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therefore requiring specific instrumentation and substantial energy consumption. This hampers the development of onboard or communicating systems, thus their deployment in live environment and cost-effective marketing.

On the other hand, the human environment is rich with natural and artificial resonators, ranging from crystal lattice vibration, musical instruments to complex devices such as quartz clock, lasers, spectrometer systems. Usually, a resonance refers to be an increase of the response of a system to an external excitation at a particular frequency equal or close to its natural internal one. Many physical systems also exhibit the opposite phenomenon, when their response is reduced or suppressed if some resonance condition is satisfied; this is referred as antiresonance. The resonance in the form of standing waves or resulting from scattering waves underlies many familiar resonance phenomena in electronics, optics and acoustics. As a consequence, resonators can be designed in various ways based on acoustic, electromagnetic, optic and electronic wave's interferences and their coupling. For sensors, resonance can be energyless, it allows high accuracy and high signal to noise ratio measurements to be carried out, acting as a selective filter to reject the useless part of the signal. Resonating transducers based on a wide range of wave frequencies, such as radiofrequency [START_REF] Pasquier | Imaging of a dielectric inclusion using a contactless radio-frequency inductive probe for tissue diagnosis[END_REF], acoustic waves [START_REF] Dejous | Love acoustic wave-based devices and molecularlyimprinted polymers as versatile sensors for electronic nose or tongue for cancer monitoring[END_REF], and microwaves [START_REF] Hallil | Differential passive microwave planar resonator-based sensor for chemical particle detection in polluted environments[END_REF], have been reported. These technologies are intrinsically passive, generic, portable, and suitable for high frequency operation, thus possibly wirelessly readable. Their manufacture is inspired by semiconductor or additive technologies, therefore allowing mass production at attractive prices. Furthermore, the operating principles can be complementary. For example, acoustic platforms offer exceptional sensitivities to mechanical surface effects, namely viscoelasticity and mass density, while electromagnetic waves are especially sensitive to electrical variations including permittivity and conductivity. Their association with various structured nanomaterials operating at ambient temperatures, ranging from organic, inorganic semiconductors, mesoporous materials, carbonaceous and other 2D-like nanostructured ones, solid electrolytes to conductive or polymer materials, yielded small detection devices, with low energy consumption and high sensitivity. Room temperature operation is also a key asset for flammable operating environments.

In this context, this review proposes a focus on the most common and promising passive resonant sensors which have revolutionized real-time measurements. The first part deals with a detailed review on acoustic, magnetoelastic, microwave and radio-frequency transducers principles and remote sensing. Then, a plethora of applications is illustrated. Finally, a synthesis and development prospects are reported and discussed.

II. RESONANT SENSOR PRINCIPLES & INTERROGATION

A. Surface and bulk wave acoustic platforms

Electromechanical devices operate by providing a frequency shift which is impacted by the inertial mass of surrounding parameters and molecules undergoing the mechanical wave motion. Among the most sensitive transducers are those based on the acoustic vibrational modes of crystals, thin films and microcantilevers [START_REF] Balram | Coherent coupling between radiofrequency, optical and acoustic waves in piezooptomechanical circuits[END_REF][START_REF] Heinrich | Fundamental theory of resonant MEMS devices[END_REF]. The common high frequency ones are based on bulk acoustic waves (BAW), surface acoustic waves (SAW), or plate waves (e.g. APM for Acoustic Plate Mode) [START_REF] Voiculescu | Acoustic wave based MEMS devices for biosensing applications[END_REF]. Such devices use both the direct and the reverse piezoelectric effect, with bilateral conversion between electrical energy and mechanical wave. The acoustic wave propagation velocity is the basic sensor output signal, which is influenced, among others, by changes in the mass mechanically linked to the device surface.

The oldest acoustic detection device is the quartz crystal microbalance (QCM) which is part of the BAW devices, with typical frequencies of a few MHz or tens of MHz. It has been widely used for the detection of target compounds and surrounding physical parameters such as temperature and pressure [START_REF] Tuantranont | A review of monolithic multichannel quartz crystal microbalance: A review[END_REF]. Shear horizontal acoustic plate modes (SH-APM) and Lamb waves propagating in piezoelectric thin film devices, typically in the frequency range of 2-200 MHz, are commonly studied [START_REF] Jr | Acoustic wave sensors: theory, design and physico-chemical applications[END_REF][START_REF] Su | Guided Lamb waves for identification of damage in composite structures: a review[END_REF]. However, a good surface sensitivity and mode separation would require unrealistically thin plates. Recent developments in the BAW devices family include thin film bulk acoustic resonators (TFBAR or FBAR) which mainly consist of thin films of aluminum nitride (AlN), scandium doped AlN (Sc-AlN) or zinc oxide (ZnO). Such piezoelectric films are either solidly mounted on a supporting structure integrating a Bragg acoustic mirror (SMR) or on a membrane cavity. FBARs can operate in longitudinal or in thickness shear mode, the latter being preferred for liquid operation to minimize energy losses. The FBARs operating frequencies range from sub-GHz to tens of GHz [START_REF] Link | Sensing characteristics of high-frequency shear mode resonators in glycerol solutions☆[END_REF][START_REF] Zhang | Film bulk acoustic resonators (FBARs) as biosensors: a review[END_REF].

SAW devices operate at frequencies in the MHz to GHz range. The wave propagating at the surface of the piezoelectric material is generated and recovered by interdigital transducers (IDT) in delay line or resonator configuration. The spacing between the two IDTs in a delay line causes a delay between the input and output signals. In the two-port resonator configuration, the input and output IDTs are closer to each other and surrounded by reflective fingers. Single port resonators have a single IDT with reflective fingers on both sides (like a Bragg mirror). Quartz, lithium niobate (LiNbO3) and lithium tantalate (LiTaO3) are common piezoelectric materials in SAW sensors. Depending on the piezoelectric material and its crystal orientation, different types of waves are generated. The Rayleigh wave combines longitudinal and vertical transverse polarizations [START_REF] Tokimatsu | Effects of multiple modes on Rayleigh wave dispersion characteristics[END_REF], it is commonly used in the telecommunication domain (SAW filter, frequency pilot), and is well adapted for measurement of physical quantities and in gaseous fluids. The Bleustein-Gulyaev wave is a shear horizontal SAW mode, also studied for sensor [START_REF] Zhang | The Bleustein-Gulyaev wave for liquid sensing applications[END_REF].

Whatever the bulk, plate or surface wave type, any vertical component in the polarization leads to significant signal attenuation (losses) in liquid media, due to radiating compressional waves in the liquid. Therefore, acoustic devices for liquid operation require horizontally polarized shear waves (HPSW). This includes Love waves, guided in a thin surface layer, and surface transverse waves (STW), confined by a network of metal bands. Such SAW-like devices can be used for liquid, gas and physical parameters detection applications [START_REF] Josse | Resonant piezoelectric devices as physical and biochemical sensors[END_REF]. SAW and BAW platforms are produced by standard lithography processes, which allow mass production.

In general, the acoustic wave resonance frequency can be affected by many factors, each of which presents a potential sensor response. Equation (1) illustrates the relative frequency variation as a function of variation of mass (m), electrical field (E), mechanical stress (), Temperature (T) and any other perturbation of the resonator environment. The partial derivation of frequency to a given perturbation defines the sensitivity of acoustic wave devices. It depends generally on the dispersion curves behavior under perturbation of the investigated mode, on the ratio between perturbed and unperturbed waveguide or resonator volume and on the operation frequency. Mass effect is the most intuitive principle in various acoustic wave sensors. To improve the sensitivity of acoustic wave mass sensors one should first choose the appropriate mode based on the dispersion curves sensitivity, secondly, increase the operation frequency, and thirdly to reduce the resonator mass reference to bring it close to that of equivalent loaded mass. Table I provides an overview of some surface and bulk wave acoustic platforms compared in terms of their wave form and mode, design, materials, operating frequency, sensitivity, advantages and technological limitations.

In order to improve the performances of acoustic wave sensors in terms of sensitivity and LOD, several works report on the use of phononic crystal and metamaterials analog to photonic and plasmonic in optics. The ability to control the propagation of elastic waves with such composite materials has attracted a considerable attention during the last two decades from science and technology points of view. Based on the concept of bandgap and its properties, these artificial materials enable to implement advanced sensing and signal processing functions:

wave-guiding, trapping, multiplexing, demultiplexing, etc. By combination of micro-and nanoscale resonators made of functional nanomaterials, and RF electroacoustic microwave, one can achieve advanced engineering of surface localized modes sensitivity and LOD. During the last decade, various designs for cavity resonators with high Q factor are reported in the literature showing all the promise for this new technology line [START_REF] Yankin | Finite element analysis and experimental study of surface acoustic wave propagation through two-dimensional pillar-based surface phononic crystal[END_REF][START_REF] Wang | A highly sensitive compact liquid sensor based on slotted phononic crystal plates[END_REF][START_REF] Moutaouekkil | Highly confined radial contour modes in phononic crystal plate based on pillars with cap layers[END_REF][START_REF] Cicek | Ultrasonic gas sensing by two-dimensional surface phononic crystal ring resonators[END_REF]. An example of metamaterials cavity design is shown in Fig. 1.

B. Acoustic sensors in wireless configurations

In addition of being small, simple and robust, SAW devices can be batteryless, possibly wirelessly interrogated [START_REF] Reindl | Passive radio requestable SAW water content sensor[END_REF] and packageless [START_REF] Elmazria | AlN/ZnO/diamond structure combining isolated and surface acoustic waves[END_REF][START_REF] Legrani | Packageless AlN/ZnO/Si structure for SAW devices applications[END_REF], with multi-tagging (IDTAG) capability [START_REF] Plessky | Review on SAW RFID tags[END_REF][START_REF] Floer | SAW RFID devices using connected IDTs as an alternative to conventional reflectors for harsh environments[END_REF]. SAW devices being widely used as standard components of RF communication, SAW sensors and their reader units can be inexpensive and several solutions are commercially available [START_REF]SAW components dresden GMBH[END_REF][START_REF] Senseor | [END_REF][START_REF][END_REF][START_REF] Transense | [END_REF]. For applications in harsh environments, SAW sensors can be operated wirelessly, being used in backscattering mode an controlled by the RF electronic reader located in a safe area. Two such configurations can be considered: resonators or reflective delay lines.

-Reflective delay line (R-DL) configuration: an IDT is connected to an antenna with reflectors on the surface wave propagation path (Fig. 2). The remote interrogation system sends microwave pulses to the sensor. The IDT converts the electromagnetic pulse from the antenna into an acoustic one, which travels along the SAW device and is partially reflected due to the difference in acoustic impedance of the reflectors (usually metallic lines) with the substrate. This backward wave is turned back into a radio echo by the IDT and the antenna, towards the remote processing system. A modification of the environmental parameters results in a variation of the time elapsing between the reception of each echo, and of the echoes magnitude (Fig. 2). For wireless R-DLs, it is critically important to use substrates with high electromechanical coupling coefficient k2, low propagation loss and low power flow angle, and well as electrodes with low viscoelastic losses. Design-wise, well defined peaks with similar amplitude are favored.

-Resonator configuration: an IDT is placed between two acoustic Bragg mirrors, to form a high quality factor resonant cavity (Fig. 3). The resonator can be excited wirelessly by the interrogation system at a frequency close to the resonant frequency of the cavity. When the excitation is switched off, the resonator keeps oscillating freely for a period of time at its eigenfrequency, which is dependent on the environmental parameters. The detection of these free oscillations will be easier with high Q resonators, since the higher the quality factor Q is, the higher the frequency resolution will be. Also very important is the figure of merit (FOM) equal to Q*k 2 , since it determines the power re-radiation efficiency of the resonator, as well as the optimal matching [START_REF] Shvetsov | Quartz orientations for optimal power efficiency in wireless SAW temperature sensors[END_REF]. Hence, the quality factor and the figure of merit are therefore essential parameters for the production of efficient wireless SAW resonators.

The Interrogation principle is based on radar technique and a variety of architectures such as time domain sampling (TDS), frequency domain sampling (FDS) or hybrid concepts for both R-SAW and R-DL sensors have been also investigated and reported by Lurz et al. [START_REF] Lurz | Reader architectures for wireless surface acoustic wave sensors[END_REF].

C. Electromagnetic Radio Frequency (RF) platforms

Passive electromagnetic RF resonating sensors are based on an electromagnetic field operating in the hundreds of kHz up to the THz frequency range, to detect, evaluate or monitor changes in the matter under test (MUT). The electromagnetic field propagation is affected by the dielectric properties of the MUT. These properties are modelled by the complex permittivity ε * as in (2): 𝜀 * = 𝜀 ′ -𝑗𝜀 ′′ (2) where ε ′ is related to the polarizability of the matter, and the imaginary part ε ′′ represents the dielectric losses and is related to the conduction and displacement currents induced within the matter. As a result, changes in the dielectric properties of the MUT induced by its structural, chemical, or physical changes, strongly affect the resonance of the sensor interacting with it. The sensitivity S of the sensor to dielectric changes can be generally defined as in (3):

𝑆 = 𝑓 𝑓 0 | * | (3)
where | * | denotes the dielectric changes and f denotes the induced resonance frequency shift, comparatively to the unloaded sensor or to the sensor loaded by a reference matter. The choice of the operating frequency is related to the desired scale of investigation of the MUT [START_REF] Barbillon | Engineering of micro/nano biosystems[END_REF].

In the lower range of the RF spectrum (hundreds of kHz to tens of GHz), passive inductor-capacitor (LC) resonant sensors are widely used since the 1960's as they provide sensitive, versatile, easy to design and wireless sensing solutions [START_REF] Huang | LC passive wireless sensors toward a wireless sensing platform: status, prospects, and challenges[END_REF]. The LC circuit acts as a resonant energy tank, characterized by its resonance frequency f and quality factor Q, as in (4):

𝑓 = 1 2√𝐿𝐶 and 𝑄 = 1 𝑅 √ 𝐿 𝐶 (4)
where R denotes the losses in the resonator. The modifications of the dielectric properties of the MUT, induced by either structural, chemical or physical changes, will modify the R, L, and/or C parameters, and hence the resonance of the sensor. These changes can be readout through the impedance of a distant monitoring coil, inductively coupled to the LC sensor (Fig. 4.a.). This feature enables wireless implementation, and makes passive LC sensors especially good candidates for low invasive monitoring applications in harsh, sealed or low accessibility environments, which strongly benefits from recent developments in microfabrication technology which allows flexibility, miniaturization, functionalization and minimal invasive sensing solutions to be reached [START_REF] Kim | Biosensors for label free detection based on RF and MEMS technology[END_REF][START_REF] Couty | Fabrication and packaging of flexible polymeric microantennae for in vivo magnetic resonance imaging[END_REF].

On the other hand, microwave transducers are usually implemented in the upper range of the RF bandwidth, i.e. from hundreds of MHz to THz. The evaluation by direct measurement of the dielectric properties of a sample used as a waveguide or resonator charge, as illustrated in Fig. 4,b, is dedicated to the estimation of the permittivity of a fluid or of a solid [START_REF] Zhu | Measurement of gas concentrations by means of the power saturation technique in a microwave cavity spectrometer[END_REF][START_REF] Rouleau | Performance of a microwave sensor for the precise measurement of water vapor in gases[END_REF][START_REF] Bernou | Microwave sensors: a new sensing principle. Application to humidity detection[END_REF][START_REF] Vélez | Split ring resonator-based microwave fluidic sensors for electrolyte concentration measurements[END_REF]. The association of a microfluidic chip has further contributed to using this type of measurement for applications requiring detections in liquid media [START_REF] Silavwe | A Microfluidic-integrated SIW lab-on-substrate sensor for microliter liquid characterization[END_REF][START_REF] Chuma | Microwave sensor for liquid dielectric characterization based on metamaterial complementary split ring resonator[END_REF]. Structures based on metamaterials (Fig. 4,b) have improved the sensitivity of this type of sensors, notably thanks to the concentration of the electromagnetic field [START_REF] Stuchly | Coaxial Line Reflection Methods for Measuring Dielectric Properties of Biological Substances at Radio and Microwave Frequencies-A Review[END_REF].

At the same time, a new generation of microwave sensors has emerged over the past two decades. It uses indirect detection (Fig. 4, c, d ande) based on monitoring the evolution of the dielectric and conductive properties of an additional chemical material immobilizing or reacting with the target chemical or biological species. Their geometries generally based on miscrostrip and coplanar lines have facilitated low cost manufacturing [START_REF] Hallil | Smart Sensors for Environmental and Medical Applications[END_REF].

This type of microwave transducer can meet three major challenges in the field of sensor research. First of all, they can be designed with a large variety of materials. Secondly, they can operate at room temperature. Third, the sensor response is directly related to the excitation frequencies, allowing a better understanding of the interaction of target molecules and sensitive materials in the microwave range. Indeed, the dielectric properties are influenced by the surface interactions between the sensitive material and its environment, such as adsorption (physisorption, chemisorption), the covalent bond and Van der Waals or the dipole-dipole interactions. The choice of the sensitive material is driven by the end application [START_REF] Fonseca | Microwave signature for gas sensing: 2005 to present[END_REF]. It can be deposited locally [START_REF] Bailly | Microstrip spiral resonator for microwave-based gas sensing[END_REF][START_REF] Bahoumina | Microwave flexible gas sensor based on polymer multi wall carbon nanotubes sensitive layer[END_REF][START_REF] Krudpun | PSE-coated interdigital resonator for selective detection of ammonia gas sensor[END_REF] or covering the entire surface of the resonant circuit [START_REF] Rossignol | Microwave-based gas sensor with phthalocyanine film at room temperature[END_REF].

Table II provides an overview of some electromagnetic RF transducers compared in terms of their application environment, design, materials, operating frequency, sensitivity, and target quantity measurement. Examples of applications are also detailed in section III.D.

D. Sensing, energy harvesting and power transmission

Active materials such as piezoelectric ceramics and magnetoelectric composites used in passive resonant sensors enable to consider extended functionalities of power transfer and energy harvesting [START_REF] Piliposian | On the sensing, actuating and energy harvesting properties of a composite plate with piezoelectric patches[END_REF]. The extracted electrical energy can then be used to power small electronics circuitry in order to get smarter passive sensors with enhanced features and embedded intelligence. In that perspective, a magnetostrictive transducer was designed for simultaneous vibration sensing and energy harvesting [START_REF] Patra | Design and development of magnetostrictive low power DC generator and vibration sensor[END_REF].

This sensor exhibited a sensitivity as large as 55 V.s/m thanks to the small electronic interface powered by the device itself. In terms of energy harvesting, the magnetostrictive transducer provided output powers in the range of 10-50 W. The authors suggested that such vibration sensor could power its own wireless communication node. With similar approach and objectives, a self-powered sensor based on triboelectric effect was developed to monitor the vibration frequency of drill strings [START_REF] Wu | Pagoda-shaped triboelectric nanogenerator with high reliability for harvesting vibration energy and measuring vibration frequency in downhole[END_REF]. Acoustic power transmission in air was studied using a capacitive parametric ultrasonic transducer (CPUT) [START_REF] Surappa | Characterization of a parametric resonance based capacitive ultrasonic transducer in air for acoustic power transfer and sensing[END_REF]. A 40 W electrical power was generated by the CPUT excited at 50 kHz. It enabled to wirelessly power its interface circuit used for both reducing the parametric threshold and tuning the directivity of the CPUT, thus providing improved performance to this passive resonant acoustic sensor.

III. APPLICATIONS

A. Acoustic waves based platforms for chemical and bio sensing and monitoring

The association of chemical nanostructured materials and acoustic platforms undergoes an ever-growing importance in VOCs and harmful gases monitoring, especially for issues related to our ecosystem and environmental health, also to some chronic diseases. Most significantly, it was reported real time detection at room temperature of a few ppm of hydrogen (H2) gas by using metals and oxides such as Pd [START_REF] Thiele | Dual configuration high temperature hydrogen sensor on LGS SAW devices[END_REF], Pt/ZnO [START_REF] Phan | Surface acoustic wave hydrogen sensors based on ZnO nanoparticles incorporated with a Pt catalyst[END_REF], In2O3 [START_REF] Wang | Characteristics of SAW hydrogen sensors based on InOx/128°YX-LiNbO3 structures at room temperature[END_REF], etc. In addition, polymers such as PECH, PEI, PIB, PMPS, were used for the detection of traces of DCM, EtOAc, DMMP, n-octane and toluene vapors [START_REF] Horrillo | Optimization of SAW sensors with a structure ZnO-SiO2-Si to detect volatile organic compounds[END_REF][START_REF] Fernandez | Discrimination of volatile compounds through an electronic nose based on ZnO SAW sensors[END_REF][START_REF] Du | Synthesis and evaluation of a new polysiloxane as SAW sensor coatings for DMMP detection[END_REF][START_REF] Pietrantonio | Volatile toxic compound detection by surface acoustic wave sensor array coated with chemoselective polymers deposited by laser induced forward transfer: Application to sarin[END_REF]. We have also witnessed a remarkable breakthrough in recent studies reporting the interest of carbon materials such as graphene, CNTs and their derivatives. This relies on their excellent mechanical properties especially for the design of acoustic platforms [START_REF] Salvetat | Mechanical properties of carbon nanotubes[END_REF][START_REF] Zandiatashbar | Effect of defects on the intrinsic strength and stiffness of graphene[END_REF][START_REF] Nikolaou | Electro-mechanical properties of inkjet-printed graphene oxide nanosheets[END_REF], their integrability in standard or additive micro-technology processes [START_REF] Nikolaou | Inkjet-Printed Graphene Oxide Thin Layers on Love Wave Devices for Humidity and Vapor Detection[END_REF], and the possible functionalization to provide selectivity in addition to their outstanding sensitivity at ambient conditions [START_REF] Fam | A review on technological aspects influencing commercialization of carbon nanotube sensors[END_REF]. Among these works, GO-based acoustic transducers led to sensitivities of 4.7 Hz/ppb and 102 Hz/ppm to NH3 and NO2, respectively [START_REF] Nikolaou | Properties of graphene by chemical recognition on Surface Acoustic Wave (SAW) sensors: Application to the detection of chemical compounds in the gaseous state[END_REF]. The corresponding experimental detection limit (LOD) was estimated to be 30 ppb for NH3 gas and 25 ppb for NO2. Another study confirmed the sensitivity and specificity of GO flakes to ammonia gas in comparison to H2, H2S, CO and NO2 gases [START_REF] Tang | Highly sensitive and selective Love mode surface acoustic wave ammonia sensor based on graphene oxides operated at room temperature[END_REF]. Sayago et al. [START_REF] Sayago | Graphene oxide layer in Love-wave surface acoustic wave sensors for the detection of chemical warfare agent simulants[END_REF] reported high sensitivities of 3087 Hz/ppm to DMMP and 760 Hz/ppm to DPGME with the same type of sensitive material. A shift of kHz to 0.5 % of H2 concentration was reported, with good repeatability and stability, by using a SAW platform associated with Pd-Gr nanocomposite [START_REF] Ha | Hydrogen gas sensing using palladium-graphene nanocomposite material based on surface acoustic wave[END_REF]. Similarly, SWCNTs were investigated with SAW platform for the detection of ethyl acetate and toluene vapors with sensitivities of 5.45 kHz/ppm and 7.47 kHz/ppm, respectively [START_REF] Penza | Carbon nanotubes as SAW chemical sensors materials[END_REF], and a SWCNTs -Cu nanoparticles composite based SAW platform exhibited a sensitivity of 2.6 kHz/ppm to H2 gas [START_REF] Asad | Surface acoustic wave based H2S gas sensors incorporating sensitive layers of single wall carbon nanotubes decorated with Cu nanoparticles[END_REF].

For applications related to fluid samples analysis, the sensor sensitivity is strongly influenced by the receptor, or active sensitive layer, by the process of its immobilization, as well by the wave mode and the detection approach, while specificity is determined by an available combination of biological or chemical recognition [START_REF] Holzinger | Synergetic effects of combined nanomaterials for applications[END_REF]. A common strategy relies on biological receptors immobilized on the acoustic platform surface, consisting of antibodies [START_REF] Bisoffi | Detection of viral bioagents using a shear horizontal surface acoustic wave biosensor[END_REF], nucleic acids [START_REF] Wang | Rapid detection of human papilloma virus using a novel leaky surface acoustic wave peptide nucleic acid biosensor[END_REF], enzymes [START_REF] Kondoh | Enzyme biosensor based on surface acoustic wave device[END_REF], cells [START_REF] Pei | Real-time analysis of the carbohydrates on cell surfaces using a QCM biosensor: a lectin-based approach[END_REF] and microorganisms [START_REF] Gammoudi | Love-wave bacteria-based sensor for the detection of heavy metal toxicity in liquid medium[END_REF]. However, a large part of such biosensors suffers from a poor stability and reliability due to a short lifetime. Moreover, mass production with standard methods is still a major challenge, mainly related to immobilizing living matrices on the surface.

Another approach is based on the association of chemical recognition films aiming at improving the analytical performance, reliability and mass production. The signal amplification process usually also involves a nanomaterialbased inter-layer or matrix to link the bio-recognition element to the acoustic device surface. For example, among studies exploring this approach for cancer biomarkers detection, different acoustic platforms have been successfully associated with gold (Au) nanoparticles [START_REF] Wang | AuNP-amplified surface acoustic wave sensor for the quantification of exosomes[END_REF], PZT [START_REF] Su | Detection of cancer biomarkers by piezoelectric biosensor using PZT ceramic resonator as the transducer[END_REF], Parylene C [START_REF] Gruhl | Surface modification of an acoustic biosensor allowing the detection of low concentrations of cancer markers[END_REF] and Molecularly Imprinted Polymer (MIP) [START_REF] Dejous | Love acoustic wave-based devices and molecularlyimprinted polymers as versatile sensors for electronic nose or tongue for cancer monitoring[END_REF][START_REF] Schirhagl | Bioapplications for Molecularly Imprinted Polymers[END_REF].

Recently, research findings have also highlighted the interest of materials such as recyclable polyethylene naphthalate associated with a SAW sensor for the detection of E. coli bacteria [START_REF] Lamanna | Conformable surface acoustic wave biosensor for E-coli fabricated on PEN plastic film[END_REF], or the association of a Love wave platform to the 2D composite rGO-MoS2 flakes synthetized with Au nanoparticles and the polyamic acid diethyl ethanolamine salt precursor for the carcinoembryonic antigen detection [START_REF] Jandas | Highly stable, love-mode surface acoustic wave biosensor using Au nanoparticle-MoS2-rGO nano-cluster doped polyimide nanocomposite for the selective detection of carcinoembryonic antigen[END_REF].

B. Acoustic waves based platforms for physical parameters monitoring in harsh environments

The use of SAW devices as passive and wireless sensors makes sensing possible in rotating parts [START_REF] Kalinin | Application of passive SAW resonant sensors to contactless measurement of the output engine torque in passenger cars[END_REF] and allows them to operate in extreme conditions such as those with high levels of radiation, temperatures up to 1000°C or electromagnetic interference, where no other wireless sensor can operate [START_REF] Wilson | Passive wireless sensor applications for NASA's extreme aeronautical environments[END_REF]. Obviously, this is possible if the constituting materials can withstand these harsh conditions [START_REF] Blampain | AlN/Sapphire: promising structure for high temperature and high frequency SAW devices[END_REF]. Combined with flexible substrates [START_REF] Jin | Flexible surface acoustic wave resonators built on disposable plastic lm for electronics and lab-on-a-chip applications[END_REF], SAW sensors also find applications in the biomedical and welfare industry, such as continuous monitoring of the human body's parameters, either on skin [START_REF] Floer | AlN/ZnO/LiNbO3 packageless structure as a low-profile sensor for potential on-body applications[END_REF] or in implants [START_REF] Murphy | Continuous in vivo blood pressure measurements using a fully implantable wireless SAW sensor[END_REF], which are another type of "harsh" environments due to RF and acoustic absorption.

For high temperature applications, the choice of the constitutive materials of the SAW sensor is critical. For example, conventional piezoelectric material such as quartz, LiNbO3, and LiTaO3 are unusable at high temperature (above 400°C). Indeed, Quartz undergoes a phase transition at 573 °C and exhibits an increasing structural disorder from 400 °C, which decreases considerably its piezoelectricity and thus the quality factor of SAW devices. The relatively low Curie temperature of Lithium Tantalate (600 °C) limits its use as substrate in harsh conditions. The Lithium Niobate (LiNbO3 -LN) Curie temperature around 1200 ° C is advantageous, but its electrical conductivity strongly increases with temperature, reaching the value of 105 Ω.cm at 600 °C. This induces significant electrical losses (leakage currents), preventing any use in a wireless configuration. However, thanks to its high electromechanical coupling coefficient (K 2 ), a few studies still consider LN at moderate temperature below 400 °C and especially in R-DL configuration. They were all based on It should be noted, however, that studies conducted on the use of LN for SAW applications at high temperatures are ultimately relatively few. They were all made with readily available LN crystals of congruent composition (cLN). Hornsteiner et al. [START_REF] Hornsteiner | Surface acoustic wave sensors for high-temperature applications[END_REF] showed that the insertion loss of SAW delay lines based on cLN and platinum IDTs, operating at 100 MHz, remains very stable up to 500 °C, then increases rapidly, which is probably linked to the increase in electrical conductivity described above. Hauser et al. [START_REF] Hauser | High-temperature stability of LiNbO/sub 3/ based SAW devices[END_REF] confirmed in 2003 a lifetime of at least 10 days at 400 °C of SAW devices based on cLN. Beyond that, again, the lifetime decreases quickly, down to a few hours only at 450 °C. The authors explain that this phenomenon is not related to a degradation of the crystal, but to a damage of the IDTs (nature not specified) which they attribute, in a hypothetical way, to the formation of sparks related to the pyroelectric properties of the crystal. Fachberger et al. developed in 2006 wireless R-DL operating at 2.45 GHz, with cLN crystals [START_REF] Fachberger | Wireless SAW based high-temperature measurement systems[END_REF]. Their lifetime is estimated at least 10 days at 350 °C, but only a few hours at 400 °C, due to the degradation of the aluminum IDTs. Finally, it was shown very recently that stoichiometric LiNbO3 (sLN) substrates slightly upper temperatures [START_REF] Streque | Stoichiometric Lithium Niobate crystals: towards identifiable wireless surface acoustic wave sensors operable up to 600 °C[END_REF], and that SAW devices based on could be operated up to 600°C for a few hours [START_REF] Floer | SAW RFID devices using connected IDTs as an alternative to conventional reflectors for harsh environments[END_REF] and even up to 4 days [START_REF] Maufay | Investigation of the limit operating temperature of LiNbO3 as substrate for SAW devices[END_REF]. Ultimately, very few piezoelectric media can be considered for applications above 400 °C. Currently, the Langasite (La3Ga5SiO14 -LGS), which does not exhibit a phase transition up to its melting point at 1470 °C, is considered as one of the best-suited choice for such harsh environments. It was demonstrated that LGS-based SAW devices can be operated for at least 5 months at 800 °C [START_REF] Pereira Da Cunha | High temperature stability of langasite surface acoustic wave devices[END_REF] and over 150 hours at 1000 °C [START_REF] Pereira Da Cunha | Pt-Ni / Pt-Zr electrodes for stable SAW resonator operation during repeated temperature cycling up to 1000°C[END_REF].

Another alternative consists in using layered structure with AlN as piezoelectric thin layer and sapphire as substrate. Such AlN/Sapphire SAW delay line using Iridium as electrodes could be operated for more than 40 hours up to 1140 °C [START_REF] Aubert | Investigations on AlN/sapphire piezoelectric bilayer structure for high-temperature SAW applications[END_REF], limited by electrodes instability. Recently resonators with high quality factor up to 8000 were achieved on an AlN/Sapphire structure [START_REF] Streque | Design and characterization of high-Q SAW resonators based on the AlN/Sapphire structure intended for high-temperature wireless sensor applications[END_REF]. These results are very promising for the achievement of wireless SAW sensors suited for high temperature environments.

At the same time, the reversible coupling between strain and other physical quantities is used to develop next-generation of signal processing functions including devices for information and sensors with the respect of energy-saving paradigm.

We will focus in this section on the straintronics based on magnetoelastic and piezoelectric materials, as the most promising coupling effect for designing highly sensitive and low LOD magnetic field sensor. Piezo-magneto-elastic heterostructures are composite structures generally consisting of a multilayer assembly of several materials, including a piezoelectric material and a magnetostrictive one. Exciting progress has been made over last two decades on magnetoelectric sensors, as highly sensitive magnetometers based on magnetic control of electrical polarization in magnetic/piezoelectric composite architecture [START_REF] Tiercelin | Magnetoelectric effect near spin reorientation transition in giant magnetostrictive-aluminum nitride thin film structure[END_REF][START_REF] Greve | Giant magnetoelectric coefficients in (Fe90Co10)78Si12B10-AlN thin film composites[END_REF]. Such structures are now widely used in the development of current and magnetic field sensors [START_REF] Zabel | Phase modulated magnetoelectric delta-E effect sensor for sub-nano tesla magnetic fields[END_REF][START_REF] Bichurin | Magnetoelectric current sensors[END_REF]. Two measurement principles are used. The first one is called direct magnetoelectric effect, the presence of AC magnetic field induces oscillations of magnetization and through the magnetoelastic coupling a stress is induced in the piezoelectric material resulting in voltage across the piezoelectric layer. The magnetoelectric coefficient ME exhibits a maximum value when the AC magnetic signal matches the electromechanical resonance frequency of the structure. A high ME of 40 V/cm.Oe using AlN/(FeCo-TbCo)n composite structure is reported for the first time in 2007 [START_REF] Tiercelin | Magnetoelectric effect near spin reorientation transition in giant magnetostrictive-aluminum nitride thin film structure[END_REF]. This result was confirmed and improved by 20 orders of magnitude using the structure FeCoSiB/AlN and a detection limit of 400 fT/sqrt (Hz) was reported [START_REF] Greve | Giant magnetoelectric coefficients in (Fe90Co10)78Si12B10-AlN thin film composites[END_REF]. The design is very promising, however the operation in the resonance condition limits the ability to sense both DC and AC magnetic fields with the same LOD. Exploiting the direct magneto-electric effect in the case of a low-frequency magnetic field requires a broad structure, incompatible with integration and the technological processes used. The second principle is called ∆E effect, it is based on the frequency modulation of a resonant electromechanical structure. The ∆E effect enables to overcome these constraints [START_REF] Zabel | Phase modulated magnetoelectric delta-E effect sensor for sub-nano tesla magnetic fields[END_REF], however the reported LOD of 1 nT/sqrt (Hz) remains very small in comparison to the previous one. During the last decade, there has been a renewed interest in the topic of sensors based on the combination of magnetoelastic thin films and surface acoustic wave devices. Two ways are investigated. First, increasing the ratio of magnetoelastic thin film to wavelength using confined acoustic waves results in ∆E effect improvement. The second way concerns investigation of acoustic wave driven Ferro Magnetic Resonance (FMR) that occurs when SAW operation frequency matches the FMR. The proof of concept of wireless magnetic SAW sensors based on ∆E effect has been reported in [START_REF] Bichurin | Magnetoelectric current sensors[END_REF][START_REF] Kadota | Magnetic sensor based on surface acoustic wave resonators[END_REF] and full piezomagnetic model with experimental validation enabling to engineer the sensitivity of SAW magnetic fields sensor designs for both Rayleigh and Shear surface waves is reported in [START_REF] Zhou | Multilayer magnetostrictive structure based surface acoustic wave devices[END_REF]. More recently, various studies were conducted to tackle the sensitivity improvement by using functionalized Love waveguide [START_REF] Kittmann | Wide band low noise Love wave magnetic field sensor system[END_REF][START_REF] Mishra | Temperature compensated magnetic field sensor based on love waves[END_REF] or thin film bulk acoustic wave [START_REF] Nan | Self-biased 215MHz magnetoelectric NEMS resonator for ultra-sensitive DC magnetic field detection[END_REF]. Another work proposes to use directly the magnetoelastic material as Love waveguiding layer on ST-Quartz-cut, this enables to achieve the intrinsic limit sensitivity of the magnetoelastic thin film [START_REF] Mazzamurro | Giant magnetoelastic coupling in a Love acoustic waveguide Based on TbCo2 / Fe Co nanostructured film on ST-Cut quartz[END_REF].

C. Electromagnetic RF platforms for complex matter monitoring and evaluation

Thanks to their intrinsic versatility, their possible planar geometry and to their possible miniaturization and association to advanced materials (flexible, functionalized, …) by means of microfabrication, passive LC sensors are particularly well suited to develop relevant wearable / implantable sensing solutions for plenty of applications as presented in Table II.

For example, Xie et al. [START_REF] Xie | Low cost paper-based LC wireless humidity sensors and distance-insensitive readout system[END_REF] proposed a humidity sensor constituted of a silver nanowire based planar spiral LC circuit printed on paper for low cost food packaging assessment. The humidity sensing principle lies in the monitoring of the resonance changes induced by the humidity dependent capacitance of the LC circuit. Li et al [START_REF] Li | An embedded passive resonant sensor using frequency diversity technology for high-temperature wireless measurement[END_REF] proposed a LC design based on a planar fixed coil and a parallel plate capacitor, embedded in a high temperature co-fired ceramic device, for high temperature wireless monitoring. Here, the sensing principle relies on the variations of the capacitor C with the temperature dependent dielectric constant of the ceramic substrate. Besides, LC designs on flexible substrate enable mechanical quantities to be monitored, as well as wearable sensors to be developed: Kou et al. elaborated a pressure/strain sensor by means of a graphene planar coil associated to a parallel plate capacitor, micro-patterned on compressible polydimethylsiloxane (PDMS) polymer [START_REF] Kou | Wireless flexible pressure sensor based on micro-patterned Graphene/PDMS composite[END_REF]. The sensing principle lies in the change of the capacitance with the deformation of the stressed PDMS substrate. Flexible LC designs associated to advanced functionalized material allows wireless bio-sensors to be considered. For example, Mannoor et al. [START_REF] Mannoor | Graphene-based wireless bacteria detection on tooth enamel[END_REF] developed a wearable pathogenic bacteria detector based on functionalized graphene electrodes allowing the specific binding of pathogenic bacteria, and integrated in a flexible LC circuit bio-transferred onto the surface of tooth enamel.

Furthermore, recent works have focused on implantable glucose monitoring by means of LC sensors [START_REF] Dautta | Passive and wireless, implantable glucose sensing with phenylboronic acid hydrogelinterlayer RF resonators[END_REF][START_REF] Hassan | A Minimally invasive implantable sensor for continuous wireless glucose monitoring based on a passive resonator[END_REF]. For example, Dautta et al. [START_REF] Dautta | Passive and wireless, implantable glucose sensing with phenylboronic acid hydrogelinterlayer RF resonators[END_REF] recently proposed a millimetric double split ring resonator operating in the hundreds of MHz, dedicated to implantable settings for continuous glucose monitoring. The interlayer of the resonator is a phenylboronic acid hydrogel that swells and deflates as molecules of glucose bind and unbind to it. The observed resonator frequency shift is about 50 MHz per 150 mg/dL of glucose, with a detection limit of 10 mg/dL and a 1-hour step response (See Table II).

Other works focused on disposable medical dressings equipped with passive LC sensors for the non-invasive monitoring of dermal wound healing: Deng et al. [START_REF] Deng | Flexible passive wireless pressure and moisture dual-parameter sensor for wound monitoring[END_REF] developed a centimetric flexible dual resonator integrating i) an interdigital capacitor for moisture sensing, and ii) capacitive plates for pressure sensing. The sensor operated in the tens and hundreds of MHz features sensitivities of about -60 kHz/%RH in a 20%-90% RH range, and of about 400 kHz/mmHg in the 0-100 mmHg range; also, Dinh et al. [START_REF] Dinh | Non-Contact Radiofrequency Inductive Sensor for the Dielectric Characterization of Burn Depth[END_REF] developed a centimetric flexible 300 MHz circular transmission line-based resonator, used to wirelessly sense tissue bio-impedance changes due to burn injuries. The sensor enables to assess the complex permittivity relative changes within the tissue (up to 60%) which fairly correlate with observed wound depth (up to 7 mm) and burning temperature (75 °C to 225 °C) and duration (up to 240 s) on ex-vivo pork meat samples.

More generally, LC resonators are well suited for the noncontact monitoring of physicochemical changes within organic matter. Using high-Q wireless transmission line-based resonators inspired by MRI setups [START_REF] Couty | Implantable wireless microcoils for 7Tesla Magnetic Resonance Imaging of the rat brain: Optimization of the PDMS packaging[END_REF] which operate as lumped RF LC tanks, Dinh et al. have distantly monitored the jellification of acidified milk solutions during yogurt formation [START_REF] Dinh | Non invasive evaluation of yogurt formation using a contactless radiofrequency inductive technique[END_REF], egg jellification during heating [START_REF] Dinh | Contactless radiofrequency monitoring of dielectric properties of egg white during gelation[END_REF], through the sensing of the complex permittivity changes due to protein network restructuring within the organic matter. This approach opens the way to the development of minimally invasive / wearable devices for the monitoring of physio pathological state of tissues (ageing, dehydration, tumors). The limitations of such sensors lie mainly in the simultaneous sensitivity to multiple parameters (lack of specificity), the indirect measurement of physical or chemical quantities, and from the possibly distance-dependent wireless reading of the LC resonance. In this context, trend is towards the development of LC resonator arrays and multifrequency resonators [START_REF] Dinh | Evaluation a dielectric inclusion using inductive RF antennas and artificial neural networks for tissue diagnosis[END_REF] as well as multimodal implementation by means of passive electromagneticultrasonic transducers [START_REF] Wang | New RF EMUS transducer for complex fluid characterization[END_REF] for enhanced characterization of organic matter.

Moreover, microwave transducers have shown their potential for the monitoring of vapors and toxic gases. For example, the association of metal oxides such as SnO2, SrTIO3, TiO2, ZnSO4 and ZrO2 as sensitive material has been evaluated by Jouhannaud et al. [START_REF] Jouhannaud | Metal oxide-based gas sensor and microwave broad-band measurements: an innovative approach to gas sensing[END_REF]. These materials are used as dielectric insulator of the one-port coaxial structure (1-3 GHz) for ethanol, toluene and water vapors detection. In the following, dielectric resonators based on SnO2 [START_REF] Hallil | Novel microwave gas sensor using dielectric resonator with SnO2 sensitive layer[END_REF] and TiO2 [START_REF] Aubert | Wireless sensing and identification based on radar cross section variability measurement of passive electromagnetic sensors[END_REF] sensitive materials, operating with whispering-gallery modes at 60 and 30 GHz frequencies respectively, were reported and the proof of concept of humidity detection was validated. In the case of ammonia detection, TiO2 is used as supersubstrate for interdigital microstrip circuit (2 ports) [START_REF] Bailly | Microwave gas sensing with a microstrip interDigital capacitor: detection of NH3 with TiO2 nanoparticles[END_REF]. Ammonia molecules (100-500 ppm) were adsorbed on sensitive material which coordinates NH3 and NH4 + (surface Lewis acidity) [START_REF] Rossignol | Critical influence of dielectric sensitive material and manufactured process in microwave gas-sensing: application of ammonia detection with an interdigital sensor[END_REF]. A reversible variation of the response magnitude, image of the ammonia concentration, is observed, the shift is close to -0.17 dB for S11 and + 0.1 dB for S21 (~ 2.2 GHz) at 500 ppm of ammonia (Fig. 5).

Among others, the crystal morphology is a key parameter of microwave sensing, as demonstrated by Bailly et al. [START_REF] Bailly | Microwave gas sensing with hematite: shape effect on ammonia detection using pseudocubic, rhombohedral, and spindlelike particles[END_REF] with hematite Fe2O3. Three typical particle shapes of hematite are used: spindles as one-dimensional structures, rhombohedra as high-index faceted crystals, and pseudocubes. Gas sensing experiments revealed that each morphology presents a different behavior upon ammonia injection. The response variation is less than 1dB. Detection of acetone vapor (0-200 ppm) was also demonstrated by Rydosz et al. [START_REF] Rydosz | Microwave system with sensor utilizing CuO-based gas-sensitive layer for acetone detection[END_REF]. Using a five port reflectometer, this study dealt with influence of sensitive material of CuO thicknesses (50 -500 nm) on the sensor response; operating at 2.4 GHz.

Polymers and carbon nanocomposites and using of additive technologies were also reported this last decade. Krudpun et al. [START_REF] Krudpun | PSE-coated interdigital resonator for selective detection of ammonia gas sensor[END_REF] used a Poly (styrene-co-maleic acid) partial isobutyl/methyl mixed ester (PSE), as super substrate of a coplanar interdigital resonator. The sensor response was evaluated in the range of 50 to 1000 ppm of ammonia with static Fig. 5. Real-time quantitative and reversible response of an interdigital microwave sensor with TiO2 (2.2-2.4 GHz) to ammonia vapors in argon as vector flow. measurement set-up. Chopra et al. [START_REF] Chopra | Carbon-nanotube-based resonant-circuit sensor for ammonia[END_REF] reported the first indirect microwave gas sensor (2002) associated with carb on nanotube layer (single and multiwall) deposited on a patch antenna structure. In static regime, ammonia was detected and leads to a 4 MHz downshift at 3.8 GHz. Moreover, Lee et al. [START_REF] Lee | Carbon-nanotube loaded antenna-based ammonia gas sensor[END_REF] presented a sensitive antenna-based CNT sensor on paper. The whole flexible structure was inkjet-printed. In this study, the sensitivity to 100 ppm of ammonia was proved by a frequency shift of 50 MHz. In the same approach, Bahoumina et al. [START_REF] Bahoumina | Microwave flexible gas sensor based on polymer multi wall carbon nanotubes sensitive layer[END_REF][START_REF] Bahoumina | Chemical gas sensor based on a novel capacitive microwave flexible transducer and composite polymer carbon nanomaterials[END_REF] proposed an inkjet-printed flexible capacitive microwave sensor for VOCs detection in static and dynamic regimes. The sensor geometry allows a differential measurement in order to eliminate the influence of the physical interferent parameters (temperature, pressure) in gas quantification. In this study the sensitive material is a composite based on poly (3,4ethylenedioxythiophene) polystyrene sulfonate and multi walled carbon nanotubes (PEDOT : PSS-MWCNTs). The sensitivity was estimated to -2.482 kHz/ppm [START_REF] Bahoumina | Chemical gas sensor based on a novel capacitive microwave flexible transducer and composite polymer carbon nanomaterials[END_REF] and 0.646 kHz/ppm [START_REF] Bahoumina | Microwave flexible gas sensor based on polymer multi wall carbon nanotubes sensitive layer[END_REF] to ethanol vapor in the range from 0 to 1300 ppm, with sensors based on such capacitive resonator-based bandpass filter and stub-based microwave resonator, respectively.

Through different research works, by using microstrip and coplanar technologies combined with a great variety of sensitive materials, the versatility of microwave platforms designs is infinite. This technology also paves the way to explore hyper frequencies range for additional data based on the reaction between target molecules and sensitive materials electrical properties.

Furthermore, in microwave transduction, direct sensing method detection in liquid fluid is more developed than indirect technique. In direct sensing measurement, a metamaterial structure associated with a microfluidic or a waveguide cavitybased sensor is more common [START_REF] Gennarelli | A microwave resonant sensor for concentration measurements of liquid solutions[END_REF]. The liquid sample induces a weak perturbation of the resonant circuit. Velez et al. obtained a quantitative relationship between the insertion loss (metamaterial circuit + microfluidic set-up) and electrolyte in water (NaCl; g/L). Genarellil et al. used a resonant cavity to evaluate NaCl concentration without microfluidic set-up. The interest of this approach is to obtain a direct estimation of the dielectric properties of the complete sample without dissociating the medium and the pollutant [START_REF] Muñoz-Enano | Planar microwave resonant sensors: a review and recent developments[END_REF]. Very recently, Rossignol et al. [140] demonstrated an accurate quantification of chemical species at trace levels in a complex liquid with a microwave sensor. Based on microstrip technology, the shape of the microwave sensor is a multi-resonant circuit [START_REF] Szulczyński | Currently commercially available chemical sensors employed for detection of volatile organic compounds in outdoor and indoor air[END_REF][START_REF] Nazemi | Advanced micro-and nano-gas sensor technology: a review[END_REF][START_REF] Jayanthi | Recent advances in biosensor development for the detection of cancer biomarkers[END_REF][START_REF] Weber | The microRNA spectrum in 12 body fluids[END_REF][START_REF] Wei | m1-m5 Muscarinic receptor distribution in rat CNS by RT-PCR and HPLC[END_REF][START_REF] Ueda | Antibody-coupled monolithic silica microtips for highthroughput molecular profiling of circulating exosomes[END_REF][START_REF] Rinaldi | Reliability and validity of commercially available, direct radioimmunoassays for measurement of blood androgens and estrogens in postmenopausal women[END_REF][START_REF] Wu | Enhanced immunofluorescence detection of a protein marker using a PAA modified ZnO nanorod array-based microfluidic device[END_REF]. The molecularly imprinted silica (MIS) is specifically synthesized to detect the molecule of interest. The coupling between the circuit and the MIS allowed the specific detection of a pesticide like iprodione in hydroalcoholic liquid (10 -100 ng/L) [140,[START_REF] Bou-Maroun | Feasibility of a microwave liquid sensor based on molecularly imprinted sol-gel polymer for the detection of iprodione fungicide[END_REF].

IV. FUTURE CHALLENGES AND OPPORTUNITIES

Through this state of the art, it was reported the relevance of acoustic and electromagnetic passive resonators in various applications requiring tools for detection, monitoring or measurement in real time with reduced cost, adapted to unqualified users and in different environments. We noticed that the development of this type of sensors requires hybrid interdisciplinary efforts to overcome the technological, energy, environmental and health challenges. Despite the recent progress, the need for new platforms with high multiplexing and multimodality capacities for intelligent multiphysic and multichemical detection remains topical for many societal challenges. Two directions are possible to tackle the limits of current technologies: the first one implies innovation in the field of devices by combining smart efficient nanostructured materials from a technological point of view of integration; the second way is, on the one hand, to be ingenious in developing new intelligent systems by resorting to the association of complementary transducers and signal processing techniques ensuring relevant functions and on the other hand, to use techniques of artificial intelligence (AI) which are currently experiencing considerable progress.

The electronic nose "e-nose" and electronic tongue "etongue" for example are matrices including such criteria and are considered as one of the key solutions allowing to bring innovative solutions in the field of measurement, in particular for physical or chemical or biological quantities [START_REF] Hallil | Smart Sensors for Environmental and Medical Applications[END_REF]. Such matrices are electronic systems imitating the biological olfactory and gustatory functions to identify odors or tastes [START_REF] Buratti | E-nose, e-tongue and e-eye for edible olive oil characterization and shelf life assessment: A powerful data fusion approach[END_REF]. Indeed, when physical quantities vary or the volatile chemical molecules and the droplets cross the network of sensors made up of transducers with multiple functionalization, the selective response of the sensor is recorded in the form of a "fingerprint" of the data. Multivariate data analysis and machine learning are emerging areas that offer performance and cost advantages for extracting valuable information from raw data sets. These techniques can perform exploratory and predictive analysis, which can help uncover hidden trends in the data used as descriptive variables for the target quantities to be measured [148].

Beside identifying the need for a platform integrating multimodal transducers and associating AI, the energy and wireless communication challenges are essential in IoT, monitoring of medical implants and patches, measurements in difficult access areas, security, etc. For this purpose, acoustic and electromagnetic transducers offer the advantage of being possibly passive and compatible with wireless readout, in particular thanks to their frequency response. Furthermore, these technologies can be operated at room temperature and they are compatible with mass and inexpensive manufacturing techniques. All these advantages pave the way for the proliferation of detection and control sites with the creation and multiplication of wireless communicating sensor networks and for portable powerful tools for analyte analysis.

V. CONCLUSIONS

Through this review, we have defined the requirements in terms of sensors needed to tackle the various societal challenges ranging from the environment to health issues, including security and the future industry and cities.

Thereafter, we presented an analysis of the elastic wave transducers developed to date with a comparison showing the important parameters for the design of acoustic devices adequate to the requirements of the targeted applications. The materials as well as the remote-sensing techniques used for monitoring purposes are described in the article. Likewise, the different categories of RF electromagnetic transducers have been discussed.

In addition, a review of some of the important research work carried out targeting various applications of these resonant acoustic and radio-frequency sensors, for analyte detections in gaseous and liquid fluids as well as for monitoring physical quantities, has been described. On the positive side, the innovation in designs, the availability of materials and the advancement in technology allowed for very sensitive resonators as reported in literature and illustrated in the tables included and the related discussions in terms of applications. However, there are still limitations to make these sensors marketable. Most of all, "selectivity" remains a major issue for current research in the field of chemical and biological sensors.

The section discussing future challenges and emerging potential solutions reports some directions that might spread to the needs desired.
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 1 Fig.1. a) Waveguide representation with cavity resonator made of nanomaterials as a cap layer. b) Localized whispering gallery mode in the cap layer.
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 23 Fig. 2. Principle of a wireless SAW sensor in reflective delay line configuration.

Fig. 4 .

 4 Fig. 4. Principle of direct and indirect microwave sensor. Scattering parameters are obtained by vector network analyzer. a) LC resonator, b) Antenna in contact to the sample, c) Metamaterial sensor associated to a microfluidic set-up. d) Conductive lines of the sensor and the sensitive material. e) Microwave circuit is covered (locally) by the sensitive material.

TABLE I A

 I SURFACE AND BULK WAVE ACOUSTIC PLATFORMS: KEY DESIGN PARAMETERS & CHARACTERISTICS

	Wave form	Acoustic device: wave mode, key material and operating frequency (fr)	Sensitivity to mass load 𝑓 0 ∆𝑚 𝑆𝑚 = ∆𝑓		Advantages	Technological limitations
			20 -100 cm 2 /g			
		QCM (TSM: Thickness Shear mode) AT cut Quartz Fr in the 5 to 10 MHz range Maximum limit reached:	20 cm 2 /g @10 MHz |𝑆𝑚| = 2  𝑓 0 𝜌  𝑣 = ∆𝑓 = 2  𝑓 0 2 𝑣  ∆𝑚 𝐴 Sensitivity ↑→ frequency ↑ → 1 𝜌  ℎ = 𝐴 𝑚	Immersion in liquid environment Quite easy to use Inexpensive and low cost Mature technology	Low detection resolution due to low operating frequency Thick substrate (> 20 µm ) and large surface area (> 1 cm 2 ) → non compatible with downscaling
		50 MHz	Substrate thickness ↓ (process		
			limitation )			
		FBAR: Film bulk			Small reference mass	
	BAW	acoustic wave resonator Back side etch or Back trench Defined by the materials thickness and acoustic wave velocity Materials: thin films based on AlN or ZnO or PZT	1000 cm 2 /g Sm depends on the thin film thickness |𝑆𝑚| = 2  𝑓 0 𝜌  𝑣 = 1 𝜌  ℎ = ∆𝑓 = 2  𝑓 0 2 𝑣  ∆𝑚 𝐴 Reducing the mass of the	𝐴 𝑚	→ Very high sensitivity Can Operate @ high frequency Ability to fabricate using complementary metal oxide semiconductor (CMOS) technology Significantly reduced size and volume The device can operate in longitudinal mode or in thickness	Excessively fragile to handle. Excitation of shear wave requires piezoelectric thin films with specific properties: ZnO and AlN with tilted c-axis. Longitudinal acoustic modes are not compatible with immersion → quality factor reduced → impact the S/N ratio.
		From Sub to tens GHz	transducer to bring it close to		shear mode.	
			loaded mass → improve the			
			sensitivity			

FBAR : Front side etch or air bag

  

				Simple fabrication process using sacrificial layer	Same as FBAR back side etch
		SMR : Solidly mounted		+ More robust structure	+ More film deposition processes →
		resonator		+ Choose of supporting substrate	time consuming and process
		Bragg acoustic mirror		→ free	complexity.
		SAW : Rayleigh Evanescent wave  100 MHz defined by the IDTs period and acoustic wave	100 -200 cm 2 /g Sm = C1  𝑓 0 𝐴 ∆f = C1  2 𝑓 0  ∆𝑚 𝐴	SAW devices technology compatible with frequency increase → improve sensitivity Compatible with microfluidic chips and with co-integration	Ineffective in probing reactions in liquid media-→ strongly damped when the surface is in contact with liquid
		velocity	8000 cm 2 /g @ 10GHz	with other transduction principles	
	SAW	SAW : Shear SH Leaky Evanescent wave		+Immersion possible	Penetration depth very high → ratio of perturbed to unperturbed volume small
				+ Highest sensitivity among	
		SAW : Love Guided wave	150 -1000 cm 2 /g	SAW sensors due to the wave guiding effect Able to propagate in liquid	
				environment	
	FPW	FPW : Film plate wave S0 mode A0 mode SH0 mode	behavior |𝑆𝑚| = 𝐶 2  𝐽  C2 depend on the mode dispersion 𝐴 𝑚	Combine advantage of FBAR and SAW devices	Excessively fragile to handle. Radiation loss could occur in liquid in the case of S0 and A0 modes.
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