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INTRODUCTION

In recent era, microwave technology has been widely used to develop non-destructive sensors for different purposes such as the materials' identification [START_REF] Sheen | Comparisons of microwave dielectric property measurements by transmission/reflection techniques and resonance techniques[END_REF][START_REF] Stuchly | Microwave coplanar sensors for dielectric measurements[END_REF][START_REF] Khaled | Fruit and Vegetable Quality Assessment via Dielectric Sensing[END_REF][START_REF] Gaspard | Electromagnetic characterization of cola drinks[END_REF][START_REF] Ebrahimi | Differential Microwave Sensor for Characterization of Glycerol-Water Solutions[END_REF]. Also, the microwave sensor has many advantages, such as non-invasive, real time and rapid characterization; moreover, it offers a higher adaptability and flexibility compared to the chemical procedures. Any type or amount of chemical component in the liquid under test produce a variation of the complex dielectric permittivity [START_REF] Venkataraman | Feasibility of non-invasive blood glucose monitoring: In-vitro measurements and phantom models[END_REF], thus, it affects the electromagnetic response of the sensor.

Based on this method, different electromagnetic sensors have been developed for bio-liquids analysis [START_REF] Gennarelli | A Microwave Resonant Sensor for Concentration Measurements of Liquid Solutions[END_REF][START_REF] Shaforost | High sensitivity microwave characterization of organic molecule solutions of nanoliter volume[END_REF], and more specifically for glucose monitoring applications in blood [START_REF] Yilmaz | Radio-Frequency and Microwave Techniques for Non-Invasive Measurement of Blood Glucose Levels[END_REF][START_REF] Green | Design of a Microwave Sensor for Non-Invasive Determination of Blood-Glucose Concentration[END_REF][START_REF]Method and apparatus for non-invasive monitoring of blood glucose[END_REF][START_REF] Kim | Noninvasive in vitro measurement of pig-blood d-glucose by using a microwave cavity sensor[END_REF][START_REF] Harnsoongnoen | Coplanar Waveguide Transmission Line Loaded With Electric-LC Resonator for Determination of Glucose Concentration Sensing[END_REF][START_REF] Choi | Design and In Vitro Interference Test of Microwave Noninvasive Blood Glucose Monitoring Sensor[END_REF][START_REF] Lee | Glucose aqueous solution sensing by a near-field microwave microprobe[END_REF][START_REF] Daneshmand | Non-invasive continuous-time glucose monitoring system using a chipless printable sensor based on split ring microwave resonators[END_REF].

Glucose is an important component for the commercialization of some products like juices or sodas [START_REF] Guadarrama-Fernández | A disposable, simple, fast and lowcost paper-based biosensor and its application to the determination of glucose in commercial orange juices[END_REF] since its effect is crucial for the flavor and texture. Ensuring the glucose level during the production process is an important aspect for the industry. Likewise, glucose is used as a fermentation substrate to produce wines, beers, spirits, in which it plays an essential role [START_REF] Galant | Glucose: Detection and analysis[END_REF]. Chemical method exists but it requires a certain amount of liquid to be extracted for the production process, and hence to be wasted. Repeating this process leads to considerable economic loss, it is why a non-destructive sensor can preserve the sample and avoid losses.

In this paper, we investigate the use of two cells of split ring resonators to characterize the dielectric properties of small samples of liquids and obtain the glucose concentration of different water-glucose solutions at 1.9GHz. Analytical, numerical and experimental studies on SRR (Split Ring Resonator) were presented in [START_REF] Naqui | Recent Advances in the Modeling of Transmission Lines Loaded with Split Ring Resonators[END_REF][START_REF] Aznar | Modelling metamaterial transmission lines: a review and recent developments[END_REF][START_REF] Harnsoongnoen | Coplanar waveguides loaded with a split ring resonator-based microwave sensor for aqueous sucrose solutions[END_REF][START_REF] Wellenzohn | A Theoretical Design of a Biosensor Device Based on Split Ring Resonators for Operation in the Microwave Regime[END_REF][START_REF] Sathyanath | Microwave Based Biosensor for Blood Glucose Monitoring[END_REF][START_REF] Su | Modeling Metamaterial Transmission Lines Loaded With Pairs of Coupled Split-Ring Resonators[END_REF] for their importance in certain applications such as meta materials, detection and dielectric characterization of a material whether solid or fluid [START_REF] Yilmaz | Radio-Frequency and Microwave Techniques for Non-Invasive Measurement of Blood Glucose Levels[END_REF][25][START_REF] Karacolak | Cole-cole model for glucose-dependent dielectric properties of blood plasma for continuous glucose monitoring[END_REF][START_REF] Vélez | Highly-Sensitive Microwave Sensors Based on Open Complementary Split Ring Resonators (OCSRRs) for Dielectric Characterization and Solute Concentration Measurement in Liquids[END_REF][START_REF] Su | Analytical Method to Estimate the Complex Permittivity of Oil Samples[END_REF][START_REF] Vélez | Split Ring Resonator-Based Microwave Fluidic Sensors for Electrolyte Concentration Measurements[END_REF][START_REF] Ebrahimi | High-Sensitivity Metamaterial-Inspired Sensor for Microfluidic Dielectric Characterization[END_REF][START_REF] Ebrahimi | Microwave reflective biosensor for glucose level detection in aqueous solutions[END_REF][START_REF] Ebrahimi | Ultrahigh-Sensitivity Microwave Sensor for Microfluidic Complex Permittivity Measurement[END_REF][START_REF] Sharafadinzadeh | Investigation on planar microwave sensors with enhanced sensitivity from microfluidic integration[END_REF]. This last application is the subject of our study. SRRs are key elements for good detection efficiency in pharmaceuticals and biomedical applications [START_REF] Lee | Glucose aqueous solution sensing by a near-field microwave microprobe[END_REF]. This is because SRRs have a very high-quality factor, greater than 1000 [START_REF] Wellenzohn | A Theoretical Design of a Biosensor Device Based on Split Ring Resonators for Operation in the Microwave Regime[END_REF], their miniaturized circular or rectangular shape allows the use of PCB technology for their manufacture. The method, used for the detection in the change of the dielectric parameters such as the permittivity, is based on the influence of the dielectric on the resonant frequency shift. This frequency shift can be quantified by using the power transmission S21 [START_REF] Choi | Design and In Vitro Interference Test of Microwave Noninvasive Blood Glucose Monitoring Sensor[END_REF]; furthermore, the impedance matching is affected when the dielectric parameter of the medium which is in contact with the resonator, changes. The impedance matching is quantified by the power reflection S11.

Finally, the evaluation process of the glucose can be labor-intensive and expensive. It is why; a simple electronic prototype is proposed to replace VNA and it is used to improve the sensor sensitivity as well.

The electromagnetic sensor

The change in the level of glucose in the medium affects its dielectric properties, such as its permittivity [START_REF] Venkataraman | Feasibility of non-invasive blood glucose monitoring: In-vitro measurements and phantom models[END_REF].

The principle of this electromagnetic method is based on the near-field radiation generated by the sensor. The study used a fringing electric field, which may be electrically modeled as a capacitor to interfere with the study medium. Therefore, the equivalent input impedance of the sensor in contact with the medium will be affected.

Fig. 1 depicts an illustration of the sensor in contact with water; the sensor consists of a substrate separating the resonators from the coplanar line.

The entire sensor surface was exploited to interact with the medium being studied; for this, four circular SRRs and smaller triangular SRRs were used. The circular and triangular resonators operate at different resonance frequencies. In the proposed configuration, circular SRRs are used for operating at a frequency of 2.1GHz, and the inclusion of triangular January 20, 2021 The wave propagation in the coplanar line is a quasi-TEM mode, which is characterized by an alternating current along the central strip and an alternating magnetic field around the central strip. Then, an induced current is generated on each SRR due to the alternating magnetic field component in the nearby SRR. Noticeably, there exist two kinds of energy in the SRR, including the magnetic energy in the ring and the energy in the split.

The effect of glucose in water will be studied using the designed antenna structure described below. A vector network analyzer (VNA) will be used to validate the experimental studies and to choose an optimal frequency, then an electronic prototype is proposed to improve the sensitivity.

This electromagnetic simulation was performed by designing a coplanar line to provide circular resonators with an outer radius of up to 5.1 mm using magnetic coupling. Therefore, to allow feeding of the resonators, it is important that the width of the middle strip in the coplanar line be twice as large as the outer radius of the ring resonator. Furthermore, the slot dimensions of the coplanar line must be considered due to its effects on the distribution of the electromagnetic fields surrounding the transmission line. However, the coplanar line is considered lossless and its dimensions are calculated using an online calculator to achieve a characteristic impedance of 50Ω. This value is the reference impedance of the coaxial cable. Then resonators, operating at a frequency of 2.1GHz, are included on the second side of the substrate. In comparison, with the micro strip, CPW confines electromagnetic fields in a more limited manner, thereby reducing spurious coupling, radiation, and dispersion. Finally, The magnetic power supply was chosen because the constant relative permeability µ of water is equal to 1 for any change in glucose concentration.

Sensor modeling

The magnitude of S 11 is defined by Eq. (1):

S 11 = 20log Z in -Z 0 Z in -Z 0 (1) 
Where Z 0 is the characteristic impedance of the coaxial cable, which is equal to 50Ω, and Z in is the input impedance seen at port 1 of the structure. (see figure 3)

January 20, 2021 Z s is estimated by Eq (2) [START_REF] Su | Modeling Metamaterial Transmission Lines Loaded With Pairs of Coupled Split-Ring Resonators[END_REF] :

Z s (ω, ε ef f ) = jωL + jω 3 ×      C s (ε ef f ) M 2 × 1 - ω 2 ω 2 0 + 2ω 2 M 2 M C s (ε ef f ) 2 1 - ω 2 ω 2 0 2 -ω 4 M 2 C s (ε ef f ) 2          (2) 
All circular resonators have the same resonance frequency and can be electrically modeled using a lumped element R 1 L s C s , where L s represents the equivalent inductance of an SRR, considering the mutual inductance between triangular and circular resonators and the mutual inductance between two adjacent circular resonators M [START_REF] Su | Modeling Metamaterial Transmission Lines Loaded With Pairs of Coupled Split-Ring Resonators[END_REF]. C s models an equivalent capacitance considering all the capacitance created between the spires, as well as the capacitance created between the triangular resonators and the circular resonators. By adding a triangular SRR in close proximity to the circular SRR, the capacitive effect can be increased, thereby improving the interaction between our antenna structure and the medium. By modifying the glucose in the medium, the effective permittivity will change. Cs depends on the effective permittivity; as a consequence, Cs will be modified. Then, the input impedance of the structure seen in port1 will be changed. R 1 represents the equivalent resistance considering the conductivity of water [START_REF] Venkataraman | Feasibility of non-invasive blood glucose monitoring: In-vitro measurements and phantom models[END_REF] and copper. M represents the mutual coupling between the line and the SRR. L and C are the inductance and capacitance of each unit cell of the line. ω 0 is the resonance frequency of each isolated circular resonator. The goal of this model is not to identify its values (because it is a complex analytical study that should identify some parameters that we cannot control, such as the parasite capacities formed in the substrate, the complexity of the geometry of the structure and the behavior of the medium), but to show the implicit relationship between the detection and the reflection parameter S11. This relationship will be demonstrated through simulation in the next section of this paper. The conductivity of water represents the medium losses toward the electromagnetic field. By introducing changes in the medium conductivity (not shown), simulations were performed on Cosmol ® and a poor-quality factor was discovered for a higher conductivity value.

In this simulation, a Rogers 3210 substrate with a permittivity of 10.2 at 2.1 GHz was used to obtain a miniaturized sensor. The dielectric constant of water depends on the frequency, and its exact value is presented in Fig. 4. The resonator was coated by an insulating layer, which could prevent water from meeting the copper in the resonant cavity. The layer had a thickness of 0.5 mm and a permittivity of 2.1.

In the simulation model, experimental data on the dielectric properties of water was imported from the ITIS foundation and introduced into the water block simulated by Comsol. The relative permittivity and conductivity have been expressed as polynomial functions in Eq (3) and Eq (4):

ε r = -10 -19 .f 2 -5.10 -10 .f + 85.379 (3) 
σ = -10 -19 .f 2 + 6.10 -10 .f -0.7813 (4) 
January 20, 2021 A variable ∆ε has been used in the simulation to represent the incremental step of relative permittivity induced by changes in glucose levels, which is equal to 0.2 [START_REF] Yilmaz | Radio-Frequency and Microwave Techniques for Non-Invasive Measurement of Blood Glucose Levels[END_REF]. The relative permittivity equation of the water extracted from the curve is increased by the incremental step size ∆ε (see Fig. 4). A study on the dielectric properties of the mixture of water and glucose [START_REF] Karacolak | Cole-cole model for glucose-dependent dielectric properties of blood plasma for continuous glucose monitoring[END_REF] showed that glucose had little effect on the conductivity of water from 1 GHz to 8.5 GHz, and no change was noticed. Based on this study, glucose is considered to have no effect on conductivity. During this simulation, the variation introduced by glucose in the relative permittivity was estimated to be the same around a frequency of 1.88 GHz. The simulation results show that at a fixed frequency, the reflected power increases very slightly due to the increase in the permittivity of mixed water and glucose. This incremental value was chosen to simulate the extremely low glucose concentration in the water, bringing it closer to the presence of glucose in the blood of humans. While placing the simulated water block on the sensor surface, the operating frequency is changed from 2.11GHz to 1.88GHz. Fig. 6 shows that the frequency of the S 11 peak is decreased by 230 MHz. Fig. 7a presents the S11 vs frequency for different values of water permittivity; the S11 parameter is the reflection coefficient, which is used to indicate the reflected power in port 1 at different frequencies. Different values of the water permittivity simulate different glucose concentrations [START_REF] Turgul | Characterization of the complex permittivity of glucose/water solutions for noninvasive RF/Microwave blood glucose sensing[END_REF] . A parametric sweep ∆ε is used to simulate changes in glucose concentration. The equations ( 3) and ( 4) are used to model the dielectric parameter. For our simulation, εr+∆ε is used where εr represents the relative permittivity of water, and ∆ε is a parameter sweep that varies between 0 and 0.1 in steps of 0.02. This corresponds to 5 different glucose concentrations in water. The results show that an increase in the relative permittivity of water by a step of 0.02 induces a shift of S11 magnitude for different frequencies.

S11 measurements were performed, where port 2 is terminated in a load equal to 50 Ω. the sensor can be used as a stop band filter at the resonance frequency which is not the case of this study. The study frequency range is different from where the stopband filter operates. Indeed, to find the resonance frequency it's simply required to use the transmission parameter S21/dB, which it corresponds to the S21 peak. In our case, the study was conducted with a focus on the frequencies around the peak of S11 and not S21.It should be noted that regardless of the operating frequency, the device generates a fringing electric field at the inter-track level of each SRR. in order to operate the four SRRs in an efficient way, the power transmitted on port 1 must reach all four SRRs, to make this possible, a work frequency must be selected around the S11/dB peak. In Fig. 7b, the distribution of electric fields is represented by different colors; the displayed distribution is performed at the resonator level. The dark red color has the maximum electric field intensity, which corresponds to a value of 1000 V/m based on the simulation. The lumped port attribute used in feeding the coplanar line is the uniform element of port 2 with an excitation wave voltage equal to 0.2V.The selection of the working frequency is made according to the effect of glucose on the water permittivity, in fact, glucose has a very weak effect in high frequencies [START_REF] Smulders | Dielectric Properties of Glucose Solutions in the 0.5-67 GHz Range[END_REF]. On the other hand, working at very low frequencies results in high sensor size values. A compromise must be made between sensor size and sensitivity to glucose. The optimal operating frequency is found at the |S11| dB lower peak in this type of configuration. Indeed, by comparing to the lower peak of |S21] dB at the resonance frequency 1.7GHz, there are only the first two SRRs that generate a strong electric field to interact with the study medium (the study medium in the case of this study is water). The optimal frequency is chosen at 1.88GHz so that the electric field distribution on the sensor is similar over the four SRRs.(see Figure 7(b)) . The intensity of the electric field has also been observed to be high in the gap between the rings and the adjacent triangles, due to the capacities effect that was created.

Fig. 8 presents the electric field norm in water. The maximum value of the electric field is 30 V/m, which is indicated by the dark red color. A sudden drop-off in the electric field was observed at the separation interface between the insulator and the water. This can be explained by the significant difference in permittivity between the insulator and the water.

To visualize the attenuation of the electric field E as a function of the depth in the water, this study proposes an electric field norm inside the water block. The electric field E was above 800 V/m before the interface that separated the insulator from the water. In Fig. 8b, January 20, 2021 at the interface between the insulator and the water, the electric field drops from 800 V/m in the insulator at maximum electric field to 42.77 V/m in glucose water. As the electric field is highly concentrated in the bottom of the sample, it is expected that small variations in the filling volume have very small influence in the S11 magnitude.

Experimental study

An experimental study was carried out to validate the simulation results. First, the following steps are proposed to fabricate the sensor, and to select dimensions and materials. Then, the specific measurement protocol will be presented in detail. Finally, the results will be interpreted and discussed.

Materials

After modeling the antenna on COMSOL, a Gerber format file was generated to be inserted into the printed circuit board manufacturing equipment; the antenna was manufactured by subcontracting. The biosensor consists of ring and triangular resonators, which are fed by coplanar line that located on the second face of the substrate. The substrate used for the fabrication of antennas is the Rogers 3210, with a relative permittivity of 10.2 and a substrate thickness of 1.27 mm. In addition to being commercially available, this substrate allows a high coupling between the coplanar line and the resonator, as well as the optimal dimensions of the structure (resonator dimensions, distance between SMA pin connectors, which is 1.3 mm, etc.). However, the width of the central strip of the coplanar line was not suitable for the SMA size standard, which led us in adapting to the structure by adding a coplanar line/coplanar line transition (see Fig. 9. a). The thickness of the copper used to etch the metal parts is 35 µm, and the size of the sensor is 56 × 30.6 mm 2 . January 20, 2021 As shown in Fig. 9, in the photo (a), the SMA connectors were soldered to the coplanar line so as to enable the outer part of the SMA, representing the ground, to be connected to the ground plane of the coplanar line, and the central conductor of the SMAs was connected to the central strip of the coplanar line. Using a network analyzer, the coplanar line was fed through a coaxial cable with characteristic impedance equal to 50Ω. The magnetic field produced in the slot of the coplanar line can be expressed as a solenoidal vector field; the closed circular boundaries of the magnetic lines enclose the central strip of the coplanar line. Due to the change in the magnetic field, an induced current was generated in each of the spires of the resonator. The capacitiveeffect was created between each adjacent spire of the SRR due to the electric charges' distribution.

In Vitro test

Experimental measurements of glucose water were performed. Two coaxial cables were used to connect the antenna to the vector network analyzer (Agilent N5230A 300 KHz-20 GHz). Both cables were manufactured by Atem-RF & Microwave Company. Both cables operate at frequencies up to 18 GHz. The cables have an inner conductor diameter of 1.02 mm.

The measurement configuration consists of: (a) A circular glass-shaped water holder placed on the face of the resonators, with a volume of 7.5 ml, a diameter of 32 mm, and a wall thickness of 0.5 mm.

b) The antenna to be tested. c) A temperature sensor whose function is to measure the temperature of the medium and can detect a variation of 0.01 • C. d) Glucose powder.

The water holder was placed on the side carrying the resonator, and then was filled to a volume of 7.5 ml using a graduated pipette.

Prior to the start of the measurement, the VNA was calibrated based on the SOLT method (Short-Open-Load-Thru) using the 85033 D/E 3.5 mm kit. The frequency band was adjusted between 300 KHz and 3 GHz, which was sufficient to characterize the sensor that operates in the [1.5, 2.5] GHz range. On the other hand, the signal power emitted from the analyzer was set to -8 dBm.

External factors such as temperature, mechanical vibrations, and instrument errors can affect the accuracy of measurements, making errors in the measured value inevitable. Therefore, the result of each measurement will be the average of a set of samples collected within a well-defined time interval.

The measurements were performed by tracking the |S11| peak for different glucose concentration and evaluate its magnitude value. The measurement protocol followed is:

-The resonator was characterized with the holder filled with pure water, and the magnitude of S 11 was read following system stability.

-3.75 mg of glucose powder was then added to the water and the solution was mixed to homogenize water + glucose.

-Data acquisition of the S11 magnitude peak was performed.

-The same procedure was repeated by varying the glucose concentrations in the range of 1.7346 mmol/l to 13.87 mmol/l. This measurement protocol can effectively eliminate the reading error caused by using different micro pipettes to fill a sample holder with different aqueous glucose solutions. The molar mass of glucose is 180.156 g/mol, and the volume error in the water created by adding glucose is less than 0.03%.

At the beginning of the experiment, the water temperature was measured and considered constant during the experimental measurement. Certainly, the duration of each experimental measurement is less than 2 h, and the change introduced in the measured temperature ∆T is less than 0.5 • C. For more details on the effect of temperature on the reflection coefficient S 11 , this seems to be an acceptable error [START_REF] Lee | Glucose aqueous solution sensing by a near-field microwave microprobe[END_REF].

The slider on the network analyzer was adjusted to obtain information on the magnitude of S 11 at various working frequencies. The choice of the working frequency is based on the resonance frequency of S 21 . At this frequency, the resonators behave like a stop band filter. The first two resonators in the structure reacted like a short circuit; as a result, the second cell of SRR is inactive. That is why we chose to work at the minimum (reflect-mode) of the resonator response.

The second face of the antenna was placed in such a way that the water would be in direct contact with the resonators through the insulating layer of the holder. Then, 3.75 mg of glucose powder was added to the water every 10 min. This is equivalent to increasing the glucose concentration in 2.77 mmol/l steps. The magnitude of S 11 was measured for each glucose concentration.

Results and discussion

Following the measurement method, two graphs of magnitude S 11 , as shown in Fig. 10, were plotted at a frequency of 1.8 GHz and at room temperature between 29 • C and 31.1 • C.

At a temperature of 31.1 • C, the curve has a slope of 0.0076 dB/(mmol/l), which is higher than that presented at a temperature of 29 • C (0.0036dB/(mmol/l)). The two curves show a correlation of magnitude S 11 , expressed in dB, with glucose concentration at the 1.8 GHz frequency. The estimated error sizes are comparable to the symbol size. The main error sources are the instrumental error in the VNA for the y-axis and the volume sampling error (roughly 0.03%) that can be introduced. The error in glucose concentration is 0.03% C g for each coefficient, where C g is the glucose concentration. Several measurements were made January 20, 2021 at different frequencies, and optimal sensitivity was obtained at frequencies near the center frequency f 0 . f 0 represents the frequency where the structure is matched to 50Ω. Estimation of the glucose concentration would have been possible if the frequency shift, quality factor, and other parameters had been chosen. In this paper, the focus is on the S 11 reflected mode, which has led us to develop a simple electronic circuit based on the power detector circuit to quantify the reflected power according to glucose levels.

Study of glucose concentration using an electronic card

Developing an electronic card for acquiring signals from RF sensors is an important step for the realization of a non-invasive biosensor, considering the dimensions of the sensor and its electronic card. The schematic diagram is presented in Fig. 11.

The electronic acquisition system consists of: -A VCO, which provides a Radio Frequency (RF) signal. The reference of the VCO used is CVCO55BE (1200-2300) MHz; its typical output power is 4dBm. The VCO output is an RF signal controlled by DC voltage generator at its input.

-The CF1724 circulator, which has an isolation of 20 dB and an insertion loss of 0.5dB in the 1.7-2.4 GHz frequency band. The output voltage V 11 of the power detector is transmitted through a multi meter connected to a computer using a GPIB card. GPIB is an interface used for communication between electronic measuring devices and a computer. The software programs developed in LabVIEW were used for data acquisition to monitor the glucose level in water in real time.

Measurement results are shown in Figure 13(b). The presented data points correspond to one test. The electronic readout stabilization is checked before starting the tests with glucose. The figure presents the obtained results for one test once the spikes in the output voltage, created by the use of a rod, have been suppressed. The acquisition of each point is made every 2 seconds. More than five hundred points are acquired for one defined glucose concentration, which corresponds to 20 minutes, this is enough to demonstrate the output voltage stabilization. At first, the initial output voltage was constant. When glucose was added, the output voltage decreased and stabilized after a short time. This reduction in output voltage occurs because of glucose. Several measurements were made at different frequencies around 1.88 GHz. The same protocol measurement, as previously described, has been used. In the beginning, many tests were performed by gradually adding 5 mg after collecting many data points, which is equivalent to a change in glucose concentration of 3.33 mmol/l. Then, other tests were made to evaluate the smallest step the sensor can detect, the glucose concentration is increased by a step of 1.665mmol/l . Each data points presented in figure 14 and 15 are estimated using the average of 500 points:

x mean = n 1 x i n
The results obtained show the correlation between the voltage V 11 and the concentration of glucose in water. The effect of glucose on permittivity is very low at 2.5 GHZ. A variation in glucose concentration from 4 mmol/l to 33.3 mmol/l results in a change in relative permittivity equal to 0.21.

In Fig. 14, Although the initial values of the voltage are different due to slight changes in the placement of the water holder between each test, thus, the experimental results show a good correlation between the sensor response and the glucose concentration in water at a defined position of the water holder. The linear tendency of the output voltage is almost the same for different tests. The slope in (mV/(mmol/l)) from test1 to test 4 is equal to -0.1, -0.2, -0.2, -0.2 respectively. The worst coefficient of determination between the 4 tests obtained was R 2 equal to 0.9068.

In addition to the results shown in Figure 14, more measurements were made with the aim of seeing if small change in glucose concentrations at physiological levels could be detected. The results are shown in figure 15.
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Comparative study

By using simulation, this study found a variation of S 11 to be equal to 0.033 around -12.675dB for a variation step of ∆ε, which is equal to 1.2 at the 1.9 GHz frequency. At the same frequency, the measurement results in the network analyzer show a variation of S 11 equal to 0.106 at around -10.8dB at 31.1 • C and 0.053 at around -10.8dB for a variation in the glucose level between 0 mmol/l and13.877 mmol/l. This discrepancy between the simulation and the experiment is as a result of the simulation model not being able to consider certain physical parameters, such as temperature, water volume, and dimension of the insulating layer. In addition, the exact valuesof the variation in permittivity in water due to the glucose level cannot be precisely quantified by simulation, because the change in glucose has a weak impact on the relative permittivity of water, which makes it very difficult to quantify the variation in permittivity as a function of the glucose level. On the other hand, measurements on an electronic prototype produce a change in output voltage equal to 6.3 mV for a glucose concentration range between 0 mmol/l and 33.3 mmol/l and 2.3 mV for an interval ranging from 0 to 16.53 mmol/l. The results are shown in Table 1. In the state-of-the-art, several parameters related to the sensor have been used to improve the sensor sensitivity towards different glucose levels. Some of these parameters are reflection coefficient S 11 [START_REF] Lee | Glucose aqueous solution sensing by a near-field microwave microprobe[END_REF] , transmission coefficient S 21 [START_REF] Turgul | Characterization of the complex permittivity of glucose/water solutions for noninvasive RF/Microwave blood glucose sensing[END_REF][START_REF] Juan | Concentration Measurement of Microliter-Volume Water-Glucose Solutions Using Q Factor of Microwave Sensors[END_REF] and quality factor Q [START_REF] Juan | Concentration Measurement of Microliter-Volume Water-Glucose Solutions Using Q Factor of Microwave Sensors[END_REF] , resonance frequency [START_REF] Ebrahimi | Microwave microfluidic sensor for determination of glucose concentration in water[END_REF] , input impedance, and signal phase.

[21] uses a coplanar wave guide (CPW) loaded with a split ring resonator (SRR) for detecting aqueous sucrose solution with a step of 1100mmol/l, the used method consists in evaluating the S21 amplitude at the frequency range [START_REF] Stuchly | Microwave coplanar sensors for dielectric measurements[END_REF][START_REF] Khaled | Fruit and Vegetable Quality Assessment via Dielectric Sensing[END_REF] GHz. The sensor shows a high dynamic range and linearity. However, smaller concentrations have not been investigated. [START_REF] Turgul | Characterization of the complex permittivity of glucose/water solutions for noninvasive RF/Microwave blood glucose sensing[END_REF]uses an inter digital capacitor, the sensor shows a lack of sensitivity for smaller glucose concentration lower than 30 mmol/l. The sensing in [START_REF] Juan | Concentration Measurement of Microliter-Volume Water-Glucose Solutions Using Q Factor of Microwave Sensors[END_REF]is based in two port |S21| and using quality factor for measuring glucose. Three version of the sensor are studied between 2GHz and 7GHz, good sensitivity has been obtained compared with some other works in the state of art. In [START_REF] Ebrahimi | Microwave microfluidic sensor for determination of glucose concentration in water[END_REF], a complementary electric-LC resonator coupled with a microstrip line is designed to operate between [1.2GHz,1.4GHz], it is shown that by flowing water-glucose solution to the sensing area, the resonance property of the resonator is modified, this measurable change in the electromagnetic property is then used to quantify the glucose concentration. The device in [START_REF] Vélez | Solute Concentration Measurements in Diluted Solutions by means of Split Ring Resonators[END_REF] is based on a splitter/combiner microstrip structure loaded with a pair of split ring resonators (SRRs) in a symmetric configuration, it is demonstrated that glucose as small as 5.5 mmol/l can be measured.

The readout electronic is an important aspect to consider. Indeed, the most part of the work, cited in the state of art, use a VNA for measuring glucose. However, the resolution and the sensitivity can be improved by providing a suitable electronics which can implement signal processing algorithms, therefore, it helps to reduce the noise and estimate efficiently a measurement parameter. For evaluating the biosensor reliability for hyperglycemia monitoring applications, the measured glucose concentrations are presented on Clarke error grid versus the actual concentration values. This grid is developed by Clarke on 1987 to quantify the clinical accuracy of the methods and systems in monitoring the blood glucose level [START_REF] Clarke | Evaluating Clinical Accuracy of Systems for Self-Monitoring of[END_REF] .

53.57 % of data points are located in Zone A (acceptable): it represents the glucose values that deviate from the reference values by ±20%.

28.57% are located in Zone B (benign errors); this zone represents those values that deviate from the reference values, which are incremented by 20%. The values that fall within zones A and B are acceptable.

Conclusion

This paper presents a new type of microwave sensitive sensor for the non-invasive measurement of glucose in water. The detection side is composed of two cells of the circular split ring resonator (SRR) and four triangular SRRs. Introducing a change in glucose concentration in water modifies the sensor input impedance therefore the reflected coefficient |S11|. The sensor, used as glucose trackers, has been simulated and tested experimentally by VNA. Then, using an electronic prototype which is capable of reproducible detecting glucose concentration ranging from 0 to 560mmol/l by a step of 3.33 mmol/l. Its output voltage resolution is 0.2mV. The sensor is used for measuring the glucose concentration down to the physiological levels and interpretation of the measured results on Clarke grid demonstrates its potential for the blood glucose monitoring.

It's still challenging to measure glucose in liquid using non invasive sensor. Four planar resonators are designed to improve the electromagnetics interactions between the sensor and the medium being studied. A resolution of 1,665mmol/l is reached using a proposed measurement system. 
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 1 Figure 1: Illustration of the water contact with the sensor
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 23 Figure 2: 3D Model of resonators extracted from Comsol®
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 4 Figure 4: Dielectric constant of water imported from ITIS foundation database[25] 

Figure 5 :

 5 Figure 5: Schematic diagram of the designed sensor. All dimensions are expressed in millimeters.
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 6 Figure 6: S 11 vs frequency (GHz)

Figure 7 :

 7 Figure 7: Simulation results of (a) S 11 versus frequency for ∆ε=0.02, (b) Electric field distribution on the resonator at the frequency of 1.88 GHz and 1.7GHz for ∆ε=0
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 8 Figure 8: (a) electric field versus (Penetration Depth), (b) The electric field distribution (V/m) in the water

Figure 9 :

 9 Figure 9: (a) First face of the antenna, (b) the second face of the antenna.
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 10 Figure 10: (a) |S11| versus time for different change in glucose concentration (b)S11 (dB) vs glucose concentration in the water, at a frequency of 1.8 GHz
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 11 Figure 11: Hardware architecture synoptic scheme
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 12 Figure 12: Full system of the sensor
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 13 Figure 13: Voltage acquisition vs number of points using LabVIEW
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 1415 Figure 14: The output voltage V11 for different glucose concentrations (Reproductibility study)

Figure 16 :

 16 Figure 16: Clarke's error grid obtained by using the previous experimental results

Table 1 :

 1 Comparison of results between simulation and experience

	Simulation		∆ε = 1.2		S11 = -12.675dB	∆S11	=
						0.033dB
	Experimental	[0, 13.87]		T = 31.1 • C	S11 = -10.75dB ∆S11	=
	measurement	mmol/l			0.106dB
	on (VNA) (1.88			T=29 • C	S11 = -10.8dB	∆S11	=
	GHz)					0.053dB
	Electronic pro-	[0,	33.30]	Output voltage = 552 mV	∆V = 6.3mV
	totype	(1.88	mmol/l		
	GHz)				

Table 2 :

 2 Comparison with previous studies

	Ref.	The used pa-	Frequency	Sensitivity
		rameter		
	[21]	S21	2.44 GHz	0.000884 dB/(mmol/l)
	[35]	S11	[4 GHz-5 GHz]	Lack of sensitivity for glucose con-
				centration lower than 30mmol/l
	[37]	Q, S21	1.92 GHz, 5.16 GHz,	Good sensitivity, but not conve-
			7.16 GHz	nient because a microliter volume
				of water is used in a restraint area.
	[38]	S21	[1.2GHz-1.4GHz]	0.08525MHz/(mmol/l)
	[39]	S21	[746MHz-758MHz]	0.0099dB/(mmol/l)
	This	S11	1.8 GHz 1.9 GHz	Using VNA:
	work			0.0076dB/(mmol/l)
				Using electronic prototype:
				0.2mV/(mmol/l)

January 20, 2021 

Acknowledgements

This work was supported by Region Grande-EST and FEDER