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This paper presents a sensing device, useful for the measurement of small concentrations of solute content in liquids, based on a splitter/combiner microstrip structure loaded with a pair of split ring resonators (SRRs) in a symmetric configuration. The operation principle is similar to differential sensing, where one of the SRRs is put in contact with the reference liquid (the solvent), whereas the solution (or liquid under test -LUT) is forced to flow on top of the other SRR, the sensing element. To this end, fluidic channels are added on top of the SRRs, which are covered by a dry film in order to avoid substrate absorption. The asymmetry, caused by the presence of solute content in the LUT, modifies the response of the structure with regard to the one with identical liquids (pure solvent) in both channels, and the solute concentration can be inferred. In this work, it is demonstrated that glucose and sodium concentrations as small as 1 g/L and 0.5 g/L, respectively, in DI water can be measured.

I. INTRODUCTION

Metamaterial-inspired resonators, such as split ring resonators (SRRs), complementary split ring resonators (CSRRs) and other related resonators, have been used for sensing purposes in many different applications. Most of these sensors are based on planar configurations of transmission lines loaded with the previous resonant elements [START_REF] Puentes | Planar Metamaterial Based Microwave Sensor Arrays for Biomedical Analysis and Treatment[END_REF]- [START_REF] Mata-Contreras | Application of split ring resonator (SRR) loaded transmission lines to the design of angular displacement and velocity sensors for space applications[END_REF], and the general sensing principle relies on the effects that the variable under measurement (measurand) causes in the frequency response. Such effects are manifested as variations in the notch (or notches) associated to the presence of the resonant elements in close proximity to the line. Following this general principle, three main sensing strategies in transmission lines with metamaterial loading have been considered to date: (i) notch frequency and depth variation, (ii) coupling modulation, and (iii) frequency splitting.

In the first group of sensors, the measurand changes the (fundamental) resonance frequency of the resonant element and, consequently, the notch (or transmission zero) frequency in the frequency response experiences a variation. These sensors are of special interest in applications devoted to dielectric characterization of materials [START_REF] Puentes | Planar Metamaterial Based Microwave Sensor Arrays for Biomedical Analysis and Treatment[END_REF]- [START_REF] Salim | Complementary split-ring resonator-loaded microfluidic ethanol chemical sensor[END_REF], since metamaterial-inspired resonators are, in general, very sensitive to the properties of the surrounding medium. Thus, changes in the permittivity of the material under test (MUT) affect the resonance frequency of the considered resonator (through variation in the capacitance), provided such MUT is in contact to the sensing resonator or in close proximity to it (dielectric loading). The dissipation factor of the MUT also influences the total losses of the resonator, thereby modifying the notch depth, as compared to the one resulting in the sensing structure without dielectric loading.

In coupling modulation sensors, a transmission line is symmetrically loaded with a symmetric resonator, and the considered resonator must exhibit a symmetry plane of different electromagnetic sort (electric or magnetic wall) at the fundamental resonance than the one of the line [START_REF] Martín | Artificial Transmission Lines for RF and Microwave Applications[END_REF]- [START_REF] Naqui | Symmetry Properties in Transmission Lines Loaded with Electrically Small Resonators: Circuit Modeling and Applications[END_REF]. Under these circumstances, electromagnetic coupling between the line and the resonator is prevented, and the structure is allpass in the vicinity of the fundamental resonance. However, by truncating symmetry, e.g., by means of an asymmetric dielectric loading, or through a relative (linear or angular) displacement between the resonator and the line, line-toresonator coupling arises, and a notch in the frequency response (with depth intimately related to the level of asymmetry) is originated. These sensors have been mainly applied to the measurement of space variables such as displacement and velocity [START_REF] Naqui | Novel sensors based on the symmetry properties of split ring resonators (SRRs)[END_REF], [START_REF] Naqui | Alignment and position sensors based on split ring resonators[END_REF]- [START_REF] Naqui | Angular displacement and velocity sensors based on coplanar waveguides (CPWs) loaded with S-shaped split ring resonator (S-SRR)[END_REF].

Finally, in frequency splitting sensors a line is symmetrically loaded with a pair of resonant elements [START_REF] Horestani | Two-dimensional alignment and displacement sensor based on movable broadside-coupled split ring resonators[END_REF]- [START_REF] Su | Splitter/combiner microstrip sections loaded with pairs of complementary split ring resonators (CSRRs): modeling and optimization for differential sensing applications[END_REF], [START_REF] Vélez | Microwave microfluidic sensor based on a microstrip splitter/combiner configuration and split ring resonators (SRR) for dielectric characterization of liquids[END_REF]. If symmetry is preserved, a single notch at the resonance frequency arises. However, by truncating symmetry, two notches appear, and the difference between the notch frequencies and depths depends on the level of asymmetry. Hence, the incremental notch frequency and the incremental notch depth can be used as output variables for sensing. This sensing approach is similar to differential sensing, i.e., one resonator is loaded with a reference sample, whereas the other one is loaded with the sample under test (or MUT). Thus, differential properties between the reference sample and the sample under test can be inferred, and these sensors are robust against cross sensitivities, such as those related to environmental effects (temperature, moisture, etc.), as long as ambient factors are seen as common-mode stimulus by these sensors. Recently, a splitter/combiner configuration for this type of sensors was proposed [START_REF] Su | Splitter/combiner microstrip sections loaded with pairs of complementary split ring resonators (CSRRs): modeling and optimization for differential sensing applications[END_REF] in order to alleviate the sensitivity degradation caused by inter-resonator coupling, and these sensors where applied in [START_REF] Vélez | Microwave microfluidic sensor based on a microstrip splitter/combiner configuration and split ring resonators (SRR) for dielectric characterization of liquids[END_REF] to the measurement of the complex dielectric constant of liquids.

In this paper, a splitter/combiner microstrip structure loaded with SRRs is applied to the measurement of solute concentration in diluted solutions, particularly, glucose and sodium content in DI water. The main relevant aspect of the proposed sensor is its potential to resolve solute concentrations as small as 1 g/L and 0.5 g/L for glucose and sodium, respectively. Moreover, it will be shown that measuring several solute concentrations simultaneously is possible by simply cascading multiple splitter/combiners with SRRs tuned to different frequencies.

II. THE PROPOSED SENSOR AND SENSING PRINCIPLE

The proposed sensor consists of a splitter/combiner configuration implemented in microstrip technology, where each branch is loaded with a SRR, as depicted in the layout shown in Fig. 1(a) (where dimensions are indicated). The microwave structure has been fabricated on the Rogers RO3010 substrate with thickness h = 1.27 mm, dielectric constant  r = 10.2 and dissipation factor tand = 0.0023, by means of a LPKF H100 milling machine. On top of the gap regions of the SRRs (the most sensitive regions to the effects of a dielectric load) we have placed fluidic channels for dielectric loading with liquids. The photograph of the complete sensor (including the microwave structure plus the fluidic channels and necessary mechanical parts) is depicted in Fig. 1 (b). The fluidic channels, with dimensions h ch , l ch , and w ch , are made of polydimethylsiloxane (PDMS), and they are covered by polyether ether ketone (PEEK), in order to provide mechanical stability and accommodate the fluidic connectors for liquid injection through a syringe (the details of the fluidic channels and mechanical parts can be seen in Fig. 2). It is important to highlight that, in order to avoid liquid absorption by the substrate, a dry film (with thickness 50 µm and dielectric constant 3.56) has been grown between the fluidic channels and the microwave structure. The sensing principle is frequency splitting, similar to the one used in [START_REF] Vélez | Microwave microfluidic sensor based on a microstrip splitter/combiner configuration and split ring resonators (SRR) for dielectric characterization of liquids[END_REF]. In that work, the sensor was devoted to the measurement of the complex dielectric constant of mixtures of ethanol in DI water, considering DI water as reference liquid and the solution of ethanol/DI water as liquid under test (LUT). In that work, the minimum volume fraction of ethanol in DI water that could be resolved was 5%, similar to those found in other papers [START_REF] Withayachumnankul | Metamaterial-based microfluidic sensor for dielectric characterization[END_REF], [START_REF] Salim | Complementary split-ring resonator-loaded microfluidic ethanol chemical sensor[END_REF]. The complex dielectric constant in the different solutions (with different volume fraction of ethanol) was obtained from the frequency and magnitude (depth) difference between the two notches generated by asymmetry. To this end, calibration curves were obtained from the knowledge of the complex dielectric constant of pure DI water and pure ethanol.

In this paper, the objective is the determination of solute concentration in considerably diluted solutions. Hence small asymmetries are expected by using as reference liquid the solvent and the solution as liquid under test. Therefore, to be able to detect such small concentrations of solute, it is necessary to slightly modify the sensing strategy. Thus, rather than obtaining the transmission coefficient (as in [START_REF] Vélez | Microwave microfluidic sensor based on a microstrip splitter/combiner configuration and split ring resonators (SRR) for dielectric characterization of liquids[END_REF]), we will obtain the normalized transmission coefficient, that is, the transmission coefficient divided by the one that results when the LUT channel and reference channels are loaded with the solvent. The latter presents a single notch in the vicinity of the fundamental resonance of the SRRs, whereas the frequency response with solvent in the reference channel and a solution in the LUT channel exhibits in general two peaks. However, such peaks do not appear if the solute concentration does not produce enough asymmetry, but in the normalized transmission coefficient, two lobes (a positive and negative) are clearly visible, as will be demonstrated in the next section, and it is possible to detect very small concentrations, or volume fraction of solute.

III. SENSOR VALIDATION

To validate the functionality of the sensing device for the measurement of solute concentration in diluted solutions, we have first considered glucose as solute and DI water as solvent. Figure 3(a) shows the measured transmission coefficient for different concentrations of glucose in the LUT channel, as well as the response without glucose content. As anticipated, the responses are very similar due to the small asymmetries generated with the considered concentrations. However, in the normalized transmission coefficient [Fig 3(b)], the different responses can be clearly discriminated. The presence of the two lobes (one positive and the other one negative) is consequence of the frequency shift generated by the (slight) asymmetry. The system is able to detect glucose concentrations as small as 1 g/L, which is a very good resolution as compared to literature (see Table I). As the output variable of the sensor we have considered the maximum value of the normalized transmission coefficient expressed in dB. Figure 4 depicts the variation of the output variable with glucose concentration (the input variable). From this data, we have obtained the following calibration curve, which exhibits a correlation coefficient of R 2 = 0.9961, and provides the glucose concentration from the measurement of the maximum value of the normalized transmission coefficient. The sensitivity, defined as the derivative of the maximum transmission coefficient with respect to glucose concentration, is a maximum in the limit when the glucose concentration tends to zero, and then it progressively decreases. The maximum value has been found to be 0.055 dB/(g/L).

With the proposed system, it is possible to measure the solute concentration in several solutions simultaneously. To this end, a multi splitter/combiner structure is needed. As a proof-of-concept, we have fabricated the two-sensing device depicted in Fig. 5, where two splitter/combiners can be appreciated. The sensor on the left is identical to the one of Fig. 1 (b), whereas the one of the right has smaller dimensions, in order to locate the lobes in the normalized transmission coefficient at different frequencies and avoid overlapping. In this case, the structure has been used to measure the concentration of sodium in DI water. It can be seen that the responses for different concentration levels are clearly distinguished in both sensors, and the peaks are clearly separated. Moreover, the maximum value of the normalized transmission coefficient is roughly the same for both sensors, provided the sodium concentration is also the same. Hence, a single calibration curve sufficies for the determination of sodium content. Nevertheless, note that the magnitude of the normalized transmission coefficient depends on the considered type of solute, and therefore, each solute needs its own calibration curve. Particularly, sodium in DI water behaves as an ion, hence altering significantly the conductivity, as compared to glucose. For this reason the variation of the normalized transmission coefficient is stronger when sodium is considered. The maximum sensitivity in this case has been found to be 1.609 dB/(g/L).

IV. CONCLUSIONS

In conclusion, a sensor for the determination of solute concentrations in diluted solutions has been presented. It is based on a splitter/combiner microstrip structure loaded with a pair of SRRs and fluidic channels on top of it (the reference channel for the reference liquid -solvent-, and the LUT channel for the liquid under test -solution). The sensing principle is based on the measurement of the normalized transmission coefficient (i.e., the one resulting by loading the LUT channel with the solution, referred to the one obtained with the LUT channel loaded with the solvent). The sensor has been applied to the measurement of glucose and sodium content in aqueous solutions. The proposed sensor exhibits a maximum sensitivity of 0.055 dB/(g/L) for glucose and 1.609 dB/(g/L) for sodium, and the resolution is as small as 1 g/L and 0.5 g/L respectively. These resolutions are competitive with regard to other microwave sensors recently reported and it is by far smaller than the typical concentration levels of such substances in blood samples. Therefore, the proposed structure can be potentially envisaged for fast detection of pathologies related to glucose or electrolytic imbalance in blood. Further study is necessary and is currently under way for that purpose.
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 1 Fig. 1. Layout (a) and photograph (b) of the splitter/combiner structure loaded with SRRs. Dimensions are: L = 86 mm, W = 62 mm, l1 = 27 mm, w1 = 2.22 mm, ls = 25 mm, Ws = 9 mm, c = 1.4 mm, g = 2.4 mm, d = 0.2 mm, l2 = 9.21 mm, and w2 = 1.34 mm. The ground plane is depicted in grey.

Fig. 2 .

 2 Fig. 2. Lateral (a) and top (b) views of mechanical and fluidic parts of the microwave sensor and relevant dimensions. hch = 1.5 mm, lch = 26 mm, wch = 4.6 mm, lf = 46 mm, wf = 12.6 mm, h1 = 3 mm, and h2 = 9 mm.
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 3 Fig. 3. Transmission coefficient (a) and normalized transmission coefficient (b) for different concentrations of glucose in DI water.
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 4 Fig. 4. Dependence of the glucose concentration with the maximum value of the normalized transmission coefficient (expressed in dB). The calibration curve is also depicted.
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 56 Fig. 5. Photograph of the fabricated two-sensing device. Dimensions of the second sensor, in reference to Fig. 1, are: l1 = 23 mm, w1 = 3.82 mm, ls = 15 mm, Ws = 9 mm, c = 1.4 mm, g = 2.4 mm, d = 0.2 mm, l2 = 11.1 mm, and w2 = 1.34 mm.

Figure 6

 6 Figure6depicts the normalized transmission coefficient for different concentrations of sodium (identical in both sensors). It can be seen that the responses for different concentration levels are clearly distinguished in both sensors, and the peaks are clearly separated. Moreover, the maximum value of the normalized transmission coefficient is roughly the same for both sensors, provided the sodium concentration is also the same. Hence, a single calibration curve sufficies for the determination of sodium content. Nevertheless, note that the magnitude of the normalized transmission coefficient depends on the considered type of solute, and therefore, each solute needs its own calibration curve. Particularly, sodium in DI water behaves as an ion, hence altering significantly the conductivity, as compared to glucose. For this reason the variation of the normalized transmission coefficient is stronger when sodium is considered. The maximum sensitivity in this case has been found to be 1.609 dB/(g/L).
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