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A temperature and humidity chipless RFID sensor is presented in this paper. The tag ID as well as the two physical parameters are extracted using a traditional chipless RFID tag and interrogation procedure. No specific material, i.e. particularly sensitive to the quantities to be measured, is used for ease of implementation. The method is based on a model which describes precisely the evolution of the scatterer's resonance frequency as a function of temperature and humidity. The materials permittivity (impacted by these two quantities) and dilatation (impacted only by the temperature) are taken into consideration to estimate these two physical quantities independently and simultaneously using only the measurement of the resonance frequencies of two scatterers. Measurements in a controlled environment and in a real environment are achieved showing the potential of this approach for the sensor application. The sensing limitation as well as the possibility of this approach to characterize the temperature and humidity dependencies of unknown materials are also presented.

I. INTRODUCTION

C HIPLESS RFID is an identification technology that pro- duces tags similar to barcodes using a wireless radar approach [START_REF] Landt | The history of RFID[END_REF]. Numerous RFID families have emerged to address new challenging issues. Chipless RFID is an example; the objective is to reduce considerably the price of the tag to compete with the barcode by removing the electronic parts [START_REF] Preradovic | Chipless RFID: Bar code of the future[END_REF]. In recent years, this technology has undergone a considerable expansion both in its applications and in its associated research efforts. Several works can be found on coding capacity [START_REF] Vena | High-capacity chipless RFID tag insensitive to the polarization[END_REF]- [START_REF] Herrojo | Time-domain-signature chipless RFID tags: Nearfield chipless-RFID systems with high data capacity[END_REF], reading robustness [START_REF] Polivka | Improvement in robustness and recognizability of RCS response of U-shaped strip-based chipless RFID tags[END_REF], [START_REF] Barbot | Chipless RFID reading method insensitive to tag orientation[END_REF] or inkjet printing techniques [START_REF] Nair | A fully printed passive chipless RFID tag for low-cost mass production[END_REF]. While the overall price of a chipless tag can not be reduced to perfectly match that of the barcode, the functionalities that its competitor does not have are put forward. We find assets linked to its reading method based on EM waves but also the possibility to add sensor functionalities directly to the tag [START_REF] Guillet | Design of a chipless RFID sensor for water level detection[END_REF]- [START_REF] Shrestha | A chipless RFID sensor system for cyber centric monitoring applications[END_REF]. Several chipless RFID humidity sensors have been published [START_REF] Amin | Development of a low cost printable chipless RFID humidity sensor[END_REF]- [START_REF] Fan | A depolarizing chipless RFID tag with humidity sensing capability[END_REF]. In these works, dedicated substrates with permittivities sensitive to humidity are used. In this case, a humidity variation will cause a variation of the permittivity detected by resonators resulting in a shift of their resonance frequencies. These frequency shifts are used to compute the ambient humidity around the resonator. At the same time, multiple chipless RFID temperature sensors have been made [START_REF] Amin | Development of a chipless RFID temperature sensor using cascaded spiral resonators[END_REF]- [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF] based on the same idea, i.e. temperature variations induce
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a shift on the resonance frequency which can be detected by the reading system. The link between the resonant frequency and temperature involves two physical phenomena. The first studied mechanism is the thermal expansion of the material. In this case, when the temperature varies, the physical dimensions of the resonator will change resulting in a variation of the resonance frequency. The second mechanism is the change of the dielectric constant of the substrate with the temperature. Similar phenomena is observed for humidity. One of the advantages highlighted with this remote reading approach is the possibility to retrieve the tag identifiant (ID) along with the temperature even through some everyday objects, such as through a wall or a door [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]. A summary of recent works is presented in Table I.

An important limitation of these works is that these sensors can only estimate a single physical parameter while the other has to remain constant (and known). However, in a real-life application, both temperature and humidity will vary and impact the resonance frequency which is used as a sensor but also to decode the tag identifiant. This is due to the fact that most of these studies are not based on an analytical model. Indeed they use an empirical approach, which makes it impossible to separate the effects of temperature and humidity. Note that these two variables have an impact on the resonance frequency, which is generally the only quantity that is measured and therefore used to recover the information related to these two independent quantities. Then, when humidity is studied for example, temperature variation can be wrongly interpreted introducing errors on the extracted humidity. Therefore, the real-world applicability of these sensors is debatable. Also, contrary to the majority of works on chipless sensors where specific materials are used to obtain the desired function, the introduced approach is based on an analytical model and can be simply applied to tags previously introduced for identification applications. These tags do not contain any specific material, i.e. particularly sensitive to the quantities to be measured and they have the advantage of being simple to manufacture. An undeniable advantage over other works is the ability to simultaneously retrieve three independent information sources : the tag identifiant, the surrounding temperature and humidity. In [START_REF] Requena | Chipless RFID temperature and humidity sensing[END_REF] the authors introduced a method for sensing both temperature and humidity at the same time with a chipless RFID approach. While based on the original idea of [START_REF] Requena | Chipless RFID temperature and humidity sensing[END_REF], this paper redrafts the problem definition from a theoretical point of view and goes as far as showing the potential and the limits of this approach through several practical experiments. Thus, this paper shows how to measure two physical quantities at the same time without the addition of any specific material, with a very accurate physical model that predicts the evolution of the resonance frequency of resonators when the tag is subjected to both temperature and humidity variations. Measurements in a real environment; a study of repeatability on the extraction of the physical quantities and their limiting range, as well as Monte-Carlo simulations are achieved in this paper. A method to characterize the temperature and humidity dependencies of unknown materials is also proposed. This paper focuses on the estimation of temperature and humidity based on the chipless RFID technology. The study of the remote sensing principle through obstacles (wood, glass, walls...), reading distance or resonator geometry has already been presented in detail in [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]. As the obtained results showed good performance in reading, these studies have not been repeated here.

The paper is organized as follows, Section II introduces the expressions used to extract the temperature and humidity from the measured S-parameters. In Section III, simulations are presented to validate this method. Section IV and Section V illustrate measurements in a controlled and in a real environment respectively. Section VI presents a method to estimate the model coefficients, a repeatability study and the estimation of the errors and the uncertainties of the method using Monte-Carlo simulations. Finally, Section VII concludes the paper.

II. THEORY

A. Relationship between resonance frequency, temperature and humidity

The measurement principle used, based on a radar approach, is illustrated in Fig. 1. In this paper, the chipless RFID sensor considered is a loop resonator (see Fig. 1) but the approach can be generalized to other resonator shapes. When a loop resonator is illuminated by an incoming EM-field (see Fig. 1), the maximum energy back-scattered at a temperature T and relative humidity RH occurs at its resonant frequency f defined by radar approach measurement [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF]:

f (T, RH) = c 2 ε ef f (T, RH)L(T ) (1) 
where c is the speed of light in vacuum, ε ef f (T, RH) is the effective permittivity seen by the loop and L(T ) the effective length of the loop resonator as defined in [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF]. The thermal dependence of the tag geometry L(T ) is due to the thermal expansion and can be expressed with [START_REF] Requena | Contactless characterization of metals thermal expansion coefficient by a free-space RF measurement[END_REF] :

L(T ) = L 0 (1 + α c T ) (2) 
where α c is the equivalent expansion coefficient for the effective length and L 0 the effective length of the loop at T = 0°C.

Note that the relation between this effective length L and the physical length l of the loop (see Fig. 1) will be clarified later in this section. As previously said in the introduction, in the most general case, the substrate dependence of humidity is unknown but by considering small variations of humidity around a specific value RH 0 , where RH denotes the relative humidity (in %) seen by the resonator, it is possible to linearize the resonator substrate permittivity ε r with:

ε r (T, RH) ≃ ε r (RH)(1 + βT ) ≃ ε r (RH 0 )(1 + βT ) × 1 + ε ′ r (RH 0 ) ε r (RH 0 ) (RH -RH 0 ) (3) 
where β is the thermal dependence of the substrate often characterized by the provider. ε ′ r (RH 0 ) is the derivative of ε r according to the variable RH. Equation (3) can be rewritten as:

ε r (T, RH) = ε r (RH 0 )(1 + βT )(1 + [a + ηRH]). (4) 
The coefficients a and η represent the humidity dependence of the substrate. For the loop, the effective permittivity can be modelled by considering the resonator as a slot line terminated at both ends by a short circuit (SC) [START_REF] Rance | Contactless characterization of coplanar stripline discontinuities by RCS measurement[END_REF]. Thus, the effective permittivity of the loop resonator ε ef f , on a single substrate layer, can be expressed as [START_REF] Chen | Characteristics of coplanar transmission lines on multilayer substrates: Modeling and experiments[END_REF] :

ε ef f (T, RH) = 1 + ε r (1 + βT )(1 + [a + ηRH]) -1 2 q (5)
where ε r is the permittivity of the substrate at T = 0°C and RH = RH 0 . The parameter q is dependent on the thickness of the substrate and the geometry of the resonator as described by the analytical expression given in [27, eq. ( 21)] which leads to :

ε ef f (T, RH) ≃ ε ef f (0, RH 0 )(1 + α p T )(1 + a ′ + γRH) (6) 
with :

α p = βqε r 2 + (ε r -1)q (7) 
and

γ = ηqε r 2 + (ε r -1)q (8) 
and

a ′ = aqε r 2 + (ε r -1)q (9) 
In this case, (1) can be rewritten as :

f (T, RH) = c 2 ε ef f (1 + α p T )(1 + a ′ + γRH)L 0 (1 + α c T ) ≃ F × (1 -αT - 1 2 [a ′ + γRH]) (10) 
with α = α c + α p /2 and F = c 2 √ ε ef f L 0 (11) 
Notice that the thermal and humidity dependence on the permittivity is expressed by the coefficients α, a ′ and γ in [START_REF] Zhou | RFID localization algorithms and applications-a review[END_REF]. For this reason, the value of ε ef f in (10) is a constant which does not depend on the temperature nor on the humidity. Please also note that for the remainder of this section, we will consider the values of α, a ′ and γ to be known. A method for the extraction (used in the measurement part of the paper) of these coefficients will be described later in the paper (in section VI). The principle of the sensor introduced in this article is based on the use of two resonators of the same topology. Rectangular loop resonators are studied for their good EM performance. As illustrated in Fig. 1, the resonators present two different lengths l 1 and l 2 (associated to their resonance frequencies f 1 and f 2 ) for respectively resonators 1 and 2. Based on [START_REF] Zhou | RFID localization algorithms and applications-a review[END_REF], and considering two loops, we can write the following equations:

-F 1 F 2    α 1 γ 2 α 2 γ 2    ∆T ∆RH = ∆f 1 ∆f 2 (12) 
where ∆T = T -T ini , ∆RH = RH -RH ini with T ini (respectively RH ini ) the initial temperature (respectively relative humidity) at time t 0 , T (respectively RH) the temperature (respectively relative humidity) at time t (t > t 0 ). The quantity F n (independent of temperature and humidity) can be extracted using an initial measurement and [START_REF] Zhou | RFID localization algorithms and applications-a review[END_REF]. Indeed, by measuring the temperature T ini and humidity RH ini of the first measured resonance frequency f n ini of the resonator n, we have:

F n = f n ini (1 -α n T ini - 1 2 [a ′ + γRH ini ]) (13) 
As the set of terms appearing in the second part of ( 13) is known, it is possible to calculate F n . If the criterion α 2 ̸ = α 1 is respected, (12) allows a unique expression for both temperature and humidity as follows :

       T = T ini - 1 F 1 F 2 (α 1 -α 2 ) (F 2 ∆f 1 -F 1 ∆f 2 ) (14a) RH = RH ini - 2 γF 1 F 2 (α 1 -α 2 ) [F 1 α 1 ∆f 2 -F 2 α 2 ∆f 1 ] (14b)
If the resonators are placed on the same substrate, they will present the same values for γ and a ′ and α p as well. However, even if scatterers are designed on the same substrate and the same metal for the resonator's pattern, the value of α c so α varies with the resonator length (see [START_REF] Requena | Contactless characterization of metals thermal expansion coefficient by a free-space RF measurement[END_REF]). Thus the fact of considering two different lengths means that we have α 1 not equal to α 2 in a vast majority of cases and especially in the case that will be presented next.

By doing a initial measurement of the resonance frequency f n ini for both resonators at a known temperature T ini and humidity RH ini , we can then calculate F n using [START_REF] Borgese | An inkjet printed chipless RFID sensor for wireless humidity monitoring[END_REF]. To extract T and RH at time t, (14a) an (14b) will be applied on the measured resonance frequencies of the two resonators f 1 and f 2 . As previously said, coefficients α, γ and a ′ are supposed to be known using ( 7), ( 8) and ( 9) for known tag materials and geometry or can either be obtained by measurement (see the procedure described in section VI). In the present paper, Rogers RO4003C will be used as a substrate. Note that its humidity dependence is not characterized by its provider. So, the procedure detailed in Section VI was first used to extract missing coefficients.

B. Sensitivity of the measurement

The choice of the substrate which makes up the resonator is important for the accuracy of the sensor, especially for humidity. Temperature extraction is impacted by both the substrate and the metal part of the resonator [see [START_REF] Shrestha | A chipless RFID sensor system for cyber centric monitoring applications[END_REF]] while humidity can only be sensed by the substrate. More information related to this remark will be presented in Section III.

To increase the resolution of the sensor, the frequency resolution of the VNA has to be low. Indeed, the resonance frequency shift ∆f due to temperature and humidity can be computed with [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]:

∆f = c 2 √ ε ef f L (α∆T + 1 2 γ∆RH) (15) 
Using typical values for α and γ (given later in the paper), we can find that an increase of 1°C leads to a frequency shift of 64kHz. The frequency step on the VNA during our measurements is 6kHz. Thus, the estimated temperature is discretized by steps of 1/11°C. Moreover, an error in the research of the curve maximum of only 11 frequency steps can lead to an error of 1°C. Therefore, increasing the number of frequency points during the measurement would reduce this error and this discretization. Note that loop resonators are considered in this paper but other tag geometries can also be used. For example, in [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF], (1) is also used for dipole over ground plane resonators. In this case, the expression of α p and also the transformation from η to γ is different and must be updated.

III. SIMULATIONS

Prior to that, EM simulations using CST were achieved to make a proof of the sensor concept presented above. Figure 1 shows the tag, which is made up of two loop The dielectric support is supposed linear with humidity so a = 0. A plane wave excitation and a Transient Solver are considered. The physical parameters used for the simulation are summarized in Table II. RCS simulation results are plotted in Fig. 2 for different temperature and humidities values. Equations (14a) and (14b) are then applied to the extracted resonance frequencies : 2.36 GHz and 2.91 GHz are the values obtained for the resonator 1 and 2 respectively. Fig. 3a andb plot respectively the extracted temperature and relative humidity using (14a) and (14b) with the simulated resonance frequencies. The axes in Fig. 3 correspond to the temperature and humidity values imposed in the simulation. It can be seen that the extracted physical quantities are independent, which shows that the system of equations ( 12) can be solved.

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

A second simulation has been done where the previous parameters still apply except for the permittivity which is now described by ε r (T, RH) = 3.55 ( 40 × 10 -6 T ). The goal of this simulation is to demonstrate the concept discussed in Section II which is the importance of the substrate for the humidity extraction. The humidity dependence has been lowered compared to the value used in the previous simulation (a reduction of η from 40 to 20). For temperature, β was increased from 10 to 40. Extracted temperature and humidity are plotted in Fig. 4. The extracted temperature is in good agreement with the simulated temperature with a maximum error of 4°C and 2°C on average. For humidity, a maximum error of 22%RH and 10%RH on average are observed. We can confirm that by increasing the thermal dependence β, hence the frequency shift, it is easier to estimate the correct temperature. Meanwhile, by reducing the humidity dependence η and so its frequency shift, higher errors on the humidity extraction are observed. Also, we can see that the behaviour between the temperature and humidity is not symmetrical since a low value of 10 × 10 -6 on β does not increase significantly errors compared to η. This behaviour appears since the temperature extraction is also impacted by the thermal dilatation of the resonator while humidity extraction is only impacted by the permittivity. Errors on the estimation for the four limits in temperature and humidity of the two simulations are listed in Table III 

Parameter

Simulation 1 Simulation 2 they do not allow to estimate very precisely the error to be expected when using (14a). Indeed, despite a very dense mesh, and therefore a very long simulation time, the numerical accuracy obtained in the simulation remains relatively low and induces significant errors which will not be present in measurement. It is the experimental study that will allow us to better characterise the errors obtained on the extraction of temperature and humidity. 

α 1 c 17 × 10 -6 • C -1 17 × 10 -6 • C -1 α 2 c 31 × 10 -6 • C -1 31 × 10 -6 • C -1 β 10 × 10 -6 • C -1 40 × 10 -6 • C -1 η 40 × 10 -6 %RH -1

Resonators Antennas

IV. SENSING IN A CONTROLLED ENVIRONMENT

The introduced approach is mainly based on the measurement of scatterer resonance frequencies. This information be obtained from the measurement of the RCS of the scatterer [START_REF] Vena | Chipless rfid tag using hybrid coding technique[END_REF], a quantity that can be easily obtained in simulation. In practice, it is not necessary to have the RCS, the measurement of the S 21 parameter in bi-static configuration and in frequency is sufficient. Indeed, the resonance frequencies are intrinsic to the scatterers and do not depend on the measurement setup like the distance between the antennas and the tag or the antennas themselves [START_REF] Ali | Extraction of aspect-independent parameters using spectrogram method for chipless frequency-coded rfid[END_REF]. Temperature and humidity are controlled using a Votsch climatic chamber VC0018. To lower the level of reflection, absorbers are installed inside the chamber (see Fig. 5). To improve isolation, a bistatic antenna arrangement is used. The following technique is followed for the measurements: initially, the temperature in the climatic chamber is set. The S21 parameter is measured with a VNA once the temperature is stabilized. An electronic sensor measures the temperature and humidity inside the chamber. The measured S-parameters have been smoothed to reduce any remaining measurement noise that could affect the resonance frequency search (peak apex detection) and consequently cause a frequency extraction error. During the VNA experiments, an IF bandwidth of 10kHz was also used.

A. Measurement setup and tag design

In practice, a standard PCB chipless tag was measured. On a Rogers RO4003C substrate, the tag is made up of two copper resonators (see Fig. 1b). By using different resonator lengths, the requirement α 1 ̸ = α 2 is respected (see [26, eq. ( 5)]). The humidity dependency for this substrate is not indicated by the provider. As a result, we have extracted the values of γ and a ′ first. The method to identify these parameters is presented in Section VI. A variation of temperature from 40°C to 60°C with a 10°C step is achieved as well as a variation of the relative humidity from 60%RH to 70%RH with 5%RH steps. The temperature and humidity profiles are shown in red in Fig. 6a. Both resonators are placed at the same time side by side (as shown in Fig. 5) for the measurement and were not moved during the whole monitoring.

B. Results and Analysis

The measured resonance frequencies are plotted in Fig. 6b. Variations of 20 • C and 20%RH are achieved and (14a) and (14b) are applied. The results of the extraction are shown in Fig. 8 alongside the temperature and humidity measured by the electronic sensor.

The highest difference with the electronic temperature sensor is of 2.8 • C and 0.95°C on average. For humidity, the highest difference is very localized near 700min and equals to 7.2%RH. On average, an error of 2.1%RH was made with the electronic sensor. We can see that humidity is estimated with more errors than temperature. Indeed, as presented in section III, the humidity impact tends to be lower than the temperature one since it is only sensed by one physical mechanism (the substrate variation) and so induces smaller shifts which are harder to measure. This is the case for copper resonators on Rogers RO4003C. Investigations on substrate properties will be presented later in section VI and Table V.

V. SENSING IN A REAL ENVIRONMENT

A. Measurements

Measurements were done in a real environment to validate the sensing approach. The measurement setup is shown in Fig. 7 and the tags used in practice are presented in Fig. 1. The bistatic antenna configuration is kept to increase the isolation. A computer is connected to a VNA and an electronic temperature and humidity sensor. Each minute, the computer triggers measurements on the VNA and the sensor. Temperature, humidity and the S-parameters saved on the computer. The measured S-parameters have been smoothed to remove any residual measurement noise that may impact the search of the resonance frequency and thus induce an error on the frequency extraction. The tag was not moved during the whole monitoring.

B. Results and analysis

The recorded temperature and humidity during the measurement are shown in Fig. 9 in red. The measurement lasted 2200 minutes. Equations (14a) and (14b) are applied and the estimated temperature and humidity are shown in Fig. 9 in blue alongside the electronic sensor in red. We can see that the two quantities are in good agreement with an error lower than 1°C and 5%RH on the estimated quantities. In Fig. 9 the estimated temperature which can be sensed using a traditional chipless RFID temperature sensor is also plotted in brown. As said in the introduction, if the humidity effect is not considered, a higher error of 2°C on the extracted temperature can be observed. The 2°C error is obtained for relatively low humidity values (around 30%), and would be even greater if humidity increases. This approach shows how it is possible with (14a) to reduce the errors in the estimation of temperature as well as enabling to sense more physical quantities (here humidity).

VI. DISCUSSIONS ON THE PROPOSED APPROACH

A. Discussion on measurement conditions

The introduced tags allow to perform an identification and a sensor function (temperature, humidity) simultaneously. It should be noted that the measurement conditions associated with these two functions are quite different from each other. Indeed, for the identification function, the objective in application is to be able to retrieve information in the most constrained environments, potentially in motion, and an interesting example to illustrate this type of measurement condition is when the tag is held in the hand. To this end, several approaches have been introduced to make the measurement as independent as possible of the environment, even if the tag is coupled with the unknown object on which it is placed [START_REF] Vena | A fully printable chipless RFID tag with detuning correction technique[END_REF], [START_REF]Design of compact and auto-compensated single-layer chipless RFID tag[END_REF]. The measurement in connection with the sensor functionality is quite different and requires to further constrain the measurement conditions [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF], [START_REF] Requena | Contactless characterization of metals thermal expansion coefficient by a free-space RF measurement[END_REF]. This also means that it will always be possible to obtain the tag identifier when reading in sensing mode, whereas the reverse is not true. In identification, we can allow a margin of 80 MHz on the detection of the resonant frequency for the decoding of the information, in sensor, we will try to measure the smallest variations of the resonance frequency and we must therefore make sure that this variation is linked to the physical parameters that we are measuring and not to the changing environment. As an example, a variation of 0.8 MHz (i.e. 100 times less than for the identification mode) is equivalent to a change of 6°C in temperature for the tags presented. Therefore, the results presented in sections IV and V are only possible if the environment (excluding temperature and humidity variations) and the measurement system have an effect on the resonant frequency of less than 0.1 MHz (64kHz for 1°C of error as discussed in the last part of section II). To illustrate that, it is important to note that in an environment where nothing moves in the vicinity of the tag (i.e. within a radius of one meter centered on the reading zone), the action of taking the tag and replacing it strictly in the same place implies a modification of the resonance frequency of around 0.8 MHz. This figure shows that 1) the error due to the environment on the tag's resonance frequency can be reduced very significantly when the environment is perfectly stationary, 2) any displacement of the tag, even if very small, leads to significant errors for the sensor function. This is why the measurement conditions implemented in the impose a fixed environment around the tag and a fixed tag that is not moved during the measurement [START_REF] Requena | Thermal modeling of resonant scatterers and reflectometry approach for remote temperature sensing[END_REF]. The person carrying out the measurements stands at a distance of at least one meter from the tag and most of the measurements are carried out without any person in the room where the experiment takes place. In terms of measurement methodology, the principle of extraction is based on 1) the initial measurement of the resonance frequency (at time t 0 ) as well as the temperature and humidity, 2) successive measurements at time t of the resonance frequency under the same conditions as the measurement at t 0 where only the humidity and temperature vary over time. The difference in resonance frequency ∆f = f (t)-f (t 0 ) obtained thus contains information on the effects of the variation of the physical parameters on the resonator, effects which are modeled and given by [START_REF] Amin | Development of a low cost printable chipless RFID humidity sensor[END_REF]. Note that the fact of imposing not to move the tag or the environment in contact to the tag during the measurement is not incompatible with applications, we can

give the example of a sensor fixed in a building and positioned far from human activities. Under these conditions, temperature and humidity can be extracted remotely with simple resonators manufactured with classical PCB manufacturing techniques. Note also that we do not use any specific materials that are particularly sensitive to humidity or temperature for the sensor function (the RO substrate is known to be relatively insensitive to humidity variations). Also, depending on the application, it is always possible to select another substrate to reduce the reading constraints specified here.

B. Parameters characterization

Substrate temperature variations are often given by providers in the data sheet but humidity response is often not characterized. This section will show how to characterize the coefficients a ′ , α and γ with an example of Rogers RO4003C substrate. The time transient response as well as the limiting range of (10) will also be studied for this dielectric.

By normalizing the measured resonance frequency f in ( 10) by ( 13), we have :

f F = 1 - a ′ 2 -αT - γ 2 RH ( 16 
)
By considering f ini as the first measured resonance frequency at time t 0 , as the coefficients a ′ , α, γ are small compared to one (see Table V), one can simplify [START_REF] Borgese | An inkjet printed chipless RFID sensor for wireless humidity monitoring[END_REF]. From this, we can rewrite [START_REF] Virtanen | Temperature sensor tag for passive UHF RFID systems[END_REF] as follows. Note that this simplifying assumption will be validated later.

f f ini ≃ 1 - a ′ 2 -αT - γ 2 RH (17) 
From [START_REF] Noor | High-density chipless RFID tag for temperature sensing[END_REF] it is possible to extract the coefficients a ′ , α and γ by linear regression applied on measurement. Indeed, it is possible to have the resonance frequencies corresponding to a set of different values of temperature and humidity. The set of measurements presented in section IV, as long as we have measured at the same time the temperature and the humidity with an independent electronic sensor can be used to make this extraction.

Measurements in the climatic chamber with temperature and humidity profiles such as the one shown in Fig. 10-a have been used to extract the three coefficients. Indeed, once the frequencies f were measured alongside the temperature T and humidity RH, a fit of all the realized measurements was done based on [START_REF] Noor | High-density chipless RFID tag for temperature sensing[END_REF] to find the values of α n , γ and a ′ and is illustrated in Fig. 10-b. This extraction was repeated three times. For each measurement, the entire test bench was disassembled and put back in place. Extracted coefficients are listed in Table V. The measurement in a real environment of Section V is also used to estimate these coefficients and the obtained results are added in Table V. Fig. 11 shows a comparison between the normalized resonance frequency and (17) using the measurements obtained in real environment. We can see that the fitting is in good agreement for different humidity and temperature variations.

We can see that the extracted coefficients in the climatic chamber (for a sensing range of 40°C-60°C and 60%RH-70%RH) are very close to each other, reflecting a good repeatabilily of the measurement. In comparison to the real environment estimation, we can see that the setup has a limited impact on the extraction. Also, in the real environment the measurement was done in the range of 20°C-25°C and 25%RH-40%RH as shown in Fig. 9. It means that the linear approximation of humidity made for the Rogers RO4003C (which is uncharacterized in terms of humidity) seems a good approximation for whole 25%RH-70%RH range. This range of validity for our substrate and the limits of the approach will be discussed later in section VI. D. Some of the extractions presented here were also done using the same approach (linear regression on a set of measurements made at different times for different values of temperature and humidity) applied on ( 16), i.e. before the simplification indicated above. The results obtained are close to those presented in Table IV, with an error of less than 10% on each coefficient. This value of 10% will be taken into consideration in subsection E. to calculate the uncertainty and the error induced on the extraction of temperature and humidity. However, the extraction from ( 16) is more difficult to implement. Indeed, it has been seen in practice that this extraction is strongly dependent of the initial values given to a ′ , α and γ since F also depends on these parameters as stated in [START_REF] Borgese | An inkjet printed chipless RFID sensor for wireless humidity monitoring[END_REF]. This is not the case with [START_REF] Noor | High-density chipless RFID tag for temperature sensing[END_REF] where the obtained results are independent from the initial values given to these coefficients. This is the reason why only the extracted values obtained with [START_REF] Noor | High-density chipless RFID tag for temperature sensing[END_REF] are used in this paper.

C. Time transient responses

The measurement done to identify the parameters in the climatic chamber in Fig. 10 permits to find the same coefficients as the ones obtained with the measurement in a real environment. We also note that the measurement in the climatic chamber offers additional information on the time response of the sensor. Indeed, since we can change temperature and humidity more quickly in the climatic chamber, we can see in Fig. 10 the transient response of the sensor, i.e. the time response of the Rogers RO4003C substrate in regard to humidity variations. According to the estimated humidity in the previous section, as well as the comparison with the real environment fitting where this time response was not taken into account, we can neglect this effect for this particular substrate. Indeed, fitting the measured frequency to [START_REF] Noor | High-density chipless RFID tag for temperature sensing[END_REF] impact on humidity is low confirming the results previously presented.

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

D. Parameters limitations

Unlike temperature dependence of the permittivity, which can often be considered linear for classical materials used for tag fabrication in a range that could be 0-100 • C, the linearization of humidity dependence in (3) is only valid for a limited range of humidity around a specific value. However, to increase this range of definition, it is possible to use a model with more parameters [compared to [START_REF] Vena | High-capacity chipless RFID tag insensitive to the polarization[END_REF]] describing a nonlinear variation of the permittivity with humidity. This model can be based on a polynomial fitting of order 2 or 3 for example.

Furthermore, some materials such as Kapton dielectrics, have been characterized in both humidity and temperature variations [32]. The thermal and humidity dependencies are linear and are valid on 0°C-200°C and 0%RH-100%RH ranges. With similar materials, the linear assumption is valid for the whole 0-100 %RH sensing range. In reality, close to 100 %RH, the presented approach will not work since water droplets will start to form on the surface of the tag. The presence of water will heavily impact the resonance frequency of the resonator due to its high permittivity (ε water ≃ 80). Measurements with different humidity values have been done in order to determine this limitation for the dielectric used in this paper (Rogers RO4003C). An example of normalized resonance frequency used to extract the coefficient γ is plotted in Fig. 12. The estimated γ for different humidity ranges are presented in Table VI. The 25%RH-40%RH range was the one considered during the measurement in a real environment. The last measurement (measurement n°3) was done from 60%RH to 95%RH and divided in sub-domains. Between these measurements, the test-bench was completely disassembled and put back together. We can see that γ is quite constant for humidity values lower than 75 %RH. For higher values, γ significantly increases with the humidity and the linear model cannot be used to extract the relative humidity on the total humidity range considered here. At 85 %RH, the value of γ = 2.8 × 10 -5 %RH -1 does not describe well the humidity dependence of the resonator and so can be considered as a limitation of [START_REF] Zhou | RFID localization algorithms and applications-a review[END_REF] here this linear approximation model is considered on this wide range. In Fig. 13 Extracted humidity using different γ compared with the real humidity measured with a reference sensor (noted sensor in the figure) for a constant temperature of 40°C.

to the 90-95 %RH extraction range. We can see that using a constant γ 25-80 for the linear approximation allows a good extraction until 80 %RH but does not describe well a higher humidity range. At the same time, γ 90-95 only permits to have the correct value in the 90-95 %RH range with 10 %RH error for a real humidity of 70 %RH.

E. Monte Carlo simulations

Monte Carlo simulations have been made to estimate the error done on the estimation of the humidity and temperature as well as uncertainties. The RCS curves of Fig. 2 have been used with a SNR of 40dB which is a coherent value measured in practice. Resonators were chosen to have

f 1 = 3GHz, α 1 = 16 × 10 -6• C -1 , f 2 = 3.2GHz, α 2 = 32 × 10 -6• C -1
and γ = 40 × 10 -6 %RH -1 . Monte-Carlo simulations show no particular behavior which means that the estimation is without bias (not shown here). Errors are quite low with less than 1°C on the temperature and less than 0.5% on the humidity. Uncertainties are 2.6°C for temperature and 1.5% for humidity. To increase the temperature and humidity accuracy and sensibility, dielectrics with higher temperature and humidity dependencies (like Kapton [32]) as well as a resonator made of metals with higher dilatation coefficients (like zinc) should be used. By doing so, coefficients α 1 and α 2 in (10) will increase, resulting in higher frequency shifts which are easier to measure. Also, by looking at (14a) or using (14b), one can notice that the temperature and humidity resolution are immediately linked to the frequency steps used for the measurements. Hence having a lower frequency step increases the resolution of the measurands.

Uncertainties on the parameters α and γ in (14a) and (14b) can also impact the estimation, we also studied the errors and uncertainties resulting from an error on these parameters. Results are plotted in Fig. 14 and Fig. 15. We can see that the errors and uncertainties introduced on the extracted temperature and humidity are higher than the ones coming from an error from the measurement of the resonance frequency. We can also notice a tendency in which the uncertainty increases for the estimated temperature as temperature increases and the uncertainty for the estimated humidity increases when temperature or humidity increase.

It is notable that (14a) does not depend on γ and so the error on the estimated temperature only increases as T increases. Meanwhile, (14b) does depend on both α and γ and so the error increases as T or RH increases.

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

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

VII. CONCLUSION

A combined temperature and humidity sensor for RFID chipless applications is described in this paper. This functionality can be added to current frequency chipless RFID tags at no additional expense while maintaining their identification capabilities. Indeed, such small shifts in the resonance frequency do not impact the chipless RFID identification scheme. It is shown that two physical quantities such as temperature and humidity can be extracted independently using only the measurement of resonance frequencies of resonators positioned on a label and interrogated remotely using a radar approach. We also note that these two quantities are obtained simultaneously and that the tags used do not include any specific materials which makes them very accessible. Simulation and real-life measurements are used to validate the sensor model. The linear approach for a Rogers RO4003C substrate was determined to work up to 80%RH with errors of 1°C and 5%RH in the real environment and 1°C and 2%RH in an anechoic climatic chamber. Example application scenarios can be found in the monitoring of human beings in building or the monitoring of the cold chain in the food industry. In the case of more severe environments, a packaging specifically designed for the tag, would make it possible to avoid certain irremediable deteriorations like corrosion (of the metal or the substrate). 

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

Fig. 2 .

 2 Fig. 2. a) Simulated RCS response of a resonator for different temperatures and humidities values. b) Smoothed measurement (dashed line) and raw data (continuous line) for S 21 response at different temperature and humidity values. A gaussian smoothing using a moving window is used. The window is 200 frequency points width on a measurement of 10.001 points.

Fig. 3 .

 3 Fig. 3. a) Extracted temperature using (14a). b) Extracted relative humidity using (14b). The simulated chipless tag is shown in Fig. 1. The permittivity of the support is εr = 3 (1 + 40 × 10 -6 RH)(1 + 10 × 10 -6 T ).

  Fig. 4. a) Extracted temperature using (14a). b) Extracted relative humidity using (14b). The simulated chipless tag is shown in Fig. 1. The permittivity of the support is εr = 3.55 (1 + 20 × 10 -6 RH)(1 + 40 × 10 -6 T ).

Fig. 5 .Fig. 6 .

 56 Fig. 5. Photo of the measurement bench and tags inside the climatic chamber.

Fig. 5

 5 presents the measurement setup and the fabricated tags used are shown Fig.1. Experimental measurements are performed using a VNA (Agilent 5222A). The source power of VNA is equal to 0 dBm. The frequency sweep ranging from 2 to 3 GHz with 10001 points is used. A co-polarization bistatic configuration with Satimo (QH2000) quad ridged open boundary antennas (2-32 GHz) is used.

Fig. 7 .

 7 Fig. 7. Photo of the measurement bench and tags.

Fig. 8 .

 8 Fig. 8. a) Extracted temperature in blue (14a) and measured temperature with the electronic sensor in red. b) Extracted relative humidity using (14b) in blue and measured with the electronic sensor in red. The test-bench is shown is Fig. 5.

Fig. 9 .

 9 Fig.9. a) Extracted temperature in blue using (14a), measured temperature with the electronic sensor in red and temperature sensing only in green. b) Extracted relative humidity using (14b) in blue and measured with the electronic sensor in red. The test-bench is shown in Fig.7.

  using the end of humidity steps only (where the transient time is nearly over), leads to α = 4.190 × 10 -5• C -1 and γ = 3.710 × 10 -5 %RH -1 instead of α = 4.165 × 10 5• C -1 and γ = 2.934 × 10 -5 %RH -1 when considering the whole response. This measurement correspond to measure n°3 in

Fig. 10 .

 10 Fig. 10. a) Temperature and humidity measured with an electronic sensor. b) Measured normalized resonance frequency in a climatic chamber in blue and (17) using estimated parameters in red with α = 4.165 × 10 -5• C -1 and γ = 2.926 × 10 -5 %RH -1 (see TableV).

Fig. 12

 12 Fig. 12. a) Measured humidity with an electronic sensor in the climatic chamber with a constant temperature of 40°C. b) Normalized resonance frequency f /f ini for the different humidity values used to extract γ.

Fig. 14 Fig. 15

 1415 Fig. 14. a) Errors and b) uncertainties on the estimated temperature as a function of real values of temperature and humidity with an uncertainty of 10% on α, γ.
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TABLE II PHYSICAL

 II PARAMETERS USED FOR THE SIMULATIONS.

Table V .

 V TableV). Fig.11. Measured normalized resonance frequency in a real environment in blue and (17) using estimated parameters in red with α = 4.131×10 -5• C -1 , γ = 2.836 × 10 -5 %RH -1 and a ′ = 0.004 (see TableV). Temperature and humidity variations of this measurement are presented in Fig.9. For measurements every minute, we can notice that the impact on temperature response time is negligible and the
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TABLE VI FITTING

 VI COEFFICIENT γ OF[START_REF] Noor | High-density chipless RFID tag for temperature sensing[END_REF] FOR DIFFERENT HUMIDITY RANGE.

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