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Practical authentication systems attempt to optimize the trade-off between reliability and ease of implementation against the system's complexity. In this context, new authentication propositions considering chipless Radio Frequency IDentification (RFID) solutions are proposed and implemented. Chipless RFID technology authentication provides a non-invasive method based on electromagnetic signature distinction, which does not need a line of sight and is fully printable in bio-sourced materials by low-cost methods. Furthermore, Chipless RFID tags can provide a unique and unfalsifiable electromagnetic signature enhancing and assuring their identification. Therefore, the contrast between low-cost applications maintaining flexible and trustworthy solutions paves the way for new solutions based on machine learning, radar channel improvement and imaging systems. Different authentication systems are proposed considering chipless tags, and the tag's aspect-independent parameters are evaluated to highlight the electromagnetic signal uniqueness. This work will show that it is possible to authenticate items with RFID chipless tags, utilizing a non-intrusive method based on the exploitation of the electromagnetic signature at millimeter-wave (mmWave). The goal is to get a distinctiveness signature containing information that will be used for authentication. A system based on the natural randomness inherent to manufacturing methods considering various applications and passive mmWave imaging techniques will be developed and applied to chipless RFID tags for authentication applications. The richness of the information contained in the measured signatures will then be evaluated. Specifically, each signature contains information related to the tag and the measurement test bench, which also contribute to the keys for the confidential technique.

Chipless tags based on canonical scatterers are evaluated, thus translated to V-band. First, the trade-offs that arise in V-band operation are analyzed. Then, the authentication level is assessed by the conventional maximum likelihood estimator. After, a new method considering the addition of different information of tag signal is proposed and, hence, evaluated by a machine learning (ML) proposition. A significant enhancement is noted despite the tag being fabricated in the same time-lapse. High-order chipless tags aim to relax the fabrication constraints in V-band tag fabrication. The tags with the ground plane are promissory considering this proposition. Finally, an imaging-based system is proposed to locate the positions of the scatterers in the function of their frequency to increase the coding capacity that can improve the authentication level in chipless systems. That method can be combined with the previous methods. The comparative analysis concerning different applications will lead to the definition of each approach's accuracy. Furthermore, determining the main characteristics in terms of signal variation will subsequently lead to the definition of a framework adapted to the measured data allowing to provide high authentication level combining the advantages of each solution.
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Introduction

Facilitating and controlling flows while respecting strict security constraints is one of the primordial tasks in supply chain management. Also, this flow management is mainly achieved through identifying, ensuring, and tracking products and goods used in all industry sectors. Due to the considerable economic importance and to ensure the object's authenticity, the search for increasingly reliable solutions, low cost, and the potential to be integrated easily with traditional manufacturing methods are expected. From the wide range of authentication techniques available, practical authentication systems intend to be lightweight solutions combined with easy implementation and cost-effectiveness. Therefore, developing a reliable system utilizing a non-invasive method based on the exploitation of a distinctiveness signature, which does not need a line of sight and, additionally, is cost-effective, is required. Chipless RFID technology combines these characteristics.

Indeed, chipless tags are composed of metallic patterns printed on a substrate, where the tag information is directly linked to the resonant frequencies of these scatterers. Further, no additional circuit components are needed.

In this context, chipless tag authentication solutions aim to ensure object traceability by exploiting a unique and unfalsifiable Radio-frequency (RF) fingerprint signal obtained from Electromagnetic (EM) tag signatures. Then, the aspect-independent parameters directly associated with chipless tag resonators are exploited by focusing on the effort against counterfeiting and, more specifically, the unitary authentication of fabricated products.

In an authentication context, we must prove that the tag signal cannot be duplicated and that the cost of the counterfeit is much higher than the value of the object concerned. Then, the tag aspect-independent EM attributes must be converted into a digital footprint for a posteriori comparison. Moreover, the performance evaluation by a statistical framework associated with practical situations based on the potential of the EM richness information is essential for these applications. Therefore, one of this thesis's objectives is to improve the authentication level based on disruptive technologies such as millimeter-wave communication systems and imaging-based systems considering chipless tags.

This thesis examines tags composed of one or two conductive layers on a substrate and the tag information analyzed by different applications for chipless RFID systems. In addition, the development of a chipless tag that combines a low cost with the unique information of one resonator in the V-band to improve the information richness and image-based systems is analyzed. The general objective is, therefore, to evaluate the ability of several discrimination criteria to separate experimentally measured tag signatures. These proposed solutions will also allow identifying the signature wealth induced by natural inhomogeneities incorporated into the chipless tags.

Chipless RFID technology

The automatic identification of goods is widely used in industry, logistics, medicine, and other areas, to obtain information concerning a product in transit and ensure the traceability of the production chain. Barcode identification is the most common technique of automatic identification technology. First, printing black lines on a white background creates the barcode. Then, based on the number of bars, width, and separation, a unique authentication identifier is generated [1].

The cost of barcode labels is low because it only requires paper and standard ink. However, using the barcode has disadvantages compared to RFID-based technologies, such as direct line of sight alignment towards the reader, the impossibility of multiple readings, and the inability to write/store other information.

To overcome the barcode shortcoming, the UHF-RFID technology tends to be an advantageous proposition in which: the line of sight is not needed, the read range is a tenth of meters, multiple reading is possible, and few kbits of data can be stored (read and write). A UHF-RFID system consists of three main components: the tag, which contains the information; the reader, which sends the interrogation signal to the tag; and the software, which runs the application [2]. Concerning chip-based RFID tag, the carrier sent by the reader (continuous wave) is modulated by the tag using load modulation. Then, the backscattered signal is processed to obtain the ID; in some cases, additional information is stored in the tag's memory [3]. The UHF-RFID technology is not widely used compared to the barcode due to its cost driven by the tag's cost [4]. In this context, the chipless RFID technology is inscribed as an intermediate technology between the barcodes and the UHF-RFID [1]. The chipless RFID incorporates some of the barcode's and UHF-RFID's features, as illustrated by Fig 1 .1. However, instead of storing the information in an IC, as in the case of UHF-RFID, the data is directly linked to the geometry of the printed elements. Generally, the chipless tags can be seen as a radar target designed to scatter a specific electromagnetic signature. Besides, the tags can be embedded directly in manufactured products.

The illustration of a chipless reading system and the signals concerned are depicted in Fig. 1.2.

The transmitted signal impinges the tag; thus, the resonators backscatter a response linked to their geometry. The tag structure is composed basically of metallic patterns printed on a substrate as illustrated in Fig. 1.2. Each different length relates to a specific resonance frequency. After, the signal is received in the Rx side and processed to extract the tag information.

In general, two main chipless tags families can be distinguished: time domain tags [5,[START_REF] Chamarti | Transmission Delay Line Based ID Generation Circuit for RFID Applications[END_REF][START_REF] Junior | Low cost folded chipless tag for millimeter-wave applications[END_REF] and frequency domain tags [2,[START_REF] Jalaly | Capacitively-tuned split microstrip resonators for RFID barcodes[END_REF][START_REF] Vena | Chipless RFID Tag Using Hybrid Coding Technique[END_REF][START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF]. Time coding tag is based on a reflectometry principle; the tag usually consists of a transmission line with discontinuities connected to an antenna, each discontinuity produce a reflection that encodes information. In the frequency coding, the information is directly coded in the variations of the tag-backscattered signal spectrum as seen in Fig. 1.2. These variations reflect the resonance frequencies that relate to the encoding information. Therefore, the printed forms correspond to the resonators. For instance, Fig. 1.2 illustrates three resonant microstrip dipoles, that resonates at (f 1 , f 2 , f 3 ) according their respective lengths (l 1 , l 2 , l 3 ). The chipless tag scattered information is mainly based on amplitude [START_REF] Rance | Toward RCS Magnitude Level Coding for Chipless RFID[END_REF], frequency [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF], phase [START_REF] Vena | RFID chipless tag based on multiple phase shifters[END_REF], or by a hybrid combination of these parameters [START_REF] Vena | Chipless RFID Tag Using Hybrid Coding Technique[END_REF][START_REF] Babaeian | Hybrid chipless rfid tags-a pathway to epc global standard[END_REF][START_REF] Rance | RCS synthesis for chipless RFID: theory and design[END_REF]. In the context of this thesis, we use only frequency domain tags; the main parameters to code the tag information are resumed below.

Chipless RFID tags have an intrinsically low cost, and it is proposed to be a clever and adaptive alternative to traditional barcode and UHF-RFID systems. In chipless systems, the information is coded in the shape of printed metallic patterns. Tag information extraction is performed through the backscattered tag response on the reader's side. The signal processing part mainly determines the resonance frequencies in the tag's operating frequency band. Chipless RFID systems face some challenges due to their implementation, the limited reading range due to the low backscattered level, and the data capacity that is associated with the spectral efficiency, tag size (usually credit card size), and the number of resonators (see Fig. 1.1). An important factor that directly impacts the tag performances are the losses related to the materials and the costs to manufacture the tag.

Beyond the identification applications, the tag information can be extracted for a plenitude of applications such as sensing [5,[START_REF] Barbot | Angle Sensor Based on Chipless RFID Tag[END_REF], localization [START_REF] Perret | Displacement Sensor Based on Radar Cross-Polarization Measurements[END_REF] and authentication [START_REF] Ali | Authentication Using Metallic Inkjet-Printed Chipless RFID Tags[END_REF]. This thesis discusses the novel context of authentication using chipless systems in mmWave band. The chipless-based system provides one non-intrusive approach, which makes it impossible to imitate the RF signal characteristics even if the label surface is visible. The contribution of the proposed approaches concerns the production of these tags involving commercial substrate that includes the conductive ink manufactured at once and with a simple design at mmWave.

Identification vs Authentication

In general, identification refers to establishing the identity and recognizing a user, device, or system. On the other hand, an authentication service is unambiguously defined as ensuring and confirming the identity of a device, person, or software [START_REF] Gungor | On the Basic Limits of RF-Fingerprint-Based Authentication[END_REF]. Next, the distinction among these concepts is explained by considering chipless RFID systems. The tag information is retrieved by recognizing the EM variations associated with each scatterer in the spectrum. In Fig. 1.1, a tag is composed of three different lengths of microstrip dipoles, which leads to three different resonance frequencies. Each conductive dipole determines, via its geometry, the tag resonance frequencies. Let's take the example of two backscatter signals retrieved from two tags to distinguish the concept of identification and authentication concerning chipless RFID systems. The tags are designed then the multiple tags are printed. These two tags a priori have the same dipole lengths. For instance, considering a simple printing method depicted as depicted in Fig. 1.3, the differences between the signals arise from inaccuracies in the manufacturing process as described in Fig. 1.3.

Print imperfections

Identification

Identification is a basic concept where the tag encodes a given information. In this case, the information can be easily copied by reproducing the tag design. For example, if someone copies metallic patterns and reproduces the tag on another product, the second product will have the ID of the first one. Indeed, chipless RFID identification relates to identifying the information impinged in the backscattered spectrum signal. The distinct peak positions in the frequency spectrum relate to the tag ID. Generally, to recover the tag information in the frequency spectrum, windows must be established on the spectrum, as shown in Fig. 1.4. The numbers correspond to different windows.

The tag ID is retrieved by the peak positioning inside the windows. Note that the window's size relaxes the peak position related to each resonator. The backscattered tag response has a range of frequencies where the resonance can be decoded. Therefore, the same ID is recovered despite the clear difference between the resonance frequencies as shown in Fig. 1.4. 

Authentication

In authentication, the information can not be easily replicated. Then, even if a counterfeiter knows the object and can copy the geometrical tag characteristics, the authentication system should be able to differentiate the tag. Chipless authentication relates mainly to guaranteeing the backscattered signal's uniqueness against a database. It is important to note that chipless tag authentication applications have an extra cost compared to identification. Therefore, it is focused mainly on products with high value-add. Instead of identifying a group of products for identification purposes, the costs involved in ensuring the genuineness of an object are relatively high. In this sense, the effort against the counterfeiter to bypass the security mechanism significantly impacts the cost of an authentication system. Different from identification purposes, where billions of tags are required to achieve prices comparable to similar identification technologies, the chipless authentication solution aims for a simple and custom-made production focusing on being as costeffective as possible. Further, the authentication process is naturally more expensive to implement than identification since the cost involved in the dedicated test bench and repeated measurements increases the final solution cost.

Moreover, by minimizing the cost, the level of security should be high enough to cover a range of requirements. Also, the integrity of the tag signal is one of the keys for future proposed systems. Then, changes in EM attributes must be related only to the tag response and the test bench. Hence, external factors to the tag and the measurement test bench must be mitigated.

Therefore, the tag and test bench information is a critical factor for authentication applications.

The authentication is focused on the differentiation between the signals; it is highlighted by a coefficient that indicates their similarity level, as depicted in Fig. 1.5. The single EM attributes lead to a unique and unfalsifiable tag-backscattered response. Note that these changes must come only from the tag signal since any external contribution can yield wrong authenticity results.

Therefore, the contributions other than to the tag, like due to the test bench, must be suppressed as much as possible. In the identification case, these changes have a limited effect being absorbed into the definition of frequency windows that attempt to decode the information. A specific method consists of two stages to authenticate an object: Once the manufactured object is characterized, the information is enrolled in a database as depicted in Fig. 1.6. In our case, the characterization will be done by RF, namely by a radar approach, as in chipless RFID.

Subsequently, to authenticate an object, the verification step attempts to determine whether the object signature belongs to the database, as shown in Fig. 1.7. Additionally, the authentication step must be performed under the same conditions as database enrollment. This process is completely distinct from identification, and as indicated here, it requires a particular and restrictive protocol.

It should be noted that the RF mmWave reading solution is a surface approach whose randomness is provided by the printing technique. Furthermore, the proposed authentication system can meet the supplier's requirements by integrating directly into the packaging without distorting it. Given the frequency domains and the technologies used, designing a device capable of directly emulating the desired signature without reconstructing the tag would almost be impossible, especially since the method and location of the measurement test bench will constitute some of the keys to the technique, otherwise kept confidential.

Different chipless tags are studied based on canonical designs that can be applied in different situations where the presence of a ground plane is analyzed. In this sense, the end user can also impose constraints related to the complexity of manufacturing. The tags must adapt to the manufacturing technologies already in place or at least impact the production chain as little as possible. Therefore, the complexity of the tag should be less. First, resonant tags printed in one layer are proposed, vis-a-vis from the constraints, and a new chipless tag is proposed. Then, a system based on imaging is shown that can reinforce the quantity of information of the tag signature; this solution uses a single frequency imaging in 1D/2D imaging systems. Therefore, it can be possible to enhance the information level of the structure of the tag: the information richness will be multiplied by the signals observed at several frequencies. These solutions will be cost-effective, as they come from paper industry techniques, bio-sourced and recyclable, the latter two criteria limiting the environmental footprint. More specifically, we propose to design, fabricate, characterize, and analyze the information richness of several structures for use in millimeter waves. Among the various solutions studied, it will be a question of choosing the most relevant structures to carry out a coding allowing an effective authentication and defining the basis of the specifications of a complete coding technology structures in mmWave. Fig. 1.8 depicts the main steps concerning the chipless authentication system.
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Figure 1.8: Illustration of complete authentication flow for an object/device that may be authenticated along a process described herein.

Frequency-domain measurement methods for chipless tags reading

Main aspects related to signal reliability for identification and authentication purposes are addressed. One of the significant issues with chipless RFID is that the data collected with these tags have the correct information associated with the scatterer. A clutter level related to the objects that do not correspond to tag information can introduce frequency shift or mask the backscattered tag response. These undesired responses generate incorrect observations, resulting in duplicate and wrong anomalies, negatively affecting the backscattered tag signal, which yields wrong information. Note that some shifts and amplitude levels are acceptable for identification purposes but not authentication, as previously explained. Generally, some windows decisions are implemented, allowing the recovery of the information even if the backscattered response is biased.

As previously depicted in Fig. 1.6 and Fig. 1.7, in authentication, the environment in which the tag is embedded must be known, the impact of the test bench must be managed to a correct object's authenticity. It differs significantly from identification, where the tag information should be retrieved in any situation and environment.

The methods most used in the literature will be addressed here; these methods attempt to increase the tag information robustness. The classical method used to extract the tag response from the environment relies on subtracting two measurements: one with the tag and another without the tag presence. This technique is the most straightforward calibration technique to implement and can be performed while the environment stays unchanged (this is fully compatible with authentication). Therefore, it significantly reduces a part of the different reflections involved in the measurements (the antenna mismatch or coupling, part of the wave directly reflected by the objects positioned in front of the antenna) [2,[START_REF] Vena | Chipless RFID Tag Using Hybrid Coding Technique[END_REF][START_REF] Girbau | Frequency-Coded Chipless RFID Tag Based on Dual-Band Resonators[END_REF]. Nonetheless, the method can be performed if the environment is not modified between the two measurements (static environment).

Nowadays, three main axes are implemented for robust detection: polarization diversity, signal processing and image-based system. These methods try to increase the reliability of the tag information. However, the implementation consists of simplicity, reliability and computational cost. Moreover, reducing external contributions that do not compose the tag response is primordial to ensure the tag's unique signature for authentication purposes.

Polarization diversity

In the context of chipless RFID, polarization diversity relates to the polarization dependencies between the tag and the reader antennas. In this sense, the resonators can depolarize a part of the incident wave to respond perpendicularly to the polarization of the incident wave [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF].

Therefore, higher isolation between the emitted and the backscattered waves is obtained, and the clutter reflections from surrounding objects can be reduced. However, the most common objects (cardboard, plates, etc …) do not have a natural tendency to depolarize the incident wave (like resonant scatterers), so the depolarizing effect mainly concerns the signal part that contains the information. Indeed, a backscattered signal with polarization orthogonal to that of the incident wave can be generated by a resonant element having, for example, an asymmetry concerning the incident wave. The proposed structure in [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF] is composed of short-circuited half-wave dipoles backed by a ground plane. Contrarily to the resonant element that comprises the tag, the ground plane, when aligned with the incident field, like most common objects, does not depolarize the incident wave. However, without post-processing, the calibration of the background environment is needed.

Another approach based on two co-polarization measurements has also been introduced to improve chipless tag reading in real environments. First, specific tags have been introduced where the information is coded in the difference between the vertically and horizontally polarized backscattered waves [START_REF] Costa | Normalization-Free Chipless RFIDs by Using Dual-Polarized Interrogation[END_REF]. Indeed, two reflection coefficient measurements should be performed simultaneously in vertical and horizontal polarization when the tag is correctly aligned. Then, the recorded responses on the two channels are filtered in the time domain and subtracted in the frequency domain. Finally, chipless tag readings using circular waves were also reported in the literature [START_REF] Genovesi | Orientation-Insensitive and Normalization-Free Reading Chipless RFID System Based on Circular Polarization Interrogation[END_REF].

Circular polarization is exploited to isolate the field scattered by the tag from that of surrounding objects. However, the diversity of reader polarization significantly increases the complexity and cost of the chipless implementation system. The idea is to extract as much useful tag signal information from the total backscattered signal using a dedicated bistatic reading configuration in this thesis. This extraction step is implemented from a hardware point of view. It attempts to improve the tag signal over clutter contributions, where an angle between the incident wave and the backscattered signal is chosen to maximize the received tag level in the co-polarization configuration. It will improve tag signals and can be implemented even in high-reflective environments.

Also, additional information on the tag signal can be retrieved considering an optimal angle, which can improve the tag signal reliability considering authentication purposes.

Post-processing techniques

Post-processing techniques are a different way to increase the ratio between the resonant and the quasi-optic mode, i.e., the resonant-to-quasi-optic mode. This is undoubtedly the simplest and, therefore, the most effective approach to implement since, unlike those described above, no hardware modification is required. Different post-processing techniques are used in chipless RFID systems aiming to read the tag with only one measurement, i.e., without any calibration. The reader retrieves the backscattered tag signal; thus, post-processing is applied. A usual way to partially remove the clutter is to perform time gating [START_REF] Girbau | Time-coded chipless RFID tags: Design, characterization and application[END_REF]. A time window is positioned after the first strong peak due to the tag quasi-optic mode until the known last resonant time (a few dozen nanoseconds). Indeed the early time corresponds to the part of the signal where the specular reflection is significant and must be removed.

Conversely, the late time corresponds to the signal part that mainly includes the tag information. However, the filtering process does not remove any other contribution located temporarily between the beginning and the end of this window (for instance, a reflection by an object located a few tens of centimeters beyond the tag). Despite the problems, this technique is widely used for its simplicity and suitability.

This method can also be combined with other advanced post-processing approaches such as Short-Time Matrix Pencil Method (STMPM) [START_REF] Rezaiesarlak | Short-Time Matrix Pencil Method for Chipless RFID Detection Applications[END_REF], or Short-Time Fourier Transform (STFT) [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]. The main principle is applying a sliding window to the temporal signal to recover the tags' resonance frequencies. The methods presented in [START_REF] Rezaiesarlak | Short-Time Matrix Pencil Method for Chipless RFID Detection Applications[END_REF] and [START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded rfid[END_REF] allow the extraction of aspectindependent parameters (that are analogous to complex natural resonances) of chipless RFID tags. Generally, the extraction of the resonant frequencies consists in determining maximums (peak apexes) on the frequency representation of the signal backscattered by the tag. These frequencies thus extracted may not correspond precisely to the resonance frequencies, in particular, because of the quasi-optic mode in the backscattered signal, which can affect the peaks present on the frequency representation of the signal. The possibility to implement techniques giving access to aspect-independent parameters allows for improving the reading of tags in unknown environments and potentially without calibration measurements [START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded rfid[END_REF]. In addition, the extraction of the quality factor of each resonance frequency is used to improve tag information detection by reducing false readings [START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded rfid[END_REF].

However, eliminating the early-time part of the signal has negative effects. Reducing the duration of the signal will reduce the frequency resolution, which in chipless, reduces the amount of information contained in the tag. In the same way, this removed temporal part still contains some useful signal from the tag, which will not be used for decoding. This last point becomes even more damaging when the resonance frequencies increase: the quality factors decrease, as well as the duration of the temporal signal relative to the resonance. Furthermore, another drawback of time gating relates to the determination of the time window, i.e., the beginning time and the ending time. This requires at least information about the tags to be read, for example, the quality factors of the resonators forming the tag.

Despite these shortcomings, time gating remains simple to implement and can be combined with other techniques.

Image-based systems

Image-based systems have been exploited in chipless RFID systems for over fifteen years. It is one of the first techniques implemented to design a chipless RFID system [START_REF] Kofman | Radio frequency identification system and data reading method[END_REF].

Chipless image-based systems combine a specific measurement technique similar to a Synthetic Aperture Radar (SAR) with a dedicated post-processing step. In [START_REF] Zomorrodi | Optimized MIMO-SAR Technique for Fast EM-Imaging of Chipless RFID System[END_REF], a dual-polarized reader retrieves the information from depolarizing tags by combining a SAR image processing algorithm.

The retrieved cross-polarized signal enables the clutter contributions suppression. In [START_REF] Pöpperl | Polarimetric Radar Barcode: A Novel Chipless RFID Concept With High Data Capacity and Ultimate Tag Robustness[END_REF], a set of geometric structures with different polarimetric backscattering behaviors are analyzed to operate like chipless tags. The information is obtained by the structure's polarization diversity of the signal backscattered. However, a calibration process is carried out. The main drawback of imagebased systems is the high complexity of the reader hardware and interrogation process, thus losing the cheap proposition of the chipless RFID-based systems. Millimeter waves are preferred to implement the SAR approach while having an antenna array and tag dimensions compatible with the application.

Differently from these methods, a solution based on bistatic angle configuration combined with low-cost bio-sourced material is proposed. That method pretends to be calibration-free and straightforward to implement. Furthermore, exploiting different bistatic angles improves the tag information and is converted into useful information in the proposed authentication framework.

Tag effective cost

The primary potential benefit of the most promising chipless tags is that they eventually can be printed directly on products and packaging for 0.1 cents to 0.005 cents and replace ten trillion barcodes yearly given place for a potentially more versatile and reliable technology [START_REF] Idtechex | Printed and Chipless RFID Forecasts, Technologies & Players 2009-2029[END_REF].

Manufacturing of chipless RFID tags is proposed to be relatively inexpensive as it does not require a chip or any battery to identify a product, for instance. The presumed low-cost substrate (support) and a mere conductive ink justify the cost-effective prices of these tags.

The design of chipless tags for authentication applications is focused mainly on products where the value-add. Billions of tags are required to achieve prices comparable to similar identification technologies. The tag's cost goes beyond the tag design itself. The final tag cost is directly linked to the manufacturing method itself. The tag-effective cost combines the tag materials (conductive material and substrate) and the manufacturing cost. The effective cost must be analyzed separately since several flexible manufacturing methods are available, each with constraints limiting the tag design.

For instance, when the production of bio-sourced materials is envisaged, only a few methods match the requirements. These requirements are related to the quality of the pattern transfer, print resolution, print thickness and print cost. Simplified processing steps, reduced materials wastage, low fabrication costs and simple patterning techniques make printing technologies very attractive for cost-effective manufacturing. The development of chipless tag printing increases developers' availability to print their chipless RFID tags onsite per demand. However, only a few printing techniques are compatible with low-cost purposes. Aiming for low-cost purposes, these tags can be printed employing inkjet printers, gravure printing, flexography printing and thermal transfer. Considering the mass production of billions of tags, thermal transfer and flexography are the most cost-effective. However, the others remain low cost, which is comparatively cheaper.

Additionally, these methods retain similar fabrication constraints from a practical printing point of view. Further, these methods allow multiple tag printing, simplifying the entire manufacturing process.

Some drawbacks arise from these low-cost printing methods, such as minimum geometrical limitations and the quality of the pattern transfer, for example. The control of these parameters for tag manufacturing directly results in tag production scalability, which implies a complete system implementation.

The main characteristics of these methods are summarized in Table 1.1. The manufacturing constraints are in the same range for these printing methods. 

Data capacity

Another main bottleneck of chipless RFID technology concerns the amount of data considering an overall tag size of a credit card. In this sense, the objective is to keep the manufacturing costs by increasing the data information. Additionally, increasing the number of scatterers in the tag (improve information) enhances the authentication level. As a result, more difficulty becomes spoofing since more information is presented on the backscattered signal. However, the amount of data that can be obtained this way is limited, mainly by the entire usable frequency band, the number of resonators, and the spectral width related to each resonator. Note that the data information augmentation also improves the tag aspect-independent parameters.

Hybrid chipless RFID tags are proposed to mitigate the encoding data capacity limitation.

The hybrid tags consider more than one tag parameter to encode the information. For instance, in [START_REF] Rance | Toward RCS Magnitude Level Coding for Chipless RFID[END_REF][START_REF] Vena | RFID chipless tag based on multiple phase shifters[END_REF][START_REF] Rance | RCS synthesis for chipless RFID: theory and design[END_REF], the frequency and phase are coded separately, whereas the variation in the geometrical parameters of the C-shape modifies the phase and frequency independently. The main problem faced by the hybrid tag concerns translating the information in independent contributions since a scatterer variation parameter jointly modifies the entire response, i.e. the backscattered parameters do not encode the data independently.

Although many efforts have been made to increase the coding capacity of chipless applications, it remains one of the main challenges to chipless systems. Rarely can a tag achieve more than 25 bits of information in a real environment. Different authors propose a hybrid encoding scheme [START_REF] Vena | Chipless RFID Tag Using Hybrid Coding Technique[END_REF][START_REF] Rance | Toward RCS Magnitude Level Coding for Chipless RFID[END_REF][START_REF] Kracek | Scalar Method for Reading of Chipless RFID Tags Based on Limited Ground Plane Backed Dipole Resonator Array[END_REF]. The increased amount of information makes the authentication process more challenging to steal. However, the complexity of the system also increases. Then, more accuracy is required since the data can be impacted differently. Therefore, implementing a robust system with low error outputs remains difficult. Thus, the trade-off between data capacity augmentation and system reliability must be optimized. On the other hand, identification applications always seek to increase data capacity. For example, a coding capacity of 128 bits remains suitable for real identification applications.

Additionally, there is a window of opportunities for applications considering only a few bits of data, such as anti-counterfeiting, sensing, and localization. Chipless labels could combine these features while offering fast and automated verification against counterfeiting. Next, a prospective study on chipless RFID authentication solutions is presented, considering general RF fingerprint applications and first-generation and second-generation chipless authentication solutions.

Chipless tag authentication

High-security authentication solutions need a comparison step against a database where the information was previously stored. The chipless authentication application addressed herein can be divided into two steps, as explained previously:

(i) Measurements of the chipless RFID tags using a chipless reader to construct a database.

(ii) Comparison of a given unknown test tag with the database and statistical methods are used to compare the measurement with the database intention.

Then, the goal is to design and implement a chipless RFID solution to ensure object traceability that presents a unique and unfalsifiable footprint obtained from EM signatures. As electromagnetic characteristics are employed, these characteristics cannot be easily spoofed compared to other solutions. If an application requires a less secure solution, other solutions exist. For example, a simple barcode can give a first level of authentication. In this case, it has a unique code that can be accessed directly: only the first code (unique in a defined database) to be scanned will guarantee access to a football match or a movie, for example. However, this tag can be duplicated easily, so the solution is far from foolproof. Through this example, we can understand that there are several levels of security (like what exists on banknotes), which is why many different solutions exist. We will see some basic and high authentication-level solutions like the one we are trying to develop in this thesis.

A first generation of authentication chipless tags aims to design a tag that pretends to be hardly clonable, which means that the tag exhibits a unique RF response considering UWB band. In this sense, the potential of authentication using chipless RFID tags was demonstrated in [START_REF] Ali | Potential of chipless authentication based on randomness inherent in fabrication process for RF and THz[END_REF][START_REF] Ali | Chipless RFID Tag Discrimination and the Performance of Resemblance Metrics to be used for it[END_REF][START_REF] Ali | Detection of Natural Randomness by Chipless RFID Approach and Its Application to Authentication[END_REF][START_REF] Ali | Potential of chipless authentication based on randomness inherent in fabrication process for RF and THz[END_REF].

This first generation of authentication chipless tags utilizes the tag and the paper as sources of randomness. These tags are intentionally modified to favor the fabrication error introduced by the manufacturing process. Additionally, these tags are fabricated at different time lapses. On the other hand, a second generation of chipless tags based on lightweight commercial substrate, manufactured at once and with no need for bulky designs, proposed to improve the authentication level considering only one round of fabrication.

The second generation of chipless tags focuses on the unitary authentication of manufactured products in millimeter wave bands will be analyzed. The new chipless solutions aim to provide an alternative to these shortcomings. Therefore, it relates to ensuring the authenticity of a tag.

The idea is to use EM waves by favoring higher frequencies and, therefore, more discriminating in terms of spatial resolution, which will increase the object's authenticity, typically in bio-sourced materials.

Different from multiple fabrication time lapses and the manufacture of a specific substrate with a particular pattern to favor the tag randomness, a second generation of chipless tags based on lightweight commercial substrates, manufactured at once and with no need for bulky designs, will be proposed. Contrary to a traditional authentication approach, the main motivations are 1) the increase in the degree of authentication, 2) the low-cost nature of the solution, and 3) robustness and versatility. First, the reverse engineering to obtain the tag information attempt is challenging to implement insofar as it is necessarily destructive. Moreover, making a perfect copy would amount to being able to reproduce manufacturing errors of the tags and the material proprieties, which is almost impossible due to the random characteristics of the manufacturing process. Additionally, this effect is magnified in mmWave. Finally, the versatility and mmWave system enhance the system reliability since a better authentication level is reached in combination with one-round fabrication and a simple design.

Related work

A comprehensive review of state-of-the-art related RF authentication approaches will now be presented. In addition, a comparative summary of various chipless tag authentication implementations will be given to highlight ongoing research trends. The objective is to establish the aims and challenges of realizing authentication systems based on chipless tags technology.

RF fingerprint

Contrary to asymmetric cryptography based on computations with an algorithm to encrypt and decrypt codes, researchers have shown the possibility of using electromagnetic waves to retrieve information that is difficult to reproduce and thus make it possible to authenticate objects. The method based on the authentication of individual transmitters/receivers or objects by EM signal characterization is called RF fingerprint identification, which attempts to extract a unique identifier from the target to authenticate.

The RF fingerprint identification is performed by the intrinsic characteristics related to hardware and manufacturing randomness, which can be extracted by processing the transient round-trip signal [START_REF] Scanlon | Feature extraction approaches to RF fingerprinting for device identification in femtocells[END_REF]. RF fingerprinting is proposed to authenticate a device model in [START_REF] Gerdes | Device Identification via Analog Signal Fingerprinting: A Matched Filter Approach[END_REF]. The object is impinged by an EM wave then the signal is recovered on the reader side. Note that power amplifier imperfections are used to authenticate wireless devices in [START_REF] Polak | Identifying Wireless Users via Transmitter Imperfections[END_REF], [START_REF] Dolatshahi | Identification of wireless users via power amplifier imperfections[END_REF]. Authentication based on IEEE 802.15.4 devices using time-domain complex baseband signals was analyzed, and the authors demonstrate an accuracy of 92.29% on a set of commercial devices [START_REF] Merchant | Deep Learning for RF Device Fingerprinting in Cognitive Communication Networks[END_REF]. The main results come from a Microsoft group [START_REF] Dejean | Making rfids unique-radio frequency certificates of authenticity[END_REF]. Half a dozen articles can be found on this theme (concept of RF-DNA/RF Certificates of Authenticity (RF-CoA) [START_REF] Dejean | Rfdna: A wireless authentication system on flexible substrates[END_REF]) between 2006 and 2011, including patents [START_REF] Dejean | Rf-dna: Radio-frequency certificates of authenticity[END_REF][START_REF]Radio frequency certificates of authenticity and related scanners[END_REF]. These RF fingerprint solutions show that intrinsic and specific information about an object can be carried out using the electric field generated by everyday electronic devices. This relevant information to make authentication can have several origins like modulation errors, RF front-end distortion related to pre-processing signal, and various analog devices used in their construction.

The objects to authenticate are compared to a database. These approaches are relatively difficult to implement since they are based on near-field reading and are not directly compatible with a printing process.

Also, applications in UHF-RFID have been reported; these authentications in passive RFID systems can be implemented using the detection of variations in the backscattered signal due to physical changes [START_REF] Bolotnyy | Physically Unclonable Function-Based Security and Privacy in RFID Systems[END_REF][START_REF] Devadas | Design and Implementation of PUF-Based "Unclonable" RFID ICs for Anti-Counterfeiting and Security Applications[END_REF][START_REF] Devadas | Non-networked RFID-PUF authentication[END_REF]. Note that specific protocols have been proposed to improve the security level. Traditional passive UHF-RFID systems can be adapted to authentication solutions.

This represents a lower-cost authentication solution. However, this authentication functionality leads to additional blocks in the ASIC implementation, which increases the power consumption, reduces the reading distance, and increases the final cost of the application.

Chipless artifacts that generate a backscattered response have appeared in the literature for about 20 years [START_REF] Smith | Imperceptible sensory channels[END_REF]. The images of two different paper-based materials are compared, and the unique paper surface irregularities act as a non-replicable identifier. The application domain remains confidential, and the information is often at the concept stage. The approaches try to implement a solution that attempts to transcribe part of the randomness inherent in the material onto the RF signal using a passive chipless tag [START_REF] Smith | Imperceptible sensory channels[END_REF]. Recently, RF chipless fingerprints based on the symbols are reported [START_REF] Li | FerroTag: a paper-based mmWave-scannable tagging infrastructure[END_REF][START_REF] Arjomandi | mm-Wave Chipless RFID Decoding: Introducing Image-Based Deep Learning Techniques[END_REF]; these symbols have a different shape which facilitates identification.

Note that spectrum recognition based on resonant information is not applied in these approaches, which makes them more susceptible to clutter contributions. Nested different patterns (FerroRF) considering print-based materials are addressed in [START_REF] Li | FerroTag: a paper-based mmWave-scannable tagging infrastructure[END_REF]. Different symbols are analyzed. However, the PE associated with each symbol is not reported. Millimeter wave chipless letter artifacts are reported in [START_REF] Arjomandi | mm-Wave Chipless RFID Decoding: Introducing Image-Based Deep Learning Techniques[END_REF]. This application of metallic pattern is inspired by letters and numbers to create an RF fingerprint in a millimeter wave band. Despite analyzing different symbols, an error rate superior to 30% is addressed. Note that nothing differentiates these applications from studies of conventional RF fingerprint response; the artifact merely reflects a response and a post-processing step tries to analyze the unique characteristics of a band.

Therefore, considering the shortcomings of conventional authentication solutions based on exploiting a reflected signal. Due to the importance of cost-efficiency and considering increasingly reliable, trustworthy, and low-cost solutions, new and original authentication solutions are expected. Chipless RFID technology is promising in that sense. Since it combines a non-invasive method that can potentially exploit the distinctiveness signature of the backscattering response of a chipless tag, a millimeter wave band implementation may enhance the randomness characteristics associated with a manufacturing method.

Chipless Tag Authentication Solutions

Chipless RFID applications can help in inventory, product management, and asset tracking and provide solutions for anti-counterfeiting. The increasing importance of innovation in the retail industry aiming lower waste or applications that have the potential to operate with recyclable materials drive the demand for low-cost printed chipless RFID tags. Chipless RFID technology has been reported in authentication purposes [START_REF] Ali | Authentication Using Metallic Inkjet-Printed Chipless RFID Tags[END_REF][START_REF] Ali | Potential of chipless authentication based on randomness inherent in fabrication process for RF and THz[END_REF][START_REF] Ali | Chipless RFID Tag Discrimination and the Performance of Resemblance Metrics to be used for it[END_REF][START_REF] Ali | Detection of Natural Randomness by Chipless RFID Approach and Its Application to Authentication[END_REF][START_REF] Yang | UCR: An unclonable chipless RFID tag[END_REF][START_REF] Khadka | Physical-Layer Detection and Security of Printed Chipless RFID Tag for Internet of Things Applications[END_REF].

A chipless RFID tag with an authentication purpose was presented in [START_REF] Yang | UCR: An unclonable chipless RFID tag[END_REF], this tag consists of nested concentric annular ring resonators as shown in Fig. 1.9, the randomness characteristics are introduced by the substrate dielectric constant and slot parameters variations due to manufacturing process. The Euclidean distance is evaluated for authenticity based on the simulated tag signature.

Figure 1.9: Concentric ring slot resonators for authentication purposes [START_REF] Yang | UCR: An unclonable chipless RFID tag[END_REF] In [START_REF] Khadka | Physical-Layer Detection and Security of Printed Chipless RFID Tag for Internet of Things Applications[END_REF], a chipless tag solution proposes an authentication system based on deep learning longshort term memory LSTM classification, an accuracy of 92.33% is achieved in a frequency operation between 4 GHz -6 GHz.

An authentication solution using chipless RFID tags was demonstrated in [START_REF] Ali | Potential of chipless authentication based on randomness inherent in fabrication process for RF and THz[END_REF], where the randomness in the realizing process of chipless RFID tags was exploited to provide a trustworthy tag's response. Some metrics were analyzed in [START_REF] Ali | Chipless RFID Tag Discrimination and the Performance of Resemblance Metrics to be used for it[END_REF] to characterize independent parameters in the time and frequency domains. Note that the tag rotation is an additional source of error since the tag must be perfectly oriented to correct the reading. A rigid PCB substrate is used to fabricate the tags resulting in a probability of error of around 32% when the same PCB manufacturer fabricated the tags simultaneously [51, see Page 42]. Since different realizations in different time-lapses are analyzed, the PE decrease to 3% -4%.

In [START_REF] Ali | Authentication Using Metallic Inkjet-Printed Chipless RFID Tags[END_REF], inkjet-printing technology has produced unique tag geometrical characteristics by considering C-shape modified designs. The design is modified to favor structural errors during the print process. Furthermore, the bulky design creates discontinuities that drastically affect the EM attributes. For instance, the induced current does not flow on the structure due to the discontinuities, which impacts the resonance frequency that is not retrieved for some designs, as shown in Chipless tags focused on the unitary authentication of manufactured products in higher frequency will be presented. The idea is to use EM waves by favoring higher frequencies and, therefore, more discriminating in terms of spatial resolution, which will increase the object's authenticity, typically in bio-sourced materials.

The main chipless authentication systems and their attributes are resumed in Table 1.2. 

Motivation

The goal is to design and implement a chipless RFID solution to ensure object traceability that presents a unique and unfalsifiable fingerprint obtained from EM signatures. As electromagnetic characteristics are employed, these characteristics cannot be easily spoofed compared to other solutions. The main differential of the proposed approach concerns the production of these tags involving commercial substrate that includes the conductive ink manufactured at once and with a simple design. Herefore, it is possible to increase the information level of the tag structure even more: the information richness of the resonator position combined with the signal evaluation. The primary purposes of the present work aim to:

-Test the candidate technologies via simulation and/or bench tests to analyze performances and predict the behavior of the system in practical environments;

-Demonstrate the additional robustness and benefits over the existing application operation in millimeter wave band;

-Evaluate performances in operational environments to identify strengths and weaknesses and the impact of non-systematic variables;

-Identify and evaluate new approaches to address vulnerabilities that would increase robustness against sophisticated attacks. Specific tags will be designed on the V-band frequency range to obtain unique, contrasting signatures using natural random characteristics. These characteristics are linked either to inhomogeneous variations or non-deterministic to their realization method, for instance, manufacturing errors such as over-etching with chemical etching or the spread of conductor ink. Additionally, an imaging-based system can augment the application's robustness and reliability.

Thesis outline

In this thesis, the performance and limitations of the chipless technology for authentication purposes are investigated. The manuscript is divided into five chapters as follows:

-Chapter 2:

The design, manufacture and test of resonant chipless tags in mmWave band considering their fabrication constraints, losses and the backscattered level are evaluated. A mmWave chipless RFID tag solution is developed to operate to V-band operation for authentication applications. A classical maximum likelihood estimation based on tag-backscattered E-field measurements is evaluated over a set of tags. The concept is based on the hardness of identically reproduced materials due to the inherent randomness in the fabrication process. These uncertainties are transcribed in variations observed in the tag electromagnetic response. A set of 16 a priori identical tags were fabricated, and each tag shares the same fabrication mask and manufacturing process method. We will see that the probability of error (PE) achieved with the method is around 5%. Note, this PE is eight times lower than the one obtained with a similar approach implemented in the X-band and considering only one fabrication round.

-Chapter 3:

A bistatic reading configuration optimizes the angle between the two antennas. It allows isolating the contribution of the RFID chipless tag from its nearby environment by enhancing the reading performance of the chipless tag for short-range applications. The idea is to extract as much useful signal (relating to the tag information) from the total signal using a dedicated bistatic reading configuration. This extraction step is implemented from a hardware point of view, which differs from classical approaches based on signal processing. Indeed, this

technique enhances the authentication level by adding new aspects to the authentication method. Moreover, this technique can also be used for identification purposes. The tags can be read even in highly reflective environments (metallic surfaces) without applying a calibration method, such as subtracting the background without the tag or advanced postprocessing steps. Additionally, this method adds aspect-independent parameters based on the tag radiation pattern and a new classification strategy based on Machine Learning (ML) approach. The same set of 16 tags based on E-shaped resonators extracts the unique signal characteristics. Then, the performance of the method is presented in terms of PE. Moreover, the worst case was evaluated, i.e., only one realization was considered built on the same substrate. Besides, the comparison with one angle approach is assessed, and the limitations of exploiting different angles are addressed.

-Chapter 4:

The design constraints associated with a low-cost method are irreducible since the geometrical tag size parameters are inversely proportional to the frequency (Chapter 2). Then, the focus is to show the relaxation of the tag manufacture constraints by tags operating in HO modes operation, in which frequencies multiples from the fundamental are exploited, aiming to relax geometrical fabrication constraints since it represents a limitation for chipless tags operating in a millimeter wave band. The basic idea behind HO chipless tags is exploiting the backscattered HO resonant modes. HO tags generate a copy of the fundamental signal in a higher distinct band. Furthermore, since the linearly polarized sinusoidal signal is concerned, it imposes the current sense in tag structure. The distribution surface currents and the sinusoidal nature excite only an odd number of HO modes, which consists of the resonance of all the odd modes. To illustrate the HO chipless tag principle, a tag based on the C-shape resonators introduced in Chapter 2 has been simulated, considering two different structures. The first scatterer has the fundamental frequency at 10 GHz in contrast to HO frequency. Next, the tags with and without ground plane will be analyzed regarding electromagnetic attributes (RCS and Q-factor). The excitation mechanisms of these two structures show different relationships when the fundamental mode is compared to the HO mode. Then, using or not the ground plane impacts these structures differently. Additionally, a method is proposed to independently analyze the fundamental and HO mode contribution.

Finally, the potential to be applied in authentication is shown since aspect-independent parameters related to the frequency shift are noticed. This new design agrees with lowcost fabrication procedures and PET substrate and can be implemented using bio-based and recyclable techniques from the paper industry.

-Chapter 5:

A bistatic reading configuration for a frequency-spatial encoding strategy to enhance the data encoding capacity in chipless RFID systems improves the information level of the tag structure: the information richness will be multiplied by the signals observed at several frequencies. The proposed method can estimate the resonant frequencies associated with each scatterer and determine the relative resonator positions. The approach is based on an imaging algorithm in which the resonators' positions are evaluated considering a single frequency point corresponding to the resonant frequency of each scatterer. Consequently, the proposed method does not seek to image the shape of the metal scatterers but rather to locate their positions geometrically for different frequencies. Indeed, once the resonance frequencies have been detected, a geometric representation of the backscattered field is created by limiting the observable frequency band to the resonance frequencies. The individual processing single-frequency step allows distinguishing the side-by-side gap between resonators even below conventional image resolution. Then, the method's capability to dissociate gap spacing of the order of λ/8 between resonators operating at different resonance frequencies is evaluated. This technique significantly increases the coding capacity associated with the chipless tag. A proof of concept (PoC) is estimated using loop resonators for identification purposes. Then, anechoic and real scenario measurements are considered in different acquisition configurations. An office environment reading range of up to 20 cm has been reported.

Further, the imaging formation is applied to the HO tags.

The thesis's main subjects are resumed as illustrated in Fig. 1.12.

Chipless RFID authentificaiton

Chapter 2 

Introduction

The way to reduce power consumption, improve communication quality-of-service and enhance connectivity has become key issues for many industries. Nevertheless, these advances suggest the growth of new concepts based on mmWave applications. Chipless RFID systems are a good candidate, combining the no-chip characteristic and the easy adaptation to the industrial printing process. Millimeter-wave communication system based on chipless tags is a promissory technology that can be applied in this sense. However, from the moment, no resonant chipless tag was designed in V-band (40 GHz -75 GHz). Then, for this purpose, mmWave chipless resonant tags have been developed considering the main trade-offs between RCS signal level, losses, and design constraints. Millimeter-wave tags are less impacted by coupling since resonant elements may be spaced further apart relative to the wavelength compared to X-band classical designs. Furthermore, mmWave band operation drastically miniaturizes the total structure size and is more sensitive to physical variations in which the tag is embedded (e.g. temperature, humidity). Additionally, mmWave can favor authentication purposes since the same manufacturing method is kept. The randomness characteristics introduced during the tag fabrication increase the uncertainties, and these uncertainties are transcribed in variations observed in the tag EM backscattered response.

A few chipless tags in the V-band can be found in the literature. Dielectric resonators (DR) The development of mmWave chipless RFID tags suggests the growth of new concepts, such as authentication purposes, where the presence of a chip is not imperative. The first reported resonant chipless tags were introduced in [START_REF] De Amorim | Millimeter-wave Chipless RFID Tag for Authentication Applications[END_REF][START_REF] De Amorim | Millimeter Wave Chipless RFID Authentication Based on Spatial Diversity and 2-D Classification Approach[END_REF]. These tags operate in V-band and are proposed to be easily integrated into conventional printing methods since the design comprises only one layer.

A tag based on multiple resonant dipoles operating around 30 GHz is presented [START_REF] Zhao | Thin and Flexible mm-wave Chipless RFID Tags[END_REF]. The results are extended by simulation and analytically up to 90 GHz [START_REF] Zhao | Frequency-Coded mm-Wave RFID Tags Using Cross Polarization[END_REF]. These designs operate in cross-polarization, favoring the backscattered tag signal over clutter contributions as depicted in Fig. 2.3. However, that configuration is a more complicated scenario, whereas two antennas are needed in two different linear polarizations. Also, only simulations are reported for frequencies around 60 GHz.

Developing chipless tags operating in the mmWave band can increase the authentication level.

Therefore, errors are introduced during the fabrication process, and the structural inhomogeneities impact more considering mmWave resonant chipless tags. The size of the resonators is smaller compared to scatterers developed in X-band. Consequently, the structures are expected to be more sensitive to the physical process error, resulting in better differentiation between the signals backscattered from each tag. Furthermore, the resonator's small size allows using multiple resonators to design mmWave chipless tags. The unique tag response generated by the random fabrication incertitudes paves the way for authentication applications, where even if the chipless tag design is known to mimic the fabricated tag is almost impossible.

A first authentication chipless tags were presented in X-band [START_REF] Ali | Authentication Using Metallic Inkjet-Printed Chipless RFID Tags[END_REF][START_REF] Ali | Potential of chipless authentication based on randomness inherent in fabrication process for RF and THz[END_REF][START_REF] Ali | Chipless RFID Tag Discrimination and the Performance of Resemblance Metrics to be used for it[END_REF][START_REF] Ali | Detection of Natural Randomness by Chipless RFID Approach and Its Application to Authentication[END_REF][START_REF] Yang | UCR: An unclonable chipless RFID tag[END_REF]. Previously Simulation presented bulky designs and several fabrications round are needed to achieve an authentication level around below 5%.

A second generation of chipless tags focuses on the unitary authentication of manufactured products in millimeter wave band [START_REF] De Amorim | Millimeter-wave Chipless RFID Tag for Authentication Applications[END_REF][START_REF] De Amorim | Millimeter Wave Chipless RFID Authentication Based on Spatial Diversity and 2-D Classification Approach[END_REF][START_REF] Amorim | Design and Manufacture of Resonant Chipless Tags in Millimeter-Wave Band[END_REF]. The new chipless solutions aim to provide an alternative to X-band designs in terms of simplicity and better authentication level. Therefore, it relates to ensuring the authenticity of a tag, i.e. the tag information must be compared against a database. The idea is to use EM waves by favoring higher frequencies and, therefore, more discriminating in terms of spatial resolution, which will increase the object's authenticity, typically fabricated in bio-sourced materials.

This chapter evaluates a method to authenticate RFID chipless tags designed in mmWave by exploiting the process variations during tag fabrication. Contrary to X-band RF approaches [START_REF] Ali | Authentication Using Metallic Inkjet-Printed Chipless RFID Tags[END_REF], the mmWave range is chosen to increase the tag sensitivity related to uncertainties in the fabrication process. A set of tags conceived from the same digital file and pretending to be a priori identical are evaluated to extract unique characteristics. The errors due to the manufacturing process in mmWave are further improved compared to conventional X-band designs. Then, the quantitative performance of the method is presented in terms of PE. When the tags are printed simultaneously, the obtained PE is five times lower than the one obtained in the X-band [START_REF] Ali | Chipless RFID Tag Discrimination and the Performance of Resemblance Metrics to be used for it[END_REF].

Design and Manufacture of resonant chipless tags in millimeter-wave band

The most significant parameters for frequency-based mmWave chipless tags are the RCS level and the Q-factor of the tag backscattered signal. A high backscattered RCS allows the tag to be differentiated from the clutter contributions on which the tag is embedded. A high Q-factor permits easily identifying the tag resonance and thus improves the detection of the tag in a real environment related to the frequency band associated with each resonator, which directly determines the number of resonators that belongs to the tag. Then, the design of the tag and, therefore, of each of these resonators must optimize the RCS and Q-factor.

The main drawback in mmWave chipless tag design is related to losses. For cost reasons, the manufacturing of tags must also rely on low-cost printing processes, such as flexography, thermal transfer, screen printing, inkjet, and commercial ink as conductor material. Compared to UWB chipless tags, the mmWave chipless tag should be able to achieve a better coding capacity and coding density. Furthermore, these tags are less impacted by coupling since resonant elements may be spaced further apart relative to the wavelength compared to classical designs at a lower frequency. The design of resonant mmWave chipless tags compatible with the mono-layer printing process is presented. This approach paves the way to identify tags printed on documents (tags printed directly on bio-sourced material) or even on specific manufactured products. Finally, the main shortcomings of tag design are discussed, such as the losses, design constraints, and the backscattered RCS.

Design constraints

An important factor that thoroughly limits the RCS level and quality factor is the manufacturing process, i.e., the minimum geometrical constraints that must be respected in fabrication limits the electromagnetic characteristics in mmWave band. Notably, a structure without a ground plane requires only one conductive layer, which makes it compatible with direct printing processes with actual methods. Among the well-known methods that gather simplicity and low-cost figure the photolithography and thermal transfer. These methods have similar design constraints. Furthermore, the minimum dimension in the gap and trace width for photolithography and etching process compatible with the paper print process are limited to 125 µm with ±25 µm tolerance [START_REF] Cruz | Printing Technologies on Flexible Substrates for Printed Electronics[END_REF][START_REF] Khan | A New Frontier of Printed Electronics: Flexible Hybrid Electronics[END_REF][START_REF] Bonnassieux | The 2021 flexible and printed electronics roadmap[END_REF].

Chipless tags often operate at the fundamental resonant frequency, which implies a maximum RCS level and a given Q-factor that depend on the losses and geometrical parameters at which the tag is designed. Since the geometrical tag parameters are limited by fabrication constraints (e.g.

width trace, inter-trace distance), an optimum resonant mode cannot be achieved in mmWave.

Then, due to the fabrication constraints, the tag is designed to optimize the RCS and Q-factor as much as possible. A model based on a well-known chipless tag (C-shape) (Fig. 2.4) has been utilized

and simulated with a commercial substrate as a reference for resonant mmWave chipless design [START_REF] Vena | Chipless RFID Tag Using Hybrid Coding Technique[END_REF]. For comparison purposes, the dimensions for two C-shape structures without considering the losses are designed and simulated, as shown in Fig. Despite the unsuitability for the low-cost method constraints, one structure based on C-shapes will be presented since this structure remains compatible with low-cost methods and highly selective in frequency. The constraints will lead to the minimum value concerning the printing method constraints, i.e. the minimum value is used to design the tag. Therefore, considering the printing constraints, the final structure is optimized as thoroughly as possible. From Table 2.1, the constraints limitation considering Structure 2 restricts the development of a tag that optimizes the EM attributes performance. Therefore, one layer-based tag is designed by optimizing as thoroughly as possible the EM performance. Furthermore, the C-shape tag gathers essential attributes such as the low-cost aspect intrinsic to mono-layer print characteristics and a high Q-factor. Henceforth, the C-shape will be a base for developing other mmWave chipless tags without a ground plane.

Losses aspect for millimeter wave RFID chipless tag design

In general, the losses undergone in microwave circuits built on a substrate are divided into conduction, dielectric, surface wave, and radiation losses. For the mmWave chipless tag, the losses become an important component that directly impacts the RCS level and Q-factor. Since the resonator geometry is optimized, the loss tangent (tan δ), substrate thickness (h), conductivity (σ), and copper cladding thickness (t) are considered for total losses assessment.

Conductive inks for print electronic tags usually employ two materials: aluminum (Al) and copper (Cu). The aluminum composition may vary, implying a conductivity (σ) variation and, hence, the associate cost depending on this welding. The tag is composed solely of a conductive material and a dielectric substrate. Thus, the high conductivity is preferable to chipless applications, which improves the backscatter tag characteristics. The usual conductivity of copper (Cu : σ Cu = 5.8 × 10 7 S/m) and aluminium (Al : σ Al = 3 × 10 5 S/m) [START_REF] Vena | Design of Chipless RFID Tags Printed on Paper by Flexography[END_REF] are considered for tag design. The conductivity losses considering a CPS line with width 0.125 µm and a gap 0.125 µm is evaluated by simulation considering each loss term contribution [START_REF] Van Berkel | A Quasi-Analytical Tool for the Characterization of Transmission Lines at High Frequencies [EM Programmer's Notebook[END_REF]. These two materials provide enough conductivity in terms of cost and electromagnetic performance [START_REF] Duersch | Analysis of Multistatic Pixel Correlation in SAR[END_REF][START_REF] Curran | Dielectric material characterization of high frequency printed circuit board laminates and an analysis of their transmission line high frequency losses[END_REF]. Additionally, since the conductivity increases it will be more appropriate to mmWave frequencies, as shown in Fig. 2.6. However, the cost associated with high conductive remains a limitation. The loss tangent is another essential factor concerning dielectric material losses in chipless manufacturing.

Dielectric material losses also impact the tag's electromagnetic performance. It considerably degrades the tag performance in terms of RCS level and Q-factor. Notably, a smaller loss tangent value is necessary to reach resonance with a high Q-factor. Further, an acceptable approach is to employ a dielectric material with a loss tangent lower than tan δ = 0.01. Finally, surface wave losses are related to the substrate thickness. The losses are negligible since its substrate thickness is smaller than the resonator wavelength. Hence, it can be inferred that for the resonant scatterers on substrates with small thickness (h λ r ), where λ r represents the resonant wavelength. 

Reading range

Millimeter wave band operation naturally reduces the scatterer size compared to X-band. Consequently, it represents an RCS reduction since the size of the scatterer structure is shrinking. From the measurements carried in [START_REF] De Amorim | Millimeter Wave Chipless RFID Authentication Based on Spatial Diversity and 2-D Classification Approach[END_REF][START_REF] Amorim | Design and Manufacture of Resonant Chipless Tags in Millimeter-Wave Band[END_REF], the backscattered RCS level for any chipless tag structure must be higher than -40 dBsm, which allows the tag reading in an office environment a dozen centimeters far from the reader. For conventional chipped RFID, the reading range is estimated by Friis equation [START_REF] Balanis | Advanced engineering electromagnetics[END_REF]. However, it relies upon the reader's sensitivity and received power for modulated signals. In this case, the reader sensitivity doesn't vary as a function of the input power.

Then, this approach cannot be employed in chipless systems. Since both tag and environment are linear time-invariant systems, the energy increase of the transmitted signal is related to the tag energy backscattered increase but also from the residual environment in the same way. To assess the reading range for chipless tags, Barbot [START_REF] Barbot | Classical RFID Versus Chipless RFID Read Range: Is Linearity a Friend or a Foe?[END_REF] expresses the reading range as a function of the residual environment. Then, considering the gain of the antennas 10 dB each, the minimum backscattered tag level is -40 dBsm, which allows for distinguishing resonance peak apex over the environment clutter contributions. Then, for a measured residual environment of -60 dB depicted in the Fig. 2.9, the [83, Eq. ( 21)] is evaluated, in which the RCS of the tag has been obtained by simulation. Such a configuration limits the reading range up to 50 cm.

RCS level

In practical situations, when the tag is attached to an object and surrounded by clutter contributions, the tag RCS level may be overcome by these other contributions. Then, when the tag signal is inferior to the clutter contributions, the tag response is hidden; thus, the peak/dip spectrum response associated with the tag signature cannot be found. Considering the main trade-offs for retrieving the tag signature, such as RCS signal level, losses, and design constraints, the study has been directed toward millimeter V-band (57 GHz -66 GHz). The RCS level of a single structure is inferior to the one in UWB application, and it arises from the small size of the structures in the V-band. Since the area occupied for a mmWave chipless tag corresponds to a few mm 2 , the scatterer can be repeated several times considering the same design to increase the tag RCS level.

In this sense, multiplication will increase the tag backscattered RCS. The RF Encoding Particle (REP) design approach [1] is adopted, in which one elementary particle is chosen for initial electromagnetic characteristics. The first step attempts to establish a relation between the geometrical parameters of the isolated scatterer and its electromagnetic signature. The previous studies' Cshape has been evaluated for resonant mmWave purposes. This scatterer's RCS can be difficult to measure in a real environment in mmWave. Therefore, to overcome this problem, the same scatterer is identically reproduced several times. An elementary particle multiplication strategy is applied, focusing on increasing the RCS level at the same frequency. The tag's EM responses were obtained using CST Microwave Studio by electromagnetic simulation. The substrate used is the Rogers RT5880 with tan δ = 0.0027, permittivity r = 2.33, and thickness of 0.127 mm. For comparison and based on the C-shape structure, three structures have been simulated: C-shape, 5×C-shape, and E-shape.

Firstly, one C-shape scatterer is analyzed. The backscattered level is too low, which does not match the previous requirement for tag reading. After that, the number of scatterers is multiplied by five, but the RCS level remains low, as shown in Fig. 2.10. This new structure with five elements will be implemented as an elementary cell. It is important to note that the element multiplication does not carry a proportional augmentation to the RCS level. Hence the optimum maximum number of elements is fixed to five elements. After, five C-shape scatterers are put together without spacing between them, forming the E-shape structure (E in Fig. 2.10). The quality factor Q of this E-structure is 84.01, compared to 28.03 for the simple C-shape scatterers.

However, whatever its quality factor, to be read correctly, tags must have an RCS greater than -40 dBsm. This structure has been multiplied again, aiming to increase the RCS level. Then, E 2×2 arrangement is adopted to increase the RCS level. Again, the E 2×2 structure was duplicated two times in x-and y-directions to increase the RCS level, the simulation comparison among the E-structures is shown in Fig. 2.11. The obtained RCS for the E 4×4 tag is shown in Fig. 2.11.

Based on the backscattered RCS level depicted in Fig. 2.11, the RCS level higher than -40 dBsm is noticed. The E-structure is a better candidate for mmWave applications than the C-shape due to its higher Q and RCS.

Although the study of RCS improvement is performed only with a C-shape structure, the result can be extended to the other resonant structures. Microstrip-based resonant scatterers were considered for implementation in the mmWave band.

The same substrate RT5880 was used to manufacture these ground plane-based structures. The simulated backscattered RCS for the dipole-L and multiple dipoles are shown in Fig. 2.12 and Fig. 2.13, respectively. The design constraints are respected to these designs as depicted in Fig. 2.12 and Fig. 2.13. Note these structures are expected to be more resonant than the tags without a ground plane. However, fabrication constraints and substrate thickness make these tags less resonant than those without a ground plane. The RCS in co-and cross-polarization have a high amplitude response due to the reflected field contribution of the ground plane and tag response.

Therefore, the -40dBsm specification does not apply to grounded tags. Furthermore, we can see that the ground plane-based tags don't increase in a significant way the RCS and mainly the Q-factor. Further, these structures have two layers, adding more complexity to tag manufacturing than the design without a ground plane. Henceforth, only tags without ground planes have been fabricated. 

Millimeter wave chipless tags proof of concept

The electromagnetic responses of each tag were obtained by electromagnetic simulation on V-band. The software (CST Microwave Studio) has been used for this purpose. The simulated structures share the same substrate Rogers RT5880 with tan δ = 0.0027, permittivity r = 2.33 and thickness of 0.127 mm.The main goal is to present resonant mmWave chipless tags compatible with the mono-layer printing process. The structures based on C-shape are analyzed, and their dimensions are depicted in (Fig. 2.14(a)) C-tag, (Fig. 2.14(b)) L-tag and (Fig. 2.14(c)) E-tag. The curves shown in Fig. 2.15 correspond to the RCS of these structures, and their respective surface currents at the resonance frequency are shown in Fig. 2.16. The backscattered signal is received in co-polarization within the far-field radiation zone. The RCS level for all analyzed structures is superior to -40 dBsm, which allows the tag reading (office environment). As depicted in Fig. 2.15, the structures are highly selective and present a RCS that allows the reading even in an office environment. The E-shape tag presents a frequency shift but remains in the V-band, which enables the exploration of different mmWave frequencies. Note, for lower frequencies, the E-shape tag tends to have a better RCS and Q-factor. The RCS and Q-factors obtained are resumed in Table 2.2, as seen in the simulation part, the E-shape presents a higher RCS level and Q-factor. 

Tag manufacturing

Photolithography technology is chosen to realize the tags on low-loss flexible substrates. This process has similar design limitations to print-based systems. A one-bit frequency information tag from different shapes has been fabricated to assess the effectiveness of the proposed tags.

It is noteworthy that the proposed design can be easily modified to conceive tags with different operating frequencies. Even with the same design, different lengths are noticed, reinforcing the randomness evidenced during manufacturing.

Indeed, the manufacturing errors depicted by the magnification in Fig. 2.17 occur due to incomplete-etching and over-etching. Other better accuracy methods are available, but these methods don't pretend to be low cost or easily implemented to traditional printing methods (paper industry) [START_REF] Cruz | Printing Technologies on Flexible Substrates for Printed Electronics[END_REF][START_REF] Bonnassieux | The 2021 flexible and printed electronics roadmap[END_REF].

Principle of chipless RFID authentication

Based on the developed millimeter wave chipless tags, the ones without ground planes have been designed for authentication purposes in V-band. These tags aim to obtain frequency signatures that make them highly sensitive to physical parameter variations inherent in the manufacturing process.

The previous study shows that some authors implemented chipless RFID applications for authentication. However, mmWave applications aiming for authentication have not been reported.

One of the main features to be extracted in applying V-band chipless RFID is the ease of electromagnetic distinction between different realizations when the same manufacturing method is kept.

An example of the expected ease of distinguishing between two electromagnetic responses obtained from a backscattered signal by the tag can be seen in Fig. 2.18. Looking at the same manufacturing method, the same precision is imposed for all structures. Henceforth, as the randomness is the same for the fabrications and considering the operating range, the fabrication process imposes a The evaluation of the richness of RFID fingerprint information is an essential point for the application, i.e., to quantify the difference between two signals coming from two identical but different realizations of tags. The objective is to quantify this difference, which is not noise but something related to the tag structure and can be used to differentiate these two tags. This relates to evaluating aspect-independent parameters inherent to the tag-backscattered response.

To provide a trustworthy authentication process, two steps are needed. The first is carried out after the manufacturing process, and the second is when a user needs to authenticate the tag. The tags' responses are measured in bistatic configuration; each N tag is measured and stored in the database.

The authentication procedure is presented in Fig. 2.19(b). First, the RFID signal of the unknown tag to authenticate is compared with the previously measured responses of the database.

After the comparison, the maximum similarity value resulting from the comparison between the database and the tag to authenticate is held and then compared with a threshold. If the comparison value (A) is greater than or equal to the threshold (B), then the RFID response is authentic or false otherwise.

As previously mentioned, the authentication approach is based on the idea that the measured signature of the tag presents information related to a random side linked to the way the tag was made. This guarantees the uniqueness of the signature. When one accepts the signature, it is impossible to duplicate the tag at a reasonable cost. This authentication method is essentially based on the tag's design. The idea is to characterize the introduced tags' authentication error probability to show the approach's potential. This must be done considering the closest possible tags. This is like counterfeiters who would do everything possible to duplicate it in the best possible conditions. Thus, it is considered that the counterfeiters can have access to the dimensions of the tag patterns and that they can access the same fabrication technique as the one we used to realize the genuine tags. The approach here goes even further in the sense that we will fabricate at the same time a certain number of tags from the same digital file next to each other on the same substrate. The study presented here will characterize the unique differences between each tag and differences linked to manufacturing hazards and show how randomness makes these RF signals authenticate these tags.

Experimental setup and measurements

A set of 16 tags was fabricated on the same substrate. As aforementioned, it is important to note that all tags come from the same digital file and substrate and share the same mask and fabrication process. The measurements were performed with an Agilent N5222A (0.01 GHz -26.5 GHz) PNA with Virginia Extensions (VDI modules) to operate from 65 GHz to 72 GHz. The VDI module is a frequency multiplier combined with a mixer with a WR 15 wave-guide output connected to horn antennas on co-polarization configuration. The measurement setup can be seen in Fig. 2 The repeatability of the measurement (including positioning error) is the first test. The magnitude of the |S 21 | parameters is shown in Fig. 2.21, where the designed tags without a ground plane are measured five times. The tags are removed from the foam for each measurement and placed in the same position. The general shape of the signal is almost unchanged when the tag is re-measured, considering the three designs. Furthermore, the same peak apex can be observed in all cases, which denotes that the backscattered fundamental mode is present in all the responses due to the resonant structure (Fig. 2.21).

The 16 different tags' EM responses when the measurement setup remains unchanged are depicted in Fig. 2.22; the curves are distinguishable. Note that each tag was measured five times, but only one measure is shown for simplicity. For example, the maximum of each peak apex is no longer at the same frequency. From the frequency response, the C-tag and L-tag present less marked differentiation concerning the resonance frequency peak apex. Meanwhile, the E-tag visibly presents distinguishable curves. It is important to note that all the designs were fabricated simultaneously with the same mask.

The E-tag structure was fabricated to operate in V-band at a slightly different resonance frequency, which differs from other designs. However, it is noteworthy that the dimensions of the structures remain in the same order. These measurements are the first step of the authentication procedure and represent the database of Fig. 2.19(a). The next step is to define a metric to differentiate each response and to evaluate the probability of error (PE). 

Evaluation of the PE for millimeter wave chipless tags

After the measurements, the first step is to assess the similarities among the signals. A metric must be used to consider the differences and similarities between the measured signals. Once the similarity coefficients are known, the error probability can be evaluated considering two classes, intra-and inter-tag. In this respect, two classes are constructed from repeated measurements and measurements among tags. Then a threshold is estimated to authenticate chipless tags with a minimum PE. 

Metric for the PE assessment

cos κ = Re(u • v * ) ( u . v ) (2.1)

Intra-and Inter-tag classes definition

Once the similarity metric is defined, two classes are evaluated from the tag measurements, the intra-and inter-tag class, in which the intra-tag corresponds to repeatability measurements and the inter-tag measurement between two different tags. Similarity coefficients are computed by to the intra-tag, the inter-tag coefficients are obtained by comparing measurements among the tags as illustrated in Fig. 2.23(b). Consequently, the association of these similarities coefficients defines the Probability Mass Function (PMF), which relates discrete events (intra-tag coefficients or intertag coefficients) to the probabilities associated with those events occurring. The PMF is defined as,

P X (x i ) = P (X = x i ), for i = 1, 2, 3, . . . (2.2)
where X is a discrete random variable with range

R X = {x 1 , x 2 , x 3 , . . . }. If x / ∈ R X , thus P X (x i ) = P (X = x i ) = 0.
Thus, the PMF is a probability measure that gives us probabilities of the possible values for a random variable [START_REF] Tran-Gia | Performance Modeling and Analysis of Communication Networks: A Lecture Note[END_REF].

The intra-tag PMF is computed by the comparison among the repetitive measurements of the same chipless tag, as depicted in Fig. 2.24, with L coefficients

(L = M • C N 2 )
. Likewise, the intertag PMF is achieved by comparing measurements between tags, K coefficients (K = N 2 C M 2 ) are obtained, the values of the inter-tag coefficients are shown in Fig. 2.24. Then, the distributions are depicted in Fig. 2.24. Intuitively, the overlapped area among the distribution curves represents the error associated with the measurements, in which the distributions never cross. Note that in the case of disjoint distribution, the error probability is by definition equal to 0. 

PE approach classification

To estimate the PE associated with repeatability and different tags measurements, the Cumulative Density Function (CDF) is evaluated using the previously defined PMF to each distribution P intra and P inter . In this sense, the CDF is defined as,

F X (x) = x i ≤x P X (x i ) (2.3)
Using the distribution coefficients P intra and P inter , the CDF of each distribution are calculated by (2.4) and (2.5). Consequently, the probability of error is chosen to minimize the number of false positives and false negatives, which happens exactly at the intersection point between the F intra (x)

and F inter (x) as depicted in the Fig. 2.25. Following the comparison of the tag to authenticate and the database, the resultant maximum similarity value can be compared with the threshold to determine the signal authenticity. 

F intra (x) = x -∞ P intra (x) (2.4) F inter (x) = ∞ x P inter (x) (2.

Performance evaluation

The whole intra-tag and inter-tag probabilities for the three analyzed tags are shown in Fig. 2.26 and Fig. 2.27, respectively. Both probability results are evaluated using the cosine similarity. The intra-tag coefficients for the whole evaluated designs C-tag (Fig. 2.26(a)), L-tag (Fig. 2.26(b)) and E-tag (Fig. 2.26(c)) are close to 1, i.e., a high similarity between the measurements is observed.

Note some discrepancies are highlighted when L-tag is analyzed; the minimum intra-tag value is approximately 0.97. These values arise from the small misalignment between the measurements along the intra-tag. It is important to note that all the tags are measured using the same setup. is similar, 12.4% and 15.6%, respectively. The PE of error obtained is relatively high compared to traditional authentication methods. However, when similar approaches using EM responses are compared, such as in [START_REF] Ali | Potential of chipless authentication based on randomness inherent in fabrication process for RF and THz[END_REF], there is a significant reduction in the probability of error, thus resulting in an improvement given by the proposed method.

Considering all previous designs, the E-tag design performs better in terms of PE. The frequency differentiation highlighted by the peak apex shift of the resonance frequency (Fig. 2.22(c))

reflects the tag-independent aspects transcribed in the backscattered tag signal. It highly increases authentication robustness. Despite the tags being fabricated simultaneously, the evaluated PE is much lower than in similar approaches. As previously mentioned, it is expected that the comparison between inter-realizations (tags fabricated at different times) can significantly decrease the PE.

It is essential to highlight that a tag built with more scatterers, where each resonates at different frequencies, can improve the PE. The PEs of the fabricated tags are resumed in Table . 2.3. 

Evaluation of the non-systematic errors

Non-systematic errors are not predictable and cannot be removed through traditional calibration methods; these errors are inherent to every measurement system. Thus, the knowledge of the test bench's non-systematic errors is essential to assure the application's robustness. New measurements were performed with the E-tag to evaluate the influence of the new data enrollment phase by test bench disassembly and reassembly. Further, three new databases were enrolled besides the already studied |S 21 | repeatability measurements.

Temperature stability

In practical applications, the response of the whole test bench is affected by a substantial drift related to ambient temperature changes. The same tag was measured at different temperatures to evaluate the influence of ambient temperature variations on the tag's response. highlighted points in Fig. 2.30. These similarity coefficients do not induce a false negative reading.

Thus, the additional amplitude drift will not induce an error. The frequency drift of the peak apex (resonance frequency) versus the time is shown in Fig. 2.31.

A drift of 10 MHz is observed. To evaluate the effect of this variation on the error probability, the cosine similarity comparison between the complex responses corresponding to points (1) and

(2) shown in Fig. 2.31 has been evaluated. A similarity of 0.9988 is obtained from the highlighted points in Fig. 2.31. This similarity is higher than the threshold (0.9827) defined considering a single angle. Then, the frequency drift will not induce an error.

The drift errors are inherent to the mmWave test bench. However, the impacts are insignificant considering a stable temperature environment (the nominal configuration of using such a measuring device). Thus, the system must be implemented in a well-known, controllable/constant temperature environment. 

Tag positioning sensibility

Another relevant factor in analyzing the non-systematic errors is the tag/support positioning errors. Therefore, the sensitivity inherent in each measurement by support rotation/translation movement is evaluated. As depicted in Fig. 2.32, the support is placed on a platform that can perform rotations and translation movements with high accuracy.

S 21 measurements are performed at the previous measurement setup (Fig. 2.20). The initial position P 0 is saved for comparison purposes. Then, the similarity coefficients due to the tag translation for a sequence of different positions relative to the initial position are computed. As depicted in Fig. 2.33 and Fig. 2.34, the measurement is sensitive to small variations imposed on the tag support for rotation and translation displacements. In this way, the test bench is significantly affected by variations in both rotation and translation, as shown in Fig. 2.33 and Fig. 2.34, respectively. Then, concerning the translation movement, which is equivalent to the issue of tag positioning inside the foam support, the tag can be shifted until 0.1 mm without negatively affecting the similarity coefficients. However, rotation movements have to be controlled using non-rotated support. If this condition cannot be ensured, the measurements will not be able to be repeated.

New database enrollment

Finally, three new databases were enrolled to assess the measurement test bench's reproducibility. For each database enrollment, the test bench was completely disassembled and reassembled.

Before each database enrollment, a measurement without the tag is performed. Fig. 2. [START_REF] Baca | Semiconductor Wires and Ribbons for High-Performance Flexible Electronics[END_REF] shows the measurement results of the same tag (tag measurement minus empty measurement of the corresponding test bench) for the three test benches realized. A maximum amplitude difference among the measures is approximately 0.7 dB as shown in Fig. 2.35. Most of these variations are related to the fact that despite the efforts to reproduce the measurement benches identically, small disparities (cable positions, cable tightening, etc.) impact the S-parameters. However, this impact remains low (lower than 0.7 dB on the tag measurement). The frequency shift seen in Fig. 2.35 represents a negligible change (10 -5 ) on the similarity coefficients. Then, it indicates that the measures are quite similar when the databases are compared individually.

After database enrollment, the PE for each database is evaluated. For example, Table 2.4 shows the whole PE associated with each database. Therefore, considering the database enrollment, the non-systematic errors have a low impact on the measurements, leading to close results between the databases. Thus, the test bench could be disassembly and reassembly without constraints.

Max amplitude difference

Figure 2.35: The tag measurement considering the test bench that has been disassembled and reassembled three times. 

Comparison among databases

Beyond the PE comparisons considering the same database, the different databases are compared. It allows for evaluating the PE deviation when the tag measurements were carried out with a measurement bench assembled/disassembled.

Again, the cosine similarity has been used as a metric for comparison between the measurements. New classes are defined for the database (DB) comparison:

(I) The intra-DB class concerns comparing the same tag measures when analyzing databases.

(II) The inter-DB class, which relates the different tag measures comparison considering two different databases

Then, the PE associated with the database comparison is evaluated. This analysis allows knowing if the fact of assembling and disassembling the test bench changes the probability of error. Then, the changes in the probability of error compared to only one database means that the supposed increase in the probability of error is due to the non-systematic errors present in the assembly/disassembly of the set. Table 2.5 shows the PE associated with each database comparison. The noticeable increase in the PE indicates that non-systematic errors due to assembly/disassembly are present. However, these non-systematic errors may be reduced by measuring a reference object. Indeed, the same object (like a simple metal plate) can be measured once with each setup and used as a reference target to remove part of the assembly error between different databases.

With this and the empty measurement, it would be possible to calibrate all the tag measurements to compute an RCS value [START_REF] Vena | Chipless RFID Tag Using Hybrid Coding Technique[END_REF], which is a quantity independent of the measurement bench. The test bench assembly/disassembly can be performed for all these reasons. Given the proposed method, the whole PEs range in the 2.36% -5%. Additionally, considering the measurements repeatability issue, the system must fulfill the following conditions:

-Measurements must be performed in a well-known and controllable temperature environment, which should not vary more than 2 • C between two measurements;

-The support must be able to provide an accuracy of at least 1 mm in translation (δ), and the rotation angle (α) must be less than 1 • between two measurements.

CHAPTER 3

Optimum bistatic configuration reading to enhance identification and authentication performance 

Introduction

A bistatic reading configuration that optimizes the angle between the two antennas and allows for better isolate the chipless RFID tag contribution from clutter is presented. Thus, considering the UWB band, the method enhances the reading performance of the chipless tag identification and authentication applications. The idea is to extract as much useful signal (relating to the tag information or tag ID) from the total signal using a dedicated bistatic reading configuration. It is proposed as a general method that applies similarly to identification and authentication problems.

Thus, these two applications are evaluated in this chapter. This extraction step is implemented from a hardware point of view, which differs from classical approaches based on signal processing.

Indeed, this technique makes it possible to read tags even in highly reflective environments (metallic surfaces) without a calibration method, such as subtracting the background without the tag or advanced post-processing steps. For this purpose, a bi-static antenna configuration is employed.

The angle between the incident wave and the backscattered signal is chosen to maximize, whereby the ratio between the power coming from the resonating contribution of the tag to the non- for estimating the authenticity of each tag. To better exploit a large amount of data collected with this approach, a Machine Learning (ML) classification is used, which enhances the system's performance. The probability of error (PE) achieved with the method is around 1%. This PE is five times lower than the one obtained with a similar approach implemented with one angle.

Bistatic measurement technique

One of the main challenges for chipless RFID systems is the reading robustness; several techniques attempt to reliably retrieve the tag ID from the clutter signal captured in a real environment with different objects surrounding the tag. Also, this technique improves the amount of information related to the tag, which is convenient for authentication applications.

Then, more or less evolved techniques have been implemented to overcome the clutter level imposed by the environment, e.g. the backscattered signal from peripheral objects and coexistent inference sources. This calibration-free technique is based on bistatic measurement for chipless tag reading and is exploited for the first time. Then, by correctly choosing this angle, it is possible to remove the quasi-optic mode from the backscattered signal. Unlike other approaches, this one is promising, considering highly reflective scenarios or increasing the amount of information for secure applications.

Working principle

Since the information is only linked to the resonant mode of the tag response, any superimposition of the quasi-optic mode and clutter collaborations over the resonant mode is a problem for tag detection since peaks in the frequency spectrum are overlapped by the clutter signal level [START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded rfid[END_REF]. In this way, it is known that the tag reading robustness is significantly affected by the signal-to-noise ratio (SNR) of the received backscattered signal or, specifically, the resonant to quasi-optic mode ratio (RQMR). One way to improve the RQMR is to choose a reading position at an angle β using a bistatic co-polarization configuration from which the RQMR is considerably improved as shown in Fig. 3.1. β expresses the bistatic angle between the transmission and reception antenna. Indeed, when the tag is located in the plane perpendicular to the incident wave, quasi-optic reflections are backscattered in the same direction of the excitation, contrary to the resonant mode that will be backscattered in different directions that could be the specific direction β. The backscattered pattern can be established at the resonance frequencies of the analyzed tag as a function of the bistatic angle β. Then, the objective is to find a bistatic angle β between the a priori known incident wave and the received antenna that maximizes the ratio between the resonant and the quasi-optic mode.

Note that this technique can be used jointly with other post-processing methods such as time gating, spectrogram and others.

Channel modelling

A channel model block diagram was analyzed in [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF] to characterize the isolation between a depolarizing chipless tag and the surrounding environment. After that, a channel model is presented in [START_REF] Ramos | Temporal Separation Detection for Chipless Depolarizing Frequency-Coded RFID[END_REF] to highlight the time dependence between a tag composed of resonant elements and the surrounding environment. Finally, the block diagram that exemplifies the quantities concerned in the problem is depicted in Fig. 3.2. To include the dependence of the angle (β)

between the transmission and reception antennas in the model, all the coefficients of each block (2 × 2 matrix) introduced in Fig. 3.2 are a function of β.

Then, with the same derivation done in [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF], the signal retrieved in co-polarization by the reader M vv is:

M vv = [C vv (β) + O vv (β)]R vv (β)T vv (β) (3.1)
Note that some assumptions have been made to obtain (3.1). For example, the surrounding objects are considered not to depolarize the signal. Thus cross-polarization terms (R vh , C vh , C hv , T hv , O hv , O vh )

have been neglecting. Further, the terms (C hh , O hh ) do not appear since we express only the vertical component. Also, in bistatic measurements, the isolation measurement (noted I in [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF]) tends to zero.

The tag response in co-polarization (C vv ) can also be represented considering the resonant and the quasi-optic mode. Therefore, the term (C vv ) can be rewritten, following C vv (β) = c qo vv (β) + c res vv (β). The superscript "qo" and "res" denote the tag's quasi-optic and resonant modes, respectively. Note that for classical resonant scatters like the ones used here, c res vv can be modeled as a second-order resonator [START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded rfid[END_REF].

Note also that if for a given non-zero angle β, we have the relations c res vv (β) O vv (β) and c res vv (β) c qo vv (β) the terms O vv and c qo vv can be neglected, and the following relation can be considered:

M vv (β) = c res vv (β)R vv (β)T vv (β) . (3.2)
Then, the received co-polarization response (M vv ) is the only function of the tag ID response and of the (R vv (β); T vv (β)) term, which do not depend from the surrounding environment of the tag. In the next section, simulations are performed to assert the model robustness and to find the angles β for which it is possible to consider the assumption c res vv (β) O vv (β). Note that (3.2) is similar to [10, Eq. ( 9)], which is also independent of the presence of any object with the difference in the fact that [10, Eq. ( 9)] corresponds to the signal retrieved in cross-polarization for a depolarizing tag.

Analytical formulation

The model introduced here is based on the idea that our resonators are open-circuit patch

antennas (or open-circuit microstrip dipole). Also, it is possible to use the well-known formalization describing the radiated field of an antenna. Indeed, the scattering properties of any antenna can be characterized by obtaining the values of the radiation properties and the structural scattering of the antenna. The field scattered by an antenna as a function of the load impedance is given by in the following expression [START_REF] Hansen | Relationships between antennas as scatterers and as radiators[END_REF],

E s (Z L ) = E 0 + Z L (Z L + Z A ) I 0 I a E r . (3.3) 
Where E s (Z L ) is the total scattered field when the antenna is terminated with the load Z L . E 0 and I 0 are the scattered fields and the short circuit current when the receiving antenna is terminated with a short circuit (Z L = 0). In (3.3), Z A corresponds to the antenna impedance. E r corresponds to the field radiated by the antenna with a current I a at its input. Note that the first term relies on a quasi-optic backscattering phenomenon and the second term on the antenna behaviors (sometimes known as the resonant mode), which in our case is a resonant device (patch antenna).

From that equation, we have a clear separation between the quantities involved in the problem, which yields the total scattered field E s .

The quasi-optic term is strictly related to the incident field, the surrounding objects that compose the measurement environment, and the substrate on which the tag is built. Considering a microstrip dipole, the quasi-optic term is obtained by short-circuiting the dipole with the ground plane (0.3λ × 1.2λ), which corresponds to the field backscattered by a rectangular plate. In this sense, the short-circuited dipole doesn't interact with the incident plane wave. It is important to note that the co-polarized received scattered field is retrieved according to the largest ground plane dimension.

As mentioned earlier, our tag (particularly when it has a single resonator) is an open circuit patch antenna, i.e. Z L → ∞. Thus, we can rewrite (3.3) considering the previous assumptions leading,

E s = E 0 + I 0 I a E r . (3.4) 
We note that the terms E s and E 0 are backscattered fields (they are excited by an incident plane wave on the structure, in this case, in simulation, the excitation is imposed in V/m), while E r is a field radiated when we place a port at the antenna (in the case with port giving access to the S-parameters, thus imposing 1 W for example, we can also excite the structure with a current source and impose for example I a = 1 A). The fact that these two quantities are related to different types of excitation explains the presence of the term I 0 /I a , which allows considering this essential aspect. This ratio I 0 /I a is a constant independent of the observation angles and will be obtained in simulation to allow us to use (3.3) to explain the introduced approach.

Considering the microstrip dipole, the quasi-optic term is obtained by short-circuiting the dipole with the ground plane (0.3λ × 1.2λ), which can be approximated to the field backscattered by a rectangular plate of dimension (0.3λ × 1.2λ). In this sense, the short-circuited dipole doesn't interact with the incident plane wave. Therefore, it allows applying for E 0 the analytical expression of the backscattered field of a metal plate [START_REF] Balanis | Antenna theory: analysis and design[END_REF]. This hypothesis has been verified in simulation and measurement.

It is important to note that the metal plate's backscattered field is all the more valid as the dimension of the plate is large compared to the wavelength. In the case of our tag and thus of a ground plane of size (0.3λ×1.2λ), the introduced error is not negligible, which led us to compensate for it by multiplying E 0 by a complex constant-coefficient to obtain an excellent approximation with the ground plane simulated on CST. Henceforth, that coefficient is considered.

In (3.4), the term relating to the antenna radiation pattern E r , which describes the resonant behavior of our tag, is obtained by assuming the emitted field by a patch antenna along the resonant dimension. Thus, E r expresses the field radiated by a patch antenna [START_REF] Balanis | Antenna theory: analysis and design[END_REF].

Each field quantity can be analytically calculated from the clear separation given by (3.4).

Note that both fields E 0 and E r are considered at a far-field distance. The total scattered field From electromagnetic simulations performed using a full-wave simulator, a current ratio I 0 /I a = 1.4860 -0.9702j is obtained. In addition, it is used to consider the two types of excitation of the quantities present in (3.4). First, it corrects the difference in amplitude that we can see between the curves concerning E r . After this correction, the E s field is evaluated by (3.3) and is similar to the one directly obtained by simulation.

The great interest of (3.4) is that this equation allows linking with the channel model system introduced in Fig. 3.2. Indeed, according to what has been mentioned previously, the term E r corresponds precisely to the resonant behavior of the structure and is, therefore, proportional to c res vv (β).

As for c qo vv (β), it is related to E 0 , i.e., the specular reflection of the object. c qo vv (β) is however more general than E 0 . Indeed, this term considers all the quasi-optic reflections of the scene. So, for n objects surrounding the tag,

c qo vv (β) ∝ E 0 (β) + O vv 1 (β) + • • • + O vvn (β) . (3.5) 
We can specify here the different assumptions taken into consideration that will allow us to remove as much as possible the contribution of c qo vv (β) resulting in the same assumptions that have been done in the Section 3.1.2, i.e., c res vv (β) c qo vv (β). Note that the ground plane related to the term E 0 (β) is a specific object for a chipless tag reading scene. Indeed, it is a metallic object, flat, relatively small concerning the wavelength, and positioned at normal incidence to the main antenna beam. It can be considered to behave in a very different way from other O vvn (β) objects commonly present in a chipless tag readout scene.

Indeed, these objects are generally larger than the tag and can be non-metallic. By considering large objects (metallic or not) placed in normal incidence for the emitted field, we know that they have specular radiation. Therefore the more we deviate from the normal incidence for the reception of the backscattered field, the weaker their contributions will be. Thus, by looking for the value of the angle β opt that minimizes E 0 (β), we will reduce the contribution of the term c qo vv (β) and get closer to condition c res vv (β) c qo vv (β). It should be noted that the condition c res vv (β) c qo vv (β) is difficult to achieve whatever the environment (we will always find environments incompatible with c res vv (β) c qo vv (β)) or even over the entire frequency band considered, however, the bistatic measurement with an optimized angle β opt as described here will reduce the contribution of the environment objects, and better reading for many environments. This practical validation on real environments will be done based on measurements.

Note that this model and this approach make it possible to accurately estimate the angle β opt in the absence of objects.

In Fig. 3.3, we observe the maximum RQMR around β opt , which proves the maximum difference in amplitude between the structural and the scattered resonance contribution. This angle maximizes the RQMR. In other words, the other contributions, namely the quasi-optic reflections, are filtered at that angle. The results plotted in Fig. 

Proof of concept using full-wave EM simulator

A proof of concept based on a simple dipole resonator with a ground plane, shown in Fig. In Fig. 3.6, for β = 56 • , a characteristic form of a second-order resonator which proves that in this configuration, only the resonant mode is recovered by the E-field probe and, therefore (3.2) can be considered. In other words, the other contributions, namely the quasi-optic reflections, are filtered in this reading configuration.

Note that when β = 56 • , the level difference with and without the tag is higher than 20 dB.

The object backscattered diagram shown in Fig. 3.5 expresses the tendency to reflect the field in β = 0 • direction, where the quasi-optic mode is evidenced by a rapid variation around β = 0 • , it is important to note that β = 0 • direction is considered sensible to clutter signals. (III) The substrate signal is higher than the tag signal; thus, a dip is obtained in frequency response. Then, since the substrate amplitude level overlaps the tag amplitude signal, a dip in frequency response can be noticed (Fig. 3.8(d)).

(IV) The resonant to quasi-optic amplitude level has 5 dB, which means that the frequency response presents a peak with an amplitude equivalent to the difference between the signal's amplitude (Fig. 3.8(e)). The a priori knowledge of the environment is imperative to chipless system implementation.

Indeed, when the tag is placed on different objects, the backscattered diagram changes. Then, it allows retrieving the tag ID in preferred angular regions, as depicted in Fig. 3.9. Indeed, object geometry changes modify the RQMR level. A single input multiple output system may be employed in this practical situation, where multiple antennas can focus on different angles. For instance, in A tag composed of 7-resonant dipoles is developed considering the previous ground plane to emphasize the encoding information possibility from this presented approach. Hence, the 7-resonant elements have different lengths, thus, different resonance frequencies. As shown in Fig. 3.10, the prominent peaks at β = 56 • indicate a high RQMR. However, when β = 0 • , the low level of each frequency denotes a low RQMR; it is noteworthy that even when β = 56 • , the last resonance is negatively impacted. Then, its RQMR is reduced due to the interaction with the ground plane. Therefore, another ground plane dimension can be used to increase the number of resonances. 

Experimental setup and measurements

Semi-anechoic environment measurements

The measurements were performed with an Agilent N5222A (0.01 GHz -26.5 GHz) PNA. A circular probe array system (StarLab form MVG) is used to measure the radiation pattern, such as a multi-probe spherical system. As shown in Fig. 3.11((a)), the entire setup is surrounded by absorbing materials, which reproduce the free space condition. The spherical systems are composed of two arrays of probes installed on an arch of 45 cm radius. The probe array allows electronic scanning. The probes array is intended for measurements on a 0.65 GHz -6.0 GHz frequency range. The probes consist of two orthogonal arrays on the circular structure; each probe has two antennas linearly polarized and aligned according to horizontal and vertical polarization, The transmission antenna (QH800) from MVG) is linearly polarized R θ ) and operates in the 0.8 GHz -12 GHz range with a gain of 5 dBi -10 dBi. The tag is positioned at the arch center, as seen in Fig. 3.11. The support on which the tag is placed is microwave transparent in the considered bandwidth. Consequently, the tag is measured in three different configurations: first, without the presence of objects and without any post-processing. Then, the tag is placed on an object, and the measurements are made. Finally, the time-gating filtering is considered with the object's presence.

(R φ , R θ ), respectively [see inset in
Three antenna measurement configurations are evaluated for comparison purposes in the same anechoic chamber setup (StarLab form MVG):

-|S 11 |: Mono-static measurement. The transmit antenna (QH800 from MVG) receives the signal.

-|S 21 (β = 2.5 • )|: the bistatic configuration at β ≈ 0 • , where the isolation between the antennas is greater than 20 dB. One antenna is the (QH800), and the other is probe number 1.

-|S 21 (β = 60 • )|: the bistatic configuration at β ≈ 56 • . The QH800 antenna and probe number 3 are used in this case.

A classical calibration method, which consists of the measurements of the tag and a measurement of the substrate (without dipoles); thus a subtraction between both, has been used to extract the resonance frequencies of the tag (f 1 , • • • , f 7 ). This way, the knowledge of the exact resonance frequencies is assured for the rest of the study, as shown in Fig. The tag based on multiple half-dipoles that can operate from 4.25 GHz to 5.5 GHz and introduced previously has been fabricated (see Fig. 3.12). The proposed technique is evaluated through the measurements of this tag. Furthermore, the simplicity of the tag used allows a straightforward assessment of the method.

Evaluation on raw measurements

Measurements are evaluated without any post-processing. Considering the mono-static |S 11 | measurements, as shown in Fig. 3.14, the frequency response does not present any marked resonances. Hence, the low RQMR (due to a high quasi-optic mode amplitude level present in the tag response) provides a signal in which the tag information is not readable. In bistatic configuration Since the tag is analyzed at different frequencies, the whole backscattered diagram changes mainly due to the ground plane influence. Then, for some frequencies, the RQMR is maximum. However, for some of them, mostly (f 7 ), the RQMR is negatively impacted, and the Q-factor, the same situation is highlighted previously in Fig. 3.10. 

Assessment of raw measurements in object presence

As depicted in Fig. 3.15, a magazine is used as an object on which the tag is placed. The presence of the thing significantly increases the quasi-optic mode, and a flat frequency response can be observed in Fig. 3 Note that to improve the results in case of the object's presence, the curves presented in Fig. 3.16 are obtained by subtracting the measurements of the tag from the empty measurement (S e ).

The empty measurement is done without the object and the tag's presence. Notably, this postprocessing operation is independent of the scenario and can still be used in practical applications.

Furthermore, this previous subtraction removes the antenna mismatch's effect. 

Evaluation of measurements on object presence with time-gating filtering

As seen in Figs. 3.14 and 3.16, some peaks and dips are shifted from the expected resonance frequencies (as described theoretically in [START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded rfid[END_REF]), which can significantly affect the robustness of the reading. Consequently, a signal post-processing step is required to correct the reading process.

A common way to partially remove the clutter contributions from the tag response is to filter the incoming signals on the time domain as shown in Fig. 3.17 [START_REF] Girbau | Time-coded chipless RFID tags: Design, characterization and application[END_REF][START_REF] Ramos | Temporal Separation Detection for Chipless Depolarizing Frequency-Coded RFID[END_REF]. For this purpose, a time window is positioned after the main first object reflection (t start ) until the last resonant time (t stop ), thus removing the quasi-optic mode at the beginning of the signal [START_REF] Ramos | Temporal Separation Detection for Chipless Depolarizing Frequency-Coded RFID[END_REF]. After the time domain filtering, the time signal is converted into the frequency domain. It is essential to point out that all signals processed use the same rectangular window length (the first strong quasi-optic contribution is removed from the signals). Furthermore, the empty subtraction was performed before the time-gating operation. 

Time-gating window

t stop t start

Real environment measurements

To assess the effectiveness of the proposed approach, the 7-resonator tag has been measured in a real environment. The response of the tag has been calculated using two vertical-polarized horn antennas (QH2000) in bistatic configuration at an angle β = 60 • on a 4.25 GHz -5.5 GHz frequency range with a gain of 5 dBi -9 dBi. The tag was placed at a distance of 15 cm from the antennas; the setup is depicted in Fig. 3.19. To assess the robustness of the presented method, the tag was measured when attached to different objects: a book, a metal plate, a carton box, and a plastic container. The metal plate case with dimensions 350 mm × 800 mm can be seen in Fig. 3.19. It is noted that the objects used are different in terms of materials and dimensions.

Indeed, none of these materials have the exact dimensions as those simulated (see Fig. 3.9). The objective here is to show the robustness of the approach, whatever the objects on which the tags will be positioned. Therefore, a simple time-gating filtering step is necessary to extract the resonance frequencies by removing the rest of the quasi-optic mode.

The time window starts immediately after the first strong peak in the temporal signal representation; meanwhile, the window is long enough to get the late-time response [t start = 6.92 ns,(t stop = 11.9 ns]. After the time filtering, the frequency responses are depicted in Fig. 3.21. The frequency response for all the objects presents the same peak apex position, which perfectly matches the expected resonance frequencies.

Note that in addition to the spatial diversity, temporal filtering must be employed to extract the resonance frequencies of the tag. It must point out that these results are not achievable with the classic approach, i.e., |S 21 (β ≈ 0 • )| and time gating. Nevertheless, the proposed technique paves the way for new chipless RFID system implementations. Besides, new RFID chipless systems can implement this technique to increase the system's robustness, where several antennas can be used in specific locations (different β-angle), thus increasing the reading reliability.

Tag performance under real reading situations

Tag decoding scheme

Two distinct situations are analyzed to address the issue of the evaluation of post-processing techniques in chipless applications. The measurement was done either in two different environments. Then, the post-processing step is performed on the raw signals. Firstly, the measurements were conducted in an open environment and performed on a large metallic table. Thus, in this particular case, [namely environment-1 (E 1 )], the environment does not present any object near the tag; there are simply reflections on the walls and ceiling several meters behind the tag. In the second environment, the setup is placed in a semi-anechoic chamber where some objects are introduced in the tag vicinity, namely environment-2 (E 2 ). The object's vicinity increases the level of the quasi-optic reflections. Then, to assess the tag robustness, the 7-dipoles tag backscattered signal is recorded considering the S 11 and S 21 (β = 60 • ). It is noteworthy that no empty calibration is applied to the signals, and the same time-gating has been applied.

Note that the environment E 1 does not present any object near the tag, corresponding to a complex environment. Thus, it is particularly favorable to the method (the power of the signal backscattered in bistatic for an angle of β = 60 • is necessarily weaker than that obtained in monostatic). Contrarily, the environment E 2 , which presents objects close to the tag, is typically a good example of environments for which the method was introduced.

As depicted in Fig. 3.22, the frequency-and time-domain curves have been plotted. The As depicted in Fig. 3.22(b), without any object in the tag vicinity, reflections from far-distance targets fall in late-time response, which directly impacts the RQMR by the less marked peaks.

On the other hand, when objects are placed in the tag vicinity, as shown in Fig. 3.23(b), two contributions appear in the early time: in addition to a first reflection which arises from the antenna to the cable connection, meanwhile, a second main reflection relies upon the tag and objects quasi-optic reflections. Further, the S 21 measurement retains the first and second peak in the early time. The reflection seen in early time is due to the antenna reflection. It is important to note that the quasi-optic mode from near contributions is highly decreased by the bistatic measurement (S 21 ).
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sub-bands "1" "1" "1" "1" "1" "1" "1" DPA 0.086 "1" 0.148 "1" 0.126 "1" 0.143 "1" 0.151 "1" 0.169 "1" 0.079 "1" Combined results "1" "1" "1" "1" "1" "1" "1" related to a resonance frequency. The result of the correlation can be used directly to identify the resonance frequencies by calculating the maximums of the curve. The approach to identifying the tag is as follows: the cross-correlation is first obtained. Then all the peaks on that signal are computed, and only the seven peaks with the highest correlation values are selected. We evaluate afterward which sub-band they belong to, as we can see in Fig. 3.24. As long as we know the ID of the measured tag, we can compare the sub-bands where a peak is present with the expected result to verify the result. If a peak belongs to an expected sub-band, the value "1" is attributed, and "0" otherwise.

Moreover, a metric based on the dip-to-peak amplitude (DPA) has been performed (see Fig. 3.24).

The DPA quantifies the level difference between the peak and the left first valley. Fig. 3.24 show the cross-correlation result and the metrics involved in the decoding algorithm.

A threshold is established to protect against false detection (typically peaks apex with am-plitudes too close to the noise level). For each of the seven peaks, a DPA value higher than a threshold relating to the "1" and "0" otherwise. It should be noted that the metric can be used to increase the decoding robustness. Therefore, the DPA highlights the resonant level compared to the clutter contributions.

Finally, if the peak is placed inside the correct sub-band and the DPA is superior to the threshold, we get "1" for an expected correct detection. However, if one of these conditions is false, the "0" value is attributed. The block diagram of the decoding algorithm is presented in Fig. 3.25. The obtained IDs are resumed in Table 3.1 and Table 3 

Non-systematic errors evaluation

In this study, real non-systematic errors that can impact the tag response are assessed to ensure the robustness of detection for real-environment applications. For these measurements, the time-gating is done.

Using a bistatic reading configuration imposes positioning the tag in a specific space area with a given angle (normal incidence). So it is interesting to evaluate possible errors in the position or orientation of the tag. Indeed, the tag's translation or rotation can be considered in system implementation. As the measurements have been performed at a fixed β-angle with a reading range of 15 cm, the translation error (δ) means that the tag is shifted according to the linear polarized transmission wave, as shown in Fig. 3 The technique presented in this article proposes a single measurement to retrieve the chipless tag ID with a simple additional post-processing step. Additionally, high-reflective environments are evaluated in different conditions. These results show that the proposed technique must fulfill the following conditions:

Reading range

-The maximum tag rotation (α) considering the two antennas configuration (Tx and Rx with a β-angle) is -7 -The translation (δ) must be less than 3 cm (-1.5 cm < δ < 1.5 cm).

• ≤ α ≤ 3 • .
-A reading ranges up to 15 cm.

Note that this is the result of the configuration with two antennas only. However, a more extensive reading volume. In this case, the improvement of the RQMR can be more than two antennas can obtain e obtained over a larger frequency band which will significantly improve the robustness of the reading and the reading area.

Therefore, the radiation pattern of the chipless tags is quasi-omnidirectional, considering halfand quarter-wave scatterer resonators. For tags with a ground plane, the dimension of the ground plane significantly impacts the total re-radiation pattern. Further, the angle between the two antennas can be optimized to a first approximation based on the ground plane size. Then, when 60 • angle is not optimal, it already filters most of the clutter contributions. This is also true for different types of environments. For example, an angle of 60 • for reading distances of a few tens of centimeters will reduce a significant part of the clutter contributions. Additionally, the shape of these scatterers or their number will not modify this re-radiation pattern significantly since resonant elements are considered.

Principle of chipless RFID authentication based on augmentation of tag information

A new method is proposed to authenticate RFID chipless tags designed in mmWave by exploiting the process variations during tag fabrication from the measurement at a different angle.

In this way, differently from other approaches, this method adds aspect-independent parameters based on the tag radiation pattern, then a new classification strategy based on Machine Learning (ML) is applied to authenticate the chipless tags. Compared to the previous method, each tag is measured at different angles to increase the amount of information related to the tag signature.

The objective is to define a general threshold based on the statistical distribution of the dataset classes and classify new entries.

The measurements are performed at two different angles based on optimizing the angle in the mmWave band, which privileges the resonant mode (Section 3.1). The obtained RCS of designed can be classified, as can be seen in Fig. 3.33(b). For example, given a couple of measurements φ 1 and φ 2 of a tag to be authenticated, similarity coefficients are obtained by comparison with the database. If these similarity values are below the threshold (H = 0), then it belongs to class 1 or class 2 contrarily.

E 4×4 is shown in

Performance evaluation

The repeatability of the measurement (including positioning error) is the first test. The magnitude of the S 21 parameters is shown in Fig. 3.34 where the same E 4×4 tag is measured five times.

The tag is removed from the foam for each measurement and placed in the same position. The EM responses for φ 1 = 0 • and φ 2 = 90 • are shown in Fig. 3.34(a) and Fig. 3.34(b), respectively. The general shape of the signal (mainly the amplitude) differs between the two angles. As expected, this means that the contribution of the structure mode is not the same. However, the same resonance can be observed in both cases, which denotes that the backscattered fundamental mode is present in all the responses due to the resonant structure.

The 16 different tags EM response for φ 1 = 0 • and φ 2 = 90 • are depicted in Fig. 3. 35(a) and Fig. 3.35(b), respectively. Contrary to Fig. 3.34, where all the curves were very close to each other, Fig. 3.35 shows curves that differ from each other. For example, the maximum of each peak apex is no longer at the same frequency. These measurements are the first step of the authentication procedure, representing the database of Fig. 2. 19(a). The next step is to define a metric to differentiate each response and to evaluate the PE.

By taking the similarity coefficients of intra-tag and inter-tag distributions, these values are mapped on a 2-D plan of coordinate (S intra (φ 1 ); S intra (φ 2 )) or (S inter (φ 1 ); S inter (φ 2 )), where S is the similarity function for the intra-tag class or inter-tag comparison, considering each angle. This process is depicted in Fig. 3.36, where each triangle corresponds to a distribution pair for different angles. Thus, once the threshold is defined, new entries can be classified.

Afterward, new entries are compared with the database for a given angle, as shown in the insets of Fig. 3.37. Firstly, concerning the tag to authenticate, the measurement is done at φ 1 , thus compared with whole database fields for the same angle φ 1 previously established. As a result, the highest similarity coefficient is retained. Secondly, the same procedure is performed considering the angle φ 2 . Finally, the couple values max (φ 1 , φ 2 ) are the entries for the H threshold function, which geometrically represents the hyperplane. Then, maximum similarity coefficients are computed, resulting in 1 if the EM response belongs to the database or -1 otherwise.

PE evaluation for augmentation of tag information

A threshold using the previously described linear classification approach has been defined to authenticate the tags. The (P intra (φ 1 ); P intra (φ 2 )) and (P inter (φ 1 ); P inter (φ 2 )) probabilities are shown in Fig. 3 In this context, the algorithm demonstrates good performance for authentication purposes, considering all the tags have been fabricated simultaneously, as reviewed in Table 3.3. Furthermore, as each fabrication process has its kind of uncertainty, PE can significantly be decreased if tags coming from different fabrications are considered (tags fabricated at a different time, even by the same manufacturer). On the other hand, few studies have been reported using chipless authentication. Moreover, these reported methods have a PE higher than the one reported in this work, as shown in Table 3.3. 

Evaluation of the test bench non-systematic errors

Non-systematic errors are not predictable and cannot be removed through traditional calibration methods; these errors are inherent to every measurement system. Thus, the knowledge of the test bench's non-systematic errors is essential to ensure the application's robustness. New measurements were performed to evaluate the influence of the new data enrollment phase by test bench disassembly and reassembly. Further, three new databases for each angle (φ = 0

• ; φ = 90 • )
were enrolled, besides the already studied |S 21 | repeatability measurements were evaluated. 0.6 0.9 0.5 φ = 0 • . On the other hand, the sensibility is much higher when compared to φ = 0 • . Then, the test bench is significantly affected by variations in case of measurements at φ = 90 • , both in rotation and translation, as shown in Fig. 3.40 and Fig. 3.41, respectively. Therefore, more restricted bounds must apply when the φ = 90 • is included. Concerning the translation movement, which is equivalent to the issue of tag positioning inside the foam support, the tag can be shifted until 0.1 mm without negatively affecting the similarity coefficients. Therefore, rotation movements have to be controlled using non-rotated support. If this condition cannot be ensured, the measurements cannot be repeated in the case of our intended application. Beyond the PE comparisons considering the same database, comparing the different databases is done. It allows us to evaluate the PE deviation when the tag measurements were carried out with a measurement bench assembled/disassembled. Only measures retrieved at φ = 0 • are evaluated since at φ = 90

• it has been seen that measurement repeatability is not accurate enough.

The 2D classification method provides a PEs range between 0.6%-1%. Furthermore, combined with the constraints imposed in the measurement setup at φ = 0 • , additional constraints must be respected for the setup measurement reproducibility, whereby the system must fulfill the following conditions:

-The temperature should not vary more than 2 • C, the same when one angle method is evaluated;

-The support must be able to provide an accuracy of at least 0.1 mm in translation and must not rotate (rotation angle less than 1 • )

-The system can be disassembled only if measurements at φ = 0 • are considered.

Authentication considering N th -angles

Random manufacturing uncertainties have always been proven different from one tag realization to another. Additionally, the random manufacturing characteristics exploited by multiple angles yield even more difficulty for attackers to copy, especially imitating multiple attributes simultaneously. However, the dimension extension on tag signature attributes does not enhance the authenticator's capability from a dimension superior to two. Then, the same information is added since multiple angles are measures, which indicates a dependence between the measurements.

Additionally, with more angles to measure, it complicates the predicting and authenticating procedure. Therefore, the learning-based ML algorithm complexity increase according to the number of different angles to measure. The PE results are evaluated to demonstrate the multiple-angle approach limitation.

For comparison purposes, the measure of a third angle is evaluated as shown in Fig. 3.42. The measurements were performed considering the RQMR depicted in Fig. hyperplane from linear SVM leading to a PE of 0.05%. Note that the additional angle (φ 3 ) does not carry the same reduction experienced when two angles are assumed to the ML approach. Therefore, this reflects the dependence among the angles when a third angle is added to the ML approach, which expresses not an addition compared to the two angles approach. Still, the authentication level is enhanced when a third angle is considered. Then, adding an N th does not significantly enhance the authentication performance. Additionally, it increases the complexity from the point of view of measurements, and increasing the number of angles will severely affect the complexity of the learning process.

Plane wave

Introduction

Considering any microwave circuit design, the major problem is to optimize the solution considering a collection of constraints and requirements. Generally, from a set of values, the optimum design must satisfy the constraints. When multi-constraints generate poor requirements achievements, the constraints are lightened to obtain a satisfactory solution.

In this context, the chipless RFID system is based on low-cost components at the tag side to reduce the price of a tag. Chipless tags do not possess a chip on the design and must be fully printable on a substrate. The resonant chipless RFID tags introduced in Chapter 2 have been designed by maintaining the fabrications constraints, whereas the RCS and Q-factor were optimized as thoroughly as possible. However, the dimensions designed for mmWave tags are difficult to implement considering low-cost methods, such as flexography, ink-jet, or thermal transfer.

In chipless systems, some design constraints are imposed due to the low-cost natural characteristics of this application. It is related to the operating band, losses, and the backscattered level, as pointed out in [START_REF] Amorim | Design and Manufacture of Resonant Chipless Tags in Millimeter-Wave Band[END_REF]. One of the main factors that do not allow for optimizing the chipless design in a millimeter wave band is the constraints related to the geometrical dimensions due to the printing method. The optimum design can be rendered impossible due to the printing constraints and requirements conflict. One of the principal limitations in low-cost printing methods is the minimum trace width (125 µm ± 25 µm) and the spacing between the traces (125 µm) [START_REF] Cruz | Printing Technologies on Flexible Substrates for Printed Electronics[END_REF][START_REF] Khan | A New Frontier of Printed Electronics: Flexible Hybrid Electronics[END_REF][START_REF] Khan | Technologies for Printing Sensors and Electronics Over Large Flexible Substrates: A Review[END_REF],

which drastically limits the chipless tag design at these frequencies. Although numerous methods are proposed for precision below (125 µm), none of them are low-cost and easily adapted to usual printing methods [START_REF] Jeong | High-resolution nanotransfer printing applicable to diverse surfaces via interface-targeted adhesion switching[END_REF][START_REF] Wen | 3D-printed silica with nanoscale resolution[END_REF]. Then, to mitigate the design constraints on chipless design, a design based on high-order (HO) modes tags are proposed to lighten these manufacturing constraints.

The basic idea behind HO chipless tags is the exploitation of HO resonant modes backscattered by the passive chipless tag. When the tag is impinged by a UWB pulse, it backscatters the wave at different frequencies: the resonance frequency and HO harmonic components multiples of the fundamental frequency. Then, this new design can be designed to lighten the geometrical manufacturing constraints by operating in HO modes. In this sense, from a practical point of view, a tag that operates on HO modes increases the size of the scatterer.

Unlike traditional harmonic generation, which exploits reflected harmonic signals generated by non-linear targets [START_REF] Colpitts | Harmonic radar identification tag for insect tracking[END_REF][START_REF] Chioukh | Monitoring vital signs using remote harmonic radar concept[END_REF][START_REF] Nourshamsi | Joint Detection of Human and Object Motion Using Harmonic Micro-Doppler Radar and Harmonic Tags[END_REF], here the target is linear. Indeed, the signal is often backscattered by a non-linear target, which generates the harmonic response, such as a semiconductors device connected to an antenna [START_REF] Colpitts | Harmonic radar transceiver design: miniature tags for insect tracking[END_REF][START_REF] O'neal | Tracking Insects with Harmonic Radar: a Case Study[END_REF]. Other targets, such as RF electronics, could cause the same effect due to non-linearities embedded in their design [START_REF] Mazzaro | Detection of RF Electronics by Multitone Harmonic Radar[END_REF]. Harmonic synthetic aperture radar also exploits the non-linearities generation to increase the resolution [START_REF] Jin | One-Bit LFM Pulse Radar: Harmonic Analysis and Target Reconstruction[END_REF][START_REF] Zhang | Analytic NLFM Waveform Design With Harmonic Decomposition for Synthetic Aperture Radar[END_REF]. However, some hardware requirements must be met when designing harmonic applications, i.e. the antennas must cover both the fundamental frequency band and the harmonics, and wideband antennas on the reception side are required. Further, the low SNR backscattered signal limits the applications to short-range systems.

Antennas were the first entirely passive microwave device to exploit HO modes. Different antenna structures use HO modes frequencies to increase their bandwidth [START_REF] Nourshamsi | Joint Detection of Human and Object Motion Using Harmonic Micro-Doppler Radar and Harmonic Tags[END_REF][START_REF] Yu | Tilted Circularly Polarized Beam Microstrip Antenna With Miniaturized Circular Sector Patch Under Wideband Dual-Mode Resonance[END_REF]. Additionally, antennas applications exploit the different radiation patterns generated by different surface currents, which uniquely excites the structure [START_REF] Jiang | A Novel Null Scanning Antenna Using Even and Odd Modes of a Shorted Patch[END_REF][START_REF] Dicandia | Null-Steering Antenna Design Using Phase-Shifted Characteristic Modes[END_REF][START_REF] Lu | On the multi-resonant antennas: Theory, history, and new development[END_REF]103]. Also, a proposition in chipless RFID systems that uses the radiation pattern is addressed [START_REF] Requena | Increased Coding Capacity of Chipless RFID Tags Using Radiation Pattern Diversity[END_REF]. The authors implement a total passive chipless tag keeping the idea of changing the radiation pattern to encode tag information.

Different from these traditional applications, a HO modes resonant chipless tag is implemented to relax tag printing constraints by increasing the size of the structure. The HO modes study is extended to tag with and without a ground plane, and their influence is highlighted by analyzing the fundamental and HO modes individually. Then, a comparison between these two structures carries to the development of a millimeter-wave HO chipless tag. Although the electrical structure size compared to the imperfections in the manufacturing process, these tags can also be implemented for authentication purposes as highlighted in Chapter 2 and Chapter 3.

Fully passive HO chipless RFID tags

Working principle

One advantageous property of chipless tags is their low cost and ease of fabrication. In addition, the information stored in the scatterers that composes the tag can be used for several applications, for example, coding data, sensing, and localization. However, considering millimeter wave frequencies (above 30 GHz), some drawbacks are intrinsic to chipless RFID systems: such as low backscattered level, low Q-factor, and losses. These drawbacks negatively impact the reading range, for example. On the other hand, since these frequency bands are not massively used as in the case of the UWB band, no signals from other systems will interfere with the applications in V-band. Some of these shortcomings are analyzed and mitigated along the development of the scatterer number and t an integer that relies on the HO component number. Note that the transmitter and receiver must operate in the bandwidth of the HO modes. Therefore, the HO tag is designed to cover the fundamental frequency and backscatter the HO components. One linear polarized signal is transmitted, and only HO co-polarized backscattered signal is retrieved.

It imposes a current sense in tag structure, in which only the length of the linear polarized wave contributes to the backscattered HO modes. Therefore, the distribution surface currents with a sinusoidal nature only excite the radiating odd high-order modes since the even high-order modes do not radiate. To illustrate the HO chipless tag principle, two different tag structures are simulated:

-Tag without ground plane (GP): C-shape.

-Tag with GP: Patch. 4.1. The resonance frequency has been chosen for the sake of simplicity. Indeed this method is suitable for any frequency.

In contrast to Design 1, a second scatterer has been built by scaling the dimensions of Design 1 (Table 4.1) and named Design 2: the dimensions of Design 1 were divided by three. The fundamental frequency of Design 2 is denoted f 2 as shown in Fig. 4.2 and is equal to 3f 1 . Indeed, Design 2 has some dimensions inferior to the minimum design constraints, which made the structure incompatible with low-cost printing methods (below 125 µm see Table 4.1). Then, instead of multiplying the number of patches in Design 2 to achieve the same RCS level as Design 1, we use Design 1 with one patch, which is more simple to fabricate.

Therefore, the HO tag can relax the design constraints considering the tags with and without GP. However, as we can see in Fig. 4.2, the HO mode backscattered level and Q-factor are impacted according to the utilization of the GP. This will be discussed in detail in the next section.

Next, the tags with and without GP will be analyzed regarding electromagnetic attributes (RCS level and Q-factor). The excitation mechanisms of these two structures show different relationships to the fundamental mode and HO mode. Additionally, a method is proposed to independently analyze the fundamental and HO mode contribution. 

Singularity Expansion Method (SEM) for HO mode analysis

To analyze the HO chipless tag response, we propose using SEM, which can potentially analyze the backscattered tag signal in terms of damping sinusoidal signals. In SEM analysis, the backscattered tag response assumes a form of a summation of damped sinusoidal contributions [START_REF] Rezaiesarlak | Chipless RFID[END_REF]. This method exploits the fact that the tag response is modeled as a quasi-optic mode (early-time) and a resonant mode (late-time), as discussed in Chapter 3. The early-time response comprises the coupling between the antennas and the optic response. The late-time response is directly linked to the resonant characteristics (fundamental frequency and the HO modes), whereas the Complex Natural Resonances (CNR) describe each independent contribution by the damping factor (decay time) and natural resonance. Then, the SEM method is interesting in that context, where the fundamental and HO contributions can be manipulated separately by their damping factors and resonances.

A transmitter sends a wave and impinges the tag, n resonators backscatter a signal with its resonances. In this turn, an SEM study can distinguish each contribution related to each resonance, where the multi-resonant circuit can be expressed analytically as

H(s) = F (s) + N i=1 R i s -s i , (4.1) 
where N corresponds to the number of poles, R i the complex amplitudes, s = α + jω complex frequency, s i = α i +jω i (α i damping factors and ω i angular frequencies) and F (s) the non-resonant part which includes the clutter contribution.

Then, by the inverse Laplace transform and considering a high-Q circuit, the time-domain signal reconstruction assumes the form

h(t) = N i=1 2|R i |e (-σ i t) cos (ω i t + θ i ) + f (t) . (4.2) 
Tags with and without GP will be analyzed to study the scattering mechanism associated with SNR chipless RFID tags. In both situations, only the late-time response is analyzed by the SEM approach, thus only the tag response is analyzed. Otherwise, if f (t) is present, the algorithm seeks to divide f (t) into multiple sinusoidal damping and therefore it returns a very large number of poles that do not correspond to the resonances. The fundamental and HO aspects are highlighted by analyzing each mode independently.

Tags without GP

The tags without GP often present less marked peaks and lower RCS. However, these tags are easy to manufacture since it presents only one layer. To show the HO effect, we consider one signal. Further, the energy of the HO mode is around 25 dB inferior to the fundamental mode.

Furthermore, the HO mode energy is 0.75 lower than Design 2, which operates at (f 1 ). Therefore, the EM attributes of HO modes are negatively impacted. Further, the loop-resonator dimensions are unpractical since it works in a frequency superior to 30 GHz.

In Therefore, chipless tags can operate at HO mode without GP. However, some drawbacks, such as the Q-factor and the fabrications constraints limit the range of applications.

Tags with GP

As an alternative solution for low-cost chipless designs, the tags with GP offer a solution to increase the EM attributes, such as the Q-factor RCS. The tags with a GP are built with two metallic layers deposed on a substrate. Resonators with a GP are like resonant cavities, giving them superior RCS to tags without a GP. The presence of the GP also allows good isolation from the object to which they are attached. Therefore, these tags can be designed without information about the objects on which they are placed on. Since two metallic layers are required, the GP introduces a more complex and costly final structure than the tags without ground. However, it can significantly improve the EM tag performance. In this sense, the microstrip design can improve the final developed tag by relaxing the fabrication constraints and enhancing the EM performances in terms of the RCS and Q-factor. The patch dimensions are resumed in Table 4.4. The simulated patch's backscattered electric field magnitude in the time domain is depicted in 2). Therefore, the quality factor remains in the same order. The quality factor and RCS are not highly impacted in the case of a tag with a GP.

For the HO mode tag, the energy of the fundamental mode is 6.4 times higher than the HO mode. Moreover, the energy of the HO mode 3f 1 is 6.47 higher than Design B, which has a fundamental mode f 2 = 30 GHz. Note that the two designs have the same excitation signal and time window. Then, the HO mode energy is greater than the same design structure operating in fundamental mode at the same frequency. Note that behavior is not observed for tags without GP.

The surface current distribution of the modes is shown in Fig. The RCS and Q-factors for the tags with and without GP are resumed in Table 4.5. Considering the EM performance of the two analyzed tags, the tag with a GP is more suitable for HO mode application. Additionally, the tags with GP successfully relax the manufacture constraints achieving fair EM attributes. However, GP tags still need an additional layer representing more material and a more complex printing process. Despite these shortcomings, it paves the way for new implementations in millimeter waves based on low-cost substrates, such as PET material.

Printable low-cost millimeter wave HO chipless tag for authentication purposes

We introduce the chipless tag millimeter wave HO tag using fully passive resonating elements for the first time. The main goal is to present resonant millimeter wave HO chipless tags com- Table 4.5: EM parameters comparison between the tag with and without GP.

Loop resonator (Without GP)

Patch resonator (With GP) Design

Design A (f 1 ) patible with the printing process. Furthermore, a tag based on a low-cost flexible Polyethylene terephthalate (PET) substrate is evaluated, which adds complexity to the system due to the substrate losses at these frequencies compared to a dedicated RF substrate. Nevertheless, this new design paves the way to identify tags printed on documents (tags printed directly on bio-sourced material) or even on specific manufactured products.

Design A (3f 1 ) Design B (f 2 ) Q-factor 319 
For this purpose, millimeter-wave chipless resonant HO tags have been designed considering the trade-offs between RCS signal level, losses, and design constraints. These shortcomings were the issue in Chapter 2 and will be applied similarly. The proposed HO chipless tag design is based on a PET substrate with two conductive layers (scatterer and ground plane), whereas the patch scatterer used as an elementary scatterer targeting the unlicensed 57 GHz -64 GHz ISM frequency band (V-band). From a practical point of view, the interest is to print a tag with a ground plane, where PET is utilized as a dielectric (generally used as a support). Also, the simple and straightforward manufacturing solution provides only one or two steps (depending on the printer) to realize the tag. Therefore, the tag manufacturer needs only to choose the conductive material available commercially today.

Likewise, for millimeter wave HO chipless tags, the most significant parameters for HO modes are the RCS level and the Q-factor. A high backscattered RCS allows the tag to overcome the clutter-level contributions. Dips characterize the spectral response of the HO mode chipless tag at the resonance frequency.

Proof of concept based on HO grounded tag

Similarly to what was presented in Chapter 2, the RF Encoding Particle (REP) is adopted, whereas the patch is chosen as an elementary particle as shown in Fig. 4.14. Afterward, each scatterer was identically replicated to overcome the low backscattered level limitation to increase the RCS backscattered field. The electromagnetic responses of the one-bit structures have been evaluated using CST Microwave Studio. The simulated structure is based on a PET substrate which has a permittivity ( r = 3.5) and dielectric loss (tan δ = 0.03) [START_REF] Suzuki | Millimeter-Wave Measurement of Complex Permittivity by Perturbation Method Using Open Resonator[END_REF] and thickness of h = 0.1 mm. The fundamental mode is designed to f 1 = 20 GHz; hence, the first usable HO mode appears around 3f 1 = 60 GHz. From the parameters, the scatterer's proximity to the ground plane impacts the resonance level most since it acts as a resonant cavity. Then, a simulation illustrates the electric field variation according to substrate thickness. Fig. 4.15 correspond to the electric field for different substrate thicknesses. Note that the dip level is inversely proportional to the substrate thickness. However, the dip level remains high within a range of values. In this case, the environment is constant. Additionally, the low-level peaks around 30 GHz are related to the opposite phases between the resonant and quasi-optic contributions, which we have not only seen the effect on the magnitude of the resonance. Then, the substrate thickness can have a value from a range between 0.1 mm to 0.25 mm without a considerable impact. 

HO tag manufacturing

The manufacturing of tags must also rely on low-cost printing processes. Therefore, a print method based on thermal transfer is adopted to manufacture the HO tags on low-cost PET flexible substrates. It is essential to highlight that the method used has similar constraints to photolithography, inkjet, gravure, and thermal transfer. In addition, a one-bit frequency information tag was printed to assess the effectiveness of the proposed tags.

An industrial thermal transfer printer (ZT610) is utilized to tag manufacturing see Fig. 4.16. A commercial PET with a thickness of 100 µm is chosen as the substrate for this design, which has a The print process mainly includes two steps: layout design and pattern transfer. First, a simple PDF file is loaded on a laptop or similar. Thus, thermal transfer prints the tag layout on the PET substrate sheet. As a result, the layout was printed on one side of the PET. Then, the PET substrate is inverted for ground plane transfer to the backside of the PET layer. Finally, the tags are cut, thus resulting in the final layout depicted in Fig. 4.17. The manufactured tag set consists of a one-bit tag made by nine a priori identical patches. 

Experimental setup and measurements

Low frequency measurement

A set of HO millimeter wave tags was built, sharing the same substrate. The HO tags are made from the same digital file, i.e. these tags share the same fabrication process, substrate, and conductive ribbon. Initially, the HO tag is measured considering the fundamental frequency

(f 1 = 20 GHz).
Then, the same measurement setup performed along the Chapter 2 and Chapter 2 is mounted. ment result has similar behavior to the simulation.

V-band frequency measurement

Then, the V-band configuration setup performed in Chapter 3 is used, the only difference among the setups is the support to which the tag is attached. This support is suitable for this proof of concept, but the support must be changed for a real application. The operation band in A reading range up to 20 cm has been noticed in an office environment. The tag with nine patches is designed to increase the RCS. After, a practical study concerning the impact of the number of patches is evaluated. Then, the tag composed of a different number of patches is shown in Fig. 4.22. The same reading range is kept, and the center of the tags is placed in the same position. As depicted in Fig. 4.22, the tag with nine patches has the best selectivity compared to the others. Note that the resonance frequency considering a tag with one patch resonator is retrieved, but the low level and low selectivity can make that impractical for some situations. Also, the number of patches in the same structure changes the resonance frequency,

Introduction

Radar real-time applications should be flexible while providing an interpretable identification signature with suitable quality at a low cost. Radar system scalability includes cost, power consumption, and computational cost that paves the way for lightweight onboard devices. Radar distinctiveness capabilities are mainly determined by the measured raw data signal-to-noise ratio (SNR), bandwidth, and dynamic range. Then, practical systems design tries to optimize the trade-off between radar target distinctiveness and the system's complexity. In this sense, the radar system cost is a function of hardware complexity, which limits both the target recognition and radar scalability. The spatial diversity of the target/antenna at different locations enables an object reconstruction image. The image formation process is then the time-frequency mapping data into a spatial domain, where the targets are located [START_REF] Soumekh | Synthetic Aperture Radar Signal Processing with MATLAB Algorithms[END_REF][START_REF] Cumming | Digital Processing of Synthetic Aperture Radar Data: Algorithms and Implementation[END_REF]. The conventional SAR/ISAR framework enables fine resolutions compared to single antenna aperture radars. In this sense, image resolutions depend on the frequency, polarization, bandwidth (BW), and radar geometrical configuration. Aperture radar concepts such as resolution, acquisition geometry, and other related topics are well discussed in many fields of applications such as medical diagnostic [START_REF] Ogawa | Functional brain mapping by blood oxygenation level-dependent contrast magnetic resonance imaging. A comparison of signal characteristics with a biophysical model[END_REF], through wall imaging TWI [START_REF] Song | Through-wall imaging (TWI) by radar: 2-D tomographic results and analyses[END_REF], concealed weapons [START_REF] Sheen | Three-dimensional millimeter-wave imaging for concealed weapon detection[END_REF], and geophysical applications [START_REF] Moreira | Tandem-L: A Highly Innovative Bistatic SAR Mission for Global Observation of Dynamic Processes on the Earth's Surface[END_REF].

Chipless RFID image-based systems have been exploited for over 15 years. It is one of the first techniques implemented to design a chipless RFID system [START_REF] Pettus | RFID system utilizing parametric reflective technology[END_REF][START_REF] Grishin | Microwave readable dielectric barcode[END_REF]. Chipless tags can be read independently of the line of sight configuration due to the RF propagation characteristic. In this sense, the chipless tags can be seen as a radar target designed to scatterer a specific electromagnetic signature. The chipless image-based systems previously studied combine the well-known techniques from the SAR/ISAR framework [START_REF] Zomorrodi | Optimized MIMO-SAR Technique for Fast EM-Imaging of Chipless RFID System[END_REF][START_REF] Pöpperl | Polarimetric Radar Barcode: A Novel Chipless RFID Concept With High Data Capacity and Ultimate Tag Robustness[END_REF][START_REF] Arjomandi | mm-Wave Chipless RFID Decoding: Introducing Image-Based Deep Learning Techniques[END_REF][START_REF] Costa | Robust Reading Approach for Moving Chipless RFID Tags by Using ISAR Processing[END_REF][START_REF] Brinker | Utilization of Microwave Imaging for Chipless RFID Tag Reading and Verification -A Hybrid Approach[END_REF][START_REF] Pettus | High bit density millimeter wave rfid systems, devices, and methods of use thereof[END_REF]119,[START_REF] Stief | Chipless RFID Polarimetric Radar Barcodes Encoded by Dipole Scattering Domains[END_REF], where the dimension of the scatterer is significantly higher than the transmitted wavelength.

Note that in typical SAR systems, the dimensions of the scatterer are significantly higher than the transmitted wavelength. This is why most systems of this type operate in millimeter wave [START_REF] Zomorrodi | Optimized MIMO-SAR Technique for Fast EM-Imaging of Chipless RFID System[END_REF][START_REF] Pöpperl | Polarimetric Radar Barcode: A Novel Chipless RFID Concept With High Data Capacity and Ultimate Tag Robustness[END_REF][START_REF] Arjomandi | mm-Wave Chipless RFID Decoding: Introducing Image-Based Deep Learning Techniques[END_REF][START_REF] Grishin | Microwave readable dielectric barcode[END_REF][START_REF] Pettus | High bit density millimeter wave rfid systems, devices, and methods of use thereof[END_REF]119,[START_REF] Stief | Chipless RFID Polarimetric Radar Barcodes Encoded by Dipole Scattering Domains[END_REF]. Contrary to the classic resonant tag; these scatterers do not behave as a resonant structure. Therefore, these systems do not employ classical information storage based on resonance frequency recognition on the spectrum of the backscattered signal. As conventional imaging systems, these applications rely on finding the spatial position of a reflective scatterer based on synthetic aperture size. For example, cross-polarized antennas in [START_REF] Zomorrodi | Optimized MIMO-SAR Technique for Fast EM-Imaging of Chipless RFID System[END_REF][START_REF] Grishin | Microwave readable dielectric barcode[END_REF] are utilized to retrieve the backscattered tag signal of non-resonant dipoles-like scatterers along a synthetic aperture. In [START_REF] Pöpperl | Polarimetric Radar Barcode: A Novel Chipless RFID Concept With High Data Capacity and Ultimate Tag Robustness[END_REF][START_REF] Arjomandi | mm-Wave Chipless RFID Decoding: Introducing Image-Based Deep Learning Techniques[END_REF][START_REF] Pettus | High bit density millimeter wave rfid systems, devices, and methods of use thereof[END_REF][START_REF] Stief | Chipless RFID Polarimetric Radar Barcodes Encoded by Dipole Scattering Domains[END_REF], a complete polarimetry system is evaluated considering chipless tag patch reflectors formed by metal or ceramic structures. Again, the chipless tag is analyzed considering the optical spectrum region, where the resonant scatterer characteristic is not evaluated. Therefore, all these applications don't use the information of the scatterers' resonance frequencies. In contrast, the approach presented here is based on the use of frequencies whose wavelengths are comparable in size to the measured object. At this frequency, scatterers can be resonant and seen as punctual sources. This constitutes a fundamental difference from traditional radar systems. The approach presented is compatible with gaps around λ/8. The study closest to the method introduced here is certainly [START_REF] Brinker | Utilization of Microwave Imaging for Chipless RFID Tag Reading and Verification -A Hybrid Approach[END_REF], which deals with resonant tags and imaging.

However, the results presented show significant limitations, as it is reported that they cannot dissociate gaps smaller than the wavelength between resonators. Indeed, such large spacing does not allow tags to be made by playing on the gap between the resonators (multiple λ gaps) to encode the information. Thus, no significant information increase can be obtained in this way. Note also the frequencies considered are higher than the present study (above 20 GHz for the tag family presenting exploitable results). As these frequencies are not free, the results are more difficult to exploit for potential use in practice. We have chosen, in our case, to voluntarily consider low frequencies (between 2 GHz and 3 GHz) to show that the technique introduced is not restricted to the use of expensive RF equipment that must operate at more than 20 GHz. Similarly, a reference measurement of the same tag without the resonators is essential to achieve a coherent subtraction to eliminate the influence of the ground plane of the tag on the measurement. Using a measurement requiring the presence of a reference object, such as the tag without the resonators, prevents the measurement of a tag if it is not positioned precisely at the location of the reference object.

In this chapter, the present work exploits a bistatic configuration that identifies the chipless resonant scatterer positions considering their resonance frequency. Contrary to optical imagebased systems, the proposed method does not seek to determine the exact object's/scatterer's shape. Instead, we will see that a single frequency point imaging [START_REF] Fromenteze | Singlefrequency near-field MIMO imaging[END_REF][START_REF] Sleasman | Single-frequency microwave imaging with dynamic metasurface apertures[END_REF][START_REF] Imani | Review of Metasurface Antennas for Computational Microwave Imaging[END_REF] is enough for the identification of a resonant scatterer position. By applying a single frequency framework, we will see that at the resonance frequency (f i ) of the scatterer i, the particular representation thus obtained will allows indicating by a spot the geometrical position of the scatterer i. The center of the spot corresponds to the geometric center of the scatterer. Thus, by repeating the process for each resonance frequency, it will be possible to determine the geometric center of each resonator and thus encode the information on the resonance frequencies and the respective resonators' positions.

The fact of seeking to recognize only the central position of the resonator and not its shape explains why it is possible to use this approach even when the excitation wavelength is comparable to or greater than the geometric displacements (relative positions of each resonator).

Chipless tag system based on imaging

In this section, the mathematical approach relating to the evaluation of radar images considers the physical and mathematical approach linked to radar imagery and chipless RFID systems. Here, we do not focus on presenting all the existing techniques for imaging but on explaining the main physical aspects related to the physical parameters expected for a chipless system and the solution for its trade-offs. ever, unlike conventional applications, we propose frequency-spatial encoding information, adding two independent complementary information. Therefore, the resonant scatter can be distinguished by their resonance frequency and, additionally, their spatial position.

Scatterer

Conventional imaging systems rely on an aperture size associated with a small transmit wavelength to realize adequate resolution to distinguish an object while relying on a large frequency bandwidth to differentiate objects in depth [START_REF] Soumekh | Synthetic Aperture Radar Signal Processing with MATLAB Algorithms[END_REF]. Single frequency point imaging enables the cross-range distinction [START_REF] Fromenteze | Singlefrequency near-field MIMO imaging[END_REF][START_REF] Sleasman | Single-frequency microwave imaging with dynamic metasurface apertures[END_REF][START_REF] Imani | Review of Metasurface Antennas for Computational Microwave Imaging[END_REF], which in our case is related to the capacity of distinction in depth. However, range resolution information became negligible, so resolving in range requires a large bandwidth. Range information can be found considering a single frequency point; nevertheless, to resolve two different objects in range direction, at least 30 GHz bandwidth must be employed to achieve a precision of a few millimeters. Therefore, considering chipless applications, the resonators are distinguished considering side-by-side location; meanwhile, the range information is unconsidered in our case. By avoiding wide spectral bandwidth, the single-frequency imaging system simplifies RF hardware requirements compared to conventional imaging systems.

Working principle

The approach is based on an imaging algorithm in which the resonators' positions are evaluated considering a single frequency point corresponding to the resonant frequency of each scatterer.

Consequently, the proposed method does not seek to image the shape of the metal scatterers but rather to locate their position, assuming that each scatterer is a source point.

Instead of using a wide broadband signal, the individual element resonance frequency is exploited to distinguish element-to-element through a spatial image representation. Thus a single resonance frequency point is considered for imaging formation. To illustrate the single frequency point approach a pair of dipoles with different lengths is evaluated in Fig. 5.

3(a).

A schematic of the spatial-frequency chipless RFID image-based system is depicted in Fig. 

Geometric configuration

To illustrate the Single Input Single Output (SISO) single frequency for spatial-frequency encoding, we consider a generic bistatic measurement setup with one transmitter antenna (Tx)

and one reception antenna (Rx). As shown in Fig. 5.4, the antennas are positioned arbitrarily, and the tag moves along one direction to create a synthetic aperture L. The bistatic configuration enables better isolation between the antennas since the antenna coupling tends to zero and reduces the clutter environment contribution. Furthermore, this configuration is simple to implement and requires fewer antennas than Multi-Input Multi-Output (MIMO) systems. From an application point of view, this configuration can be found, for example, when a tag is positioned on an object placed on a conveyor belt that performs a linear translation movement. In this example, the antennas would be fixed to the conveyor, allowing the radar echo of the tag to be recovered during its movement. However, when the antennas are moving and the tag is stationary, the hardware complexity can increase when an antenna array or beam-steering is implemented. Further, if one prefers to move the antennas, some problems may arise due to the phase shift induced by the bends in the cables.

After the data set collection, the BP algorithm is evaluated for the image reconstruction (5.3).

It is important to note that BP is a general algorithm that can handle arbitrary antenna positions.

However, it requires a significant computational cost of O(N 3 ) when 2D images are considered [START_REF] Cumming | Digital Processing of Synthetic Aperture Radar Data: Algorithms and Implementation[END_REF], where N corresponds to a finite-dimensional vector. Note that image formation algorithms each have their strengths and weaknesses. Each method has trade-offs that vary according to the acquisition geometry, computational cost, and complexity [START_REF] Cumming | Digital Processing of Synthetic Aperture Radar Data: Algorithms and Implementation[END_REF]. BP is one algorithm whose strengths are particularly well-suited to use in the configuration presented in Fig. 5.4. 

t a g S y n t h e t i c A p e r t u r e

Signal model and image formation

Considering the geometry presented in Fig. 5.4, the backscattered measurement set correspond to the round-trip signal for transmit antenna τ Tx = (x Tx , y Tx , z Tx ), and the receiver antenna τ Rx = (x Rx , y Rx , z Rx ) for a tag moving along the x-axis element and every frequency. The result of the image reconstruction process obtained with the BP algorithm results in the resonator positions related to the center tag. Then, by replacing the general quantities for the distances and the measured round trip signal, we can rewrite Eq. 5.2 as,

I(τ ) = ∀τ Tx ∀τ Rx ∀k S 21 (τ Tx , τ Rx , τ , k) • exp jk (τ Tx -τ ) 2 • exp jk (τ Rx -τ ) 2 , (5.3)
where τ = (x, y, z) corresponds to the tag position, S(τ Tx , τ Rx , τ , k) corresponds to the complex backscattered signal in each measured position, k = 2πf /c, with c denoting the speed of the light and f the vector of frequency points.

Considering the single frequency case, k is a single point. When the antennas are moving, and the tag is fixed SAR, or when the antennas are fixed, and the tags are moving (Inverse SAR), the backscattered signal S is measured in each position; thus, it is compensated by the positions of the vectors τ Rx , τ Tx and τ . Therefore, this algorithm can be used similarly for both situations.

The description of the image formation in Eq. (5.3) is now adapted to the notations of the chipless imaging problem using,

-S (τ Tx , τ Rx , τ, k) ⇒ S 21 -G(τ Tx , τ, k) * ⇒ exp jk (τ Tx -τ ) 2 -G(τ, τ Rx , k) * ⇒ exp jk (τ Rx -τ ) 2 .
Therefore, the image reconstruction process results in a function that estimates the actual object's backscattered contributions, referred to as I(τ ).

Resolutions

One of the main subjects concerning radar capabilities is distinguishing different targets given a geometrical configuration and radar parameters. Conventional physical resolutions that describe the resolvable distance between objects (resonators here) are directly related to frequency bandwidth, center frequency, synthetic aperture size, and geometry. The conventional resolution in the normal plan in depth (z-direction [Fig. 5.4]) is defined as,

δ r = c 2B , (5.4) 
where c corresponds to the speed of the light and B represents the frequency bandwidth. For the normal plan, the conventional cross-range resolutions (δ x ) and (δ y ) are defined as,

δ (x,y) = λR 0 2L (x,y) , (5.5) 
the indices x, y denotes the dimension according to each axis, λ corresponds to the wavelength, R 0 the distance from the transceiver pair to the aperture and L the synthetic aperture. The distance between two side-by-side resonators assessed in conventional systems is limited to the previously evaluated resolutions. Two different resonators separated by a distance less than the resolution will appear as a single resonator, making them indistinguishable. For instance, considering a distance tag to the antenna in the chipless system R 0 = 20 cm, λ = 10 cm that corresponds to a f = 3 GHz, and a synthetic aperture L = 50 cm, it yields in a cross-range resolution around δ (x,y) = 2 cm.

Then, to bypass the resolutions of conventional methods and, consequently, allows distinguishing resonators below conventional resolutions, each resonator's position is evaluated independently with single frequency point imaging computation, which permits to place of the resonators at a lower distance δ (x,y) = λ/8.

Sampling criteria

The spatial sampling of the aperture influences the synthetic aperture. Nyquist criteria must be satisfied to obtain a successful discretization relying upon a synthetic aperture [START_REF] Lopez-Sanchez | 3-D radar imaging using range migration techniques[END_REF][START_REF] Zhuge | Three-Dimensional Near-Field MIMO Array Imaging Using Range Migration Techniques[END_REF]. This analysis is valid when the resonators are moving while the antennas are fixed or when the resonators are fixed and the antennas are moving since the geometry is the same. The spatial sampling step required to achieve the Nyquist criterion is given by

d (x,y) ≤ λ min 2 (L (x,y) + D (x,y) ) 2 /4 + R 2 0 L (x,y) + D (x,y) , (5.6) 
where the indices x, y denotes the dimension according each axis, L (x,y) denotes the aperture size, D (x,y) denotes the width of the target, λ min corresponds to the maximum resonance frequency, and R 0 the range distance of the target. Then, minimum number of steps is N (x,y) = L (x,y) /d (x,y) .

Let us consider practical chipless systems; in such case, the λ min corresponds to the minimum resonance frequency of the tag, around f rmax = 2.7 GHz. Also, the reading range distance varies around 20 cm; and considering a synthetic aperture that can be performed in practice, we can assume L (x,y) = 50 cm along x-and y-direction. Furthermore, the chipless tag design considers a credit card size (85.6 mm × 53.98 mm), so the aperture must cover at least 15 steps for the larger dimension (D = 85.6 mm). However, that situation is merely the point of departure to consider an image formation; in practice, we will use 51 measurements.

Proof of concept using full-wave simulations

A PoC based on loop resonators without a ground plane is simulated in two different geometrical acquisition schemes:

-For a 1D image, where the antenna or tag movement occurs only in one direction; thus the resonators' positions are retrieved according to one direction (x-or y-direction).

-Considering a 2D image, the antenna or tag movement relates to a displacement covering a 2D plane. In this case, the resonators' position can be retrieved considering a plan.

The 2D movement case has a complexity superior to the case in 1D since the measurements in other directions require synchronization among the transceiver pairs. Additionally, the time to perform the measurements is considerably superior to the 1D case. However, if encoding information is intended as an application, the 2D case means the possibility to improve the coding capacity bits. Therefore, 1D image is promissory in terms of simplicity since it represents less complexity and can afford some situations where the amount of data is not the main factor (e.g. authentication, sensing, localization). Additionally, once the proposed method is evaluated according to one synthetic aperture direction, the same approach can be used in the other direction. Finally, s t a r t s t o p it is essential to note that range resolution is worthless in our application since the approach is evaluated considering a single resonance frequency point.

Chipless loop resonator for imaging-based system

A tag composed of one-loop resonators without a ground plane has been simulated. Considering the geometry presented in Once the data is collected and the resonance frequency is identified (f r ) along the synthetic aperture, (5.3) is evaluated to obtain an image for all τ points in a chosen plan (R 0 = 20 cm), as depicted in the Fig. 5.8. Since the data correspond only to the x-axis probe variation, the y-direction is unresolved. Thus, the resonator can not be distinguished along the y-axis. Since the y-axis information is worthless, note that the y = 0 is chosen to plot the results in a cross-section (CS) amplitude graph (Fig. 

Image formation at different reading range

The impact of the image plan formation is evaluated. The image formation plan corresponds to the distance between the probes and the plan at R 0 in which the image is generated, as shown in Fig. 5.9. The single-frequency point imaging algorithm yields meaningless depth information since the capability to distinguish two different objects became low. Since the image and tag plans coincide, the maximum amplitudes for each image pixel (τ ) are retrieved. However, in practical situations, antenna positions are not exactly determined by the tag position. Thus, the study of different plan positions can be evaluated where the resonator position information cannot be precisely determined. Plan positions different from other than tag position (z = 0) is equivalent to introducing a phase error in (5.3). If we can distinguish the resonator in-depth, an image plan different from the tag plan would result in an amplitude close to zero.

We can see that with the single frequency point imaging algorithm, the resonator position can be retrieved without error in a plan range (∆ R 0 ) even if it does not correspond to the tag position. frequency points (see Fig. 5.11) are retained to perform the CS amplitudes. Fig. 5.12(a)-(e) shows the CS considering different SNR for each frequency. The resonance frequency is recovered to perform the CS amplitudes as depicted in Fig. 5.12(a); the actual resonator position is retrieved, except when the clutter level is comparable to the backscattered tag signal. A frequency (f 2.43 )

close to the resonance frequency is evaluated, whereas the SNR level is inferior to 0 dB, and the resonator position can not be found. Contrary to previous observations, where the resonator position is retrieved for some SNR levels, the actual resonator position cannot be determined considering frequencies far from the resonance. Therefore, chipless resonant image-based systems can improve the final image quality since resonant elements contribute to dissociating the tag signal from the clutter contributions.

Number of measurements

The influence of the number of measurements required to find the resonator's actual position is evaluated. Considering the initial simulation where 51 equally spaced probes are simulated. Since the backscattered signal is completely free from clutter influences, the resonator position can be retrieved even if the number of probes is divided by eight. However, an environment where no clutter contributions are present is not feasible in a practical situation. The resonance frequency position is unchanged. Therefore, the resonator's actual position is precisely determined considering further losses as depicted in Fig. 5.14(b).

Then, the noise is included in signals shown in Fig. 5.14(a), the results are given in Fig. 5.15(a).

When the noise impacts the signals, it generates mispositioning in the CS peak amplitude. Therefore, a low Q-factor leads the backscattered tag signal more susceptible to clutter contributions.

Therefore, a high Q-factor enhances the tag signal distinction to clutter signals contributions. Also, two different situations are evaluated: when the BP algorithm evaluates the two resonance frequencies and when the entire signal is evaluated. The CS amplitudes evaluation when two frequencies are used to perform the image is shown in Fig. 5.18. When the BP algorithm is evaluated considering these two frequencies, positions different from those of the resonators are retrieved.

Indeed, by analyzing these two resonance frequencies, an intermediary position is retrieved, as the distances between the resonators are inferior to the resolution. The image is comparable to a single resonator centered in an intermediary position, making the two resonators' positions indistinguishable. In the same way, when the entire signal is evaluated, the resonator positions are not found as shown in Fig. 5.19, contrary to the case where a single resonator frequency is evaluated (see Fig. 5.17). Then, applying the single frequency imaging for each resonance frequency enables distinguishing resonators even below conventional resolution (see (5.5)).

Multiple loop resonators

Beyond the single-loop resonator, a practical solution based on three-loop resonators is evaluated. After, the three loop resonators case is evaluated in a real office environment.

One dimension synthetic aperture

A tag composed of loop resonators without a ground plane, shown in the insets of corresponds to an electric far-field probe located at R 0 = 20 cm. The synthetic aperture in the simulation is L = 50 cm. Then, considering these parameters, the cross-range resolution evaluated by (5.5) varies from δ x 1 = 25 mm to δ x 3 = 22 mm, as these resolutions are close and represent an analytical approximation, then the better resolution 22 mm obtained in the conventional approach is adopted for comparison purposes.

The three loop-shape resonators are built on the same substrate and detached separately, a spacing s 1 = 15 mm and s 2 = 15 mm between them as depicted in the insets of the Fig. 5.20 has the scatterers' position cannot be determined. Note that the resolution on the y-axis cannot be defined since the tag is moved only in the x-axis. The same is true for the position along the z-axis, which is not accessible, but it is not needed in our case for resonators' position evaluation.

This single-frequency solution allows us to detect the position of a scatterer at a low frequency while the spacing between two resonators is 15 mm (λ/8) and the conventional resolution is 22 mm.

Then, from these images, the cross-section (CS) amplitudes related to each image are shown in Therefore, accurate resonance frequency knowledge is required to establish the correct scatterer positioning, which is totally compatible with classical chipless tag reading approaches.

The same parameters as the ones given in the Table 5.3 are simulated. Note also that the three resonance frequencies are the same depicted in Fig. 5.21(a). The two closest resonators are spaced for a fixed (s 2 = 15 mm) distance (i.e. the positions P 2 and P 3 are unchanged). However, the s 1 dimension varies from s 1 = 50 mm to s 1 = 60 mm for C 1 and C 2 configuration, respectively.

After the data set collection is done, the CS amplitudes are assessed. As shown in Fig. 5.24, the vertical dotted lines correspond to the actual position of the resonators. Hence, the maximum CS amplitudes correspond exactly to the resonators' real positions P 1 and P 1 . In addition to being able to differentiate the position of each resonator on the same idea, it is possible to swap resonators within the tag, thus recovering a new ID, for example. It is noteworthy that it is not possible in the previous chipless applications since the scatterers cannot be identified according to their position. Then, considering a resonant scatterer positioning from top to bottom at f 1 ,f 2 ,f 3 , while keeping the same spacing s 1 and s 2 , it is possible to generate a tag comprising the arrangement f 3 ,f 2 ,f 1 whose new order will be determined and used to code more information.

Thus, the resonators' positions are switched in three different configurations 

C 1 : f 1 f 2 f 3 , C 2 : f 2 f 1 f 3 and C 3 : f 3 f 1 f 2 . As
1 : f 1 f 2 f 3 , C 2 : f 2 f 1 f 3 and C 3 : f 3 f 1 f 2 .
a wide-band vertically polarized signal that impinges the tag. Then, vertically polarized probes, which simulate an antenna array along a circular synthetic aperture, retrieve the backscattered calls. The geometry utilized in the problem validates the general BP method since the positions of the antennas are known, and the technique can be applied in any situation. As depicted in up new possibilities, whereas different resolutions can be employed on another axis. For instance, considering a conveyor belt, more measurements can be done along the movement direction, and in the direction perpendicular to the movement, only a few measures can be performed. In this case, high resolution can be achieved along the movement direction, and few measurements can enable the 2D scatterers' position location. Note, even though the scatterers are distributed following one direction, the received signals enable to distinguish the scatterers in a plan, which is highlighted by the oval form in It is important to note that the loop resonances are retrieved on the whole synthetic aperture, which means that the synthetic aperture equals the effective aperture. The sensibility along the synthetic aperture varies. It decreases from the center to the edges of the measurement system. Therefore, the signal-to-noise ratio is not preserved across the synthetic aperture, negatively impacting the reconstruction of the image.

The two vertical lines noted, A and B, and depicted in Fig. 5.32(a) denote the signals considering 

Office environment measurements

To assess the effectiveness of the proposed approach in an office environment, the loop resonators introduced in Section 5. However, the sensibility of each slice plan is inversely proportional to the resonators' distance, then when the resonators move from R 0 = 10 cm to R 0 = 20 cm, the backscattered signal amplitude drop around 10 dB as seen in Fig. 5.36(d). Additionally, some resonators' positions do not contribute to the image formation, which denotes low amplitudes for the extreme values of the x displacements. In this sense, the number of resonator positions contributing to image formation is reduced. We can see that when the resonators are closer to the antennas, the effective aperture (L e ) is lower. Therefore, a trade-off must be respected for a chipless imaging system considering a single frequency. The positioning errors associated with each resonator according to the distance are shown in Table. 5.7. Then, a margin of error is considered, i.e. an interval of ±7.5 mm around the expected position, it is perfectly possible to find the interval in which the resonator is positioned. In this case, the encoding approach is similar to the one classically used on the resonance frequency but here at the level of the positioning of the resonator relative to geometric slots.

The CS amplitudes related to each reading range distance are shown in Fig. 5.38. The reduced effective aperture yields in misalignment of the real resonators' positions. Considering the z-plans, (s 1 = s 2 = 15 mm). The configurations (f 1 ; f 3 ; f 2 ) and (f 2 ; f 1 ; f 3 ) are shown in the Fig. 5.39(a) and Fig. 5.39(b), respectively. The real positions are effectively retrieved.

Applications

Augmentation of data encoding capacity

The vast majority of chipless tags are based on metallic geometries printed on a substrate, where the tag identifier is directly linked to the resonant frequencies of these scatterers. Thus, on the reader's side, the backscattered signal processing mainly determines the resonance frequencies in the tag's operating frequency band to extract the tag ID. However, the amount of information that can be obtained in this way is limited, mainly by the entire usable frequency band and the spectral width of each resonator.

In this study, the principle used to encode information is based on forming a simple geometric representation image of the conductive patterns. As in the case of the barcode, the spaces between the shapes or the orientation of the shapes are used to encode the ID. The more the image is resolved, the more it is possible to encode information. Playing with these different geometric parameters can significantly increase the tag's information. In this case, there is nothing to prevent from achieving coding capacities comparable to 2D barcodes. On the other hand, this makes the reading system more complex to produce an image of an object than to read a classic resonant tag.

Even though many efforts have been made to increase the coding capacity in chipless, it is still very challenging to be able to read a tag with more than 25 bits of information in a real environment in the 3.1 GHz -10 GHz [1,[START_REF] Svanda | Platform Tolerant, High Encoding Capacity Dipole Array-Plate Chipless RFID Tags[END_REF]. For instance, a coding capacity improvement has been presented in [START_REF] Rance | Toward RCS Magnitude Level Coding for Chipless RFID[END_REF] considering hybrid domain chipless tags. The objective, in this case, is to use a physical quantity other than the resonance frequency to encode information. For example, the backscattered signal amplitude of the resonance frequencies can enhance the coding capacity [START_REF] Rance | Toward RCS Magnitude Level Coding for Chipless RFID[END_REF]. However, each solution also introduces limitations; in the case of amplitude coding, it is difficult to associate more than 10 amplitude states per resonator. It also increases the size of the tags and, more often, makes the reading less robust, reducing the reading distance.

Therefore, contrary to these traditional approaches, electromagnetic imaging techniques suggest significant potential for increasing chipless tags' encoding capacity.

The traditional way to encode the data on chipless RFID tags is by combining different electromagnetic aspects from the retrieved signal, such as frequency, time, amplitude, phase, position, or polarization [START_REF] Vena | Chipless RFID Tag Using Hybrid Coding Technique[END_REF][START_REF] Rance | RCS synthesis for chipless RFID: theory and design[END_REF][START_REF] Svanda | Platform Tolerant, High Encoding Capacity Dipole Array-Plate Chipless RFID Tags[END_REF]. One-dimension data encoding restricts the coding capacity. As an image-based system is employed, the spatial position associated with the resonance frequency of each resonator enhances the encoding capacity [START_REF] Grishin | Microwave readable dielectric barcode[END_REF]. One of the goals of a chipless image-based system is to provide maximally recognizable scatterer positions. For that purpose, often, the size of a credit card as the utilizable surface to encode the information is a rule of thumb for chipless systems. Then, based on the previously established resonators spacing (∆d = 15 mm), it is possible to determine the maximum number of scatterers that can be used in a credit card size (85.6 mm for the larger dimension). The encoding capacity is evaluated to assess the previously described method related to the number of bits. Firstly, the encoding information is evaluated in the frequency domain, then the spatial encoding information is considered. Finally, these quantities are combined to determine the data capacity of the proposed approach.

Frequency data encoding

The frequency coding is evaluated; it consists of varying the peak resonance position in a given number v of frequency slots (also noted frequency resolution). A peak position can be associated

Number of bits = log 2    r i=0 C v i P m i    , (5.8) 
the symbol P m i corresponds to the number of permutation of i elements among m. Note that if the absolute positions of each resonator are not measured, but only the relative positions between the resonators, in this case, the number of possibilities decreases and we must replace m by m-1 in equation (5.8). The spatial coding adds a multiplication factor (permutation) to the conventional frequency coding in (5.7). If a practical example is considered, the tag length can be divided into six positions (m = 6) considering a credit card size (86 mm) and ∆d = 15 mm (as seen in Fig. 5.37).

In the previous section, the measurements were carried out with three resonators (r = 3). 

Spatial-frequency encoding evaluation

The encoding capacity is evaluated using (5.8) to assess the spatial-frequency encoding method.

Therefore, considering different parameters in Table 5.8, for the measured tag case (r = 3, m = 6, v = 12), it yields to 13.83 bits. Despite the low-frequency operation bandwidth f max = 3 GHz compared with other applications, the new frequency-spatial technique substantially increases the encoding capacity of chipless systems. Therefore, if the resonators operate at a higher frequency, more scatterers can be allocated side-by-side, and consequently, more resonances can be used. For example, to achieve 64 bits [START_REF] Babaeian | Hybrid chipless rfid tags-a pathway to epc global standard[END_REF], which is a requirement envisaged for a commercial application; only (r = 12) resonators are employed over (v = 40) frequency slots for (m = 14) spatial slots still considering the credit card size. In such a configuration, 65 bits can be obtained, which is feasible from a practical point of view. It is noteworthy that the spatial positions of the resonators are obtained by considering a resonator as a reference, i.e. m -1. Then, in this case, the exact position of the tag does not need to be known a priori during the measurement. Further, since the resonators can be distinguished considering other directions (2D), the number of bits increases quickly.

Res. frequencies selection

Raw data acquisiton

Tag to identify

Different tags operating in the UWB band 2 GHz to 12 GHz are compared to this encoding approach in Table 5.9. Note that the data encoding capacity often relies on theoretical evaluation and does not concern manufactured and measured tags. 

Resonator type [reference] Frequency [GHz] Number of bits

Dipoles [START_REF] Svanda | Platform Tolerant, High Encoding Capacity Dipole Array-Plate Chipless RFID Tags[END_REF] 2.2 -3.5 20 C-shape [START_REF] Rance | Toward RCS Magnitude Level Coding for Chipless RFID[END_REF] 2 -5 3 C-shape [START_REF] Vena | Chipless RFID Tag Using Hybrid Coding Technique[END_REF] 2 -5 23 Dual-L [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF] 3 -7 8 Concentric ring patch [START_REF] Vena | High-Capacity Chipless RFID Tag Insensitive to the Polarization[END_REF] 3 -9 19 U-strips [START_REF] Abdulkawi | K-State Resonators for High-Coding-Capacity Chipless RFID Applications[END_REF] 4 The identification process for the proposed method is resumed in Fig. 5.42, and the EM signal of the unknown tag is identified based on the extraction of the resonance frequencies f i and position P n . The need for reliable reading suggests that the proposed solution is a good candidate for employment in many chipless RFID applications. Furthermore, as the scatterers work on UWB, these designs can be implemented on a low-cost substrate using bio-based and recyclable techniques from the paper industry. The proposed method has a high number of encoding data compared to the applications, and this method can pave the way to realistic commercial implementations.

Imaging resolution enhancement by using high-order resonant chipless tags

The basic idea behind high-order chipless tags, as presented in Chapter 4, is to exploit the highorder resonant modes backscattered by the fully passive chipless tag. A transmitter sends a signal that illuminates the tag, thus the tag backscatters a specific electromagnetic signature related to each scatterer that composes the tag. This results in a backscattered signal which contains the fundamental (f ) and high-order modes (H = tf ). Here, t is an integer and is typically equal to three. However, note that the backscattered signal at (3f ) is weaker than the fundamental resonance frequency, and the tag reading range is limited. Indeed, it impacts the round-trip signal with an inverse sixth-power dependence on distance [START_REF] Balanis | Antenna theory: analysis and design[END_REF]. Despite this shortcoming, the reading range remains compatible with distances around 20 cm.

The signal from the reader impinges the tag; thus, the fundamental and HO contributions are backscattered over [f min f max ]. On the receiver side, the signal is processed in the scatterers HO response, as loop resonators introduced in the Section 5.2 are implemented using the third HO mode frequency; thus, only H i = 3f i are evaluated, where i corresponds to the resonance frequency associate to each scatterer.

From the practical point of view, the difference from the method described in Section 5.3 consists of exploiting the single frequency point from the resonant high order component (H i ).

Consequently, in the image formation step, an enhancement of cross-range resolution is due to the exploitation of high-order frequency high-order matters. In such cases, the dimension of the tag remains the same. Contrary to conventional harmonic radars that use nonlinear components such as a Schottky diode that cause harmonic reflections when illuminated by an RF signal. The chipless tag naturally backscatters the high-order mode without additional components, as described in Chapter 4, at the condition that the reader sends a nonzero power at these frequencies.

Again, the three loop-shape resonators are spaced one to the other, a spacing s 1 = 15 mm and The CS amplitudes are extracted from the images considering the x = 0 position, which relates to a 1D graph. According to each scatterer's high-order resonance frequency (H i ), their position is retrieved by considering the maximum CS amplitude. Indeed, as depicted in Fig. 5.46, CS amplitude peak apex matches with real scatterer position P n . Therefore, the geometric position of the scatterers can be found with their specific resonance frequency. Indeed, the smaller resonators can be used to increase the resolution. However, some manufacturing constraints limit these designs mainly in high frequencies (as introduced in Chapter 4). This technique opens up to improve the image resolution whereas improving the dissimilarity among the scatterers. strategy based on the signal and spatial-frequency evaluation. For instance, the tag signal can be retrieved in several positions from the natural characteristic by the synthetic aperture (signal evaluation). This signal is stored in the database for comparison purposes. After, the single-frequency imaging strategy is evaluated to find the positions of the scatterers. Combining these two methods, multi-factor authentication uses two complementary techniques to improve the authentication reliability, thus cooperating to authenticate the tag jointly.

Chipless system based on imaging for authentication

Conclusions

A method using a chipless image-based system with spatial frequency data encoding for chipless tag identification purposes has been experimentally validated through numerical models and experiments. In addition, the proof of concept using traditional resonators band has been demonstrated, and besides that, higher-frequency resonators can significantly increase the encoding data.

First, a tag based on loop resonators was simulated to assess the approach. Then, the co-polarized data set backscattered field considering different radar parameters and acquisition geometries have been evaluated. Next, tags based on loop resonators were measured considering a semi-anechoic and real-scenario environment. The BP algorithm relating single resonance frequency to distinguish resonators' position along an axis has been evaluated. Imaging has been proven to operate below the conventional resolution with individual resonators. Then, the maximum CS amplitudes directly relate to the scatterer's position.

Different applications were analyzed. Considering identification purposes, the analyzed scatterers' resonance frequencies and positions can be retrieved for a tag. This technique can significantly increase the chipless tag data encoding capacity compared to conventional chipless imaging methods. The proposed method provides a viable 1D total data encoding capacity of 65 bits.

Considering coding the information in the 2D plane, the number of resonators can increase significantly. Nonetheless, it must respect the number of resonators allowed in the band. Additionally, for the 2D case, more spatial slots quickly increase the data. Considering the same credit card size previously adopted, (9 × 14) spatial slots are available when only frequency coding is analyzed. Imaging considering random scatterers' positions was analyzed. Assuming the same idea, tag spatial independent characteristics can be used for authentication. Additionally, it can add a new distinct aspect to the multiple-angle approach. Moreover, the high-order tag approach can significantly increase the distinction capacity among elements, potentially increasing the authentication robustness or the number of resonators over the same surface. The method can be applied with the same aspects as those already used geometrically for different frequencies. Indeed, once the resonance frequencies have been detected, a geometric representation of the backscattered field is created by limiting the observable frequency band to the resonance frequencies. The individual processing single-frequency step allows distinguishing the side-by-side gap between resonators even below the conventional image resolution of conventional methods. Thus, it is possible to dissociate gap spacing of the order of λ/8 between resonators operating at different resonance frequencies. selon leurs longueurs respectives (l 1 , l 2 , l 3 ). Les informations diffusées par les tags sans puce sont principalement basées sur l'amplitude [START_REF] Rance | Toward RCS Magnitude Level Coding for Chipless RFID[END_REF], la fréquence [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF], la phase [START_REF] Vena | RFID chipless tag based on multiple phase shifters[END_REF], ou par une combinaison hybride de ces paramètres [START_REF] Vena | Chipless RFID Tag Using Hybrid Coding Technique[END_REF][START_REF] Babaeian | Hybrid chipless rfid tags-a pathway to epc global standard[END_REF][START_REF] Rance | RCS synthesis for chipless RFID: theory and design[END_REF]. Dans le cadre de cette thèse, nous n'utilisons que des balises de domaine fréquentiel. 
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 1617 Figure 1.6: Database phase enrollment. The object's electromagnetic signatures are stored for comparison purposes.
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 1 Figure 1.10: C-shape resonators for authentication purposes proposed in [50]. The proposed chipless tags are fabricated in different time-lapses.
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 111 Figure 1.11: Modified C-shape resonator for authentication purposes proposed in [17].

Figure 1 . 12 :

 112 Figure 1.12: Overall research aims and chapter overview.
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 2122 Figure 2.1: DR resonant structure proposed in [69, 70].
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 23 Figure 2.3: Multi resonant microstrip dipoles proposed in [73, 74]. The simulated fields are retrieved in cross-polarization.
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 24 Figure 2.4: One layer C-shape resonator.Figure 2.5: Normalized backscattered electric field as a function of frequency for two different C-shape structures.
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 25 Figure 2.4: One layer C-shape resonator.Figure 2.5: Normalized backscattered electric field as a function of frequency for two different C-shape structures.
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 26 Figure 2.6: Transmission line attenuation for two different conductivities as a function of frequency.
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 27 Figure 2.7: Loss tangent as a function of frequency, only the dielectric losses are evaluated.
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 28 Figure 2.8: Total loss of a CPS line as a function of frequency. For trace width w = 0.125 mm, gap g = 0.125 mm, loss tangent tan δ = 0.0027, substrate thickness h = 0.15 mm and t = 0.035 mm.
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 29 Figure 2.9: Residual environment for a mmWave chipless system. Two co-polarized horn antennas with a gain 10 dB were used in bistatic configuration to measure the |S t 21 -S t 21 |, where t and t corresponds to two consecutive measurements.
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 2 Figure 2.10: The RCS level of the simulated backscattered field for several identical resonators at the same frequency.
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 211 Figure 2.11: Simulated RCS versus frequency of different group of resonators, where a × b concerns the lines a and columns b of the network, respectively. For instance, E 2×2 represents a tag of four E-shape resonators.
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 212213 Figure 2.12: Simulated RCS as a function of frequency considering co-and cross-polarization. The structure has a ground plane.
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 214 Figure 2.14: Dimensions for the tags without a ground plane. (a) C-tag, (b) L-tag and (c) E-tag. All dimensions are in millimeters.
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 215 Figure 2.15: Simulated RCS as a function of frequency for structures without a ground plane. The dashed lines correspond to the resonance frequency of each tag.
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 216 Figure 2.16: Simulated current distributions for the proposed chipless mmWave tags at the resonance frequency, (a) C-tag, (b) L-tag and (c) E-tag.
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 217 Figure 2.17: Manufactured tags without a ground plane (a) C-tag, (b) L-tag and (c) E-tag. All dimensions are in millimeters.
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 218 Figure 2.18: Dimensional inhomogeneities caused by a manufacturing process.
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 219 Figure 2.19: Chipless RFID system for authentication. (a) Chipless RFID measurement system on bistatic mode, each chipless tag is characterized, and the corresponding collected RF signatures compose the database, (b) authentication procedure for a chipless RF system.
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 220 Figure 2.20: Setup for V-band measurements in an office environment. Bistatic configuration is used, and both antennas have co-polarization orientation.
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 221 Figure 2.21: Repeatability measurements of one tag from the set of designed tags for (a) C-tag, (b) Looptag and (c) E-tag. Each color corresponds to the |S 21 | tag parameter measured five times.
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 222 Figure 2.22: EM responses of the designed tags, 16 were made simultaneously with the same mask. The (a) C-tag, (b) Loop-tag and (c) E-tag was measured considering the set of designed tags, only one measure is shown for each tag.

  Intends to signal comparison, the signals are analyzed in the frequency domain using cosine similarity. The first step is to compute the similarities coefficients. Then, consecutively, cosine similarity (see 2.1) is used as a metric to compare the signals, where u and v are the two signals to be compared, which exhibiting complex frequency data (S 21 parameter previously measured). The operator ( * ) represents the complex conjugate. Cosine similarity values close to 1 indicate high similarity between the vectors, whereas a similarity value close to 0 indicates a decorrelation among the signals. Therefore, signal comparison of the same tag is expected to result in a value close to 1, and considering comparisons between different tags ideally yields 0. Cosine similarity generates a metric of how related two signals are by looking at frequency differentiation instead of magnitude. This metric ignores amplitude discrepancies, i.e., that method is not affected by amplitude signals scaling.
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 2 Figure 2.23: Intra-tag and Inter-tag representation with N measurements and M tags, (a) intra-tag coefficients L = M.C N 2 = 160 and (b) K = N 2 .C M 2 = 3000 inter-tags coefficients for the previous set of tags and the number of measurements for each design.
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 225 Figure 2.25: CDF curves for intra-and inter-tag similarities values.

  The inter-tag coefficients have a high dispersion for the whole analyzed designs. Most values are below 0.97, indicating the distinction between different tags. The C-tag (Fig.2.27(a)) and the E-tag (Fig.2.27(c)) have high dispersion for the inter-tag coefficients. The dispersive coefficients within the same combination evidence the addition of aspect-independent parameters based on the different tag measurements. The L-tag (Fig.2.27(b)) inter-tag coefficients have a maximum variation of 0.8. Then, the backscattered tag signal is less impacted by the tag signature itself. The L-tag tag backscattered signal presents less frequency shift when compared to the other designs.The PE can be evaluated based on the similarities distribution considering the intra-and intertag distributions. Taking the intra-tag and inter-tag distribution coefficients, the CMFs of each distribution are calculated with (2.4) and (2.5), respectively. The probability of error considering the designed tags is shown in Fig.2.28. The PE and threshold are highlighted. Once the threshold is defined, the PE can be estimated. The PE for the C-tag (Fig.2.28(a)) and L-tag (Fig.2.28(b))
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 226227 Figure 2.26: All similarities coefficients considering the measures. Whole probabilities for intra-tag case for (a) C-tag, (b) Loop-tag and (c) E-tag. Each point corresponds to the similarity coefficient performed by the cosine similarity metric.
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 228 Figure 2.28: Intra-tag and inter-tag CMFs for (a) C-tag, (b) Loop-tag and (c) E-tag. The PE is estimated by the threshold that minimizes the number of false positives and false negatives.

Figure 2 .

 2 Figure 2.29: (a) Measurement setup for temperature affection. (b) Temperature profiles of the measurements in an office environment.
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 230 Figure 2.30: Amplitude peak variation as a function of time. The temperature profiles of the measurements are given in Fig. 2.29.
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 231232 Figure 2.31: Frequency peak variation as a function of time. The temperature profiles of the measurements are given in Fig. 2.29.
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 233 Figure 2.33: Similarity coefficients considering the rotation of tag support.
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 234 Figure 2.34: Similarity coefficients considering the translation of tag support.

  resonating contributions. Firstly, a model based on the general scatter theory is evaluated; it highlights the scattering mechanism involved in the problem. Then, a proof of concept (PoC) is assessed, and afterward, a chipless tag composed of an array of dipoles is studied for identification purposes. The analytical evaluation and channel modeling allow the proposed technique to be implemented. Finally, anechoic and real scenario measurements are evaluated considering the presence of surrounding objects. Non-systematic errors related to the positioning of the tag are assessed each time without considering a reference (or background) measurement or the use of specific signal processing techniques. The proposed approach paves the way for a new step toward chipless tag reading in constrained environments, where signal reading robustness must be assured. Furthermore, the bistatic measurement technique is implemented with a novel authentication approach based on tag-backscattered electric field (E-field) measurements at different orientation angles for unitary classification in the mmWave band. Then, this new method also proposes a generalization from the case studies in Chapter 2, where the new angles (new information) increase the authentication level. The idea is based on the augmentation of information using several tag-backscattered signals. The uncertainties transcribed in minor variations observed in the tag electromagnetic response are exploited from two angles. The first is where the antennas are monostatic (conventional approach), and the second angle concerns the optimized angle. The sixteen E-shape tags are analyzed for a second optimized angle. The bistatic configuration angle optimization using the tag backscattering pattern (at two different angles) adds independent characteristics
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 331 Fig. 3.1(a) shows a scheme of the bistatic measurement of a chipless RFID system considering the signals and polarization under concern. The reader transmits a wide-band vertically polarized signal that impinges the tag, and then, at a β-angle, the vertically polarized antenna retrieves the backscattered signals. As depicted in Fig. 3.1(a), the arrow toward the Rx indicates the portion of the received backscattered signal. At β = 0 • the incoming signal mostly comprises quasi-optic backscattered responses from the objects and the tag. Meanwhile, at β = φ, the quasi-optic reflections are drastically decreased. Thus the majority of the received signal is from the resonant mode. Therefore, it is clear that the relationship between the resonant and the quasi-optic modes can be improved due to the bi-static angle. Fig. 3.1(b) details the co-polarized signals in the time domain for β = 0 • , that corresponds to the classical case, the early-time response presents high
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 32 Figure 3.2: Channel model system based on the angle (β) between the transmission and reception antennas.

(Figure 3 . 3 :

 33 Figure 3.3: The simulated and calculated electric fields in the bistatic configuration of our tag (one microstrip dipole case).

  3.3 are compatible with the assumption done (in Section 3.1.2) with c res vv (β) c qo vv (β) when β is between [55 • -60 • ]. Indeed, based on (3.4), the linear polarized backscattered electric field as a function of the bi-static angle presents the maximum RQMR at β = 56 • . Indeed, the resonant mode represents an omnidirectional pattern. Meanwhile, the quasi-optic pattern has a dip, which determines the bi-static angle that optimizes the RQMR. Therefore, the maximum RQMR is determined by the E 0 (β) behavior, which implies evaluating max E r (β)I 0 /I a E 0 (β) , Fig. 3.4 illustrates the ratio among the antenna and quasi-optic mode as a function of β. The term E r (β)I 0 /I a at the resonance condition may be approximated to a constant, which yields in finding the minimum contribution of E 0 (β), i.e., it determines the angle β corresponding to max cte E 0 (β) .

Figure 3 . 4 :

 34 Figure 3.4: Normalized resonant to structural mode after the fields corrections.

  3.5, has been simulated. This dipole length and width are respectively L dip = 19.8 mm, and W dip = 1.5 mm. The substrate is a Rogers 4003C with relative permittivity r = 3.38 and loss tangent tan δ = 0.0027 with a thickness of 0.81 mm. A ground plane of dimensions L = 25 mm and W = 70 mm is used. A flat cardboard-based object ( r = 1.78, tan δ = 0.0025) has been introduced in the simulation.The tag is placed on an object with larger dimensions than the tag. A plane wave perpendicular to the tag is applied in the simulation. The receiving antenna corresponding to an E-field probe in the solver is positioned with an angle β as shown in Fig.3.1. At the tag's resonance frequency (4.46 GHz), the backscattered radiation pattern (for each β angle) of the object with and without the tag is shown in Fig.3.5. The maximum difference in amplitude between the two signals (with and without the tag) is obtained when β = 56 • . This angle maximizes the RQMR. The resonant mode dominance is depicted in Fig.3.6 by the presence of a peak in the frequency response. Indeed, when β = 56 • a peak prominence around 18 dB is noticed, meanwhile when β = 0 • the frequency response presents a flat behavior, which reflects the dominance of the quasi-optic mode over the resonant mode.

Figure 3 . 5 :

 35 Figure 3.5: The backscattered pattern as function of β at 4.46 GHz. The incident angle is on a direct line of sight.

Figure 3 . 6 :

 36 Figure 3.6: Backscattered E-field versus frequency at different β-angles.

Figure 3 . 7 :

 37 Figure 3.7: Characterization of the resonant and quasi-optic mode energy as a function of the bistatic angle (β).

Figure 3 . 8 :

 38 Figure 3.8: (a) co-polarization radiation pattern and frequency response at specific angles (b) β = 56 • , (c) β = 32 • , (d) β = 0 • and (e) β = 45 • .

Fig. 3 . 9 ,Figure 3 . 9 :

 3939 Fig. 3.9, we must use an antenna array to retrieve the maximum RQMR. Considering the object dimension D obj = 200 mm, we must place the antenna at β = 56 • . In this situation, the quasi-optic mode level can be neglected compared to the measurement when the tag is present. Considering the dimension D obj = 250 mm, an additional antenna can be used at β = 42 • to recover the signal and maximize the RQMR.

Figure 3 .

 3 Figure 3.10: E-field co-polarized frequency response from a 7-resonator tag at two different angles β.

Fig. 3 .Figure 3 .

 33 Figure 3.11: (a) The electronic and mechanical scanning spherical measurement setup, (b) the geometrical configuration of the spherical setup.

Figure 3 . 12 :

 312 Figure 3.12: Fabricated 7-resonator tag backed by a ground plane, all dimensions are in millimeters.

Figure 3 . 13 :

 313 Figure 3.13: Frequency response of the 7-resonators tag extracted by a calibration method.

|S 21 (

 21 β = 2.5 • )|, a high reflection is highlighted mainly due to the ground plane reflection. Still, some low-level dip resonances are seen in Fig. 3.14, which indicates that the bistatic configuration improves the RQMR. Then, the |S 21 (β = 60 • )| is evaluated; it is possible to identify prominent peaks and dips, which were not notable considering the previous measurements (|S 11 | and |S 21 (β = 2.5 • )|). Note that even without post-processing, the tag encoded information can be retrieved, indeed with the |S 21 (β = 60 • )| measurement, the tag frequency response shows dips/peaks.

Figure 3 . 14 :

 314 Figure 3.14: Frequency domain response raw measurements for mono-static configuration |S 11 | and bistatic configurations |S 21 (β = 2.5 • )| and |S 21 (β = 60 • )|. The resonant frequencies (f 1 , • • • , f 7 ) have been characterized in an anechoic chamber using a calibration technique.

Figure 3 . 15 :

 315 Figure 3.15: Anechoic environment considering the tag and an object.

Figure 3 . 16 :

 316 Figure 3.16: Subtraction of the raw measurements from the empty measurement for mono-static configuration |S 11 | and bistatic configurations (|S 21 (β = 2.5 • )|; |S 21 (β = 60 • )|) considering an object.

Figure 3 . 17 :

 317 Figure 3.17: Temporal domain filtered signals in mono-static and bistatic configurations considering the presence of an object. The time start (t start = 6.92 ns) and time stop (t stop = 11.9 ns) of the time-gating window for the analyzed signals.

Figure 3 . 18 :

 318 Figure 3.18: Frequency domain signal considering time-domain filtering in mono-static and bistatic configurations in the presence of an object.

Figure 3 . 19 :

 319 Figure 3.19: Real environment setup, the antennas are co-polarized following a β-angle.

Figure 3 . 20 :

 320 Figure 3.20: |S 21 (β = 60 • )| raw measurements in frequency domain considering different objects and in a real environment.

Figure 3 . 21 :

 321 Figure 3.21: |S 21 (β = 60 • )| co-polarized time-windowed signals in frequency domain considering different objects.

Figure 3 . 22 :Figure 3 . 23 :

 322323 Figure 3.22: (a) The frequency response for the environment without objects in tag vicinity (E 1 ), (b) time-domain response. The signals were normalized, considering the higher magnitude among the two signals.

Figure 3 . 24 :Figure 3 . 25 :

 324325 Figure 3.24: Cross-correlation result obtained for the S 21 signal as a function of the frequency for the environment-1 (E 1 ). The bandwidth of 40 MHz around the resonance peak was considered for the decoding algorithm.

. 26 .Figure 3 . 26 :Figure 3 . 27 :

 26326327 Figure 3.26: Support for tag rotation/translation error study. The rotation is around the support axis, whereas the translation changes the positions following the x-axis.

Figure 3 . 28 :

 328 Figure 3.28: Misalignment study with a metal plate: |S 21 (β = 60 • )| measurements for different δ values.

Finally, the readingFigure 3 . 29 :

 329 Figure 3.29: Reading range configuration study: |S 21 (β = 60 • )| measurements for different distances between the tag and the antennas maintaining the bistatic configuration with β = 60 • .

Figure 3 . 30 :

 330 Figure 3.30: Reading range study with a metal plate: |S 21 (β = 60 • )| measurements with time gating considering the distances between the tag and the antennas maintaining the bistatic configuration with β = 60 • .

Figure 3 .Figure 3 . 32 :

 3332 Figure 3.31: (a) Simulated RCS radiation pattern for E 4×4 (see Fig. 2.14(c)) tag and the substrate, (b) normalized difference between E 4×4 tag pattern and the substrate pattern.

Figure 3 . 33 :

 333 Figure 3.33: Classifier for the completely separable case and non-separable case, (a) separable case with decision boundaries from the threshold and (b) non-separable case with the slack variable (ξ).

Figure 3 . 34 :Figure 3 . 35 :

 334335 Figure 3.34: Repeatability measurements of one the 16 fabricated tag E 4×4 , each color corresponds to a S 21 parameter measured five times at (a) φ 1 = 0 • and (b) φ 2 = 90 • .

Figure 3 . 36 :Figure 3 . 37 :

 336337 Figure 3.36: The intra-tags Probability Mass Functions (PMF) are computed by the comparison among the repetitive measurements of the same chipless for each angle tag, the coefficients (S intra (φ 1 ); S intra (φ 2 )) and (S inter (φ 1 ); S inter (φ 2 )) are combined on 2D mapping.

Figure 3 . 38 :

 338 Figure3.38: (P intra (φ 1 ); P intra (φ 2 )) and (P inter (φ 1 ); P inter (φ 2 )) representation and decision boundary performed by the linear estimator, some misclassification can be seen.

Figure 3 . 40 :Figure 3 . 41 :

 340341 Figure 3.40: Similarity coefficients considering the rotation of tag support at φ = 90 • .

3 . 42 .

 342 Similar to the angle φ 2 , the measures at φ 3 = 40 • filter the quasi-optical contributions that arise mainly from the objects surrounding the tag. Then, the 3D intra-and inter-PMF is constructed from the three measured angles as shown in the Fig. 3.43(a) and Fig. 3.43(b). Note the similar behavior concerning the intra-and inter-class when compared to Section 2.4 and Section 3.5. From the SVM Machine-Learning classification, the boundary decision is established as shown in Fig. 3.43(c). The ML classification results in a

Figure 3 . 42 :Figure 3 .

 3423 Figure 3.42: Simulated RCS polar diagram in dB of the E 4×4 tag at 67.4 GHz. The measured angles φ 1 = 0 • , φ 2 = 90 • and φ 3 = 40 • are highlighted. The incident wave is normal to the tag (φ = 0 • ); the reception probe varies from 0 • to 180 • . Both the excitation and reception probes are z-polarized.

Chapter 2 .

 2 The focus of this study is to show the relaxation of the tag manufacture constraints by tag HO modes operation since the fabrication constraints experienced in V-band design represent a limitation for chipless tags operating in a millimeter wave band. The basic idea behind HO chipless tags is to exploit the backscattered HO resonant modes. A transmitter sends a bandpass signal [f min , f max ] that impinges the tag as shown in Fig.4.1. Consequently, the tag backscatters a specific electromagnetic signature related to each scatterer geometry that composes the tag, resulting in a backscattered signal which contains the fundamental resonance frequencies at (f 1 , f 2 , . . . , f i ) and the HO components in the bandwidth [f min , f max ]. The HO signals are denoted by [(2f 1 , 2f 2 , . . . , 2f i ), (3f 1 , 3f 2 , . . . , 3f i ),. . . ,(tf 1 , tf 2 , . . . tf i )] (seeFig. 4.1), where i corresponds to

Figure 4 . 1 :

 41 Figure 4.1: Chipless RFID system scheme for HO tag and a transceiver pair. The transmitter signal emits a bandpass signal between [f min , f max ], and the backscattered signal comprehends the fundamental frequencies and the HO modes.

Fig 4 . 2 .

 42 Fig 4.2. The HO frequency under study is depicted by (H 1 = 3f 1 ). The third HO mode frequency resonates around 30 GHz as shown in Fig. 4.2. Note that the dimensions of the tag are superior to the limit of 125 µm as depicted in Table 4.1. The resonance frequency has been chosen for the

Figure 4 . 2 :

 42 Figure 4.2: Backscattered electric field as a function of frequency for HO chipless tag (Design 1) and the tag that operates with a fundamental frequency f 2 = 3f 1 (Design 2).

55 Design 2 Fundamental (f 2 = 3f 1 ) 1 .Fig. 4 . 3 .

 55221143 Fig. 4.3. The dimensions of the patch designs are resumed in Table.4.2. The two patch designs respect the fabrication constraints. However, Design 2 has a lower RCS compared to Design 1.

Figure 4 . 3 :

 43 Figure 4.3: Backscattered electric field as a function of frequency for HO chipless tag (Design A) and the tag that operates with a fundamental frequency f 2 = 3f 1 (Design B).

  rectangular loop resonator tag, i.e. a junction among two C-shape introduced in Chapter 2. The loop resonator has similar EM behavior to the C-shape resonator. The loop tag resonator is seen as two C-shape connected, thus it doubles the backscattered RCS. Further, this tag does not have a GP, and the loop resonator is shown in the insets of Fig. 4.4. The loop resonator dimensions are resumed in Table 4.3.

Figure 4 . 4 :

 44 Figure 4.4: Rectangular loop resonator dimensions and the scheme of the co-polarization measurement of a chipless RFID system considering the different signals and polarization concerned.

rFigure 4 . 6 :

 46 Figure 4.6: Loop surface current distribution for (a) fundamental mode and (b) HO mode.

Figure 4 . 7 :

 47 Figure 4.7: Loop radiation pattern considering total signal for fundamental and (3f 1 ) HO mode.

Fig. 4 .

 4 8(b) are shown the original signal obtained from CST after the time window and the time signal from the sum of the two poles (fundamental and HO mode). Note that the signal reconstruction by summation of the independent contributions matches precisely with the original signal, which indicates the good extraction of the quality factor and the signal energy.

Figure 4 . 8 :

 48 Figure 4.8: (a) Normalized temporal signals for each contribution extracted from (4.2), (b) the temporal signal SEM considering the summation of the two contributions and the original windowed signal.

Figure 4 . 9 :

 49 Figure 4.9: Patch geometrical dimensions and signals concerned.

l p w p l s w s t h tan δ r Patch resonator 4 55 A

 455 tag consisting of one patch resonator backed by the GP is considered Fig.4.9. The transmitted wave is vertically polarized, as shown in Fig.4.9. A patch resonator is simulated on a substrate with the relative permittivity r = 3.55, loss tangent tan δ = 0.0027, and thickness of h = 0.1 mm.

Figure 4 .

 4 Figure 4.10: (a) Normalized backscattered signal in the time domain and windowed signal, (b) Normalized Fast Fourier Transform (FFT) from entire and windowed signal considering a patch resonator.

Fig. 4 .

 4 Fig. 4.10(a). The electric field in the co-polarization configuration has a high impact on the quasioptic mode over the resonant mode. The quasi-optic contribution is denoted by the strong peak at the beginning of the signal as shown in Fig. 4.10(a). The quasi-optic mode can be drastically decreased by implementing the optimum bistatic configuration method, as shown in Chapter 3. The patch has the same fundamental frequency as the previously studied loop resonator for comparison purposes. Therefore, the fundamental frequency is depicted by the dip at (f 1 = 10 GHz) as shown in the Fig. 4.10(b). The dotted line highlights the HO mode at (3f 1 = 30 GHz) as shown in the Fig. 4.10(b). Considering Design A, the quality factor of fundamental mode (Q f 1 = 90) and HO mode Q 3f 1 = 88. Design B that fundamental frequency operate at 30 GHz has a quality factor of (Q f 1 = 90.2). Therefore, the quality factor remains in the same order. The quality factor and

4 . 11 .

 411 The patch's current distribution relates directly to its radiation pattern. At fundamental mode (f 1 ) current shows one-half wavelength variation along patch length (Fig. 4.11(a)), hence the radiation pattern shows a quasi-omnidirectional pattern, as shown in Fig. 4.12. At HO mode (3f 1 ), as current shows three half wavelength variations along patch length (Fig. 4.11(b)), The radiation pattern shows maximum radiating direction along the incidence φ = 0 • and φ = 40 • , as shown in Fig. 4.12. The two simulated patch structures' fundamental and HO mode temporal signals are depicted in Fig. 4.13(b), the modes summation agrees with the original time window signal.

Figure 4 . 11 :

 411 Figure 4.11: Patch surface current distribution for (a) fundamental mode and HO mode (b).

Figure 4 . 12 :

 412 Figure 4.12: Patch radiation pattern considering fundamental and HO mode.

Figure 4 .

 4 Figure 4.13: (a) Temporal backscattered signal and windowed signal for resonant patch tag. (b) Fast Fourier Transform (FFT) for the entire and windowed signal.

Figure 4 . 14 :

 414 Figure 4.14: Printed HO chipless tag.

Figure 4 . 15 :

 415 Figure 4.15: RCS as a function of frequency for different substrate thicknesses.

Figure 4 .

 4 Figure 4.16: Zebra ZT600 printer, the tags are manufactured by thermal transfer technology.

Figure 4 . 17 :

 417 Figure 4.17: HO manufactured tags. The tags were printed on a PET substrate.

Figure 4 . 18 :

 418 Figure 4.18: Setup for fundamental frequency measurement.

Figure 4 . 19 :

 419 Figure 4.19: |S 21 | backscattered field as a function of frequency.

extended from 58

 58 GHz to 68 GHz. The measurement setup is seen in Fig 4.20. The tag is placed at a distance of 20 cm from the antennas in a bistatic configuration as seen in the insets of Fig. 4.20.

Figure 4 . 20 :

 420 Figure 4.20: Setup for HO chipless tag in millimeter wave band.

Figure 4 . 21 :

 421 Figure 4.21: |S 21 | backscattered field as a function of frequency for HO patch chipless tag.

Figure 4 . 22 :

 422 Figure 4.22: |S 21 | parameters as a function of frequency considering a tag composed of a different number of patches.

Figure 4 . 23 :

 423 Figure 4.23: |S 21 | backscattered field measurement for different nine patch tags.

Figure 5 . 1 :ScattererFigure 5 . 2 :

 5152 Figure 5.1: Approximation of the interaction between the Tx, Rx and scatterer.

5 . 3 .

 53 Considering a tag designed by two dipoles with two different lengths (l d 1 and l d 2 ). The spatial information associated with each dipole is retrieved by selecting the resonance frequency corresponding to each dipole. Each frequency is related to a specific element position on the 2D plan, in which the maximum intensity denotes the scatterer position. Thus by selecting f 1 , only the geometrical position associated with these dipoles is highlighted as shown in Fig. 5.3(b). Afterward, the resonance frequency f 2 is selected, and the strong intensities represent the element position as shown in Fig. 5.3(c).

Figure 5 . 3 :

 53 Figure 5.3: (a) Backscattering electric field magnitude as a function of frequency considering two resonant dipole elements, (b) 2D image intensity considering the dipoles with length l d 1 and (c) the 2D image intensities for the dipoles with length l d 2 .

Figure 5 . 4 :

 54 Figure 5.4: Geometrical parameters associated with radar configuration. The Rx and Tx are positioned at (x Tx , y Tx , z Tx ) and (x Rx , y Rx , z Rx ) respectively. The (x, y, z) corresponds to the center tag location.

Figure 5 . 5 :

 55 Figure 5.5: Geometrical characteristics and parameters considering chipless RFID loop resonator for the image-based system.

Fig. 5 . 5 ,Figure 5 . 6 :

 5556 Figure 5.6: (a) Magnitude of E-field co-polarized frequency response from a loop resonator and (b) phase along the synthetic aperture L. The loop resonator is shifted every 25 mm in x-direction.

Fig. 5 .

 5 5 and the parameters given in Table 5.2 are evaluated in whole studied cases. The received backscattered simulated data considering 51 probes are shown in Fig. 5.6. A resonance frequency at f r = 2.44 GHz is obtained considering each probe in the amplitude signal as shown in the Fig. 5.6(a). The phase of each probe varies since the distance between the tag and probe is different for the received round-trip signals. Additionally, all received phase signals have a phase variation related to the resonance at f r = 2.44 GHz. Another representation of the backscattered signal is shown in Fig. 5.7. Unlike frequency representation, the synthetic aperture representation depicted in Fig. 5.6 brings additional information about the frequency signal along measurements. The normalized magnitudes and phase along the synthetic aperture are shown in Fig. 5.7(a) and Fig. 5.7(b), respectively. Note this representation highlights the difference ofpositions between the probes and the tag, i.e., the probes in the extremities of the synthetic aperture have lower amplitude peaks when compared to the probes located in front of the tag. In a practical situation, some of these probes do not collaborate with the image formation, and this representation can easily identify and show that situation.

  5.8). Therefore, the amplitude peak of the CS graph corresponds to the resonator position. The actual position of the resonator matches precisely with the peak of the CS amplitude representation.

Figure 5 . 7 :

 57 Figure 5.7: (a) Normalized magnitude E-field co-polarized frequency response and (b) phase response along the synthetic aperture L.

Figure 5 . 8 :

 58 Figure 5.8: Simulated CS amplitudes as a function of synthetic aperture. The dotted black lines correspond to the resonator position.

Fig. 5 . 5 . 3 . 1 . 2 Figure 5 . 9 :

 5531259 Fig. 5.10 shows the CS amplitudes for different plan positions, when 20 cm ≥ ∆ R 0 ≥ 17.5 cm and the resonator position can be retrieved without error. Note that the position error and the lower

Figure 5 . 10 :

 510 Figure 5.10: CS amplitudes for different image plan formation.

Figure 5 . 11 :Figure 5 . 12 :

 511512 Figure 5.11: Simulated backscattered electric field frequency response for different SNR levels.

The

  CS amplitudes are evaluated by reducing the probes used to perform the image at the resonance frequency. When the signals have an SNR inferior to zero dB (SNR ≤ 0 dB) and the 51 probes are reduced to one quarter equally space probes, the CS max amplitude does not correspond to the resonator's actual position as shown in Fig. 5.13(a)-(b).

Figure 5 . 13 :Fig. 5 .

 5135 Figure 5.13: CS amplitudes for different number of probes considering (a) SNR = 0 dB and (b) SNR = -10 dB.

Figure 5 .Figure 5 .

 55 Figure 5.14: (a) Tag backscattered E-field magnitude frequency response and (b) normalized CS amplitudes along the synthetic aperture for different Q-factor.

Figure 5 . 18 :

 518 Figure 5.18: CS amplitude considering two resonance frequencies at the same time.

Figure 5 . 19 :

 519 Figure 5.19: CS amplitude considering all the frequencies.

Fig. 5 .Figure 5 . 20 :

 5520 Figure 5.20: Geometrical characteristics and parameters schematic for the chipless RFID imaging system. A tag composed of three loop resonators with three different lengths was simulated.

Figure 5 .

 5 Figure 5.21: (a) E-field co-polarized frequency response from a three-loop resonators and (b) normalized amplitudes along the synthetic aperture L.

  been adopted. The resonators' backscattered E-field magnitudes were obtained by electromagnetic simulation using CST Microwave Studio as depicted in Fig 5.21(a). In the same way, the amplitudes are shown in Fig 5.21(b) along the aperture. It is essential to highlight that the whole resonances are retrieved along the aperture path, which relies on constant frequencies along the synthetic aperture. The quality factor (Q) for each tag resonator is around 80. It is an important metric since a higher Q represents better selectivity to encode the information. The radar parameters are resumed in Table 5.3. Now the BP algorithm is evaluated according to (5.3) at each resonance frequency, which yields the images depicted in Figs. 5.22(a)-(c). The pair (f i , P n ) corresponds to the frequency and position of each resonator, where i corresponds to the number of the resonance frequency and n relies on the scatterer position, as illustrated in Fig. 5.22. To illustrate the advantage of computing images based on a single point frequency, the image considering all the frequency points is shown in Fig. 5.22(d). Contrary to what can be observed in Figs. 5.22(a)-(c), it is noted that

Fig. 5 .Figure 5 . 22 :

 5522 Fig. 5.23. The CS amplitudes are extracted from the images considering the y = 0 position, which relates to a 1D graph. According to each scatterer resonance frequency, their position is retrieved by considering the maximum of the CS amplitude. Indeed, as depicted in Fig. 5.23, CS amplitude peak apex matches with real scatterer position P n . Therefore, the geometric position of the scatterers can be found with their specific resonance frequency with the help of Fig. 5.23.Also, different situations are evaluated to verify the unique position corresponding to each scatterer's resonance frequency. When the BP algorithm evaluates the whole signal (all the frequencies), an intermediary position is retrieved, which is consistent with the calculated resolution δ x = 22 mm. Indeed, as the distances among the resonators are inferior to the resolution, the image is comparable to a single resonator centered in P 2 , making the three resonator's positions indistinguishable. As a result, the positions of individual scatterers are inconsistent, as depicted in Fig.5.23. Then, evaluating the scatterer positions at a single frequency enables their position

Figure 5 . 23 :Figure 5 . 24 :

 523524 Figure 5.23: Simulated CS amplitudes as a function of synthetic aperture for different frequencies.

5 . 3 . 2 . 2 Figure 5 . 25 :

 5322525 Fig. 5.26 shows a schematic of the frequency-spatial of a chipless RFID image-based system considering the signals and polarization under concern. First, a simulated plane wave transmits

Fig. 5 .

 5 Fig. 5.26, the green arrows simulate far-field electric field probes, which receive the backscattered signal according to their position. It is noteworthy to highlight that more probes are placed according to the vertical direction as shown in Fig. 5.26; it's related to the disposition of resonant tag elements, which are vertically distributed. Therefore, a better resolution is required in a vertical direction. The loop resonators depicted in Fig. 5.27 are simulated in a different bandwidth 7.5 GHz -10.1 GHz. This tag has five different loop lengths l 1 , . . . , l 5 , with the same g = 0.6 mm and same width w = 0.5 mm. The loop resonators are designed on Rogers 4003C substrate with relative

Figure 5 . 27 :

 527 Figure 5.27: Five loop resonators, each loop has a different resonance frequency.

Figure 5 . 28 :Figure 5 .

 5285 Figure 5.28: The |S 21 | data retrieved from each E-field probe on circular configuration (see Fig. 5.26).

Fig. 5 .Figure 5 .Figure 5 .Figure 5 . 33 :

 555533 Figure 5.31: (a) The electronic and mechanical circular setup in semi-anechoic environment and (b) geometrical configuration. The receive antennas are linearly polarized (R θ ) and operates in the 0.65 GHz -6 GHz range with a gain of 3.5 dBi -5.8 dBi.

Figure 5 . 34 :

 534 Figure 5.34: CS amplitudes extracted from the measurements on the semi-anechoic environment as a function of synthetic aperture for different frequencies.

Figure 5 . 35 :

 535 Figure 5.35: Geometrical parameters associated with radar configuration in an office environment. A bistatic measurement configuration is used, and both antennas are co-polarized.

51 2 GHz - 3

 513 Effective apertureL e (R 0 =10) = 20.5 cm L e (R 0 =15) = 31 cm L e (R 0 =20) = 39.8 cm Number x-steps GHz frequency bandwidth. To assess the robustness of the proposed approach, the resonators have been attached to a moving platform at different distances from the antennas; thus, the resonators' displacement along the x-axis creates the synthetic aperture. The measurement setup is shown in Fig.5.[START_REF] Baca | Semiconductor Wires and Ribbons for High-Performance Flexible Electronics[END_REF], where a 3D displacement table is used to move the resonators. The 1D displacement along x-direction allows a synthetic aperture L ∈ [-25 cm; 25 cm] over 51 positions. The antennas are located side-by-side spaced 11 cm apart, the S 21 parameter is collected for each position of the tag, and the background subtraction is applied. The |S 21 | amplitudes considering the synthetic aperture is seen in Fig. 5.36. The physical parameters and geometrical configurations are resumed in Table 5.6. The |S 21 | frequency response relies upon the synthetic aperture (L) is shown in Fig. 5.36(a)-(c).

Figure 5 . 36 :Figure 5 . 37 :

 536537 Figure 5.36: Normalized |S 21 | measurements along the synthetic aperture for different z-plans, (a) R 0 = 10 cm, (b) R 0 = 15 cm, and (c) R 0 = 20 cm. (d) |S 21 | amplitudes as function of frequency for x = 0.

Figure 5 . 39 :

 539 Figure 5.39: CS amplitudes extracted from the measurements in an office environment as a function of synthetic aperture for different configurations. The resonators' positions are switched in two different configurations (a) C 1 : f 1 f 3 f 2 and (b) C 2 : f 2 f 1 f 3 .

Figure 5 . 41 :

 541 Figure 5.41: Spatial data encoding schematic.

Figure 5 . 42 :

 542 Figure 5.42: Flowchart of the proposed spatial-frequency method.

Figure 5 .

 5 Figure 5.43: (a) Electric field co-polarized frequency response from a three-loop resonators and (b) normalized amplitudes along the synthetic aperture L.

Figure 5 . 44 :Figure 5 . 45 :

 544545 Figure 5.44: Simulated magnitude |S 21 )| E-field, the single frequency image is performed according to each resonator's fundamental resonance frequencies (a) f 1 , (b) f 2 and (c) f 3 .

Figure 5 . 46 :

 546 Figure 5.46: CS amplitudes extracted from the measurements on the semi-anechoic environment as a function of synthetic aperture for different frequencies.

s 2 =

 2 15 mm between them. The adoption of the configuration simulation depicted in Fig. 5.20 is reproduced. The resonators' backscattered E-field magnitudes were obtained by electromagnetic simulation using CST Microwave Studio as depicted in Fig 5.43(a). In the same way, the amplitudes are shown in Fig 5.43(b) along the aperture (y-axis). The quality factor (Q) for each resonator remains around the same value in fundamental frequencies (f ) and HO frequencies (H).The BP algorithm is evaluated according to (5.3) at each resonance frequency f or H, which yields the images depicted in Figs.5.44(a)-(c).The pair (f i , P n ) and (H i , P n ) correspond to the frequency and position of each resonator, where i corresponds to the number of the resonance frequency, and n relies on the scatterer position. To illustrate the advantage of computing images based on a single point HO frequency: First, the fundamental resonance frequencies to each resonator are extracted. Thus, the images are evaluated as shown in Fig.5.44. Then, considering the high-order frequencies, it is noted that the scatterer positions are retrieved successfully, as shown in Fig.5.45. Furthermore, the amplitudes are focused in a straighter line, which corroborates the resolution enhancement. Note that the resolution on the x-axis cannot be defined since the tag is moved only in the y-axis.

  Within the proposed method in Chapter 2, a new authentication method is presented based on the random distribution of the scatterers in the tag surface. Complementary to the frequency ap-

Figure 5 . 48 :

 548 Figure 5.48: Flowchart for spatial-frequency authentication method.

14 i

 14 possibilities. Only five resonators are used in the application, yielding 32 bits. Note that only 5 resonators are employed, which means that from the 126 slots available in the credit card surface, only 5 are used. Therefore, unlike previous chipless imaging systems, the scatterer position based on a resonance frequency point paves the way for applications that match the needs of hundreds of bits considering a credit card size.

  Fig. A.2. Le signal transmis illumine le tag; ainsi, les résonateurs rétrodiffusent une réponse liée à leur géométrie. La structure des tags est essentiellement composée de motifs métalliques imprimés sur un substrat comme illustré sur la Fig. A.2. Chaque longueur différente se rapporte à une fréquence spécifique. Ensuite, le signal est reçu du côté Rx et traité pour extraire les informations du tag. Dans le codage fréquentiel, l'information est directement codée dans les variations du spectre du signal rétrodiffusé par le tag. Ces variations reflètent les fréquences de résonance liées aux informations de codage. Par conséquent, les formes imprimées correspondent aux résonateurs. Par exemple, la Fig. A.2 illustre trois dipôles microruban résonnants, qui résonnent à (f 1 , f 2 , f 3 )

ÀFigure A. 1 :

 1 Figure A.1: Positionnement de technoligie RFID sans puce par rapport aux autres technologies d'identification.

Figure A. 2 :

 2 Figure A.2: Illustration of the chipless reading system. The tag is composed of simple microstrip dipoles.

Figure A. 3 :

 3 Figure A.3: Illustration du principe de l'authentification sans puce.

Figure A. 4 :-Chapitre 2 :-Chapitre 3 :-Chapitre 4 :- 5 :

 42345 Figure A.4: Illustration de l'identification pour les systèmes RFID sans puce.

  

  Rx = (x Rx , y Rx , z Rx ) τ TxTransmitter antenna position τ Tx = (x Tx , y Tx , z Tx )
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Table 1 .

 1 

		1: Comparison low-cost chipless methods	
	Parameter	Lithography Flexography	Inkjet	Screen	Thermal transfer
	Print resolution (µm)	100 -200	80 -150	100 -200	80 -250	100 -250
	Print speed (m/min)	50 -80	0.01 -0.5	0.001 -0.1 0.01 -0.1	1 -25
	Print cost (e/cm 2 )	0.1	0.02	0.02	0.002	0.05

Table 1 .

 1 2: Comparison between different chipless tag authentication systems.

	Parameters	Reference	[67]	[17]	[68]	[51]
	Domain	Frequency	Frequency/ Time	Frequency	Frequency/ Time
	Frequency operation (GHz)	7 -22	3 -8	4 -6	3 -8
	Tag area	20 × 20	23.5 × 7.5	80 × 80	23.5 × 7.5
	Metric evaluation	Maximum likehood	Maximum likehood	Deep learning	Maximum likehood
	Multiple Frequencies	Yes	No	Yes	No
	Multiple fabrications	NE	Yes	NE	No
	Printable	Yes	Yes	No	Yes
	PE (%)	NE	2.3	6.25	32

NE: Non-evaluated.

Table 2 .

 2 

1: Scatterer dimensions considering X-band and mmWave band.

Table 2 .

 2 2: Performance comparison between the chipless tags without a ground plane.

		Tags without ground plane	Tags with ground plane
		C-tag L-tag	E-tag	Dipoles-L	Multiple dipoles
	Q-factor	73.02	61.92	80.02	40.63 (cross-pol)	21.39 (cross-pol)
	Resonance peak					
	level (dBsm)					

-29.87 -27.62 -27.92 -18.29 (cross-pol) -19.82 (cross-pol)

  Figure 2.24: Illustration of PMF for intra-(P intra ) and inter-tag (P inter ) similarities values.
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Table 2 .

 2 3: PE associated with each tag design.

		C-tag L-tag E-tag
	PE(%)	12.4	15.6	5

Table 2 .

 2 4: Probabilities of error associated with each database.

		Database 1 Database 2 Database 3
	PE(%)	5	4.69	3.75

Table 2 .

 2 5: PE comparison between databases.

		Database 2 Database 3
	Database 1	8.43 %	8.89 %
	Database 2		6.24 %
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Table 3 .

 3 1: Results of the automatic decoding algorithm in the case of environment-1. Number 1 corresponds to the first peak position, and the seven is the last. A DPA threshold of 0.04 has been attributed.

	Environment 1 (E 1 ) 1	2	3	4	5	6	7
	S 11						

Table 3 .

 3 2: Results of the automatic decoding algorithm in the case of environment-2. Number 1 corresponds to the first peak position and the seven is the last. A DPA threshold of 0.04 has been attributed.

	Environment 2 (E 2 ) 1	2	3	4	5	6	7
	S 11						

  .2. The metrics are used in both environments and reading configurations. In the environment, E 2 for S 21 (β = 60 • ), the ID of the 7-dipole tag is successfully detected. However, the S 11 presents some misclassifications, precisely regarding the higher frequency resonances. These resonances are highly due to clutter contributions. For environment E 1 , the S 21 (β = 60 • ) allows correct decoding, meanwhile the S 11 is more impacted.

Table 3 .

 3 3: Chipless RFID tag techniques for authentication

	Reference	Different realizations	Number of angles	Frequency (GHz)	PE (%)
	[50]	Yes	1	3.1 -10.6	3
	[51]	No	1	3.1 -10.6	32
	This work	No	1	65 -72	5
	This work	No	2	65 -72	1

Table 3 .

 3 4: Probabilities of error associated with each database.

	Angles	PE(%) Database 1 Database 2 Database 3
	φ = 0 •	2.36	2.69	2.75
	φ = 90 •	5.90	8.24	8.18
	φ = 0			

• ; φ = 90 •

Table 4 .

 4 1: Dimensions for the scatterers without GP considering fundamental and HO mode design. Dimensions in millimeters.

Table 4 .

 4 2: Dimensions for the scatterers with GP dimensions considering fundamental and HO mode design. Dimensions in millimeters.

		l p	l p	L s	W s	t	h	tan δ	r
	Design A HO (f 1 , 3f 1 )	4.2 3.5	5	4.6 0.01 0.1 0.0027 3.55
	Design B							
	Fundamental	1.4 1.08 1.67 1.53 0.003 0.03 0.0027 3.55
	(f 2 = 3f 1 )							

Table 4 .

 4 

3: Simulated loop resonators geometrical dimensions. All dimensions are in millimeters.

Table 4 .

 4 4: Simulated patch resonator geometrical dimensions. All dimensions are in millimeters.

Table 5 .

 5 1: Loop resonator dimensions. All the dimensions are in millimeters.

	L w g	t	h	tan δ	r
	Loop resonator 48 1 2 0.01 0.81 0.001 3.55

Table 5 .

 5 2: Radar and image parameters for loop resonator full-wave simulation.

	f min	2 GHz
	f max	3 GHz
	R 0	20 cm
	Synthetic aperture (L)	50 cm
	Number of probes x-axis	51
	δ x	23.5 mm
	main EM parameters considering one or multiple loop resonators. Moreover, the simulated signal
	is assessed by and with different SNR ratio to highlight practical situations. To do this study, the
	geometry depicted in	

Table 5 .

 5 3: Radar parameters for the full-wave simulations.

Table 5 .

 5 4: Target simulation and scene parameters for full wave simulation.

	f min	7.5 GHz
	f max	10.1 GHz
	φ-angles	[0, 80, 90, 110]
	Ω-integration angle	140 •
	Ψ-integration angle	140 •
	Number φ-antennas	4
	Number θ-antennas	70
		s = 8 mm

Table 5 .

 5 5: Radar parameters for semi-anechoic measurements.

	f min	2 GHz
	f max	3 GHz
	(R t + R r )	73 cm
	Synthetic aperture (Ω) [-90 • ; 90 • ] (1.4 m)
	Number θ-steps	51
	δ x	24.4 mm

Table 5 . 6

 56 

: Radar parameters for measurements in the office environment.

Table 5 .

 5 7: Positioning errors that relates the distances R 0 and the actual positions.

	Actual positions	P 3	P 2	P 1	Max.
	Distances	(-25 mm)	(0 mm)	(25 mm)	Error
	R 0 = 10 cm	-27.54	-1	32.62	7.62
	R 0 = 15 cm	-23.75	-4.6	24.94	4.6
	R 0 = 20 cm	-23.82	-4.8	32.60	7.6
	s = 15 mm				
	s = 15 mm				

Table 5 .

 5 8: Method evaluation regarding the number of bits considering different parameters.

	Frequency	Frequency	Spatial	number of	number of	number of	Number
	band	resolution	resolution	resonators	frequency	position	of bits
	(GHz)	(∆f ) [MHz]	(∆d) [mm]	(r)	slots (v)	slots (m)	(5.8)
	2 -3	80	15	3	12	6	13.83
	2 -3	80	15	6	12	6	17.36
	6 -9	100	9	10	30	10	42.81
	8 -12	100	6.12	12	40	14	65.21

Table 5 .

 5 9: Performance comparison of frequency domain chipless RFID tags.
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Conclusions

The principle of using millimeter wave tags for authentication applications was evaluated by comparing different tag types. A prospective study of structures already developed in the UWB band and considered in the millimeter waves band showed that the richness of information contained in their EM signature was potentially usable for authentication applications. The use of the REP approach was analyzed, and the number of resonators increased. The similarity coefficients obtained for chipless tags without a ground plane are relatively high compared to tags with a ground plane. A maximum of five resonators were used to construct an elementary cell, and after, the cell was repeated to increase the RCS level. Different tag shapes were analyzed. A set of 16 chipless tags was developed in the V-band; the E-tag gathers better electromagnetic attributes such as Q-factor and RCS level. The backscattered RCS level is satisfactory for real environment reading measurements even without specific calibration. In cross-polarization, the ground plane and clutter influences are attenuated. However, the RCS and Q-factor remain low. The limitation of the design project was analyzed, and the constraints on the fabrication process highlighted the rules of the proposed method since a low-cost printing method may be applied.

The principle of millimeter wave chipless tags for authentication applications is based on evaluating the richness of information in their EM signature. These tags backscatter a unique EM response relating to their inherent fabrication randomness. Therefore, the backscattered RCS level is satisfactory for real-environment reading measurements. The set tags were developed sharing the same substrate and manufacturing conditions, and one probability of error around 5% was estimated for the E-tag. Furthermore, the associated drift error was analyzed for the measurements.

Therefore, considering the database enrollment, the non-systematic errors considerably impact the measures. Then, the following conditions must be fulfilled: tag measurements in an environment where the temperature is stabilized, and the tag support must provide an accuracy of at least 1 mm in translation and 1 • in rotation. These promising values indicate that an approach using complementary tag information can further enhance PE. For instance, introducing a new independent aspect parameter privileges tag information over the clutter contributions. Then, adding new information can improve the authentication level in terms of PE.

For a single angle measurement, in X-band, a PE around 4% was obtained [START_REF] Ali | Detection of Natural Randomness by Chipless RFID Approach and Its Application to Authentication[END_REF], but it is important to note that multiple realizations were performed. To overcome these values, a new method is proposed. Since a signal is sent by the transmitting antenna (Tx), the tag provides two backscatters quantities to the reception antenna, i.e., the resonant mode (fundamental tag mode) and the structure mode (quasi-optical reflection) are backscattered when the antennas are aligned according to the same axis. Consequently, these two quantities are mixed and cannot be separated without post-processing steps. In this sense, examining different reception angles based on radiation patterns improves the purity of the tag response. Therefore, considering the radiation pattern, another measurement is performed. Seeking to decrease the quasi-optic mode, the reception antenna (Rx(P 2 )) is placed in a judicious position to extract independent aspects associated with tag resonant mode. Considering that the transmit and receive antennas are not on line-of-sight, the resonant mode is preferably backscattered according to the tag radiation pattern.

Afterward, as aforementioned in Section 3.1, two phases are necessary for the authentication process; construction of the database and a comparison between the tag to authenticate and the database. However, whether multiple angles are considered, the database is created according to each independent angle. Intending the comparison process with the database, a threshold must be set for comparison purposes. In this way, the metric previously presented in (Eq. 2.1) is evaluated to calculate the similarities coefficients for the intra-and inter-class measurements. Then, a based method on the ML-learning approach is introduced for threshold evaluation.

ML Approach classification

In practice, ML chooses the rule which optimizes a chosen criterion. For instance, this involves determining function parameters [START_REF] Hastie | The Elements of Statistical Learning: Data Mining, Inference, and Prediction, Second Edition[END_REF]. Consecutively, two cases are possible on a linear classification approach: the linearly separable and non-linearly separable data case. The two cases are shown in Fig. 3.33(a) and Fig. 3.33(b), respectively. In the separable data case, the technique to construct the optimal separating boundary belonging to two classes is equivalent to finding the hyperplane described by H = {φ ∈ R 2 : w T φ = b}, where w is a normal vector to the hyperplane, b represents the offset of the separating hyperplane and φ = (φ 1 , φ 2 ) concerns the similarity coefficients, which is the input of the problem. The method optimizes the largest margin defining the hyperplane.

Graphically, the aforementioned classifier divides the space into two spaces, each corresponding to different classes, as shown in Fig. 3.33.

Most applications deal with cases where classes are not completely separable by a linear classifier, i.e., misclassifications are envisaged. In this way, a positive slack variable is introduced, which relaxes the constraints seen previously in a completely separable case to allow some classification errors, as depicted in Fig. 3.33(b). The parameter ξ is introduced in the case of a linearly separable equation, hence y i (w T φ + b) ≥ 1 -ξ i , where y i ∈ {-1, 1} and, i = 0, . . . , m specifies the classification penalty on the data-set. Thus, the algorithm seeks to maximize the margin by optimizing a positive error ξ i for each constraint as small as possible. Once the margin is defined (new entries For each database enrollment, the test bench was completely disassembled and reassembled.

Before each database enrollment, a measurement without the tag is performed. This empty measurement makes it possible to consider variations from one test bench to another. Fig. 3.39 shows the measurement results of the same tag (tag measurement minus empty measurement of the corresponding test bench) for the three test benches realized. A maximum amplitude difference among the measurements is approximately 0.7 dB for φ = 0 • , as can be seen in Fig. 3.39(a) and, a maximum variation of 0.8 dB is noted considering φ = 90 • , as depicted in Fig. 3.39(b). Most of these variations are related to the fact that despite the efforts to reproduce the measurement benches identically, small disparities (cable positions, cable tightening, etc.) impact the S-parameters. However, this impact remains low (lower than 0.8 dB on the tag measurement). The frequency shift seen in Fig. 3.39 represents a minor change (10 -5 ) on the similarity coefficients. Then, it indicates that the measures are quite similar when the databases are compared individually. After database enrollment, the PE for each database is evaluated. For example, table 3.4 shows the whole PE associated with each database. Therefore, considering the databases enrollment at φ = 0 • , the non-systematic errors have a low impact on the measurements, which leads to close results between the databases. This differs from the measurements performed at φ = 90 • , which are highly impacted by position misalignment. Thus, the test bench could be disassembly and after reassembly without constraints at φ = 0 • . Nonetheless, when measurements at φ = 90 • are performed, the system should not be disassembled to keep acceptable performance.

Max amplitude difference

Evaluation of the non-systematic errors

The study of temperature, tag translation, and tag rotation was evaluated to φ 2 = 90 • . For that second angle (φ 2 = 90 • ), the interference concerning the temperature remains the same as the

Conclusions

A bistatic diversity method has been introduced and evaluated for chipless tag identification and authentification purposes. A simple dipole resonator was first modeled analytically and hereafter simulated to assess the approach. The scattered electric field of chipless tags has been analytically considered relying on general scatter theory. The separation between the scatter mechanisms composing the total scattered field was calculated. The resonant and structural modes were approximated to two independent contributions. Then, the modeling assessed the feasibility of the approach, and, finally, a 7-resonator dipoles tag was measured in an anechoic and a real-scenario environment. The backscattered pattern is established at the resonance frequency considering the co-polarization of the analyzed tag as a function of the angle between the transmission and reception antennas (β). When an object is considered in the measurements, one simple additional post-processing method is cooperatively used. Therefore, the peak's apex is retrieved and confirmed by comparison with the expected tag's resonance frequencies. This is obtained despite the highly reflective characteristic of the objects used in a real environment. Real-environment limitations considering the complex scenario were evaluated. This technique can significantly increase the robustness of the chipless tag system and is assessed to add an independent factor to chipless tag authentication.

A method using millimeter-wave tags for authentication applications aspiring to increase the tag aspect-independent electromagnetic parameters were evaluated. The E-tag was chosen among the tags without a ground plane thanks to its better electromagnetic attributes. However, the backscattered field of that tag is susceptible to physical parameter variations naturally imposed by the manufacturing process. Therefore, different angles were measured to obtain the tag authenticity; exploiting the backscattered pattern using two angles is a promising method for authentication applications. Furthermore, the associated drift error was analyzed for each angle. Therefore, considering the databases enrollment at φ = 0 • , the non-systematic errors have a low impact on the measurements, contrary to the measurements performed at φ = 90 • , since position misalignments highly impact the measures. Therefore, the test bench assembly/disassembly can only be performed at φ = 0 • . However, the following conditions must be fulfilled: tag measurements in an environment where the temperature is stabilized.

Furthermore, the tag support must provide an accuracy of at least 0.1 mm in translation.

Finally, statistical analysis was discussed, and the intra-tag and inter-tag distribution coefficients from each angle were mapped on a 2D plan for hyperplane estimation in binary classification schema. Hence, a PE around 1% was estimated. The PE improvement is remarkable compared to the measurement using a single angle (5%).

Moreover, it is shown that multiple angles, more than two measurements, do not improve the PE compared to the two angles approach. Since more two angles exploitation results in the same tag aspects, which don't add significant tag aspect-independent parameters to the ML classification.

Additionally, the complexity of obtaining a threshold increases since new angles are added to the method.

A simulated co-polarized plane wave is sent in normal incidence to the loop resonator as depicted in Fig. After the time domain filtering, the modes contributions are extracted by Matrix Pencil Method [START_REF] Ali | Chipless RFID Authentication: Design, Realization and Characterization[END_REF], hence the fundamental and HO mode contribution is reconstructed using (4.2). From the pole extraction, the quality factor is evaluated. Therefore, the quality factor is defined as

where, here, i corresponds to the frequency of the fundamental or HO mode. Considering the fundamental and HO modes, the quality factor is Q f 1 = 319.29 and Q 3f 1 = 80.49, respectively. It represents a decrease in the quality factor from fundamental to HO mode divided by four. The energy is evaluated by the square power of the temporal signal and integration over the entire mainly due to coupling.

To assess the potential of the HO chipless tag for authentication purposes, a set of 10 tags was fabricated with the same manufacturing parameters. The Empty represents the measurement when no tag is present. All the tags are measured, whereas the tags are removed from the support and placed in the same position. Fig. 4.23 shows curves that differ from each other. The frequency dip shift highlights this behavior. These measurements are the first step of the authentication procedure. Therefore, the tags realized in PET substrate can be used for authentication purposes since each tag owns independent frequency parameters related uniquely to the manufacture uncertainties.

Conclusions

The operating principle of resonant HO chipless tags was evaluated by comparing the structures with and without a ground plane. The main idea is to lighten the fabrications constraints by increasing the structure's size. The SEM approach highlights the fundamental and HO mode contribution, where the HO mode operation can be enhanced since tags with the ground plane are utilized. As a result, HO chipless tags can perform similarly to those in fundamental mode.

Then, this new design lightens the fabrication constraints and maintains the EM performance, even considering the third-order mode.

Furthermore, the grounded HO chipless tags are analyzed in the mmWave band. It shows the potential to be applied in authentication since aspect-independent parameters related to the frequency shift are noticed. Moreover, increasing the number of resonance frequencies that compose the same tag can significantly enhance the authentication level. This new design agrees with low-cost fabrication procedures and PET substrate and can be implemented using bio-based and recyclable techniques from the paper industry.

Inverse imaging problem

In the context of radar imaging, a transmitted wave is emitted in the direction of the target.

Consequently, the field is backscattered by the target, and then the receiver antenna captures the backscattered field as depicted in Fig. 5.1. In this sense, one possible model for the backscattered signal is decomposing the target into a sum of elementary scatterers [START_REF] Soumekh | Synthetic Aperture Radar Signal Processing with MATLAB Algorithms[END_REF][START_REF] Cumming | Digital Processing of Synthetic Aperture Radar Data: Algorithms and Implementation[END_REF] as shown in the Fig. 5.2, thus neglecting the multiple reflections that may occur on the target. The backscattered signal can be defined as,

The Tx and Rx are positioned at τ Tx = (x Tx , y Tx , z Tx ) and τ Rx = (x Rx , y Rx , z Rx ) respectively. Note for bistatic configuration the term G(τ Tx , τ Rx ) in (5.1) tends to zero. Then, since discrete positions are employed in the algorithm, the integration can be replaced by summations further when no coupling is considered between the antennas, (5.2) can be rewritten as follow

2)

The expression (5.2) represents the amplitudes according the spatial coordinates τ (see Fig. 5.

1).

This method is called Backprojection (BP) [START_REF] Soumekh | Synthetic Aperture Radar Signal Processing with MATLAB Algorithms[END_REF], and it is simple to implement. Nonetheless, the amount of calculation is considerable, which may limit some applications.

Single Frequency SISO RADAR Processing for chipless systems

Nowadays, most reported chipless RFID image-based applications rely on resonant scatterers as reflective targets once the optical scattering enables the object image reconstruction. Furthermore, the traditional encoding information over polarimetry, spatial location, or phase is employed. How-

Distance between resonators

The distances between two adjacent loop resonators considering the 1D case at corresponding resonance frequency f 1 and f 2 are evaluated. For practical issues, side-by-side resonators must respect a minimum distance to assess different positions. Two loop resonators operating in different resonance frequencies are simulated. The same dimensions are resumed in Table. the circle with maximum amplitude is higher than the s 1 and s 2 dimensions, the circle's center matches each resonator's center. In contrast to the 1D case, 2D imaging can quickly achieve the data required in commercial applications. 

Experimental evaluation

Semi-anechoic environment

The measurements were considered for 1D displacement, highlighting the flexibility of the proposed method concerning the fact that the tag can also be static. The antennas moving, semianechoic measurements have been performed in a spherical probe system (Starlab) with Agilent N5222A (0.01 GHz -26.5 GHz) PNA. The StarLab system can measure the backscattered fields around an arch, such as a multi-probes circular system. Microwave absorbing materials surround the measurement setup, as shown in Fig. 5.31, which reproduce a quasi-free space condition. The circular system comprises two arrays of probes installed on an arch of 45 cm radius. The probe the maximum misalignment noted on the maximum CS amplitudes is 7.5 mm, as shown in Fig. 5.38.

In this sense, to encode information on resonator position, the resonators must be spaced at least ±7.5 mm apart. Therefore, 15 mm spacing is implemented to code the information. Then, a slot decision associated with the extracted resonator position can be employed to decode the information related to the resonator's spacing.

As aforementioned, the minimum distance of 15 mm or (λ/8) must be respected between two side-by-side resonators. In this case, given the measurement parameters, the theoretical resolution is δ x = 17.5 mm. The resonators' positions are now switched, i.e., configurations (f 1 ; f 2 ; f 3 ) and (f 1 ; f 3 ; f 2 ) have been studied. As shown in the insets of Fig. 5.39, the same spacing between the resonators is applied with a frequency slot; two peaks cannot share the same slot. In this sense, the frequency bandwidth (BW) can be divided into v slots of identical sizes as depicted in Fig. 5.40. Then, the frequency data encoding capacity is used by the number of peaks (i.e the number of resonators used in the tag) associated with the slots. Therefore, the frequency resolution ∆f must be determined to determine the frequency encoding capacity. Considering the measured tag and its frequency bandwidth Fig. 5.36, a frequency resolution of ∆f = 80 MHz can be considered, which yields twelve frequency slots (v = 12) in the 2 GHz to 3 GHz band. If we extrapolate to the UWB 3 GHz -9 GHz band (limited to 9 GHz to exclude the presence of the 3rd scatterer resonance (3λ/2) potentially associated to the 1st slot at 3 GHz), we have v = 75 which gives the upper limit on the number of slots potentially reachable in this band. Note that the number of resonators (r) must be inferior or equal to the number of frequency slots (r ≤ v). The total number of possibilities by considering only frequency coding leads, where v represents the number of frequency slots and the symbol C v i is the number of combinations of i elements among v. Further, if the case where no resonators are present is ignored, the index i of the summation must start from 1.

Spatial data encoding

The spatial encoding capacity is now evaluated and will be added here to the frequency encoding. The tag surface can be divided into m identical spatial slot decisions, in which we will be able to position one resonator (we note here that the widths of the resonators used are smaller than the width of the ∆d slot) as shown in Fig. 5.41. Note that the number of resonators employed in spatial data encoding is limited to the number of spatial slots. Indeed, the number of resonators cannot be superior to the number of slots, which leads to m ≥ r, and proach, the spatial-frequency imaging method adds a verification step based on a spatial-frequency mapping of the scatterers that composes the tag. The scatterers are randomly allocated in the tag surface in positions. Thus, it creates a spatial-frequency pattern over the tag surface. Therefore, the method can be combined with the approach proposed in Chapter 2 and adds a new multi-independent aspect to the authentication method described in Chapter 2 and Chapter 3.

Note the low-cost chipless nature remains feasible since that method deals with printed elements over a substrate. This can be implemented on a printed document or other printed article, such as a personal identification card, cardboard packaging item, seal, or stamp. Subsequently, the carrier article can be measured again, and the measured characteristic can be compared with the characteristics stored in the database to establish if an object is counterfeit.

Again, as described in the whole authentication proposition, two authentication steps are required to evaluate the object's authenticity. First, the electromagnetic signature derived from database phase enrollment keeps the spatial-frequency mapping and the RF signature of the manufactured tags, in which the test bench and data phase enrollment are illustrated in Fig. 5.47.

After, the authenticity of a tag to authenticate can be verified by scanning the tag. The database is then used to establish whether there is a match or not. This provides a high-security system with spatial feature verification as an additional independent authentication factor. Note that this step can be implemented directly with RF signature analysis. Fig. 5.48 describes the procedure to obtain the digital signature from an article in the dedicated measuring bench. After, the object signature is verified against the database in which the tag signatures have been previously measured and stored.

Given the significant advantages of physical-layer authentication, it is straightforward to consider the exploitation of RF signal authenticity and spatial-frequency mapping authentication as a complement to the authentication schemes.

Despite the estimated characteristics necessary for authentication reliability, the proposed multi-observation reading scheme (Fig. 5.47) improves the reading system capabilities since multi antennas are used. The multi antennas reading scheme simplifies a collaborative authentication Des résonateurs canoniques en band X sont évalués puis convertis pour l'opération en bande V.

En plus, les limitations pour l'opération en bande V sont analysées.

Les principaux enjeux pour les applications présentés concernent de prouver le signal le caractère unique du signal rétrodiffusé du tag n'est pas duplicable et que le coût de la contrefaçon est largement supérieur à la valeur de l'objet concerné. Ensuite, les attributs électromagnétiques du tag doivent être convertis en une empreinte numérique pour une comparaison avec une base de données. De plus, l'évaluation des performances par une analyse statistique associée à des situations