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A dual-band non-destructive dielectric constant sensor based on the complementary split ring resonators is presented. The resonators for both bands use the complementary split ring structure of different sizes. Numerical simulation demonstrates that the resonating frequency and quality factor is dependent on the variation of dielectric constant and loss tangent, making it a potential structure for dielectric measurement. To search for the optimal thickness for measurement, parametric study is conducted and the retrieval expressions are obtained for both bands. The measured results indicate an accuracy of 1.5% in comparison with the data in the literature. In addition, the effect of air gap has been analyzed, showing that it is an important error source and eliminating such effect can improve the measurement accuracy.
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INTRODUCTION

Dielectric constant is fundamental physical property for dielectric or insulating materials [1]. It is also a critical parameter in many engineering areas. For instance, in the design of microwave and millimeter wave planar circuits, the dielectric constant of the substrate material has to be known as a priori. With the fast evolving of electronic technologies, materials are involved in many areas such as manufacturing processing, antenna design, and aerospace technology [2–5]. Therefore, precision measurement of the dielectric constant is becoming more and more critical.

Many methods for dielectric constant measurement have been developed, such as the free space method, the transmission line method, and the resonant cavity method. The free space method uses free space as transmission medium, and is suitable for dielectric measurement in the millimeter wave range [6, 7]. In addition, this method requires a slab of large area planar sample for measurement. The transmission line method requires the material to be placed inside a part of the enclosed transmission line during measurement [8]. The dielectric constant of the material is calculated from the reflected coefficients (S11) and the transmission coefficients (S21). However, the transmission line method requires the sample precisely fabricated to be fitted in the transmission line [9]. In addition, it is not good enough for measurement of low loss materials.

The resonant cavity method is a precision method for low loss material measurement. The dielectric constant is extracted from the resonant frequencies and quality factors [10–12]. The traditional resonating method requires sample placed inside the chamber of a cavity, which inevitably makes the operation less convenient [13, 14].

In recent years, micro strip line based planar resonator sensors have been developed [15–17]. One of the resonators is so called the complementary split ring resonator (CSRR) sensor. It can measure the dielectric constant of a material with high sensitivity [18]. An improved circular CSRR structure is reported in Ref. [19], where higher quality factor and sensitivity has been reached than the single slit CSRR structure. These sensors, however, are still working in a single band. Nowadays, the communication system with dual-band or multiband operation has been widely deployed. In this connection, multi-band measurement of dielectric property is preferred.

This paper investigated the feasibility of dual-band CSRR structure for dielectric constant measurement. Theoretically, the resonant frequency of a CSRR structure is proportional to its size. Being inspired by this property, two CSRR structures of different dimensions are built on a single substrate aiming at creating two resonating frequencies. In order to verify this design, theoretical model is built and extensive simulation analysis is conducted. Based on the analysis, the circuit model is built, the optimal thickness for measurement is obtained numerically, and retrieval expressions are also reached. Finally, the air gap effect is discussed.

In order to convey the concept as well as demonstrate the feasibility of this work. The following parts of this paper are organized as follows: Section II introduces the fundamental theories of resonator sensor and the CSRR sensor; Section III is devoted to the methods covering simulation, modeling and dielectric retrieve; Section IV presents the measurements and error analysis; and Section V concludes this work.



FUNDAMENTAL THEORIES FOR RESONATOR AND CSRR


Dielectric Measurement Based on Resonator

For a conventional resonator sensor, the relationship between the change of resonant frequency Δfr/fr and the dielectric constant and permeability of the sample can generally be expressed by [20].

[image: image]

where, Vc is the cavity volume, Δε is the change in complex permittivity, Δμ is the change in complex permeability, ε0 and μ0 are the free space permittivity and permeability, respectively. The electric and the magnetic fields of the empty cavity are denoted asE0 and H0, while E1 andH1 represent the electric and the magnetic fields under loaded condition, respectively. For electrically small samples, the electric and the magnetic fields inside the resonator, before and after loading the sample, are assumed to be unchanged. For dielectric materials, the change in complex permeability μ may be assumed to be zero. Also, the electric energy must be equal to the magnetic field energy stored in the resonant structure at the resonant frequency. Under these conditions, the frequency shift can be simplified as

[image: image]

where, Vs is the sample volume.

This is a general description of resonator for dielectric measurement. Such a method, however, is in practice only suitable for well-defined structure and field distribution (or mode). For a structure of a bit more complicated, closed form for frequency shift is usually difficult to find. With the rapid development of numerical techniques, simulation methods have been widely used in the calculation of complicated structures. In addition, more details can be derived from the simulation results.



Dielectric Measurement Based on CSRR Resonator

Several geometries based on the CSRR structure have been proposed in the Literature [21–24]. In material characterization, the sensitivity of the planar sensor is of the primary concern, which is further associated with the electric and the magnetic field intensity present across the planar architecture. It has been recognized that circular resonator may provide better accuracy [25].

The CSRR structure is illustrated in Figure 1A. The quasi-static electrically small resonators are usually designed with a loop and a gap separating the loop into two parts. The electrically small structure resonates due to inductance induced by circulating current in the loop and the effective capacitance developed across the gap between the loops. The change in capacitance of CSRR usually depends on the change in the permittivity of the material under test (MUT), whereas the inductance of the CSRR is considered to be unchanged in case of dielectric materials.


[image: Figure 1]
FIGURE 1. Structure and equivalent model of the CSRR sensor. (A) The schematic structure; (B) Equivalent circuit model.


This structure can be modeled using an equivalent circuit, as shown in Figure 1B, where, Lr, Crrepresent the inductance and capacitance of CSRR, respectively, Lis the line inductance, Cc is the coupling capacitance between micro strip line and CSRR. To extract the exact values of these components, full wave simulation using HFSS in couple with ADS simulation has to be conducted [26].

After these parameters are determined, it can be drawn from Figure 2 that the relationship between the resonant frequency can be written as

[image: image]

This is a fast way to estimate the resonating frequency and the dimension. In the previous publications, only one operation band was achieved. In order to obtain dual-band operation, two identical CSRR structures of difference sizes are used, as shown in Figure 2A. The larger CSRR structure works in lower frequency band, and the smaller one in higher frequency band. These two structures are separated by a certain distance in order to reduce mutual coupling.


[image: Figure 2]
FIGURE 2. Double circular CSRR structure (A) Top view with substrate; (B) MUT is placed on the CSRR surface; (C) side view of the structure.


Two circular CSRR structures are etched out from the GND layer. MUT is placed on top of the CSRR and covers it completely. Field will be coupled to the sample though the circular slots, therefore, it is expected that such field-matter interaction will be reflected in the transmission coefficient of this structure.



The Simulation Results for Unloaded Dual-Band CSRR

Before any measurement can be conducted, the dual-band CSRR has to be designed. In this work, we choose 1.8GHz-2.8GHz and 3.5GHz-5GHz as two separate working bands for measurement. By placing two CSRRs on the same sensor, and through optimization, the following parameters as shown in Table 1 are reached. In this design, the substrate is FR4 with the dielectric constant being 4.9. The extracted lumped parameters for each component in Figure 1B are presented in Table 2.


Table 1. The main parameters for the two operation bands.

[image: Table 1]


Table 2. The lumped parameters for the equivalent circuits.

[image: Table 2]

In this work, the full wave simulation was conducted using HFSS. And the circuit simulation was done using ADS. The full wave simulation is to precisely predict the response of the design and the ADS simulation is to fast pinpoint the resonating frequencies. The simulated results for unloaded situation are plotted in Figure 3. The reason for using S21 as representative data is that S21 is closely related to the resonating frequency and the quality factor. It is clearly seen that the simulated results using HFSS and ADS demonstrated very good agreement in terms of resonating frequencies. The discrepancy in the transmission coefficient outside the resonating frequencies is due to the fact that the circuit theory only reflects the resonating frequency. More complicated modeling has to be built to fully model the structure.


[image: Figure 3]
FIGURE 3. The transmission coefficient on unloaded cases.


After mounting the sample to the top of each CSRR resonator, the resonating frequency undergoes shift, and the quality factor will also show variation with the loss tangent. It is seen from Figures 4A,B, when the sample is placed at the low-frequency CSRR, the first resonance changes accordingly with εr, while the position of the second resonance remains unchanged. Keepεrunchanged, varying the loss tangent will not change the resonating frequencies of either band, however, the quality factor (the depth of the resonance) will be changed noticeably. Placing the sample at the second CSRR, the same observations can be made, as shown in Figures 4C,D. It is also noticed that the quality factor is also dependent on the dielectric constant. Such phenomenon is evident by that the Resonate depth is varying with the dielectric constant. In summary, such properties can be made for use of dielectric constant measurement as single value functions can be derived, as shown in Figure 5.


[image: Figure 4]
FIGURE 4. S21 parameters of samples (A) with different dielectric constants at 1.8GHz-2.8GHz; (B) with different loss tangent when the [image: image] at 1.8GHz-2.8GHz (sample thickness = 6mm); (C) with different dielectric constants at 3.5GHz-5GHz; (D) with different loss tangent when the [image: image] at 3.5GHz-5GHz (sample thickness = 4 mm).



[image: Figure 5]
FIGURE 5. S21 parameters of samples (A) with different dielectric constants1.8GHz-2.8GHz; (B) with different loss tangent 3.5GHz-5GHz.





METHODS

Up to now, we have demonstrated that the transmission coefficient S21 does reflect the changing of dielectric constant and loss tangent. To extract the parameter from S21, a method has to be developed. Also, some practical aspects, such as the optimal thickness of the sample has to be considered. In next section, quantitative analysis on the variation of the resonating frequency and quality factor with the dielectric property will be analyzed, aiming to reach a reliable expression for dielectric constant extract.


Variation of Resonating Frequency and Quality Factor With Dielectric Constant

The resonating frequency at each [image: image] is recorded, and Δfr is calculated using Δfr = f0−fr. As the dielectric constant changes, the resonant frequency also gradually increases in a nonlinear manner. This indicates that the variation of the frequency is a single value function of the permittivity and loss tangent.

It is found during the analysis that the sample thickness will affect the measurement results. To search for the optimal thickness for measurement, parametric study over a range of thickness is conducted. The analysis results are plotted in Figure 6.


[image: Figure 6]
FIGURE 6. Thickness effects. (A) [image: image]vs. [image: image] for different thickness at 1.8GHz-2.8GHz; (B) [image: image] vs. [image: image] for different thickness at 3.5GHz-5GHz; (C) [image: image] vs. tanδ for different thickness at 1.8GHz-2.8 GHz; (D) [image: image] vs. tanδ for different thickness at 3.5GHz-5GHz.


It is seen from Figures 6A,B, for the lower frequency band, both the dielectric constant and the loss tangent present good linearity when the sample thickness is 6 mm. Therefore, it is best to prepare 6 mm thick sample for measurement in the low frequency band. And one has

[image: image]

Similar, the optimal sample thickness for the higher frequency band is 4 mm, and one has

[image: image]

It is reasonable that the lower frequency requires larger sample and the higher frequency needs smaller one. This is closely related to the electrical size of each resonator.

Theoretically, the dielectric constant of the MUT in two different frequency bands can be calculated separately by Equations (4) and (5), which are very close to relationship of [image: image].

It can be seen from Figures 6C,D that the relationship between [image: image] and tanδ is a linear function for the tested sample of selected thickness. The specific calculation method of [image: image] is related to its QU at unloaded and the S21 parameter coefficient after adding load [27].

[image: image]

QU is the quality factor of the sensor at unload. It is calculated from the center frequency and the frequency at−3dB. The loaded quality factor will be used for retrieval of the loss tangent. However, Equation (6) does not take into account the mutual effect of involving dielectric constant and loss tangent. In this regard, new fitting formulae will be derived in later section to retrieve the loss tangent more accurately.



Building the Permittivity Retrieval Function of Resonating Frequency and Quality Factor

The samples with dielectric constants and loss tangents are simulated in two Frequency bands, and two sets of curves are obtained, as shown in Figure 6. It is seen from Figure 6, the numerical models in the two frequency bands can be fitted separately. In many cases, the permittivity is also expressed using dielectric constant and imaginary part. The imaginary part of the complex permittivity of the MUT can be expressed by the loss tangent value, and the loss tangent value can be calculated by the QMUT and [image: image]. The formula can be written as [28].

[image: image]

Two models of Rational Taylor [29] and Extreme Cum [30] are used to fit the functions corresponding to the two frequency bands. In the Rational Talor model, both nominator and denominator are polynomial of the dielectric constant and the quality factor. For the Extreme Cum model, the fitting Function are exponential polynomial. The Goodness of fitting of a statistical model describes how well it fits simulation data [31], and is denoted by R2. It is equal to the ratio of the regression sum of squares to the total sum of squares. The closer the R2 of the function model is to 1, the better the fit of the function established by the model. Fitting the data in Figure 7 using the two models, the following equations can be obtained for low and high frequency bands, respectively. For the low-frequency band, the imaginary part can be calculated using


[image: Figure 7]
FIGURE 7. The linear relationship between the reciprocal of the [image: image] factor and tanδ under different εr′ values in the band of (A) 1.8GHz-2.8GHz; (B) 3.5GHz-5GHz.
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where

[image: image]

And for the high-frequency band

[image: image]

where

[image: image]

and

[image: image]

Putting [image: image] and [image: image] into these equations, the loss tangent under the two frequency bands can be calculated. Here, the R2 of Rational Taylor and Extreme Cum is 0.9977 and 0.9752, respectively. They are sufficiently good for data retrieve.




MEASUREMENTS AND RESULTS


Measurements

The sensor is manufactured using planar PCB technology, as shown in Figure 8. The substrate is 0.8 mm thick FR4 substrate with 4.9 dielectric constant. A pair of 50 Ω SMA connectors are soldered onto both ends of the sensor. Measurement was done using a vector network analyzer (VNA) Ceyear AV3672D. The VNA is calibrated using a standard short-load-open-thru (SLOT) method with a 3211-3.5mm calibration kit. The measurement frequency was 1 GHz - 6 GHz.


[image: Figure 8]
FIGURE 8. Experimental verification. (a) Top view of the CSCR; (b) Bottom view of the CSRR; (c) Experiment set up.


After calibrating the system, the S21 of unloaded situation was first measured. Then, several samples were measured by placing these samples at the two CSRRs consecutively. The transmission coefficients S21 are plotted in Figure 9. From the measured data, the resonating frequency and the quality fact can be deduced. And therefore, the dielectric constant and loss tangent can be calculated by using the simulated results. The retrieved results are tabulated in Table 3, with comparison with the data in the literature [32, 33].


[image: Figure 9]
FIGURE 9. (A) Measured S21 (dB) for various dielectric samples at 1.8GHz-2.8GHz. (B). Measured S21 (dB) for various dielectric samples at 3.5GHz-5GHz.



Table 3. Comparison between measured results of this work and data in the literature.

[image: Table 3]

It is seen from the results that the agreement between the simulation and measurement is pretty good. For most samples, the accuracy of the dielectric constant is smaller than 1.5%. The only exception is Polycarbonate, the discrepancy is 5%. The loss factor is also very close to the provided value in the literature. For the polycarbonate, the discrepancy is very much dependent on the difference in the sample since polycarbonate has very broad range of permittivity.



The Effects of Air Gap

When using a sensor with a CSRR structure to accurately measure the complex permittivity, the air gap between the GND layer and the sample surface is an important factor affecting the measurement results. In this paper, an approximate model of the air gap is set up through HFSS. The thickness of the air gap is set to be 0 to 80μm, and various dielectric constants in the range of 1 to 10 are simulated. The material is polypropylene. The relationship between [image: image] and [image: image] in different frequency bands is shown in Figure 10. It is clearly seen that the slope of the curve decreases as the thickness of the air gap increases. This is reasonable since with the increase of the air gap, more energy will be stored in the air gap so that the effective dielectric constant is reduced. This will in turn reduce the frequency shift. The air gap effect is a challenge for micro strip based dielectric measurement. To account for this effect, a realistic way is to consider the air gap as part of the structure. By so doing, more precise value can be obtained.


[image: Figure 10]
FIGURE 10. Plot of [image: image]with real permittivity at different air gap ranging from 0 to 80μm at (A) 1.8GHz-2.8GHz; (B) 3.5GHz-5GHz.


Fitting the data in Figure 10, the relationship between the dielectric constant and the air gap can be obtained.

[image: image]

[image: image]

Both Equations (13) and (14) are fitted with Poly2D models [30], and their R2 are 0.9916 and 0.9895 respectively.

To apply these formulae, the air gap has to be precisely measured. And the frequency shift has to be measured using either a VNA or a spectrum analyzer. This method can be used separately, but they are not general ones that can be used to other structures. However, this method can be instructive to dielectric measurement.

Taking the wood in Table 3 as an example. Measure the degree of adhesion between the wood and the CSRR surface by microscope micrometer, the air gap is 3um. Corrected by Equations (13) and (14), the dielectric constants are 2 and 1.99 in the two frequency bands respectively. The corrected values are much closer to the values in the literature.




CONCLUSION

A dual-band non-destructive dielectric measurement sensor based on complementary split-ring resonator has been studied and experimentally verified. By pacing two complementary split-ring resonators with a proper separation distance on the same sensor, dual-band operation has been realized with excellent isolation. The measured results demonstrated very good agreement with the data in the literature. In addition, the air-gap effects have been analyzed and better agreement can be obtained.
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