonance frequency to sense physical quantities but rather its amplitude. Indeed, the scattering parameters (radiation pattern of the loop resonator or polarization) were used to develop new approaches. Since the amplitude is less robust to the environment compared to the resonance frequency, each sensor was studied with Monte-Carlo simulations or with real-life measurements to exhibit its working application in real environments.

First, a model describing loop resonator radiation pattern is introduced. This radiation pattern was used to measure the loop rotation in 3-dimension. Contrary to already implemented chipless RFID angle sensors, the one introduced here allows the extraction of the tag rotation or the antenna position in 3D using a novel approach based on the resonator radiation pattern. An analytical model is developed to measure the tag orientation determining both the inclination and azimuthal angle of the tag in a spherical coordinates system for both mono-static and bi-static antenna configurations. This method was proven using MC to be robust but also calibration independent which is not the case of actual chipless RFID orientation sensors. This radiation pattern was also used to increase the capacity of RFID chipless tags. While the idea today is to make resonators more compact, this work was able to increase the coding capacity by allocating multiple resonance peaks in a single frequency slot without interfering together. It is based on the radiation pattern diversity of different resonators' topologies or different modes of resonance on the same resonator topology. Finally, the polarization of resonators was studied to improve RFID reading robustness. This approach was compared to state-of-art approaches such as time-gating. It was proven that this method allows obtaining a higher signal-to-noise ratio of resonators whose orientation with respect to the reader is unknown. With this principle, it is also possible to separate the resonance mode of the resonator that is connected to the identifier from other parasitic resonance modes that may appear due to possible misalignment between the tag and the antenna. Measurements in harsh environments, as well as comparisons with classical techniques such as time gating, were presented. A study of the improvement in the read range was achieved to highlight the potential of the proposed technique.

Chapter 4

Medium characterization using a radar approach This chapter will present medium sensors. The first section suggests shows the possibility to detect the presence of grafted molecules on the surface of silicon nanowires thanks to a wireless RF radar approach based on the measurement of the backscattered signal of a resonant structure on which the nanowires are deposited. The measured resonance frequency allows the determination of the intrinsic properties related to temperature and humidity variations. Several functionalizations of nanowires have been realized and characterized. A RF approach allows the detection of significant differences related to the presence of grafted molecules on the surface of nanowires. The obtained results confirm the very good potential of the radar approach to identify the functionalization of nanowires. Also, discussions about the application of such functionalizations are made to increase the sensibility of sensors working using the radar approach.

Secondly, a method to characterize the complex permittivity of dielectric is presented. The backscattered signal from a resonant scatterer placed in contact with the dielectric is used to estimate the quantities. This method is wireless, non-destructive, with no restriction on the sample thickness, and is done using a VNA and an antenna. Discussions on the geometry of the resonator as well as the calibration step are proposed to improve the sensing capability of the approach.

Wireless Detection of Surface modification of Silicon Nanowires

Nowadays silicon nanowires (SiNWs) are emerging as a promising solution for the development of practical devices thanks to their fascinating properties (high surface to volume ratio, one-dimensional semiconductor materials, easily modular surfaces) [START_REF] Luo | Silicon nanowire sensors for Hg 2+ and Cd 2+ ions[END_REF][START_REF] Zhou | Silicon nanowires as chemical sensors[END_REF]. Indeed, SiNWs-based devices are used for many applications such as catalysis, biology, lithium batteries, solar cells, or sensors [START_REF] Shao | Silicon nanowires-synthesis, properties, and applications[END_REF]. For sensors applications, it was reported in [START_REF] Ahoulou | Functionalization and characterization of silicon nanowires for sensing applications: A review[END_REF] that the design requires a prior functionalization of silicon nanowires. Indeed, the functionalization of silicon nanowires especially by organic compounds could enhance their selectivity and their sensitivity leading thus to high-performance sensors. As an example, Chen et al. demonstrated that carboxylic acid-functionalized silicon nanowires improve the electron transfer conductivity [START_REF] Chen | Silicon nanowires for highsensitivity glucose detection[END_REF]. They showed that the sensitivity was three times higher compared to unmodified nanowires. There are several techniques for silicon nanowires functionalization. However, they can be grouped into two main categories. The first approach consists of modifying the native oxide surrounding the nanowires (SiOx/SiNWs). This includes silanization or the reaction of SiNWs with organophosphonates. The second one allows to modify directly the hydrogen terminated SiNW (hydrosilylation, arylation, halogenation or alkylation). The modified surface is usually thin. For more details about the functionalization methods, the readers can refer to [START_REF] Ahoulou | Functionalization and characterization of silicon nanowires for sensing applications: A review[END_REF] and [START_REF] Coffinier | Surface modification of semiconducting silicon nanowires for biosensing applications[END_REF].

Classical methods for surface analysis

Surface analysis is an unavoidable step after surface modification. Indeed, it allows to verify the success of the surface modification, understand the provided benefits and ultimately improve its quality.

A wide range of physical and chemical surface analysis techniques is available in the literature. They can be classified in two general viewpoints: those that measure the elemental composition or chemical species and those that make area topographic maps. In the first category, most of the tools used for the characterization of silicon nanowires involve spectroscopic methods [START_REF] Miyoshi | Surface characterization techniques: an overview[END_REF][START_REF] Gillberg | Polymer surface characterization: an overview[END_REF] especially infrared (IR) spectroscopy, energy-dispersive X-ray (EDX) and X-ray photoelectron spectroscopy (XPS).

IR is a powerful tool for chemical species, molecular structure, and defect determination. EDX is a technique of X-ray spectroscopy that is based on the collection and energy dispersion of characteristic X-rays. This analysis technique is usually associated with electron column instruments such as scanning electron microscopy (SEM). The sampling depth changed from 0.02 to 1 µm. In addition, the XPS experiment is based on the ejection of electrons, of core levels, from an atom irradiated with a monoenergetic beam of soft X-rays. This technique provides information about elemental composition, chemical state, depth profiling and mapping. The sampling depth ranges from a few to several nm. XPS offers the advantage of being a non-destructive technique. Therefore, it is the most widely method for surface analysis [START_REF] Dwight | Photon, electron, and ion probes of polymer structure and properties[END_REF].

For surface profile, scanning tunneling microscope (STM) and SEM are useful tools. STM offer the possibility to study the film thickness, make topographic imaging or topography, profilometry and identify the defects in thin films with a sampling depth of less than 0.05 nm. However, STM is based on tunneling current and works only with conducting and semiconducting materials. The main advantage of SEM is its ability to achieve very high magnification and resolution of a material surface. Also, SEM produces information about morphology, elemental composition, damages, imaging, or defects of the studied surface with a resolution varying from a few nm to a few µm.

On the whole, these techniques only give information on a small area. Regarding the characterization of surface modifications on nanowires, many approaches are currently used. They are most often specific physicochemical methods available in laboratories working on these topics. Here, we present an RF characterization approach, without contact allowing to detect the presence of grafting of the silicon molecules and even to differentiate the grafted molecules. The idea is principle is based on the measurement of a high-quality factor fully passive resonant scatterer designed on which the nanowires are deposited. The scatterer has an analytical model taking into account the surrounding temperature and humidity considered for this characterization approach. The principle used, and described in detail below, is a radar principle, i.e., we measure and analyze the field backscattered by the resonator on which the surface-modified nanowires have been deposited. Based on this measurement, we are interested in determining the device response (resonator with nanowires) through the monitoring of the resonance frequency, as a function of temperature and humidity. It turns out that each molecule grafted on the nanowires interacts with the resonator and induces a different behavior when the temperature and humidity change. This behavior can be directly characterized by the measured resonance frequency which will vary differently depending on the grafted molecule. We show that the presence of these molecules which are significantly smaller than the wavelength used for the characterization (there are several orders of magnitude of difference) and therefore do not produce any measurable effect on the backscattered signal in the stationary case (constant temperature and humidity) will, however, have a quantifiable effect when temperature and humidity vary. This effect is highlighted in this section and will be used to differentiate the grafted molecules. These results open the way to the potential of RF using backscattering measurement approaches for chemical substances characterization such as surface functionalized nanowires. Indeed, it is a non-destructive wireless technique, adapted to smoother surfaces, and can measure areas over several centimeters. RF techniques have already been applied to characterize the humidity sensing properties of SiNWs [START_REF] Vena | Toward a reliable chipless RFID humidity sensor tag based on silicon nanowires[END_REF].

We note that the proposed approach is very far from contact characterization approaches consisting in measuring electrical quantities such as voltages on electronic devices sensitive to the molecules attached to them. To the best of our knowledge, RF approaches have never been used to characterize functionalized silicon nanowires. In the present work, silicon nanowires have been modified using different organic groups. Upon exposure to various temperatures and relative humidity, we define a gaussian function that allows distinguishing the different end groups. In addition, we highlighted the effect of the functionalization on the temperature and humidity sensing capabilities.

Radio-frequency approach

Principle of the radar approach

The measurement principle is based on a radar approach. Loop resonators are used but the approach can be used with other resonator shapes. When a loop resonator is illuminated by an incoming EMfield, the maximum energy backscattered at a temperature T and relative humidity RH occurs at its resonant frequency f defined by :

f = c 2 √ ε eff L 0 1 -(α c + α p 2 )T - 1 2 [a ′ + γRH] (4.1) 
When these coefficients are unknown, (4.1) can be used to extract them with high accuracy as done in Section 2.3.4. In the case of silicon nanowires, the surface functionalization affects the thermal and humidity sensitivity of the radio-frequency response of the resonator [START_REF] Vena | Toward a reliable chipless RFID humidity sensor tag based on silicon nanowires[END_REF] and different functionalizations introduce different unknown values for α and γ. Thus, the identification of these coefficients by measurements will allow to distinguish the functionalization. The parameters α and γ represent temperature and humidity impacts on the effective permittivity ε eff . The effective permittivity ε eff of the substrate (Rogers RO4003C will be used) and the superstrate which is the nanowires deposit [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF]. For this reason, the same substrate have to be used with the different nanowires samples to only measure the functionalization impact. 

Extraction of the physical parameters

By considering f ini as the first resonance frequency measured at time t 0 and the coefficients a ′ , α, γ, we can have [START_REF] Requena | Chipless RFID temperature and humidity sensing[END_REF] :

f f ini ≃ 1 - a ′ 2 -αT - γ 2 RH (4.2)
From (4.2) it is possible to extract the coefficients a ′ , α and γ by linear regression applied on measurement. Indeed, it is possible to measure the resonance frequencies corresponding to a set of different values of temperature and humidity.

Measurements in the climatic chamber with the controlled temperature and humidity profiles such as the one shown in Fig. 4.2 have been used to extract the three coefficients. Indeed, once the frequencies f were measured alongside the temperature T and humidity RH, a fit of all the realized measurements was done based on (4.2) to find the values of α, γ and a ′ . 

Measurements

Six resonators were measured in the same time. One resonator was without nanowires (Rogers) and used to make sure the measurement was done without incident. One resonator was impregnated with silicon nanowires and the four remaining resonators were impregnated with functionalized surface silicon nanowires (respectively Ethynyl, Pentacene, N3 and Octadecyl). In the different measurements, the nanowires deposit was swap between the resonators. A volume of 5μ l was deposited on the resonator using same concentration solution from the each functionalizationed nanowires.

The measurement setup and the fabricated tags used in practice are presented in Fig. This extraction was repeated several times. For each measurement, the entire test bench was disassembled and put back in place, the deposit of nanowires was re-done. Indeed, α and γ have already been measured for this configuration (in Section 2.3.4) or can be calculated using provider's datasheet information [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF][START_REF] Requena | Chipless RFID temperature and humidity sensing[END_REF]. These values can be compared with the estimated one from a measurement.

Temperature and humidity profile are such as presented in Fig. 4.2.

Results and analysis

The measurement have been repeated ten times. As an example, the first 6 coefficients α and γ extracted for the sample without nanowires are given in Table 4.1. These results show a good repeatability on the extracted coefficient as well as a good estimation compared to the analytical value for α (see [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]). Frequency variations as a function of temperature or humidity are plotted in Fig. 4.3 and A 3-dimension representation has been chosen to ease the reading of the results. For each sample, the following Gaussian function g has been calculated :

g(α, γ) = exp - (α -ᾱ) 2 2σ 2 α - (γ -γ) 2 2σ 2 γ (4.3)
where x denotes the mean of x and σ x denotes its standard deviation. Guassian functions for each sample are plotted in Fig. 4.5. Also the different values of x and σ x are given in Tab. 4.2. We can see that each functionalization introduces different coefficients α, γ allowing thus to differentiate the samples.

For a measured (α m , γ m ), the likelihood of this sample being silicon nanowires functionalized from Eq. (4.4) can be used to estimate the percentage of belonging of the measured sample to the different samples of the database. The highest probability is given by max(likelihood). Eq. ( 4.3) can be used to compute the correctness of belonging of this sample to the guessed sample from database. In practice, both estimations should be used to have a correct estimation on the sample.

For example, a measured (α m , γ m ) = (80 × 10 -5 , 10 × 10 -5 ) gives 100% likelihood to Octadecyl since it is the only functionalization with α > 60 × 10 -5 . But if we look at Fig. 4.5, we can notice that for this value of γ m , the sample might not be Octadecyl since g octadecyl (α m , γ m ) gives 0% of correctness. The computation of both quantities can give an additional indication such as indication on the quality of the measurement (if the likelihood is 100% and g is 0% the sample under test can be a new sample which is not from the database or that the measurements was disfunctional).

From Tab. 4.2 and Fig. 4.5, we can see that it is possible to distinguish the different functionalization of silicon nanowires of our samples.

Discussions

Other than the detection of the surface functionalization by a RF approach, Fig. 4.5 shows that the sensitivity of the RF response can strongly vary depending on the functionalization. Numerous sensor applications in the RF domain use the resonance frequency to measure quantities such as temperature or humidity [START_REF] Amin | Development of a chipless RFID temperature sensor using cascaded spiral resonators[END_REF][START_REF] Thai | Design and development of a millimetre-wave novel passive ultrasensitive temperature transducer for remote sensing and identification[END_REF][START_REF] Requena | Chipless RFID temperature and humidity sensing[END_REF][START_REF] Amin | Development of a low cost printable chipless RFID humidity sensor[END_REF]. It has already been shown that nanowires can improve the sensitivity of such sensors by increasing the frequency shifts [START_REF] Vena | Toward a reliable chipless RFID humidity sensor tag based on silicon nanowires[END_REF] but the functionalization of the nanowire was never studied. In Tab. 4.2, we can notice that the functionalized silicon nanowires by Pentacène is a bad canditate for such sensing application because α, γ are smaller than the resonators used without nanowires. So, the frequency shifts will be smaller and harder to measure (see (4.1)) [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF].

But SiNWs-py is a good option to reduce the environment response of temperature and humidity on a resonator and so improve its response stability towards these variations. On the opposite, SiNWs-OTS is a good canditate for sensors applications. Indeed, both the thermal and humidity sensitivities are improved compared to naked Rogers or Rogers with nanowires with no surface functionalization 

Conclusion of the section

In this section we proposed a radar approach for the detection of the surface functionalization of silicon nanowires. The identification of the functionalization is done by depositing functionalized silicon nanowires on a loop resonator and monitoring its resonance frequency during temperature and humidity variations. Measurements were performed using a climatic chamber. The obtained results confirm the very good potential of the radar approach to identify the functionalization of nanowires. Indeed, each functionalization introduced a different response towards humidity and temperature. Also, discussions about the application of such functionalizations is made to increase the sensibility of sensors working using radar approach or in the opposite, reduce the enviroment impact on such resonators (by lowering α, γ, ...).

Complex permittivity sensing

Microwave sensors interest has increased over the last decades. Such sensors have been able to measure quantities such as temperature [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF], humidity [START_REF] Feng | Low-cost printed chipless RFID humidity sensor tag for intelligent packaging[END_REF], gas [START_REF] Yang | A novel conformal RFIDenabled module utilizing inkjet-printed antennas and carbon nanotubes for gas-detection applications[END_REF], strain [START_REF] Thai | Novel design of a highly sensitive RF strain transducer for passive and remote sensing in two dimensions[END_REF] without batteries or electronic chips. This wireless approch based on radio-frequency (RF) waves caught the curiosity for sensor applications due to its low-profile (often planar and single layer sensors), its accuracy, its price and fianlly its infinite life-time of operation due the to absence of electronic parts. The RF waves also provide advantages such as wireless measurements that allow the reading of multiple sensors at the same time, in real-time and even thought obstacles [START_REF] Requena | Chipless RFID temperature and humidity sensing[END_REF]. Such RF approaches have also been developed to do metrology. We can cite for example the characterization of materials thermal dilatation [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF] or the complex permittivity [START_REF] Alahnomi | Review of recent microwave planar resonator-based sensors: Techniques of complex permittivity extraction, applications, open challenges and future research directions[END_REF]. Concerning the complex permittivity measurements, numerous works can be found [START_REF] Krupka | Frequency domain complex permittivity measurements at microwave frequencies[END_REF]. These methods can be divided in two categories : resonant and non-resonant approaches. In non-resonant approaches, coaxial measurements is commonly used and standardized [START_REF] Ute | Mesure de la permittivite et de la permeabilite de materiaux homogenes et isotropes a pertes dans le domaine des micro-ondes. methode de mesure en guide coaxial circulaire[END_REF]. The coaxial method consist in measuring the transmission and reflection coefficients of a coaxial filled with the dielectric under-test [START_REF] Nicolson | Measurement of the intrinsic properties of materials by time-domain techniques[END_REF][START_REF] Baker-Jarvis | Improved technique for determining complex permittivity with the transmission/reflection method[END_REF]. The transmission/reflection idea is also transposed to other technique such as waveguide [START_REF] Bakhtiari | Open-ended rectangular waveguide for nondestructive thickness measurement and variation detection of lossy dielectric slabs backed by a conducting plate[END_REF] or free-space measurements [START_REF] Shimabukuro | A quasi-optical method for measuring the complex permittivity of materials[END_REF]. These techniques are simple to implement, works on wide frequency band but the major drawback is their low accuracy especially on the losses extraction. On the other hand, resonant methods permits to have higher accuracies and to measure lower losses but are restricted in the frequency response. We can cite cavity measurements [START_REF] Li | Precise calculations and measurements on the complex dielectric constant of lossy materials using tm/sub 010/cavity perturbation techniques[END_REF][START_REF] Dmowski | Contactless measurement of silicon resistivity in cylindrical TE01n mode cavities[END_REF] or by means of an open resonator [START_REF] Cullen | The accurate measurement of permittivity by means of an open resonator[END_REF][START_REF] Hirvonen | Measurement of dielectrics at 100 ghz with an open resonator connected to a network analyzer[END_REF]. Lastly, dielectric rod resonator short circuited at both ends by two parallel conducting plates can be used to measure the complex permittivity [START_REF] Hakki | A dielectric resonator method of measuring inductive capacities in the millimeter range[END_REF][START_REF] Kobayashi | Microwave measurement of dielectric properties of low-loss materials by the dielectric rod resonator method[END_REF]. For the solid dielectric materials which the present concern is exclusively concerned, a major problem is the accurate machining of a specimen of the material to fit closely into the resonator or waveguide. In the recent years, planar microstrip resonator using the under-characterization material as a substrate appeared [START_REF] Lobato-Morales | Wireless sensing of complex dielectric permittivity of liquids based on the RFID[END_REF][START_REF] Wiltshire | Passive split ring resonator tag configuration for RFID-based wireless permittivity sensing[END_REF][START_REF] Perret | Permittivity characterization based on radar cross measurements[END_REF] which do not have the machining drawback. These techniques allows a wireless measurement based on a radar principle. While in [START_REF] Lobato-Morales | Wireless sensing of complex dielectric permittivity of liquids based on the RFID[END_REF] the RF access lines conventionally used to connect a VNA [START_REF] Krupka | Frequency domain complex permittivity measurements at microwave frequencies[END_REF] were replaced by antennas, [START_REF] Perret | Permittivity characterization based on radar cross measurements[END_REF] and [START_REF] Wiltshire | Passive split ring resonator tag configuration for RFID-based wireless permittivity sensing[END_REF] present an approach where only a resonant target is present without any antenna. In [START_REF] Wiltshire | Passive split ring resonator tag configuration for RFID-based wireless permittivity sensing[END_REF] the resonant target is realized as a PCB (open metal ring on a known dielectric substrate) where the material to be characterized is a small dielectric slab of a few mm length, positioned in the opening of the ring. The ease and cost to use such wirelss test-benches (only one antenna and a VNA are needed), as well as the advantages (real-time and accurate measurements) make it a good solution for dielectric characterization. Contrary to [START_REF] Hakki | A dielectric resonator method of measuring inductive capacities in the millimeter range[END_REF][START_REF] Kobayashi | Microwave measurement of dielectric properties of low-loss materials by the dielectric rod resonator method[END_REF] the sample under test does not need to be precisely positioned in relation to the test bench (e.g. the distance between the antenna and the resonator can be changed without difficulty). In these works, the permittivity [START_REF] Perret | Permittivity characterization based on radar cross measurements[END_REF], or the complex permittivity [START_REF] Lobato-Morales | Wireless sensing of complex dielectric permittivity of liquids based on the RFID[END_REF][START_REF] Wiltshire | Passive split ring resonator tag configuration for RFID-based wireless permittivity sensing[END_REF] is directly linked to the resonance with its frequency and its attenuation. However in [START_REF] Lobato-Morales | Wireless sensing of complex dielectric permittivity of liquids based on the RFID[END_REF][START_REF] Wiltshire | Passive split ring resonator tag configuration for RFID-based wireless permittivity sensing[END_REF], measurements or simulations are used to fit a model which describes the resonance frequency behavior. In this section, the complex permittivity is related to the resonance with a theoretical approach and an analytical formula is obtained. In addition, to increase the characterization frequency band, it is sufficient to place different resonators operating at different frequencies. As in [START_REF] Perret | Permittivity characterization based on radar cross measurements[END_REF] the approach is based on the use of an independent metallic resonator which is attached to the dielectric plate to be measured and whose thickness is assumed to be known. However here a more general approach is introduced in order to have also access to the dielectric losses. Compared to [START_REF] Wiltshire | Passive split ring resonator tag configuration for RFID-based wireless permittivity sensing[END_REF] the sensitivity is maximized by using no other dielectric than the one we want to characterize, we do not have to machine the dielectric, it is enough that its dimension largely covers the metallic resonator. Section II will introduced the equations that associate the resonance to the complex permittivity. Section III will focus on the complex permittivity extraction from radar measurements. Section IV and V will present simulations and measurements of several samples as well as discussions on the accuracy and sensitivity of the proposed approach. Finally Section VI will conclude the section.

Complex resonance frequency

Using the Singularity Expansion Method (SEM), it can be shown that in the time domain, the signal back-scattered u(t) by a resonator can be written as a exponentionally damped sinusoidal as follows :

u(t) = Ae -σ(t-2τ) cos(ω(t -2τ))Γ(t -2τ) (4.5)
where A is the amplitude of the back-scattered signal, Γ is the Heavyside function and τ the propagation constant. Let define the complex resonance frequency s = σ + jω to analyze the radar response of a resonant target in terms of damping factor σ and angular frequency ω. The backscattered signal can be re-written as :

u(t) = A × Re e -s(t-2τ) × Γ(t -2τ) (4.6) 
where Re defines the real part. If we use a simple loop resonator (as illustrated in Fig. 4.7) for our radar target, we have its resonance frequency f 0 defined by [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF]:

f r = c 2L 1 + ε r -1 2 q (4.7)
where c is the speed of light in vacuum, L the length of the resonant scatterer, q the filling factor which is a coefficient to take into account the support height [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] and ε r the permittivity of the dielectric under-test. For this reason, a resonator placed on a dielectric with no losses is associated at its resonance frequency to the variable s r by :

s r = σ r + jω r = σ r + j2π c 2L 1 + ε r -1 2 q (4.8)
When a dielectric presents RF losses, its permittivity can be written as ε = ε r (1 -j tan δ) hence the complex resonance frequency can be introduced : which gives the complete expression of s r :

f d = c 2L 1 + ε r (1 -j tan δ) -1 2 q (4.
s d = σ r + jBe - j 2 tan tan δqε r 2 + q(ε r -1) (4.10) 
where B = ω 0 1 + ε r -1 2 q 1 + tan δqε r 2 + q(ε r -1) 2 1/4 . For small losses, (tan δ ≪ 1) which is usually the case for RF substrates, we can expand and approximate the complex resonance frequency f d with :

f d = c 2L 1 + ε r (1 -j tan δ) -1 2 q ≃ F 0 1 - j 2 X - 3 8 X 2 (4.11) 
where

F 0 = c 2L 1 + ε r -1 2 q = f 0 1 + ε r -1 2 q
and X = tan δqε r 2 + q(ε r -1)

. Therefore, the variable s d at the complex resonance frequency f d is now given by :

s d = σ d + jω d = σ 0 + 1 2 W 0 X + jW 0 1 - 3 8 X 2 (4.12)
where W 0 = 2πF 0 . After identification, we get the damping factor and frequency at resonance for a dielectric with losses (σ d , ω d ) can be expressed by :

                   σ d = σ 0 + ω 0 2 1 + ε r -1 2 q
tan δqε r 2 + q(ε r -1)

ω d = w 0 1 + ε r -1 2 q 1 - 3 8 tan δqε r 2 + q(ε r -1) 2 (4.13a) (4.13b)
Note that in (4.13b) only ε r and tan δ are unknown. Indeed, (σ 0 , ω 0 ) and (σ d , ω d ) are the damping factor and the resonance frequency measured for a loop resonator with no support and with the dielectric under-test respectively. Note that the length L does not affect the measurement. Also, different length can be used to charaterize the losses at different frequencies. The coefficient q can be directly calculated using [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] or obtained thought simulations as explained in Section IV. It is possible from the measurement of the back-scattered signal of a resonator to extract the values of damping factors and resonance frequencies. Several techniques allow the extraction of these coefficients from the backscattered electromagnetic signature of a resonant scatterer. We can cite approaches that are applied to the temporal representation of the signal [START_REF] Sarkar | Using the matrix pencil method to estimate the parameters of a sum of complex exponentials[END_REF] or to a frequency representation [START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded RFID[END_REF]. An example of time domain back-scattered signal (in simulation) from the loop illustrated in Fig. 

Permittivity extraction

Equation (4.13b) can be re-written as :

           tan δ = 2(σ d -σ 0 )
1 + ε r -1 2 q ω 0 2 + q(ε r -1) qε r ω 1 + ε r -1 2 q = 1 -3 2 σ 2 1 + ε r -1 2 q (4. [START_REF] Spielberg | RapID: A framework for fabricating low-latency interactive objects with RFID tags[END_REF] where ω = ω d ω 0 and σ = σ d -σ 0 ω 0 . By letting Y = 1 + ε r -1 2 q, the second equation can be expressed as a quadratic equation aY 2 + bY + c with :

         a = 3 2 σ 2 b = ω c = -1 (4.15)
The real positive solution Y is :

Y = -ω + √ ω 2 + 6σ 2 3σ 2 (4.16)
Then the real part of the permittivity ε r can be found using (4.16) with : These formulas are used to extract ε r and tan δ. Indeed, as already said, (σ 0 , ω 0 ) and (σ d , ω d ) are the damping factor and the resonance frequency measured for a loop resonator with no support and with the dielectric under-test respectively. The coefficient q can be calculted using [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] or obtained thought simulations as explained in Section V.

ε r = 1 + 2 Y 2 -1 q = 1 + 2 q   -ω + √ ω 2 +

Simulations

Simulations have been carried out using CST MW to validate the introduced equations. The loop resonator configuration of Fig. 4.7 has been used. Dimensions are l = 50mm, w = 1.4mm and g = 2mm.

The metal is 1mm thick. The dielectric height is 1mm so q ≃ 0.58 [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF]. The excitation is a plane wave polarized along the⃗ y-axis. The probe is placed 1 meter away from the resonator. The simulated back-scattered E-fields are plotted in Fig. 4.9.

Based on these simulations, the Matrix Pencil method [START_REF] Sarkar | Using the matrix pencil method to estimate the parameters of a sum of complex exponentials[END_REF] is used to extract the complex variable s = σ + jω. For each configuration the resonance frequency f = ω 2π as well as the damping factor σ are plotted in Fig. 4.10. The correspondence betewen the values of the complexe permitivity and the number (noted "Run ID") associated to the simulation is given in Table . 4.3. We can see that resonance frequency decreases with an increase on the real and but also with the imaginary part of the permittivity. The attenuation mostly increase with the imaginary part of the permittivity (losses). In Fig. 4.10 is also plotted (4.13b) which shows good agreements with the simulations. The characterization of the error obtained from (4.13b) will be done in the measurement section. Indeed in simulation, even if the structure is relatively simple, the error will be directly linked to the models used in the EM simulator to take into account the losses, which is not what we seek to characterize in this article. Proceeding from this results, the complex permittivity can be measured using (4.17 A discussion will be made concerning the sensibility and accuracy of the proposed method based on the geometry of the resonant scatterer. As shown in (4.13b), the only external factor that impact the results is the coefficient q. Indeed, the higher is the value of q, the larger are the shifts in the signal amplitude or on the resonance frequency thus better results can be expected. To increase q, the loop geometry as well as the dielectric under-test thickness should be considered when designing the resonator [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF]. A simulation with differents gap for the loop, illustrated in Fig. 4.7, is presented in Fig. 4.12. We can see for example that a smaller gap induces a higher value for q and so higher shifts in the frequency response. Futhermore, in Fig. 4.13 is simulated the filling factor q for different dielectric height and different resonator's metal thickness. We should notice that [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] works well only with very thin thickness of metal (the metal thickness is considered infinitely thin). When the resonator's metal is thicker, [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] does not give the good value of q. For this reason, extracted value of q obtained from simulation are given in Fig. 4.13. Fig. 4.13 will be used in the section V according to the physical thickness of the resonators used in practice. Contrary to classical cavity method, this approach does not require thin dielectric sample to works. Indeed, as shown in Fig. 4.13, the thicker is the dielectric, the larger is the q factor hence improving the final estimation of the complex permittivity. 

Measurements

The proposed approach was then validated in practice using different sample. The different samples and dielectric heights evaluated in practice are given in Tab. 4.4. The "Red" sample was characterized using the cavity method for complex permittivity measurements (the Damaskos, Inc. Model 08 Thin Sheet Tester that measure the tangential component of dielectric constant of low loss materials over the approximate band of 800-4000 MHz in a non-destructive manner). The following protocol was used for the measurements : firstly, the loop resonator is measured in the air using a mono-static configuration inside an anechoic chamber (see Fig. .14a) to be as close as possible to a free space condition. Matrix Pencil is used on the S-parameters to evaluate (σ 0 , ω 0 ). Secondly, the loop resonator was taped to the sample under-test as illustrated in Fig. 4.14. Matrix Pencil algorithm [START_REF] Sarkar | Using the matrix pencil method to estimate the parameters of a sum of complex exponentials[END_REF] is used once again on the S-parameters to evaluate (σ r , ω r ). Finally, (4.17) and (4.18) are used to estimate the complex permittivity of the sample. The value of q is obtained based on the results presented in Fig. 4.13 for the corresponding dielectric height and for the 1mm metal Filling factor q as a function of the dielectric height and the metal thickness. × markers correspond to a metal thickness of 0.01mm, + markers to a thickness of 0.5mm and ⃝ markers to 1mm. □ is the q calculated using [112, eq. ( 21)].

thickness resonator used in practice. An example of measured S-parameters is given in Fig. 4.15 for the 0.7mm Rogers RO4003C substrate. For the different samples, the estimated values are given in Tab. 4.5. It is important to notice that these values are frequency dependent (especially tan δ in this frequency band). The proposed method allows to measure the complex permittivity at the resonence frequency of the scatterer when it is placed on the sample to estimate. For this reason, designing different resonator lengths is a solution to determine the complex permittivity at multiple frequencies. Scatterers were design to have their fundamental resonance frequency at 3GHz in the air. We can see that the estimated complex permittivity is close to the provider informations for the different samples and different dielectric thicknesses. The measured losses for the Duroid RT5880 (both heights) using the proposed approach grant losses x4 times larger at 2.5GHz than the ones given by the provider at 10GHz. Now that the approach is validated in practice, a second approach is presented in order to increase the accuracy of the method. When the resonator is taped to the dielectric, a small air gap is presented in between the resonator and the dielectric changing the effective permittivity seen by the resonator. Now, when resonators are taped several times to the same dielectric, it was seen that the resonance frequency does not vary a lot meaning that the air gap is constant between measurements.

The improvement proposed here is to use a known dielectric for calibration to estimate the "in-air" resonator values. Then the estimate "in-air" value are used to characterized a second dielectric undertest. For a known dielectric and so its (ε cal , tan δ cal ) permits to write :

                     ω 0 = w cal 1 + ε cal -1 2 q 1 - 3 8
tan δ cal qε cal 2 + q(ε cal -1)

2 σ 0 = σ cal + ω 0 2 1 + ε cal -1 2 q
tan δ cal qε cal 2 + q(ε cal -1) For this reason, the initial measurement in air can be replaced by a measurement on a fixed dielectric and (4.19) can be used to determine (σ 0 , tan δ 0 ). By using this procedure to estimate the RT5880 using the RO4003C as a calibration dielectric permits to measure ε RT = 2.32 and tan δ RT = 0.003 @2.6GHz hence improving the results. 

Conclusion of the section

In this section, a method based on a radar approach to extract the complex permittivity of material is introduced. Tangential component of dielectric constant of low loss materials over the band of 2-3

GHz in a non-destructive manner is presented on slab dielectrics. A loop resonator is used to derivate the expression from back-scattered signals. Simulations and measurements have been realised to validate the method. Discussions on the resonator and dielectric geometries have been done in order to improve the accuracy of the extraction. Also, additional calibration step using already known dielectric have been proposed and validated in practive to improve the estimations.

Conclusion of the chapter

In this chapter, the first section showed the possibility to detect the presence of grafted molecules on the surface of silicon nanowires thanks to a wireless RF radar approach based on the measurement of the back scattered signal of a resonant structure on which the nanowires are deposited. The measured resonance frequency allows the determination the intrinsic properties related to temperature and humidity variations. Several functionalizations of nanowires have been realized and characterized.

A RF approach allows to detect significant differences related to the presence of grafted molecules on the surface of nanowires. The obtained results confirm the very good potential of the radar approach to identify the functionalization of nanowires. Also, discussions about the application of such functionalizations is made to increase the sensibility of sensors working using radar approach.

In the second place, a method to characterize complex permittivity of dielectric was presented.

The back-scattered signal from a resonant scatterer placed in contact with the dielectric is used to estimate the quantities. The proposed method was tested in simulation and validated in practice using different dielectric samples and different dielectric thicknesses. This method is wireless, nondestructive, with no restriction on the sample thickness and is done using a VNA and an antenna.

Discussions on the geometry of the resonator as well as the calibration step is proposed in order to improve the sensing capability of the approach.

Chapter 5

Conclusion

This thesis manuscript was focused on the sensing assets of chipless RFID resonators. First, we have presented the history of RFID technology from the Thereminvox to today. A comparison between the barcode and RFID was presented to understand its assets and the enthusiasm around this new identification technology. The focus was done on chipless RFID to explain the context and the motivations behind this thesis work.

After that, temperature and humidity sensors were presented. This work started with the study of the thermal dilatation of metallic scatterers with no substrate. A method to characterize this dilatation using a contactless measurement was presented. This principle was then used in addition to permittivity thermal variations of resonators with a substrate to estimate temperature. Eventually, we noticed that the permittivity was also sensible to other physical quantities such as humidity. The material's permittivity (impacted by these two quantities) and dilatation (impacted only by the temperature) were taken into consideration to estimate these two physical quantities independently and simultaneously using two scatterers. Unlike previous works, the introduced model allows linking rigorously the variations of the measured resonance frequency with the temperature and humidity without any lookup table. The sensing limitation as well as the possibility of this approach to characterize the temperature and humidity dependencies of unknown materials were presented. Notice that no specific materials, i.e. particularly sensitive to the quantities to be measured, were used for ease of implementation.

In Chapter 3 the radiation pattern of a loop resonator was modeled using dipole antennas and antenna array-factor theory. The radiation pattern was used as a sensor to determine the position of the antenna in 3 dimensions. Since the sensor is based on the amplitude of the signal which is known to not be robust, uncertainties were studied with Monte-Carlo simulations. The radiation pattern was also used to encode multiple peaks of resonance on the same frequency slot without interfering together. This doubles the coding capacity without increasing the frequency band of operation. Lastly, a method to improve the readability of a chipless tag was presented. The proposed approach permits obtaining a higher signal-to-noise ratio and a better reading range (+30 cm). It also allows the separation of the resonance mode that is linked to the identifier from other parasitic resonance modes that may appear. This method will also be compared to state-of-art approaches and in harsh environments to highlight the potential of the proposed technique.

Chapter 5. Conclusion

Lastly, Chapter 4 presented medium sensors. The first section suggested the possibility to detect the presence of grafted molecules on the surface of silicon nanowires by measuring the resonance frequency of loop resonators. Several functionalizations of nanowires have been realized and characterized. The obtained results confirm the very good potential of the radar approach to identify the functionalization of nanowires. Discussions about the application of such functionalizations were made to increase the sensibility of chipless RFID sensors. The second section presented a method to characterize the complex permittivity of dielectrics. The back-scattered signal from a resonant scatterer placed in contact with the dielectric was used to estimate the quantities. This method is wireless, non-destructive, with no restriction on the sample thickness, and is done using a VNA and an antenna. Discussions on the geometry of the resonator as well as the calibration step are proposed to improve the sensing capability of the approach.

Perspectives of future works were identified in the different chapters :

1. The characterization of thermal dilatation can be extended to dielectric materials while it is today restricted to metallic materials with the utilization of dielectric resonators.

2. The expression of the radiation pattern of the loop can be used to shape the scattered signals or

to make new sensors such as the distance sensor presented in Section 3.4.

3. The test-bench presented in Section 4.1 used to characterize functionalized nanowires can be used to find functionalizations that improve the sensibility of chipless RFID sensors to temperature, humidity, gas, ... The presence of the monolayers indicated by two intense peaks obtained at 2850 and 2919 cm -1 can be assigned to the symmetric and asymmetric C-H stretching vibrations of CH2, respectively. Finally, the small peak at ≃2960 cm -1 can be assigned to the asymmetric C-H stretching vibration of the methyl end group. These results are in good agreement with the literature data [START_REF] Schmohl | Functionalization of oxidized silicon surfaces with methyl groups and their characterization[END_REF]. It should be briefly recalled that according to theoretical simulations, increasing the length of the alkyl chain increases the van der walls diameter and hinder the formation of dense alkyl packing [START_REF] Bashouti | Covalent attachment of alkyl functionality to 50 nm silicon nanowires through a chlorination/alkylation process[END_REF]. The initial stages in the formation of alkyl layer involve the linkage between a silane and a hydroxyl group probably catalysed by traces of adsorbed surface water (physisorption) which is followed by a condensation reaction, via water consumption, to form a covalent bond (chemisorption). Note that, lateral interactions between long alkyl chains might occur during the physisorption step. A major drawback of long hydrocarbon chain is that they are able to reduce the thermal stability and change the mechanical properties, such as elasticity and hardness. Srinivasan et al. reported that the thermal stability of the OTS monolayer is 150 °C in ambient air and 450 °C in pure N 2 [START_REF] Srinivasan | Alkyltrichlorosilane-based self-assembled monolayer films for stiction reduction in silicon micromachines[END_REF].

A.3.3 Formation of Azide and pyrene terminated silicon nanowires surfaces

As described above, our approach for the preparation of azide-terminated silicon nanowires is based on silanization of azidopropyltriethoxysilane on oxidized silicon surfaces whereupon the pyrene moieties were covalently grafted via a chemical click reaction. The surface composition and the chemical environment were investigated with FTIR spectroscopy and XPS measurements. [START_REF] Cao | Functionalization of nanostructured ZnO films by copper-free click reaction[END_REF]. Briefly recall that the click chemistry reaction is a cycloaddition reaction between an alkyne and azide groups [START_REF] Demko | A click chemistry approach to tetrazoles by Huisgen 1, 3dipolar cycloaddition: synthesis of 5-sulfonyl tetrazoles from azides and sulfonyl cyanides[END_REF]. The success of the reaction is typically evidenced by the decrease or disappearance of N 3 -vibration band after reaction completion [START_REF] Abdelhameed | Tuning the optical properties of silicon quantum dots via surface functionalization with conjugated aromatic fluorophores[END_REF]. 4). The peaks at 403,7 eV and 400 eV with ratio 2:1 are attributable respectively to the central electron-deficient nitrogen (-N=N=N) and the two lateral nitrogen atoms (-N=N=N) [START_REF] Gouget-Laemmel | Functionalization of azide-terminated silicon surfaces with glycans using click chemistry: XPS and FTIR study[END_REF]. However, the same analysis performed, after the click reaction with ethynylpyrene, shown a one peak which can be fitted into bands at 401,3 and 400,1 eV attributed to the conversion in azide groups into the 1,2,3-triazole ring [START_REF] Vilà | Clickable bifunctional and vertically aligned mesoporous silica films[END_REF]. In addition, we observe an increase of intensity of carbon peak at 284.5 eV after the click chemistry reaction which is related to the presence of pyrene moiety on silicon nanowires surfaces. Les perspectives de travaux futurs ont été identifiées dans les différents chapitres :

1. La caractérisation de la dilatation thermique peut être étendue aux matériaux diélectriques alors qu'elle est aujourd'hui limitée aux matériaux métalliques avec l'utilisation de résonateurs diélectriques.

2. L'expression du diagramme de rayonnement de la boucle peut être utilisée pour mettre en forme les signaux diffusés ou pour fabriquer de nouveaux capteurs tels que le capteur de distance présenté dans la Section 3.4. 
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 11 Figure 1.1: a) Léon Theremin playing the Thereminvox. [image taken on Theremine ] b) Reconstruction of "The Great Seal bug" at the Wireless Power Week 2022 in Bordeaux.
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 13 Figure 1.3: Example of different RFID applications : (a) Passive UHF RFID tag (Decathlon), (b) Active tag (tolls), (c) HF tags (13.56 MHz) for passeport identification and (d) LF tags (136 kHz) tag for animal identification. [images taken on RFID]
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 1415 Figure 1.4: Distribution in value of item level RFID tag sales in 2019 [6].
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 1611 Figure 1.6: Identification technologies : a) 1D barcode (EAN 8), b) 2D barcode (QRcode), c) RFID tags.
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 17 Figure 1.7:Illustration of the principle of re-radiation of a radar target using a bi-static antenna configuration. A transmitting antenna will emit an electromagnetic wave towards the target (1). The target will receive and reflect part of this wave(2). The reflected wave will then be able to be captured again by the receiving antenna (3).
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 1819 Figure 1.8: Time and frequency response following the illumination of a resonant radar target by a pulse wave.
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 111 green dashed line) for a dipole scatterer and a residual environment of -60 dB at a frequency of 915 MHz in the configuration R 1 = R 2 = R along to other RFID solutions in term of read range.
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 112 Figure 1.12: Different reading methods for chipless RFID applied on a simulated loop resonator placed in front a dielectric of 5 mm and permittivity 20 placed 20 mm behind the loop.
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 113 Figure 1.13: Radiation pattern of a (a) dipole, (b) a loop and (c) dipole over ground plane resonators at their fundamental resonance frequency. For the dipole, the plane wave excition is on the side coming towards the dipole. For the loop and the dipole over ground plane, the plane wave is above the tag coming towards the resonator.
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 114 Figure 1.14: European UWB mask and FCC UWB indoor mask.

Figure 1 . 15 :

 115 Figure 1.15: Planar filter tag used in [73] and its frequency response.
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 116 Figure 1.16: Different shapes of REP.
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 118 Figure 1.18: RFID sensors: application fields and examples of practical applications [11].
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 119 Figure 1.19: Chipped RFID sensors architectures.
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 120 Figure 1.20: RCS variation of resonant chipless tags following environment changes.
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 121 Figure 1.21: Price chart as a function of number of sensors.
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 122 Figure 1.22: Illustration of temperature sensing T added on top of the identification purpose of chipless RFID tags.
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 21 Figure 2.1: Expansion of a 1D object due to temperature variation.
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 2223 Figure 2.2: a) Equivalent transmission line model of a loop resonator [101]. b) Nominal dimensions of the fabricated loop (i.e. values used for the fabrication): l = 50.83mm , g=2.07mm and w=1.43mm.
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 24 Figure 2.4: Resonance frequencies of a loop versus the temperature. Comparison between simulations results and the introduced model (2.5) for different values of the coefficient K.

2 . 2 .

 22 The measurement configuration setup and the fabricated tags used to determine the CTE are illustrated in Fig. 2.5. As shown in Fig. 2.3, tag support is polystyrene with an effective permittivity close to 1. Based on results described previously, a value of K = 1.02 was considered to extract the CTE [see (2.6)].
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 225 Figure 2.5: Setup configuration. a) Bi-static configuration inside the climatic chamber. b) The loop resonators made with different metals.
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 26 Figure 2.6: a) Measured and simulated S 21 response for a zinc loop as a function of frequency for several temperature values -Measurement (solid line) and simulation (dashed line). b) Measured and smoothed S 21 response for a zinc loop -Smoothed measurement (dashed line) and raw data (solid line). c) Smoothed and simulated resonant frequencies extracted.
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 27 Figure 2.7: Measured frequency shift versus temperature for the different metals.
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 28 Figure 2.8: Measured length elongation versus temperature for the different metals from the reference temperature T 1 =0°C. The measured elongation is obtained using the fitted α c of Fig. 2.7 and (2.11).
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 29 Figure 2.9: Nominal dimensions of the fabricated loop (i.e. values used for the fabrication): l=50.83mm, g=2.07mm and w=1.43mm. The polarisation of the electric field used to excite the resonator is along y. Contrary to Section 2.1, a substrate is also considered. No ground plane is present.
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 210 Figure 2.10: Resonance frequency depending on the effective permitivitty temperature dependant model.
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 211 Figure 2.11: Error done in the approximation of (2.19) for different metals.
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 212 Figure2.12: RCS as a function temperature for the simulated copper resonator without substrate in vacuum for temperature ranging from 0°C to 60°C with a 5°C step.
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 213214 Figure 2.13: (a) Resonance frequency in GHz of the copper loop resonator in vacuum as a function of temperature. (b) Extracted temperature using (2.21) and error in °C.

  Imposed temperature (°C)Error in the extraction (°C)
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 216 Figure 2.16: (a) Resonance frequency of the copper loop on a temperature dependent support (RO4003C) of 1mm thickness (q=0.58) as a function of temperature. (b) Extracted temperature with (2.21) and error in °C.
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 218 Figure 2.18: (a) Effect of the distance on the S-parameters amplitude. (b) Effect of the distance on the resonance frequency.
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 219 Figure 2.19: The fabricated loop resonators made with different metals and substrates.
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 220 Figure 2.20: Extracted temperature using (2.21) in measurement on the zinc resonator and the error done with the measured temperature in the climatic chamber -the reference temperature is T 1 =56.6°C.
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 221 Figure 2.21: Principle of the measurement setup in a real environment.
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 222 Figure 2.22: Principle of the measurement setup in a real environment through a wooden door from a room to another.
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 223224 Figure 2.23: Comparison between the temperature measured with an integrated sensor in black and using the loop resonator in yellow during a period of 3 days for the test-bench n°1.
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 225226 Figure 2.25: Comparison between the temperature measured with an integrated sensor in black and using the loop resonator in yellow during a period of 3 days for the test-bench n°3 (Wooden door).
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 227 Figure 2.27: (a) Resonant scatterer-based microstrip TL. Below the dielectric support of height h a ground plane is placed. Nominal dimension are w=2mm, l 1 =2.5cm, l 2 =2.2cm and l 3 =2cm for the three resonators respectively. The polarisation of the electric field used to excite the resonator is along x. (b) Electric field configuration for the two different TL resonators.
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 228 Figure 2.28: Principle of the measurement setup for a chipless RFID tag composed of three dipoles over a ground plane thought a wooden object.

Figure 2 . 29 :

 229 Figure 2.29: Comparison between the temperature measured with an integrated sensor in black and using the different resonators that compose the RFID tag.

26 )

 26 This figure of merit can be used to compare different resonator shapes working at the same frequency (same L). If we consider a CPS and a MS TL-based scatterer, we can compute (2.26) for different dielectric heights h and dielectric constant ε r to see which one is more sensitive to the temperature. This figure of merit is plotted in Fig. 2.30. We can see that the sensitivity of the sensor α √ ε eff is actually lower for the scatterer-based MS TL-based scatterer than for the scatterer-based CPS TL in our configuration (h and ε r ) while presenting α MS p > α CPS p . The MS TL has a figure of merit of 5.9 × 10 -6 while the CPL TL has a figure of merit of 1.7 × 10 -5 (almost 3 times higher).
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 230 Figure 2.30: Figure of merit α √ ε eff for the CPS and the MS TL-based scatterer as a function of the substrate height h and permittivity ε r .
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 231 Figure 2.31: With significant humidity variation (around 15%HR of change). (a) Measured temperature and humidity. (b) Corresponding resonance frequency variations.
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 232 Figure 2.32: Temperature and humidity characterization of Kapton HN dielectric by its provider.

Figure 2 .

 2 Figure 2.33: a) Principle of the measurement of the scatterer's resonance frequency used to sense temperature and humidity. When the tag is placed in a climatic chamber, the temperature and humidity can be controlled in order to characterize the accuracy of the sensor function implemented. Real environment measurements are done in office-type environments. b) Resonators used for the measurements. The first resonator has g = 2 mm, w = 1 mm and l 1 = 49 mm. The second resonator has the same g and w but l 2 = 46 mm. The substrate is Rogers RO4003C.

Figure 2 .

 2 [START_REF] Li | Open platform semi-passive RFID tag[END_REF] shows the tag, which is made up of two loop scatterers. For simulation, zinc and copper metals with corresponding thermal dilatations of α copper c = 17 × 10 -6 • C -1 and α zinc c = 31 × 10 -6 • C -1 are used. g = 2.07 mm, w = 1.43 mm, and l 1 = 47.97 mm are the dimensions of the first copper resonator. The second zinc resonator has the same g and w values but a different length l 2 = 38.38 mm. The permittivity of the simulated support is ε r (T, RH) = 3(1 + 40 × 10 -6 RH)(1 + 10 × 10 -6 T) where T and RH will fluctuate following 0 < T < 60 • C and 0 < RH < 100%. The dielectric support is supposed linear with humidity so a = 0. A plane wave excitation and a Transient Solver are considered. The physical parameters used for the simulation are summarized in

Figure 2 .

 2 Figure 2.34: a) Simulated RCS response of a resonator for different temperatures and humidities values. b) Smoothed measurement (dashed line) and raw data (continuous line) for S 21 response at different temperature and humidity values. A gaussian smoothing using a moving window is used. The window is 200 frequency points width on a measurement of 10.001 points.
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 2 Figure 2.35: a) Extracted temperature using (2.38a). b) Extracted relative humidity using (2.38b). The simulated chipless tag is shown in Fig. 2.33. The permittivity of the support is ε r = 3 (1 + 40 × 10 -6 RH)(1 + 10 × 10 -6 T).
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 22 Fig.2.35a and b plot respectively the extracted temperature and relative humidity using(2.38a) 
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 237 Figure 2.37: Photo of the measurement bench and tags inside the climatic chamber.

Figure 2 . 38 :

 238 Figure 2.38: a) Temperature and humidity measured with an electronic sensor. b) Measured normalized resonance frequency in a climatic chamber in blue and (2.41) using estimated parameters in red with α = 4.165 × 10 -5• C -1 and γ = 2.926 × 10 -5 %RH -1 (seeTable 2.12).

Fig. 2 .

 2 Fig. 2.37 presents the measurement setup and the fabricated tags used are shown Fig. 2.33. Experimental measurements are performed using a VNA (Agilent 5222A). The source power of VNA is equal to 0 dBm. The frequency sweep ranging from 2 to 3 GHz with 10001 points is used. A copolarization bi-static configuration with Satimo (QH2000) quad ridged open boundary antennas (2-32 GHz) is used. During the VNA experiments, an IF bandwidth of 10kHz was also used.

Figure 2 . 40 :

 240 Figure 2.40: a) Temperature and humidity measured inside the climatic chamber by an electronic sensor as a function of time. b) Measurement of the resonance frequency of the two resonators as a function of time.

  .40b. Variations of 20 • C and 20%RH are achieved and (2.38a) and (2.38b) are applied. The results of the extraction are shown in Fig. 2.42 alongside the temperature and humidity measured by the electronic sensor.
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 241 Figure 2.41: Photo of the measurement bench and tags.
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 242 Figure 2.42: a) Extracted temperature in blue using (2.38a) and measured temperature with the electronic sensor in red. b) Extracted relative humidity using (2.38b) in blue and measured with the electronic sensor in red. The test-bench is shown is Fig. 2.37.
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 243 Figure 2.43: a) Extracted temperature in blue using (2.38a), measured temperature with the electronic sensor in red and temperature sensing only in green. b) Extracted relative humidity using (2.38b) in blue and measured with the electronic sensor in red. The test-bench is shown in Fig. 2.41.
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 2245 Figure 2.44: a) Measured humidity with an electronic sensor in the climatic chamber with a constant temperature of 40°C. b) Normalized resonance frequency f/f ini for the different humidity values used to extract γ.

  2.45 are plotted the extracted humidity values using a value of γ 25-80 = 2.8 × 10 -5 %RH -1 , which corresponds to the 25-80 %RH extraction range and a value of γ 90-95 = 33.5 × 10 -5 %RH -1 , which corresponds to the 90-95 %RH extraction range. We can see that using a constant γ 25-80 for the linear approximation allows a good extraction until 80 %RH but does not describe well a higher humidity range. At the same time, γ 90-95 only permits to have the correct value in the 90-95 %RH range with 10 %RH error for a real humidity of 70 %RH.

Figure 2 .Figure 2 . 47 :

 2247 Figure 2.46: a) Errors and b) uncertainties on the estimated temperature as a function of real values of temperature and humidity with an uncertainty of 10% on α, γ.

  Figure 3.1: Loop scatterer, coordinate system and notations. The angle under study φ is between the resonator and the receiving antenna. Emitting and receiving antennas are positioned at the same angle θ both in monostatic (α = 0) and bistatic (α ̸ = 0) configurations.
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 32233 Figure 3.2: Surface current obtained from simulation with a plane wave excitation at (a) the fundamental resonance frequency (even mode) and at (b) second resonance frequency (odd mode).

3 )• λ 2 = 5 )Fig. 3 . 4 ,

 32534 Fig.3.4, the simulated radiation pattern of the loop at the second harmonic in the plane φ = π/2 is plotted and compared to the analytical model. In Fig.3.5, the radiation pattern of the loop for different harmonics in the plane θ = π/2 is plotted for both CST simulation and analytical model. We can see that the simulated radiation pattern of the loop and the one obtained with the introduced equivalent model are in good agreement. Note that contrary to the model, the full wave simulation used for the comparison takes into account all EM effect, such as coupling. However, since the results are almost identical, the analytical model can be used.

Figure 3 . 4 :

 34 Figure 3.4: Magnitude of the E-field (V/m) radiated by the loop with φ = π/2 and θ ∈[0°; 360°] at the second harmonic (n = 3). The wave propagates in the direction of the resonator and the electric field is along the z-axis.

  3.6. 

Figure 3 . 5 :

 35 Figure 3.5: Magnitude of the E-field (V/m) radiated by the loop with θ = π/2 and φ ∈[0°; 360°] at (a) the fundamental frequency, (b) the first harmonic and (c) the second harmonic. In black the CST simulation and in yellow the expressions obtained from the loop model. The wave propagates in the direction of the resonator and the electric field is along the z-axis.

Figure 3 . 6 :

 36 Figure 3.6: (a) Antenna in the receiving mode and (b) its electrical equivalent model where Z a is the antenna impedance, Z l the load impedance and V oc the open circuit voltage appearing across the antenna's terminals.

Figure 3 . 7 :

 37 Figure 3.7: Loop resonator used for the orientation extraction. Dimensions : d = 47.97 mm, g=2.07 mm and w=1.43 mm. The resonance frequency for this dimension is 3GHz. Equation (3.10) can be compared to full-wave simulation results. Using CST MW, the maximum value of the electric-field is measured under different incidence angles Ω of the emitting antenna with the loop resonator with the same dimensions as the ones given in the legend of Fig. 3.7. The results are plotted in Fig. 3.8. We can observe that the model and the simulation are in good agreement which validates the model.

Figure 3 . 8 :

 38 Figure 3.8: Comparison between T 1 (Ω)/T 2 (Ω) extracted from CST simulation and (3.10).

  dividing(3.16) for the first two harmonics (f 1 and f 2 ), we obtain(3.20) which is an equivalent relation to (3.15) using S-parameters.

Figure 3 . 9 :

 39 Figure 3.9: Monte-Carlo simulation : the uncertainty of the extracted angle φ as a function of the real angle φ is plotted for both configurations. The bi-static configuration uses a value of α = 45°. Vertical bars represent the standard derivation on φ. The considered SNR is 40dB.
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 3311312 Fig.3.13 presents the estimated angle φ alongside the real angle φ with a bi-static configuration. We can see that the extracted angle φ is in good agreement with the real value φ. The highest error is

Figure 3 . 13 :

 313 Figure 3.13: Measurement in bi-static configuration with α = 90°. The estimated angle φ is plotted as a function of the real angle φ.

3 . 4 :φFigure 3 . 14 :Table 3 . 5 : 2 Figure 3 . 15 :

 34314352315 Figure 3.14: Measurement setup in semi anechoic environment to determine the orientation of the antenna (extraction of θ and φ). The angle α = 30°.

Figure 3 . 16 :Figure 3 . 17 :

 316317 Figure 3.16: (a) Errors and (b) uncertainties on the estimated angle θ as a function of real values of (θ, φ) with a SNR of 40dB.
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 77 Polystyrene Plastic box Credit cardLimitation in real-life environmentsPrevious measurements were done in semi-anechoic environment. This section is dedicated to real environment measurements. The measurement setup of Section IV-A (mono-static configuration) is repeated in an office (approximately 8m 2 ) without any anechoic walls and for different resonatorantenna distances. The test bench is illustrated in Fig.3.18; an example of measured S-parameters is presented in Fig.3.19. The extracted φ angles are given in Fig.3.20 where in plain line, the angle estimation in the office is done for different distances. The angle estimation done in Section IV with

Fig. 3

 3 Fig. 3.24.

Figure 3 . 18 :

 318 Figure 3.18: Test bench configuration for the mono-static measurement in an office.

2 Figure 3 . 19 :

 2319 Figure 3.19: Measured S-parameters with the empty measurement for a value of φ = 70°and θ = 90°i n the office for a distance resonator-antenna of 20cm. An averaging of 5 samples is used.

Figure 3 . 20 :

 320 Figure3.20: Estimated value of φ in an office for different distances between the tag-antenna. In dashed line, the measurements done in Section IV in semi-anechoic environment. The estimation in black annotated by '*' is done with a different antenna (higher gain -QH800[START_REF]Datasheet -open boundary quad-ridge horns[END_REF]).

Figure 3 . 21 :

 321 Figure 3.21: Monte Carlo simulations for different values of SNR for a mono-static configuration as a function of φ while θ = π/2.

Figure 3 . 22 :

 322 Figure 3.22: Test bench configuration for the mono-static measurement in an office through a plastic box.

Figure 3 . 23 :Figure 3 .

 3233 Figure 3.23: Estimated value of φ when the resonator is placed inside a plastic box or on its side. The measurement bench is shown Fig. 3.22. The loop to antenna distance is 20cm. The antenna is the QH2000 from MVG [135].

Figure 3 . 25 :

 325 Figure 3.25: Real time application: example of angular tracking. Above the reader, a user holds the resonator attached to a plastic card. Equation (3.23) is used to extract the angles from the measurements done by the VNA which is connected to the antennas. The result is displayed in real time on the computer screen to visualize the displacements generated by the user. a) Mono-static configuration, azimuth angle detection only, b) bi-static configuration, elevation and azimuth detection.

Fig. 3 .

 3 Fig.3.26 presents a schematic of long and short rectangular loops considered in this study. Fig.3.27 presents the measurement setup principle. The coordinate system used in this section is given in Fig.3.27. The loops are positioned in the xOz plane centered around the origin of the coordinate system. The antenna n°1 is positioned at normal incidence to the tags. The angle φ is between the loops and the antenna n°2.

Figure 3 . 26 :

 326 Figure 3.26: Schematic of the long and short loop resonators used in this study.

  3.27).

22 Figure 3 . 27 :

 22327 Figure 3.27:Loop scatterers, coordinate system and notations considered in this section. Antenna n°1 is aligned with the y-axis while antenna n°2 is oriented along the φ angle.

b) φ Figure 3 . 28 :

 φ328 Figure 3.28: Magnitude of the E-field (V/m) radiated by the loop for φ ∈[0°; 360°] at (a) the fundamental frequency and (b) the first harmonic. In black the CST simulation and in yellow the expressions obtained from [80].

  3.31 that for S 11 , only the two resonators working at their fundamental frequency are visible. Now with an angle of φ = 60°(S 22 ), we can notice that both modes of resonances are present. Using (3.28), we can successfully remove the fundamental response of resonators from S 22 , leaving only the first harmonic mode. By doing so, one can encode data using the fundamental and harmonics on the same frequency slots.

4 Figure 3 . 30 : 1 Figure 3 . 31 :

 43301331 Figure 3.30: Configuration of 4 loop resonators used for the simulation. The loops have the same g = 2mm and w = 1.4mm. Lengths are l 1 = 42.2mm, l 2 = 47.97mm, l 3 = 87mm and l 4 = 77mm.

Figure 3 . 32 :

 332 Figure 3.32: The loop resonators used for the measurement. The first resonator has g = 2 mm, w = 1.4 mm and l 1 = 47.97 mm. The second resonator has the same g and w but l 2 = 97 mm.

Figure 3 . 33 :Figure 3 . 34 :

 333334 Figure 3.33: Test bench inside the semi-anechoic chamber StarLab from MGV.

igure 3 . 35 :

 335 a) Simulated E-farfields corresponding to S 11 parameter of a loop for different values of α in amplitude and b) in phase. The incoming E-field according to the resonator is shown in Fig. 3.35. The angle α goes from 0°to 90°with 10°step.

Figure 3 . 36 :Figure 3 . 37 :

 336337 Figure 3.36: (a) Current distribution on the loop resonator for the loop mode A l at 3GHz and (b) the dipole mode A d at 2.5GHz.

Figure 3 . 38 :

 338 Figure 3.38: Coordinate system. Port 1 and Port 2 are the ports of the dual-polarization horn antenna. The rotation α is between the Port 2 and the direction of A d .

igure 3 . 39 :

 339 Unwrapped phase of the dipole mode A d computed with (3.32) when the resonator is oriented at α = 40°for different values of estimated α.

8

  Ad= S11 + cotd(alpha) * S21;

9 10[Listing 3 . 1 :

 931 ¬,S]=polyfit(F, unwrap(angle(Ad)),1); Estimated alpha :' num2str(best_alpha)]) Matlab implementation to estimate α.

4 -Figure 3 . 40 :

 4340 Figure 3.40: Phase of Âd in red and its linear fit in blue for a) α = 35°and b) α = 45°for a simulated loop in CST MW with α = 45°. The green surface represents the difference between the phase and the fitting.
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 341342 Figure 3.41: Simulated E-farfields corresponding to S 21 parameter of a loop for different values of α. The incoming E-field according to the resonator is shown in Fig. 3.35. The angle α goes from 0°to 90°w ith 10°step.

Figure 3 . 43 :

 343 Figure 3.43: Extracted loop mode A d using (3.32) for different values of α.

Figure 3 . 44 : 21 Figure 3 . 45 :

 34421345 Figure 3.44: Frequency response of E-fields corresponding to S-parameters of a simulated loop at α = 45°along with A d and A l obtained with (3.32).

3 . 49 .Figure 3 . 46 :Figure 3 . 47 :

 349346347 Figure 3.46: Time response of A d and A l obtained with (3.32) for a simulated loop at α = 45°.

Figure 3 . 48 :

 348 Figure 3.48: Comparison of time-gated S-parameters with t start = 4.5ns and A l obtained with (3.32).
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 349350351352 Figure 3.49: Measurement setup.

Figure 3 . 53 :

 353 Figure 3.53: Extracted dipole mode A d (magnitude) for different rotation angles α using (3.32) and the estimated α.

Figure 3 . 54 :

 354 Figure 3.54: Comparison of the S 11 measurement and the post-processing done with (3.32) on a tag composed of 4 loop resonators placed at 45°.

Figure 3 . 55 :

 355 Figure 3.55: Measurement setup used to measure a loop resonator on a highly reflective support.

igure 3 . 58 :

 358 Extracted mode A l of the loop resonator for different angles α in front of a metallic plane (see Fig.3.55) with(3.32).

Figure 3 . 59 :

 359 Figure 3.59: Measurement setup used to study the readable distance of the resonator.

Figure 3 . 60 :Figure 3 . 61 :

 360361 Figure 3.60: Raw S-parameters and post-processed S-parameters [with (3.32) and TG] for a distance between the resonator and the antenna of d=1.5 cm.

Table 3 . 8 :

 38 ⃗r = sin(θ) cos(φ)⃗ x + sin(θ) sin(φ)⃗ y + cos(θ)⃗ z ⃗ θ = cos(θ) cos(φ)⃗ x + cos(θ) sin(φ)⃗ y -sin(θ)⃗ z ⃗ φ = -sin(φ)⃗ x + cos(φ)⃗ y (3.33)Research of the peak resonance (Prominence of +10dB on a frequency span of 0.15GHz around the resonance frequency and above -50dB of amplitude). Distance (cm) S 11 S 21(3.32) 

Figure 3 . 62 :Figure 3 . 63 :

 362363 Figure 3.62: Loop scatterer, coordinate system and notations. The antenna is placed considering the angles θ and φ. The resonator is placed in the xOz plane and rotates around the ⃗ y with an angle α y .

Figure 3 . 64 :Figure 3 . 65 :

 364365 Figure 3.64: Measurement setup to validate (3.34). The antenna is placed at θ = 90°and φ = 80°. The loop is rotated with α y = 45.

Figure 3 . 66 :

 366 Figure 3.66: Square and circular resonator topology.

Figure 3 . 67 :

 367 Figure 3.67: Square resonator topology frequency response for α = 40°.

Figure 3 . 68 :

 368 Figure 3.68: Circular resonator topology frequency response for α = 50°.

Figure 3 . 70 :

 370 Figure 3.70: Measured raw S-parameters and post-processed S-parameters [(3.32) with TG] for a microstrip resonator with α y = 45°.

Figure 3 . 71 :

 371 Figure 3.71: The coordinates system and notations. The angle under study φ is between the resonator and the receiving antenna. Emitting and receiving antennas are considered with the same angle θ in our sensor application.

Fig. 3 . 1 Figure 3 . 72 :

 31372 Fig.3.[START_REF] Wiesbeck | Single reference, three target calibration and error correction for monostatic, polarimetric free space measurements[END_REF] shows the E-field radiated E s (f 0 ) by two loops in the configuration presented in Fig.3.71 in simulation compared to(3.36) for different spacing of d.

Figure 3 . 73 :

 373 Figure 3.73: E-field at fundamenal frequency of two loops separated by d = 90mm and an incident wave at θ = 60°.

2 .

 2 shape a wanted radiation pattern. Using (3.36) it is possible radiate signal in direction where the single loop present no signal (see Fig. 3.5 and Fig. 3.72). It is also possible to find antenna position so the radiation pattern amplitude stays constant no matter the distance d (φ=60°, θ i =90°and θ=90°).

Figure 3 . 74 :

 374 Figure 3.74: Set of 2x2 loops working at different frequencies to achieve a distance sensing.
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 41 Figure 4.1: Photo of the measurement bench and tags. a) Setup inside the climatic chamber. b) Copper loop resonators on Rogers RO4003C substrates used for the measurements.

4 . 1 .Figure 4 . 2 :

 4142 Figure 4.2: Temperature and humidity measured with an electronic sensor inside the climatic chamber during the measurements.

Fig. 4 .

 4 Fig. 4.4 respectively.

Figure 4 . 3 :

 43 Figure 4.3: Normalized resonance frequencies for different temperatures at a constant humidity of RH=60%.

Figure 4 . 4 :

 44 Figure 4.4: Normalized resonance frequencies for different temperatures at a constant temperature of T=40°C.

Figure 4 . 5 :

 45 Figure 4.5: a) 3-dimension representation of the 6 samples measured in practice using the climatic chamber. b) Top-view of the gaussian representation.

Figure 4 . 6 :

 46 Figure 4.6: Likehood representation of the 6 samples.

Figure 4 . 7 :

 47 Figure 4.7: Loop resonator considered in this study. The support is the dielectric under-test defined by ε = ε r (1 -j tan δ).

Figure 4 . 8 :

 48 Figure 4.8: Time domain back-scattered signal from a loop resonator in simulation.

Figure 4 . 9 :

 49 Figure 4.9: Simulated back-scattered E-field in amplitude for ε r = 1 : 0.5 : 3.5 and tan δ ∈ [0, 0.005, 0.05, 0.2] for the loop resonator of Fig. 4.7 impringed by a plan wave.

  ) and(4.18). Estimated ε r and tan δ are plotted in Fig.4.11. Again, we can notice that the extracted quantities are in good accord with the simulated values.

εεFigure 4 . 10 :

 410 Figure 4.10: a) Simulated attenuation at the resonance frequency b) and resonance frequencies compared to the equations.

  4.14). The VNA 5222A by Agilent was used.The source power of VNA is equal to 0 dBm. The frequency sweep ranging from 2 to 3 GHz with 4001 points is used. A mono-static configuration with Satimo (QH2000) quad ridged open boundary antennas (2-32 GHz) is used. Tape was used to suspend the loop in air (see Fig.

4

 4 

Figure 4 . 11 :

 411 Figure 4.11: tan δ estimated with and without approximations (first order).

Figure 4 . 12 : 5 Figure 4 .

 41254 Figure 4.12: Influence of the gap g of the loop on the extraction of the complex permittivity: gap g = 0.5mm (q = 0.77) [plain line] and g = 2mm (q = 0.6) [dashed line]. The blue curves correspond to a permittivity of ε = 1 and the red ones to a permittivity of ε = 3.55 -j0.007455.

Table 4 . 4 :Figure 4 . 14 :

 44414 Figure 4.14: Testbench used for the measurement. a) Initial measurement to evaluate (σ 0 , ω 0 ). b) Measurement of the "Red" sample.

Figure A. 1 :

 1 Figure A.1: Cross-sectional SEM image of P-type SiO2-SiNWs array. TEM image of SiNW (Inset). (insert top view picture)

Fig. A. 3 shows

 3 the different FTIR spectra, from unmodified nanowires to SiNWs-pyrene. The unmodified silicon nanowires (a) show only a vibrational peaks Si-O-Si between 1000-1200 cm -1 owing to the surface oxidation during sample treatment. After silanization of azide group (b), we can clearly observe the appearance of a new peak at 2100 cm -1 , characteristic of N 3 -vibration. The C-H stretching vibration are located at 2855, 2876, 2930 cm -1

Figure A. 2 :

 2 Figure A.2: Infrared spectrum of octadecyl functionalized silicon nanowire; C-H region (inset).

  Fig. A.3 shows a sharp decrease of azide peak at 2100 cm -1 together with the appearance of news peaks at 1612, 1362 and 1319 cm -1 typical of stretching modes of C=C and C-H of pyrene. This latter indicating the successful reaction.

Figure A. 3 :

 3 Figure A.3: Infrared spectrum of unmodified silicon nanowires (a), azide modified silicon nanowire (b), pyrene modified silicon nanowires (c).

Figure A. 4 :Figure B. 2 : 20 (Figure B. 3 :

 42203 Figure A.4: XPS spectra recorded on silicon nanowire modified with azide (red curve) and pyrene groups (blue curve) including enlarged spectra of N1s before and after click chemistry.

3 .

 3 Le banc d'essai présenté dans la Section 4.1 utilisé pour caractériser les nanofils fonctionnalisés peut être utilisé pour trouver des fonctionnalisations (ou juste substrats) qui amélioraient la sensibilité des capteurs RFID sans puce à la température, l'humidité, le gaz, ... Mot-clés : RFID sans puce, capteur sans-fil, radar, code à barres.

  

  

  

Table 1 . 2 :

 12 Comparison of the barcode, passive UHF RFID and Chipless RFID technologies.

		barcode	passive RFID (UHF)	chipless RFID
	Reading range Non line of sight reading	30cm	10m	≤1m
	Access	Reading	Reading/Writing	Reading/Writing*
	Printable			
	Coding capacity	depends	several kbits	depends
	Sensing capability			
	Writing	Impossible	Possible wirelessly and	Possible on contact only
			on contact	
	Reading of multiple ID	Impossible	Possible	Limited
	Cost	0.005 e	0.2 e	0.01 e
	Read through objects	If optically transparent	Possible	Possible

Table 1 . 3 :

 13 of RCS values are given in Table 1.3. Different values of RCS [19].

	Radar target	RCS (m 2 )
	Plane	10 2
	Human	10 0
	Bird	10 -2
	Insect	10 -5

Table . 1

 . .4.

Table 1 . 4 :

 14 Comparison of coding capacity in chipless RFID[START_REF] Rance | Toward RCS magnitude level coding for chipless RFID[END_REF].

	Technique	Type of tag	bit/cm 2 Operating frequency (GHz)
	Time domain	SAW [60]	<1	2.44
		TDR [61]	0.17	3.1 -10.6
		Slot [62]	<4.2	3.1 -10.6
	Frequency domain	Spiral [63]	0.61	3.1 -7
		C-shape [64]	1.14	2 -4
		Frequency-phase [65]	2.86	2.5 -7.5
	Hybrid	Frequency-angle [66]	0.52	1.8 -2.2
		Frequency-Magnitude [59] 3	2 -5
	Spatial-domain	SAR [67]	2	-
		INSAR, SAR [68]	1.6	-

Table 1 . 5

 15 

		Wired	Wireless	RFID	Chipless RFID
		Sensors Sensors	Sensors	Sensors
	Installation cost	High	Low	Low	Low
	Maintenance cost	Low	High	Low	Low
	Scalability	Low	High	High	High
	Sensor accuracy	High	High	Medium	Medium

To position the chipless RFID sensors, it is interesting to go back to what can be done in RFID (chipped and chipless). RFID technology has become very popular in both identification and sensing applications. The technology is widely used driving demand for low-power, low-cost and wireless utilization. RFID sensors are energy efficient, small, and easy to use, and meet various needs of IoT. The use of innovative materials and manufacturing techniques combined with increasingly sophisticated data collection techniques makes RFID sensors even more attractive for IoT applications that require sensing capabilities. Additionally, each RFID sensor has a unique identification number to disambiguate data collection from the sensor. Finally, RFID has significant advantages over other sensing and identification technologies because it does not require a line of sight, and can collect data from multiple sensors simultaneously in real-time. A comparison of sensor solutions can be found in Table

1

.5.

For these reasons, RFID sensors are of great interest not only in the world of scientific research, but also in industry. We see many advanced and practical applications today -see Table

1

.18.

Chipped RFID tags are now a mature technical solution, continuously increasing their presence in the market and multiple application scenarios

[13,12]

. Battery-powered sensors have obvious : Comparison of sensor technologies

[START_REF] Costa | A review of RFID sensors, the new frontier of internet of things[END_REF]

.

Table 2 . 1 :

 21 Advantages and disadvantages of existing methods

		Mecanical	Optical	Optical	X-ray	This method
		(push-rod) (microscope) (interference)		
	Error on CTE	4% [97]	6% [87]	<1% [98]	6% [99]	6%*
	Materials adaptability	Very good	Good	Good	Only crystals Only metals
	Contactless	No	Yes	Depend	Yes	Yes
	Alignment accuracy	Not needed	Needed	Needed	Needed	Not needed
	Sample preparation	Minimal	-	Depend	Extensive	Medium
	Equipment cost	Low	Medium	High	High	Medium
	Standard	[89]	No	[90]	No	No

* Maximum error observed on the data set.

Table 2 . 2 :

 22 Coefficient of thermal expansion at 25°C of different materials [100].

	Material	CTE [°C -1 ]
	Zinc	31x10 -6
	Copper	17x10 -6
	Titanium	8.5x10 -6
	Nickel	13x10 -6
	Aluminium	23x10 -6
	Bronze	17x10 -6

Table 2 .3: Technical information of the climate chamber [102].

 2 

	Technical informations		
	Temperature range	°C	-10°C à 90°C
	Humidity range	%RH	10 à 98
	Temperature fluctuation over time Temperature difference in space	°C °C	±0.1°C à ±0.5°C 1 à 2
	Fluctuation of the hygrometry in time Heating	%RH °C/min	±1 à ±3 0.6
	Cooling	°C/min	0.3

  The zinc loop resonator has been measured for several temperatures from 27.2°C to 56.2°C. The measured S 21 parameters are plotted in Fig.2.6-a. Simulation results are also given for comparison.

	Note that a notch l equal to 51.1mm at T=27.2°C has been considered in simulation to perfectly fit
	the data with the measurement results.							
		-30						T = 27.2°C T = 31.1°C			
								T = 36.6°C			
								T = 45.5°C			
		-35						T = 56.2°C			
	-40 | (dB)											
	|S 21											
		-45											
		-50											
		2.8 -55	2.84	2.88	2.92	2.96	3	3.04		3.08			
					Frequency (GHz)							
	|S 21 | (dB)	-30.6 -30.4 -30.2 -30 -29.8				T =27.2°C T =31.1°C T =36.6°C T =45.5°C T =56.2°C	Resonance frequency (GHz)	2.961 2.958 2.959 2.960						Measured Simulated
		2.954	2.956	2.958	2.960	2.962		25	30	35	40	45	50	55	60
			Frequency (GHz)	b)				Temperature (C)	c)

Table 2 .4: CTE comparison (α CTE ) between RF measurements and the provider's data.

 2 

			Estimated CTE		Difference in % with
			(×10 -6 °C-1 )		the provider's data
	Metal	Provider with (2.11) with (2.10) with (2.11) with (2.10)
	Zinc	31.0	31.03	31.08	0.09	0.25
	Copper	17.0	16.96	17.13	0.2	0.76
	Nickel	13.3	12.43	12.45	6	6
	Aluminium	22-25	22.1	22.07	-	-

Table 2 .5: Different

 2 Approaches Used in Chipless RFID for Temperature Sensing

		[95]	[108]	[110]	[96]	[111]	*
	Thermal effect investigated	Change in permittivity	Change in permittivity	Change in conductivity	Dilatation of 3D structure	Change in permittivity	Change in permittivity and dilatation
	Sensor design	Planar shape	Planar shape	Planar shape	3D cantilever	Fully dielectric	Planar shape
	information	PCB design	PCB design	Ink-jet printed	Clean room	machined	PCB design
	Presence of ground plane	Yes	No	No	No	No	Depends on the resonator used
	Materials considered in the study	Stanyl polyamide	Stanyl polyamide	Polymer carbon nanotube composite ink	Gold and silicium cantilever	Ceramic cylinder	Metallic resonator on a substrate
	Measurements in real environment	No	Not mentioned	No	Yes	Yes	Yes
	Measurements through obstacles	No	No	No	No	No	Yes
	Resonance frequency	0.7GHz	6GHz	2.4GHz	22GHz	2.9GHz	3GHz
	Frequency shift /	0.04 GHz /	Not	36.9% of	1.7 GHz /	0.1 GHz /	3 MHz /
	Temperature variation	50°C	mentioned	RCS amplitude	250°C	220°C	30°C
	* this work.						
	However, none of these studies has developed an accurate model to link rigorously the measured
	resonance frequency to temperature variations by taking into account all the different temperature-
	dependent RF phenomenon. In this section, an accurate thermal model of the effective permittivity
	and line elongation of a CPS and MS line is presented. This model takes into account material ex-
	pansion and permittivity dependency on the temperature of the substrate while showing that other
	thermal effects can be neglected. The link among the resonance frequency, the line elongation, and

Table 2 . 6 :

 26 RF and Thermal Characteristics of RO4003C (Rogers) and K50 (National Magnetics Group) Dielectrics

	Dielectric	RO4003C	K50
	Permittivity	3.55	50
	Permittivity thermal dependance (σ)	40 × 10 -6	-700 × 10 -6
	Thermal dilatation	X=11, Y=14, Z=46	9.7
	(10 -6 °C-1 )		

With

(2.21)

, the temperature can be extracted from the measured resonance frequency. The extracted temperature and the error with the temperature measured with the infrared thermal camera (noted expected temperature in the following) are plotted in Fig.

2

.20 for the zinc resonator without dielecric. We can see that the maximum error is 1.8°C at 31°C. Everywhere else the error is lower than 1°C.

Temperature extraction using (2.21) is applied for the rest of our 5 scatterers and results are shown in Table

2

.7. The highest error is for the zinc loop with an error of 1.8°C. On average, the

Table 2 . 7 :

 27 Temperature Extraction using (2.21) for Different sets of Measurements

	Set	Max error (°C) Average error (°C)
	Zinc	1.8	0.9
	Copper	0.24	0.15
	Nickel	1.39	0.46
	Zinc on K50	1.60	0.58
	Copper on RO4003C	0.89	0.44

Table 2 . 8 :

 28 Parameters of the four test-benches

	Measurement	Antenna	d	t	Support
	set	configuration			type
	1	mono-static	0cm	3cm	Polystyrene
	2	bi-static	0cm 12cm	Polystyrene
	3	bi-static	10cm 4cm Wooden door
	4	bi-static	10cm 5mm	Glass
				RO4003C
		d	t		Loop resonator
	Antenna(s)	Support Spacer	

Table 2 . 9 :

 29 Comparison of resonators with and without ground plane.

		With ground plane Without ground plane
	Working on metallic object		Difficult
	Support independent		
	Cost	Higher	Lower

Table 2 . 10 :

 210 Comparison of chipless and antenna-based temperature or humidity sensors

	Article	Sensing parameter	Effect investigated	Materials consid-ered	Measurements in real environment	Sensor design
	[95]	Temperature	Change in permittivity	Stanyl polyamide	No	Planar shape -PCB design
	[108]	Temperature	Change in permittivity	Stanyl polyamide	Not mentioned	Planar shape -PCB design
	[110]	Temperature	Change in conductivity	Polymer	carbon	No	Planar shape -inkjet printed
				nanotube compos-		
				ite ink			
	[96]	Temperature	Dilatation of 3D structure Gold and silver can-	Yes	3D cantilever -Clean room
				tilever			
	[111]	Temperature	Change in permittivity	Ceramic cylinder	Yes	Fully dielectric machined
	[121]	Humidity	Change in permittivity	Kapton	HN	Yes	Planar shape -inkjet printed
				polyamide			
	[118]	Humidity	Change in permittivity	PVA polymer	No	Planar shape
	[119]	Humidity	Change in permittivity	PET film		No	Planar shape -inkjet printed
	[117]	Humidity	Change in permittivity	Silicon nanowires	No	Planar shape -PCB design
	*	Temperature & Humidity	Change in permittivity & dilatation	on a RO4003C sub-Metallic resonator	Yes	Planar shape -PCB design
				strate without ma-		
				terials particularly		
				sensitive to T & RH		
	* this work					

Table 2 .

 2 11. RCS simulation results are plotted in Fig. 2.34 for different temperature and humidities values. Equations (2.38a) and (2.38b) are then applied to the extracted resonance frequencies : 2.36 GHz and 2.91 GHz are the values obtained for the resonator 1 and 2 respectively.

						-27
	S 21 -parameter (dB)	-28 -26 -24	T=40°C, RH=60% T=40°C, RH=70% T=60°C, RH=60% T=60°C, RH=70%	S 21 -parameter (dB)	-29 -28	1.98 MHz T=40°C, RH=60% T=40°C, RH=70% T=60°C, RH=60% T=60°C, RH=70%
		-30	2.274 2.276 2.278 2.280 2.282		-30	2.216	2.220	2.224
			Frequency (GHz)	a)			Frequency (GHz)	b)

Table 2 . 11 :

 211 Physical parameters used for the simulations.

	Parameter	Simulation 1 Simulation 2
	α 1 c ( • C -1 ) α 2 c ( • C -1 ) σ ( • C -1 ) η (%RH -1 ) ε r	17 × 10 -6 31 × 10 -6 10 × 10 -6 40 × 10 -6 3	17 × 10 -6 31 × 10 -6 40 × 10 -6 20 × 10 -6 3.55
	g 1 (mm) g 2 (mm) w 1 (mm)	2.07 2.07 1.43	2.07 2.07 1.43
	w 2 (mm)	1.43	1.43
	l 1 (mm)	47.97	47.97
	l 2 (mm)	38.38	38.38

Table 2 .

 2 12). Measured normalized resonance frequency in a real environment in blue and (2.41) using estimated parameters in red with α = 4.131 × 10 -5• C -1 , γ = 2.836 × 10 -5 %RH -1 and a ′ = 0.004 (see Table2.12). Temperature and humidity variations of this measurement are presented in Fig.2.43.

	1.00000					
	0.99995					
	0.99990	f f ini	in a real environment
	0.99985	1 -	a ′ 2	-αT -	γ 2	RH
	0	500	1,000	1,500	2,000
				Minutes
	Figure 2.39:					

Table 2 . 13 :

 213 Fitting coefficient γ of (2.41) for different humidity range.

		Relative humidity range Estimated γ by fitting
	Measure n°1	25-40 %	2.836×10 -5 %RH -1
	Measure n°2	60-70 %	2.926×10 -5 %RH -1
	Measure n°3	60-70 %	2.934×10 -5 %RH -1
	Measure n°3	70-75 %	2.876×10 -5 %RH -1
	Measure n°3	75-80 %	2.808×10 -5 %RH -1
	Measure n°3	80-85 %	7.524×10 -5 %RH -1
	Measure n°3	85-90 %	13.754×10 -5 %RH -1
	Measure n°3	90-95 %	33.5×10 -5 %RH -1

  xy can correspond to a mono-static configuration with S 11 or S 22 or to a bi-static configuration with S 21 or S 12 . G t is the gain of the resonator. In case of the loop resonator with the model previously presented, it is possible to analytically

	calculate its gain with [127, p. 155] :				
	G t = 4π	2π 0	π 0	r 2 2η 2η |E| 2 sin(θ)dθdφ |E| 2 r 2	(3.17)

Table 3 . 1 :

 31 Comparison of mono-static and bi-static configurations

		Mono-static	Bi-static
	Cost	Lower cost (1 antenna) (2 antennas) Higher cost
	Uncertainties	Higher	Lower
	Precision	Lower	Higher
	Theoretical number of solution (φ ∈[0°-90°]) Theoretical lowest measurable	1	2
	with SNR 20dB	15°5°angle
	and < 7°error		

Table 3 . 6 :

 36 Different setup configurations used in this section.

	Setup illustration	Fig. 3.18	Fig. 3.22	Fig. 3.25
	Distance antenna-loop Variable	20cm	<10cm
	Antenna configuration monostatic	monostatic Mono and bi-static
	Antenna model	QH2000 & QH800 QH2000	QH2000
	Frequency band	2-7GHz	2-7GHz	2-7GHz
	Number of points	2001	2001	100
	IF bandwith	10kHz	10kHz	10kHz
	Time-gating	No	No	No
	Averaging	No	No	No
	Empty measurement	Yes	Yes	Yes
	Loop geometry	Fig. 7		

Table 3 . 7 :

 37 Real angle α and estimated angle α using the phase of A d .

		Real angle α	0°15°30°45°60°E
			stimated angle α 0°14°30°45°65°2
		-20	
	Amplitude (dB)	-40 -30 -50	S 11 (3.32)
		-60	2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
			Frequency (GHz)

  Measured S 11 and S 21 of the loop resonator at 45°in front of a metallic plane (see Fig.3.55) compared with the use of(3.32). Extracted loop mode A l of the loop resonator at 45°in front of a metallic plane (see Fig.3.55) with (3.32) compared with the time-gating (TG) method. Angles are not apriori known.

		-20		(3.32) TG(S 11 )
	Amplitude (dB)	-60 -40		TG(S 12 )
		-80		
	2.6 -80 -60 -40 -20 Figure 3.56: 2.6 Amplitude (dB) -100 -80 Figure 3.57: 2.6 -60	2.7 Raw S 11 Raw S 12 S 11 with empty 2.8 Frequency (GHz) 2.9 3 S 12 with empty (3.32) 2.7 2.8 2.9 Frequency (GHz) 3 2.7 2.8 2.9 3	3.1 3.1 3.1	3.2 3.2 3.2

Table 3 . 9 :

 39 Number of peaks detected of +10dB on a frequency span of 0.65GHz and above -50dB of amplitude.

	Distance (cm) S 11 S 21 (3.32) Time-Gating
	3	1	1	4	4
	13	1	1	4	2
	23	0	0	4	2
	34	0	2	4	2
	44	0	1	3	0

Table 4 . 1 :

 41 Extracted coefficients α, γ using (4.2) for the resonator with no nanowires.

		Measure n°α (10 -5 ) γ (10 -5 )
		1	3.026	2.106	
		2	2.999	2.280	
		3	3.015	2.030	
		4	3.148	1.987	
		5	3.069	1.966	
		6	3.051	1.904	
		7	2.938	2.400	
		8	3.012	2.164	
		9	3.003	2.266	
		10	3.074	2.074	
	Normalized resonance frequency	0.9985 0.9990 0.9995 1.0000	Rogers Ethynyl Pentacene N3 NW Octadecyl	
		40	45	50	55	60
			Temperature (°C)	

Table 4 . 2 :

 42 Estimated coefficients α and γ for the different functionalized nanowires.

		ᾱ (10 -5 ) γ (10 -5 ) σ α (10 -7 ) σ γ (10 -7 )
	No nanowires	3.0335	2.1178	5.6193	15.821
	Ethynyl functionalized	3.2834	2.2760	17.942	11.890
	Pentacene functionalized 1.4711	1.145	10.654	39.312
	N3 functionalized	2.7703	1.1726	2.8808	7.3588
	Octadecyl functionalized 7.7328	2.8420	21.761	18.213
	Pure nanowires	5.0758	2.9144	44.762	7.4154
	The likehood of the 6 samples is presented in Fig. 4.6.		

Table 4 . 3 :

 43 Correspondence between simulations "Run ID" and (ε r , tan δ).

	Run ID 1 2	3	4	5	6	7	8	9 10	11	12 13 14	15	16 17 18	19	20 21 22	23	24

Table 4 . 5 :

 45 S 11 parameters for a loop resonator in air (blue) and on a 0.7mm RO4003C Rogers's sbustrate. Comparison of the complex permittivity of the sample given by their provider and measured by this approach

				-20				
			S 11 (dB)	-40				
				-60				
							Air	
							RO4003C	
				2.2 -80	2.4	2.6	2.8	3
					Frequency (GHz)	
	Figure 4.15: Thickness	ε r	tan δ	ε r		tan δ	ε r	tan δ
		(mm)	(provider)	(provider)	(this approach)	(this approach)	(cavity method)	(cavity method)
	Rogers	0.7	3.55	0.0021 @2.5GHz 3.54		0.0024 @2.4GHz 3.72	0.0029 @2.5GHz
	RO4003C	1.57	3.55	0.0021 @2.5GHz 3.59		0.0031 @2.2GHz 3.49	0.0014 @3GHz
	Duroid	0.7	2.33	0.0012 @10GHz 2.31		0.004 @2.6GHz	2.29	0.0018 @2.5GHz
	RT5880	1.59	2.33	0.0012 @10GHz 2.31		0.004 @2.5GHz	2.29	0.0018 @2.5GHz
	Red	1.954	4.25	0.018 @3.1GHz	4.27		0.012 @2.2GHz	4.25	0.018 @3.1GHz
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Chapter 3

Loop scattering parameters and RFID sensors

In this chapter, several chipless RFID sensors will be presented. These sensor will not use the value of the resonance frequency to sense physical quantities but rather its amplitude. Indeed, the loop scattering parameters (radiation pattern of the loop resonator as well as its polarization) will permit to develop new approaches. Since the amplitude is less robust to the environment compared to the resonance frequency, each sensor will be studied with Monte-Carlo simulations and with real life measurements to exhibit its working application in real environments. The first section will be dedicated to the modelling of the loop resonator radiation pattern. This radiation pattern will then be used to measure the loop rotation in 3-dimensions. The potential of the radiation pattern to increase of the coding capacity of RFID chipless tags will then be demonstrated. Finally, the polarization of the resonator will be studied to improve its RFID reading robustness.

Orientation sensing using loop resonators

In this section, a rectangular loop known to have a high Q-factor [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF] is considered [see Fig. A simple model based on array antennas is introduced to model the radiation pattern of this loop resonator. The model is based on the study of the current distribution in the loop resonator allowing one to determine the orientation of the resonator in the 3D space.

The coordinate system used in this chapter is illustrated in Fig. 3.1. Note that the loop is positioned in the xOz plane. The objective in this section is to estimate the angle φ between the loop and the receiving antenna placed in the xOy plane when the resonator rotates around the z-axis (azimuthal angle). Note that the angle Ω is defined as the angle between the loop and the emitting antenna.

The angle α is the angle between both antennas. If a mono-static antenna configuration is used then α = 0. Finally, θ is the angle between the z-axis and the direction of propagation of the incident and reflected field (these fields depend on the position of the transmitting and receiving antennas). In other words, it is the inclination (or polar angle) in the spherical coordinate system of reference.

Appendix A

Nanowires fabrication, functionalization and characterization

A.1 Synthesis of silicon nanowires

Silicon nanowires growth was performed on quartz substrate using a horizontal low-pressure chemical vapor deposition (LPCVD) reactor at 600°C and total pressure of 3 Torr, using SiH 4 as precursor gas and Hydrogen (H 2 ) as the carrier gas. First, the substrate was cleaned in acetone, rinsed with isopropanol and immediately followed by the deposition of a 2-nm-thick gold layer in a vacuum pressure of 10 -6 Pa. HCl gas was used to inhibit the gold diffusion and two-dimensional (2D) growth.

Under such growth conditions, the nanowires exhibit p-type semiconductor behavior with an estimated density of ionized acceptors of the order of 1015 cm -3 .

A.2 Silicon nanowires functionalization

In order to form organic silane monolayer covalently attached to silicon surface, a thin SiO 2 sheath surrounding the nanowires is required. Indeed, it facilitates silicon nanowires surface modification due to presence of hydroxyl groups and minimizes the interference from the current flow in analyte solution. Therefore, all the functionalization operations were carried out on freshly oxidized surfaces.

The oxidation process was achieved by soaking the SiNWs (attached to quartz substrate) in 3:1 H 2 SO 4 / H 2 O 2 solution for 30 min at 80°C followed by copious rinsing with distilled water. Afterwards, the silicon nanowires were placed in oven at 70°C for 30 min.

A.2.1 Octadecyltrichlorosilane modified silicon nanowires (SiNWs-OTS)

The wafer was dipped in 20 µl OTS in 10 ml toluene at room temperature for 2h. After this period, the sample was washed with pure toluene, dried under a gentle stream of nitrogen, and placed in oven at 60°C for 20 min.

A.2.2 Silicon nanowires functionalization with 3-azidopropyltriethoxysilane (SiNWs-N 3 )

The first step of this process is the preparation of 3-azidopropyltriethoxysilane. In 100 ml acetonitrile, 4g of 3-chloropropyltriethoxysilane, 2.16 g of sodium azide and 1.3 g of tetrabutylammonium bromide were added. The reaction mixture was placed under nitrogen atmosphere and stirred at reflux for 24 h. Then, the solvent was removed using a rotavapor under reduced pressure. The residue obtained was diluted in cyclohexane, filtered and washed with MgSO 4 . After removing the solvent afresh, we obtained a crude oil. The oxidized silicon nanowires were immersed in toluene (10 ml) containing 50 µl of 3-azidopropyltriethoxysilane and heated at reflux for 24h. Afterwards, the sample was rinsed with pure toluene and placed in oven at 60°C for 20 min.

A.2.3 Ethynylpyrene covalently attached to SiNWs (SiNWs-py)

The pyrene moieties were covalently attached to SiNWs via click chemistry reaction. First, in a solution of THF (10 ml) of ethynylpyrene (10 mg), we added 3 ml H 2 O containing 12 mg of ascorbic acid and 2 mg CuSO 4 .H 2 O. Then, the azide functionalized silicon nanowire was immersed in the mixture (in dark) for 24h. After that, the nanowires were rinsed carefully with pure THF in order to remove the unreacted ethynylpyrene and placed in oven at 60°C for 30 min.

A.3 Results and discussion

We will describe hereafter the different analyses that have been implemented to ensure the presence of the different functional groups on the nanowires

A.3.1 Characterization of SiO2-SiNWs

Basically, CVD synthesis method leads to high purity films and allows epitaxial growth of silicon wires [START_REF] Hwang | Growth of silicon nanowires by chemical vapor deposition: approach by charged cluster model[END_REF]. However, the impurities (mainly from gold particules) incorporation into the nanowires were found to induce an anisotropic growth. That is why the pressure of the CVD reactor was lowered in order to reduce unwanted contamination and promoting the epitaxial growth of uniform silicon nanowires. occurred most probably when breaking the substrate. The core diameter of SiO2-SiNWs varied form 20-50 nm with average value of 30 nm. It should be also noted that the silicon nanowires exhibit different growth direction. This behaviour was already observed during silicon growth by CVD, especially for diameters smaller than about 50 nm [START_REF] Schmidt | Diameter-dependent growth direction of epitaxial silicon nanowires[END_REF]. Since silicon is known to oxidize easily when exposed at room temperature, we noticed that the SiO 2 thickness varied around 4 nm (inset). Cette thèse vise à tirer profit des applications capteurs possibles des étiquettes RFID sans puce pour apporter des avantages vis-à-vis des code à barres.

Appendix B

Résumé en français

Il est important de noter que les applications de détection développées peuvent être mises en oeuvre sur des étiquettes RFID sans puce déjà existantes, mais qu'elles peuvent également être utilisées indépendamment comme un capteur complet. Les avantages peuvent être trouvés dans la méthode de lecture sans fil, son coût, ses petites dimensions (planaire), sa durée de vie infinie, ou son utilisation dans un environnement dangereux où les capteurs à puce ne peuvent pas aller en raison de la présence d'électronique (température trop élevée, corrosif, ...).

La détection en plus de la fonctionnalité d'identification peut être utilisée dans l'exemple de la boutique Amazon. L'identification permet au magasin de savoir quels articles sont pris par le consommateur, de gérer les rayons et les dates d'expiration. La détection peut être ajoutée pour surveiller la température des aliments (protection de la chaîne du froid) et l'humidité (protection des appareils ménagers) afin de contrôler la qualité des produits. Les magasins ne sont pas les seuls bénéficiaires potentiels. Il pourrait également être souhaitable d'avoir la protection d'infrastructures sensibles en détectant la présence d'eau dans les murs (fuite d'eau) en utilisant la planéité des tags ainsi que leur durée de vie infinie de fonctionnement sans maintenance. Enfin, de tels capteurs commencent à apparaître auprès du grand public avec par exemple des bracelets à des fins d'autorisation, des jouets, de la reconnaissance de gestes, du suivi de l'humain... La technologie RFID peut représenter le point d'inflexion pour le développement massif de l'IoT.

Ce manuscrit de thèse s'est concentré sur les atouts capteurs des résonateurs RFID sans puce.

Dans un premier temps, nous avons présenté l'historique de la technologie RFID depuis le Thereminvox jusqu'à aujourd'hui. Une comparaison entre le code-barres et la RFID a été présentée afin de comprendre ses atouts et l'enthousiasme autour de cette nouvelle technologie d'identification. Un focus a été fait sur la RFID sans puce pour expliquer le contexte et les motivations de ce travail de thèse. Nous avons pu voir les principes physiques qui permettent à cette technologie de fonctionner en tant que système d'identification mais aussi concernant l'approche capteur associé.

Ensuite, les capteurs de température et d'humidité ont été présentés. Ce travail a débuté par l'étude de la dilatation thermique de résonateurs métalliques sans substrat. Une méthode permettant de caractériser cette dilatation par une mesure sans contact a été présentée offrant des avantages par rapport aux méthodes actuelles. Ensuite, nous avons étudié la détection de la température en incluant la variation de la permittivité sur la réponse du résonateur. Cette partie étudie la mesure de température, mais aussi son cas applicatif dans la vie réelle, avec une étude de la plage de lecture, de différents cas d'environnement réel possibles, ... Les équations ont également été étendues à différents résonateurs. Finalement, nous avons remarqué que la permittivité était également sensible à d'autres quantités physiques telles que l'humidité. La permittivité du matériau (impactée par ces deux quantités) et la dilatation (impactée uniquement par la température) ont été prises en compte pour estimer ces deux quantités physiques indépendamment et simultanément en utilisant deux résonateurs. Contrairement aux travaux précédents, le modèle introduit permet de relier rigoureusement les variations de la fréquence de résonance mesurée avec la température et l'humidité sans aucune table de correspondance. Cela permet non seulement de réaliser la multi-détection mais aussi de réduire les erreurs sur les quantités estimées (puisqu'elles ont toutes un impact sur la fréquence de résonance qui est la seule mesurande). Ces erreurs ont été caractérisées à l'aide de simulations numériques de Monte-Carlo. Un banc de mesure pour caractériser les dépendances en température et en humidité de matériaux inconnus a été présentées. l'étiquette en déterminant à la fois l'inclinaison et l'angle azimutal de l'étiquette dans un système de coordonnées sphériques pour les configurations d'antenne mono-statique et bi-statique. Cette méthode s'est avérée robuste et indépendante de la calibration, ce qui n'est pas le cas des capteurs d'orientation RFID sans puce. Ce modèle de rayonnement a également été utilisé pour augmenter la capacité des étiquettes RFID sans puce. Alors que l'idée aujourd'hui est de rendre les résonateurs plus compacts, ce travail a permis d'augmenter la capacité de codage en allouant plusieurs pics de résonance dans un seul créneau de fréquence sans interférer ensemble. Il s'appuie sur la diversité du diagramme de rayonnement de différentes topologies de résonateurs ou de différents modes de résonance sur la même topologie de résonateur. Enfin, la polarisation des résonateurs a été étudiée pour améliorer la robustesse de la lecture RFID. Cette approche a été comparée aux approches de l'état de l'art telles que le time-gating. Il a été prouvé que cette méthode permet d'obtenir un meilleur rapport signal/bruit des résonateurs dont l'orientation par rapport au lecteur est inconnue.

Grâce à ce principe, il est également possible de séparer le mode de résonance du résonateur qui est connecté à l'identificateur des autres modes de résonance parasites qui peuvent apparaître en raison