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Abstract— A Split-Ring Resonator (SRR) based sensor for the
detection of solid thickness and relative permittivity
characterization of solid and liquid materials is proposed. The
structure is composed of two SRRs hosted in a microstrip
transmission line. The sensing principle is based on the detection
of the notch introduced by the resonators in the transmission
coefficient. Hence, a frequency shift of the notch is related to a
change in the effective permittivity of the structure when the
sensor is covered with any solid or liquid material. A complete
characterization of the sensor, for the three proposed
applications, is performed through simulations. Finally, all
simulated results are corroborated with measurements. The
proposed sensor is implemented in single-layer printed
technology, resulting in a low-cost and low-complexity solution. It
presents real-time response and high sensitivity. Moreover, it is
fully submersible and reusable.

Index Terms— Effective permittivity, resonator, sensor, Split-
Ring Resonator (SRR), submersible sensor.

1. INTRODUCTION

In the last years a growing demand to obtain the relative
permittivity of materials has been reported [1]-[3]. Several
techniques based on the detection of the changes produced in
the frequency response due to the presence of different
materials have been found in the literature [4]-[9]. These
techniques have been applied to different fields such as
Biology or Chemistry among others [9]-[10], in the recent
years. One of these emerging applications is the real-time
detection and characterization of liquids. For instance, it
would be useful a tool for genetic analysis [11] or the
determination of the composition of different mixtures, such
as ethanol and water [12]. Moreover, it is also interesting its
application for sensing solids and their thickness [13]-[14].
The proposed approach performs these real-time analysis
based on the frequency shift of electromagnetic resonators. In
particular, the technology presented in this work is inspired on
the planar Split-Ring Resonator (SRR). A SRR is composed of
two concentric metallic rings with two gaps in opposite
positions. The SRR was introduced by Pendry in late 90s [15].
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Printed structures based on SRRs are becoming an interesting
structure for sensing applications due to their low-cost, quick
response time, high sensitivity and selectivity [16]-[20].
Specifically, these structures can be used to measure the
complex permittivity of solids and liquids. This can be done
by relating the resonant frequency of the SRRs to the real part
of the permittivity of material under test (MUT). Moreover,
SRRs are also useful for thickness detection of thin-films [21]-
[23]. Up to now, SRRs have been used in the terahertz [21],
mm-wave [22] and ten-gigahertz [23] bands for thin-film
detection. In these works the detection range is below 50 pum.
Up to the authors’ knowledge, SRRs have not been used in the
low-gigahertz band for thickness detection. This band allows
the detection of films between 100 pm and 1 mm
approximately, as it will be shown in this work. Thus, this new
range of measurement can be useful for other applications.

Nowadays, there exist multiple techniques for permittivity
characterization. They can be divided into two different
groups: destructive and non-destructive methods. A
destructive method destroys or modifies the sample after
measuring it, while with a non-destructive method the sample
is still available with the initial characteristics after doing the
measurement. A typical destructive measurement is performed
with chemicals, transmission lines or resonant cavities. For
instance, the transmission line method is considered as
destructive because a portion of the MUT has to be situated
inside the transmission line, fitting particular dimensions. The
same happens with the resonant cavity method, where a
section of the MUT must be situated inside the cavity [2].
Within the non-destructive method different techniques can be
found [2]-[3], as for example the coaxial probe method or the
free space method, among others. The non-destructive
methods are quicker and cheaper to implement and fabricate.
Non-destructive sensors based on SRRs have become very
popular due to their low-cost fabrication compared to other
techniques. Moreover, they present quick response time and
high sensitivity and selectivity.

Biological and chemical detection are one of the biggest
applications of SRR-based sensors [9]-[10]. Some of liquid
chemicals are dangerous for human health and, thus, its
detection is crucial. In the most recent publications,
microfluidic techniques have been added to SRR-based
sensors [24]-[29]. The main idea is to conduct the liquid
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through channels placed inside the most sensitive part of the
SRR in order to detect a substance of interest. Nevertheless,
up to the authors’ knowledge electromagnetic submersible
sensors have not been proposed until now. For some
applications, it would be interesting to immerse the sensor
directly in liquids without using microfluidic channels.
Although microfluidics is a more complex technology than the
proposed submersible sensor, the amount of needed liquid is
tiny. This is an important fact in applications with a reduced
amount of liquid sample, such as biological fluids sensing. On
the other hand, in industrial applications, such as the
measurement of oils and solvents, the amount of sample is
large enough so a sensor can be directly submerged. It would
reduce the complexity and cost fabrication. Moreover, the
sensing of different liquids would be easier and quicker.

In the present work a printed electromagnetic sensor based
on SRRs working below 2 GHz is presented. Thus, a fully
planar and low-cost sensor is obtained. Firstly, it is suitable for
the determination of the thickness of thin films situated over
the sensor. Moreover, the proposed sensor can be used for the
permittivity characterization of solid materials in real time and
with a non-destructive approach. Finally, the electromagnetic
sensing part is protected for liquids detection, obtaining a fully
submersible and reusable sensor.

The organization of the paper is as follows: the proposed
sensor and its working principle are presented in Section II;
Section III shows the dielectric characterization of solids; the
effect of the protection layer and the thin-layer detection and
the dielectric characterization of liquids are presented in
Section IV and Section V, respectively; finally, the paper is
concluded in Section VI.

II. SPLIT-RING RESONATOR-BASED SENSOR AND WORKING
PRINCIPLE

A. Split-Ring Resonator-based printed sensor

In this work, printed rectangular SRRs are used. The sketch
of one printed rectangular SRR is shown Fig. 1 (a). The
performance of rectangular SRR is the same than the circular
SRR [30]. The structure is composed of two concentric
metallic rings with two gaps in opposite positions. A magnetic
field, perpendicular to the ring surface, applied over the
structure will induce current through the rings. These currents
go from one ring to the other one due to the distributed
capacitance formed between them. The SRR can be modeled
as a resonant LC structure (Fig. 1 (b)) [30], where L models
the inductive behavior introduced by the conductive strips,
while C models the distributed capacitance between the rings.
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Fig. 1. Topology of the rectangular SRR (a) and its equivalent circuit (b).

Fig. 2 shows the top view of the proposed sensor (layout (a)
and fabricated prototype (b)). It is implemented in microstrip
technology. Microstrip technology is based on a metallization
layer over a grounded dielectric substrate leading to printed
single-layer microwave circuits [31]. The proposed sensor is
composed of a transmission line loaded with two rectangular
SRRs. The ends of the line are soldered to two SMA male
connectors, acting as the ports of the sensor. The sensor is
etched on the commercial dielectric substrate Rogers AD1000,
with a relative dielectric constant of & = 10.6+0.35, loss
tangent tan 0 = 0.0023, substrate thickness # = 1.27 mm and a
metallization thickness of 17 pm. The width of the microstrip
line is W; = 1.19 mm (designed to provide a 50-Q
characteristic impedance), the distance between the rings and
between the rings and the microstrip line is d = 0.8 mm, the
width of the gap is g = 0.8 mm and the width of the
metallization of the rings is ¢ = 0.8 mm. The length of the
external ring is / = 12 mm and the width is w = 6 mm. Fig. 3
shows the simulated, with the software ADS (Advanced
Design System) ®, and measured reflection and transmission
coefficient results of the proposed sensor. The whole layout
has been simulated. The simulation parameters are as follows:
the simulator used is Momentum Microwave, the number of
lines per wavelength is 20 and an adaptive frequency plan has
been used. The Svensson-Djordjevic dispersive model is
considered. The same simulation scheme has been used in all
the full-wave simulations throughout the work. It can be seen
that the resonant frequency is equal to 1.84 GHz in all cases,
achieving good matching between simulation and
experimental results. The dimensions of the sensor have been
chosen in order to obtain a resonance frequency in the low-
gigahertz band (below 2 GHz), because two of the goals of the
work are the characterization of materials in the low-GHz
band and the measurement of detection of films between 100
pum and 1 mm. The sensor can be easily escalated and, thus,
re-designed in order to work in other frequency region. On the
other hand, the implementation of two SRRs coupled to the
microstrip line (Fig. 2) instead of just one has been considered
because it improves the S parameters of the sensor, e. g. the
notch is deeper in the transmission coefficient.



Sensors-13758-2015

Port2

Port 1

Fig. 2. Proposed sensor layout (a) and manufactured prototype (b).
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Fig. 3. Measured, full-wave electromagnetic simulation (ADS) and equivalent
circuit model simulation S parameters of the proposed sensor.

B. Sensing principle

The SRRs introduce a notch in the transmission coefficient
between the ports of the microstrip line due to the addition of
a transmission pole. Thus, the working principle of the SRR-
based sensor relies on the frequency shift of the notch that is
produced when a material is situated over the SRRs. First of
all, a quasi-TEM propagating mode is assumed due to the fact
that the electric field lines in a microstrip line are not
completely confined between the conductor strip and the
ground plane. In microstrip line technology the guided
wavelength is given by

Co

l =
g f ,geff (1)

where ¢o is the speed of light in vacuum, e, is the effective
permittivity which takes into account that the electric field

lines are not fully contained between the strip conductor and
the ground plane. In the case of the proposed SRR-based
structure (c¢/h < 1) the effective permittivity for the uncovered
sensor is given by

1/2

[(1 + 12(h/c))_ )
+0.04(1 - (c/h))z]

&g+1 & -1
Eeffz 2 + 2

Hence, if a material is situated over the structure, the
fringing fields interact with the material and the characteristics
of the line change [32]-[33]. An increase in the thickness of
the material situated over the structure also increases the
effective permittivity (e5).

It can be deduced from the equivalent LC circuit that the
resonant frequency (f,) of a SRR can be obtained as

1 [1 3)

fo= E C
where L and C are the inductance and capacitance of the SRR,
respectively, according to Fig. 1. Moreover, it can be seen that
the capacitance and the inductance of SRR [30] follow the
equations

C = ‘Seff Dint (4)
cZ, 4

2 pethoxl seff (5)

Co

where Z, is the characteristic impedance corresponding to a
coplanar line formed between the inner and the exterior rings
of the SRR [34], pin is the perimeter defined by the gap
between the rings, and pe. is the perimeter defined by the
external ring. It can be seen that the capacitance increases with
increasing effective permittivity. Thus, an increased in the
effective permittivity produces a decrease in the resonant
frequency of the SRR.

Fig. 4 shows the equivalent circuit of the proposed sensor,
where Csgr and Lsgr take into account the capacitance and
inductance of both SRRs. These values are computed as the
parallel of two SRRs whose values are obtained from (4) and
(5), as explained before. Ry considers the metallization and
dielectric losses of the printed SRRs and the dielectric losses
when a sample is placed over the sensor. This term is used to
characterize the imaginary part of the relative permittivity of
the sample (&) and it is computed from the transmission
coefficient of the circuit as:

Z,(1 —10/5211/20y 2 6
100511/20 295 ©
The lines of the equivalent circuit model represent the
microstrip line of the sensor, each of them with half the total

length of the sensor line. The other parameters of the lines
(substrate and line width, 7)) are the same explained in

Rioss =
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Section II.A. The values of the equivalent circuit model for the
unloaded sensor are Csgr=25.86 pF, Lspr=0.30 nH and
Rioss=442 Q. Fig. 3 shows good agreement between the results
of the equivalent circuit model and the measured and full-
wave-simulation S parameters.
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Fig. 4. Equivalent circuit model of the proposed sensor

In Fig. 5 the theory previously exposed is demonstrated
through simulations. The sensor presented in Section II.A has
been simulated in two different situations: the uncovered
sensor and the covered one with a 3-mm-thickness material.
The material has a permittivity &, = 5. In Fig. 5 the
transmission and reflection coefficients for both situations are
shown. It can be seen that the frequency of the transmission
notch changes from 1.85 GHz to 1.63 GHz when the sensor is
covered with the material. This frequency shift allows the
detection of the covering material and the estimation of the
real part of its permittivity. Therefore, the resonant frequency
of the SRRs depends on the material covering the sensor,
which can be used for sensing purposes.
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20 H 21 ]
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Fig. 5. Simulated S-parameters of the uncovered and covered sensors.

III. DIELECTRIC CHARACTERIZATION OF SOLIDS

In order to obtain the response of the sensor when sensing
solid materials, some materials with different electromagnetic
characteristics have been chosen. These solids are shown in
TABLE 1. In all of the cases, the thickness of the solids is over
0.14¢, which is a value large enough to be in the optimal
sensing zone for the characterization of solids (as it will be

demonstrated later in Section IV). Thus, this parameter does
not affect the notch frequency and the sensor can be used to
estimate the complex permittivity of the solids.

First of all, the solids have been characterized by using the
Agilent Verification Kit 85055A. These measurements are
destructive, because a sample of the MUT must be fitted into a
50-Q coaxial line with specific dimensions. The obtained
values for the characterization are shown in TABLE I, where
can be noticed that the real part of the complex permittivity
(&y) of the selected samples is between 1.05 and 3.85, while
the imaginary part (&,") is between 0.0018 and 0.0828.

TABLE I
RELATIVE PERMITTIVITY OF THE SOLID MATERIALS MEASURED WITH THE
85055A VERIFICATION KIT

Imaginary
B part ot part of the
. the relative . Tangent loss
Material S relative

permittivity e (tan 0)

(e)) penm}’twlty

" (&)

Foam 1.05 0.0018 0.0017
High Density Foam 1.78 0.0294 0.0165
Polyethylene 2.08 0.0287 0.0138
FR4 3.85 0.0828 0.0215

Then, the response of the sensor covered with different
materials has been simulated by using ADS ®. The solids
have been simulated considering the dielectric characteristics
obtained with the verification kit. Fig. 6 shows the dependency
of the complex permittivity on the frequency shift in % (with
respect to the resonant frequency of the sensor in vacuum)
when detecting each material. It can be observed that, for the
analyzed samples, the frequency variation changes between
0.27% and 9.61% for a relative permittivity variation between
1.05 and 3.85. Thus, an expression which approximates the
simulated response of the sensor is given by

max(Af[%]). , 4 max(Af[%]) 28

Afapprox (%] = —F7—=" &
fapprox [% 2 - 4/max(e]) 9 */max(e)) 100 @)

where max(Af[%]) = 9.61% and max(g)) = 3.85 are the
maximum frequency shift obtained and the maximum relative
permittivity used to fit the curve, respectively. The mean error
between the simulated and fitted curves is 6.79%, while
between the measurements and the fitted curves is 10.42%.

The previous approximation can be used to easily estimate
&, after the measurement of the shift in frequency (Afieas/%5])
produced by a sample when covering the sensor:

g = 2 - \/max(el) - Afeas[%] + g - max(Af[%]) + % Y/max(el) ®)
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Fig. 6. Frequency shift depending on the relative permittivity of the solids:
measured (blue dots), simulated (solid green) and approximated (dashed
magenta).

The sensitivity of the sensor can be defined as the measured
frequency shift in the transmission notch with respect to the
uncovered sensor (in %) over the shift of the real part of the
complex permittivity, Af [%]/Ae’, resulting in 3.04 %. This
gives a figure of merit of the proposed sensor, so it can be
compared with other approaches.

Finally, samples of the solid materials in Table I have been
used to cover the prototype. The measured frequency shifts in
the transmission notch with respect to the uncovered sensor
are also plotted in Fig. 6. The values obtained with the
characterization kit have been considered for the relative
permittivity of each sample. There is a good agreement
between simulations and measurements and the trend is
similar. However, there are some differences caused by errors
produced when measuring the permittivity with the dielectric
characterization kit. Also there are air gaps when covering the
sensor with some samples.

In TABLE II the results of the shift on the magnitude of s>,
between the uncovered and covered sensor are shown. It can
be seen that the mean displacement is 4.35%. Thus, an
expression which estimates the imaginary part of the complex
permittivity of the MUT is given by

€ = —0.4501 - Alsy;|? + 1.3269 - Als,,| — 0.8959 ©

where Alszi| corresponds to the shift of the magnitude of s2;
between the uncovered and covered sensor. The mean error
obtained between the approximation (9) and the measurements
is 6.89%. The estimation of €’ is not linear. Thus, the
sensitivity cannot be defined for this measurement.

TABLE I1
TRANSMISSION COEFFICIENT SHIFT FOR THE CHARACTERIZATION OF THE
IMAGINARY PART OF THE PERMITTIVITY IN SOLIDS

Measured
AlSz] ‘

Simulated Displacement

Material A‘Sz] | [%]

5
Foam 1.0519 1.0388 1.25
High Density Foam 1.1157 1.2205 8.59
Polyethylene 1.1389 1.2294 7.36
FR4 1.4607 1.4577 0.21

IV. THIN-FILM DETECTION

In this section it is shown that the sensor is capable of
detecting the thickness of thin-films. Both, simulations and
measurements are shown.

The first study that is presented is the effect of the
protection layer that is used on the sensor for submersible
applications. To do this, a comparison between the sensor with
and without the protection layer has been carried out.

Second, simulations of the sensor covered with three
materials are presented. Each material has a different complex
permittivity and the sensor is characterized by changing the
thickness of each material. Those simulations show the
behavior of the sensor when detecting thickness and let to
obtain the maximum detectable thickness.

In third place, the simulations are compared with the
measurements of different materials in order to corroborate the
behavior previously obtained with the simulations. Moreover,
the viability of the sensor in practical applications is also
demonstrated.

A. Protection layer effect

The proposed protection consists on an 80-pum thin-film
layer of a plastic material (ImageLast from Fellowes ®). This
thin-film layer is added to the sensor through the commercial
laminator machine Photopro 33 of the company Albyco
Nederland B.V. by heating the plastics. In this section, the
behavior of this protection is studied. As it has been said, the
sensor is proposed to be submersible and reusable, thus, in
Section V all measurements will be done after protecting the
sensor with this method.

The effect of the protection layer is shown in Fig. 7, where
the frequency response of the transmission coefficient is
shown for the unprotected and protected sensors. It can be
observed that both responses are similar, but there is a 30
MHz frequency shift (1.63% with respect to the unprotected
sensor frequency) towards lower frequencies for the case of
the protected sensor. This is produced because of the change
in the real part of the complex permittivity due to the addition
of the protection layer, as explained in Section II. This result
shows the ability of the sensor to detect film layers placed
over its surface.
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Fig. 7. Measured transmission coefficient of the unprotected and protected
Sensors.

B. Material thickness: simulations

In Fig. 8 the simulations for three different materials (g, =
3.5, 5 and 7) placed over the sensor are shown. The
simulations have been performed with the software ADS
(Advanced Design System) ®. A parametric study of the
transmission notch frequency with material thickness is
presented. The material thickness in terms of the uncovered
microstrip guided resonance wavelength, 4, is represented in
the x-axis, while the frequency shift from the resonant
frequency of the unloaded sensor, in %, is represented in the
y-axis.

The sensor presents the same behavior for all the loading
materials. First, there is a region where the resonant frequency
changes with thickness. Then, there is a region where the
resonant frequency becomes constant. Thus, for thickness
sensing application it is required to work in the first region,
while for materials characterization the second region will be
used. This effect is related to the explanation in Section II,
where it was explained that the effective permittivity increases
with increasing covering material thickness. This is true up to
a maximum thickness value. Over that value, the field lines
are concentrated within the sensor substrate and the covering
material and the effective permittivity does not change,
leading to a constant resonant frequency. The saturation point
is defined as the maximum thickness considered for thin-film
sensing applications. In this study it is considered that the
saturation point is 10% of the constant frequency in the
saturation region. The saturation point is #4, = 0.02
independently of the covering material.

Fig. 8 shows the dependence of the frequency shift with
the relative permittivity of the material. For a material with &,
= 3.5, the frequency shift goes from 1.62% to 8.70%, while for
a material with &, = 5 goes from 2.11% to 12.70% and for ¢, =
7 goes from 2.70% to 17.35%. Moreover, the sensitivity is not
the same in the entire sensing region. The sensitivity is
maximum between #/4, = 210 and #., =~ 2-10, where a
linear approximation can be considered:

Af [%] =13 & - (t/2,) +45- & (10)

This allows obtaining the thickness of a thin film once the
permittivity of the material and the frequency shift are known.

In Fig. 8 the linear approximation for each MUT is also
plotted. The mean error between the approximation and the
simulation is 2.23% for the material of &, = 3.5, 2.83% for ¢, =
5 and 3.58% for e, = 7.
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Fig. 8. Frequency shift depending on the thickness of a material with g,’=3.5,
5,and 7. The dashed black lines are the approximations for the linear sensing
region.

The sensitivity of the proposed sensor for thin-film
applications is defined as the measured frequency shift in the
transmission notch with respect to the uncovered sensor (in %)
over the increment in the material thickness situated over the
sensor, Af [%]/At [mm]. This magnitude is proportional to ¢, .
If this definition of the sensitivity is normalized to the value of
& results in a constant value equal to 1.43 %/mm.

C. Material thickness: measurements

In this subsection the behavior of the sensor when it is
covered with two different materials is analyzed. The
materials have been chosen due to their thin thickness. They
are 80-grams paper sheets with a thickness of 100 pm and
plastics films with 80-pum thickness. The plastic films are the
same than the used for protecting the sensor.

First of all, a set of simulations and measurements has
been performed in order to estimate the real part of the
complex permittivity of those materials. For that purpose, the
frequency shift between the notch frequency of the covered
and uncovered sensors have been computed and measured.
The frequency shift obtained between the paper-covered and
the uncovered sensors corresponds to 78.10 MHz. This value
is 88.10 MHz for the case of the plastic-loaded sensor. Thus,
the paper presents a real part of the relative permittivity of
2.06, while it is 2.19 for the case of the plastic. Fig. 9 shows
the transmission coefficient (|s21|) of the fabricated sensor for
all the covered and uncovered cases. In all of the cases the
transmission coefficient is shown for thickness values that do
not affect the response of the sensor. Thus, the resonant
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Fig. 9. Measured transmission coefficient of fabricated sensor for uncovered
case (solid blue) and the paper-covered (dashed red) and plastic-covered
(dotted green) cases when the sensor is saturated.

Fig. 10 and Fig. 11 show the simulations and
measurements for the sensor covered with paper and plastic,
respectively. The x-axis represents the thickness of the
material, while the frequency shift with respect to the resonant
frequency of the uncovered sensor is represented in the y-axis.
Measurements and simulations have been performed with a
thickness variation from = 100 pm to 50.1 mm for the paper,
and from ¢ = 80 um to 13.92 mm for the plastic.

From Fig. 10 (sensor covered with paper) it can be seen
that the thickness sensing region in this case follows a linear
relation. This is due to the fact that the measurements start
with a thickness of 100 um, which is within the linear zone of
the sensing region. In the figure, it can be seen that the
frequency shift for measurements varies from 1.53% to 4.24%,
while for simulations varies from 1.61% to 4.24%. There is a
good agreement between the measurements and simulations
along all the thickness variation. The saturation point, #/As =
0.02, is approximately the same for the simulations and
measurements. A linear approximation which defines the
sensing region for the measurements is given by

Af [%] = 2.3345t + 3.9555 (1
where the parameter ¢ is measured in mm. The mean error
between the approximated curve and the measurements is
3.10%.

g
Fig. 10. Frequency shift depending on the paper thickness: measured (solid
blue), simulated (dotted green), least squares fit for the sensing region (dashed
magenta).

Fig. 11 shows the results for the plastic films. The
thickness sensing region is also defined by a linear relation.
There is a good agreement between simulations and
measurements. In the figure can be seen as the frequency shift
for measurements varies from 1.23% to 4.72%, while for
simulations varies from 1.61% to 4.72%. The saturation point
for both, measurements and simulations is the same: #4, =
0.02. The expression which approximates the sensing region
for the measurements is given by

Af [%] = 2.5971t + 11.8486 (7)
and has been computed through least squares fitting, where the

parameter ¢ is measured in mm. The mean error between the
linear approximation and the measurements is 2.51%.

Plastic-covered sensor
107" 10° 10"
t [mm]

|A f] [%]

Measurement
Simulation
= = = Least Squares Fit

. , ,
1072 107!
A g
Fig. 11. Frequency shift depending on the plastic film thickness: measured
(solid blue), simulated (dotted green), approximation for the sensing region
(dashed magenta).

Therefore, it can be seen that the sensor is suitable for the
measurement of thin films. This has been corroborated with
simulations and measurements.
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V. DIELECTRIC CHARACTERIZATION OF LIQUIDS

In order to obtain the response of the sensor when sensing
liquid materials, some liquids with different electromagnetic
characteristics have been chosen. These liquids are shown in
TABLE III.

First of all, the liquids have been characterized by using the
Agilent 85070E Dielectric Probe Kit at room temperature.
These measurements are non-destructive, because they are
made by just immersing the probe into the liquids. The
obtained values for the characterization are shown in TABLE
III, where it can be noticed that the real part of the relative
permittivity (&) of the selected samples is between 2.45 and
22.52, while the imaginary part of the relative permittivity (&)
is between 0.0387 and 0.9391.

TABLE III
RELATIVE PERMITTIVITY OF THE LIQUIDS MEASURED WITH THE
CHARACTERIZATION DIELECTRIC PROBE KIT 85070E

Real part of jirivy)
. part of the
. the relative . Tangent loss
Material O relative
permittivity L (tan o)
) permlglwty
" (&)
Paraffin Oil 2.45 0.0387 0.0158
Olive Oil 2.94 0.2540 0.0864
Peanut Oil 2.94 0.2555 0.0869
Al‘(‘)’i‘i“d 2.96 02623 0.0886
Soy Oil 3.00 0.2835 0.0945
Lemon Oil 3.03 0.2145 0.0708
Castor Oil 3.37 0.3865 0.1147
Chloroform 5.77 0.3145 0.0545
Acetone 22.52 0.9391 0.0417
25
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Fig. 12. Frequency shift depending on the real part of the relative permittivity
simulated (dotted green) and
approximated (dashed magenta). The inset shows the range between &, = 2.45

of the liquids:

and 5.77.

measured (blue dots),

Then, the response of the sensor immersed in the different
liquids has been simulated by using ADS ®. The liquids have
been simulated considering the electromagnetic characteristics
obtained with the dielectric characterization kit. Fig. 12 shows
the dependency of the real part of the relative permittivity on
the frequency shift in % (with respect to the resonant
frequency of the sensor in vacuum) when detecting each
liquid. It can be observed that, for the analyzed samples, the
frequency variation changes between 2.98% and 21.9% for a
real part of the relative permittivity variation between 2.45 and
22.52. As can be noticed, in the presented results, there is a
large gap, in terms of permittivity, between the last liquid (e,
= 22.52) and the previous one (&= 5.77). This was due to the
impossibility to find non-polar liquids with relative
permittivity between these values. In order to obtain a
characteristic curve that fits the behavior of the liquids,
additional simulations have been taken into account within
that range. From the equations (3) and (4) it can be deduced
the expression

P 1 ez, 1
O_T[ L-p 4/£eff

where it can be seen that the resonant frequency has a
dependence of a fourth root factor with the effective
permittivity. It can be seen in (2) that the relation between the
effective and relative permittivities for the microstrip
technology is linear. Thus, an expression which approximates
the simulated frequency shift response of the sensor is given

by

(12)

max(Af[%]) - 2 .

o) i/s_; — max(4f[%])

Afapprox [%] = (1 3)

where max(Af[%]) = 22.04% and max(e;) = 22.52 are the
maximum frequency shift obtained and the maximum relative
permittivity used to fit the curve, respectively. The mean error
between the simulated and fitted curves is 2.37%, while
between the measurements and the fitted curves is 7.83%.

The previous approximation can be used to easily estimate
&, after the measurement of the shift in frequency (Afieas/%0/)
produced when immersing the sensor:

o Afmeas[(%)] + max(Af[%]) 4
e max(Af[%]) - 2

(14)

- max(e;)

In TABLE II the results of the shift on the magnitude of the
transmission coefficient between the uncovered and immersed
sensor are shown. It can be seen that the mean displacement is
4.35%. Thus, an expression which estimates the imaginary
part of the complex permittivity of the liquid under test is
given by

" = 0.5489 - Als, |2 — 0.9423 - Als,,| + 0.4264 15)
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where Alszi| corresponds to the shift in the magnitude of
transmission between the unloaded and submerged sensor.
The mean error obtained between the approximation (15) and
the measurements is 8.34%.

TABLE IV
TRANSMISSION COEFFICIENT SHIFT FOR THE CHARACTERIZATION OF THE
IMAGINARY PART OF THE PERMITTIVITY IN LIQUIDS

Material Measured Simulated Displacement

Alszi] Alsa] [%]

Paraffin Oil 1.033 1.0236 0.91
Olive Oil 1.4811 1.4932 0.82
Peanut Oil 1.4675 1.5158 3.29
n 1.5052 1.5263 1.40
Soy Oil 1.5296 1.5636 2.22
Lemon Oil 1.3838 1.4277 3.17
Castor Oil 1.7441 1.7145 1.70
Chloroform 1.5545 1.6279 4.73
Acetone 2.1384 1.8842 11.89

The liquid measurements have been performed by

immersing the SRRs of the sensor in the different sample
liquids at room temperature, as shown in Fig. 13. In order to
make the sensor reusable, the protection technique presented
in Section IV.A has been used. It is noteworthy that the
frequency response of the sensor returns quickly to its initial
state once the sensor is removed from the liquid and the
possible residuals are properly eliminated. This can be done
by using a solvent like acetone. The response of the sensor
when immersed in the different liquids is shown in Fig. 12.
The frequency shift caused by the immersion in each liquid is
associated to the corresponding e, previously obtained with
the dielectric probe kit, while variation in the s> magnitude is
associated toe,. There is a good agreement between
simulation and measurements. The mismatch between
simulations and measurements is mainly due to the error [35]
introduced when measuring the complex permittivity of the
liquids with the dielectric probe kit.

Fig. 13. Sensor immersed in olive oil.

VI. CONCLUSIONS

A Split-Ring Resonator-based sensor for dielectric
characterization of solids and liquids has been proposed. This
sensor is based on the frequency shift of the notch, introduced
in the transmission coefficient, when a solid is placed over the
structure or when it is immersed in different liquids. This is
used to obtain the permittivity of solids and liquids. Moreover,
it has been found that the frequency shift is constant when the
thickness of the material placed over the sensor is over 0.1/,
Below this value, the frequency shift of the transmission
coefficient depends on the thickness of the covering material.
In that situation, the sensor can be used as an effective thin-
film thickness detector.

This work has been focused on the design, fabrication and
validation of the sensor for different applications: the
determination of the thickness materials and the dielectric
characterization of solid and liquid materials. Simulations and
measurements have been performed, obtaining good matching.
It is important to note that this sensing technique is non-
destructive.

Hence, a completely passive, low-cost and low-complexity
fabrication sensor has been presented and wvalidated.
Furthermore, the sensor presents real-time response and high
sensitivity, which makes the proposed sensor a good candidate
for the proposed applications. Finally, it has been
demonstrated that the sensor can be easily protected for liquids
immersion, obtaining a fully submersible and reusable sensor.
These characteristics make the proposed sensor very
competitive with existing technologies. Making a further
comparison with the standard kits, the characterization kit for
the solid materials is based on a destructive method, while the
proposed approach is non-destructive. It can be seen from the
technical overview of the dielectric probe kit for liquids
characterization [35] that the equipment is not recommended
for low loss (tan J < 0.5) materials with g > 5. This limitation
is not present with the proposed approach. Moreover, TABLE
V compares the proposed sensor with the other SRR-based
sensors found in literature. The proposed approach presents a
clear advantage over other devices, because the same device
can be used for solids and liquids dielectric characterization
and thin film measurements. Other works are only focused on
one of the three covered topics. Even the commercial
characterization probes for network analyzers are focused on
liquids or solids, but they do not perform measurements on
both. Finally, the proposed sensor is the only one that is fully
submersible and reusable.

As a future improvement, it would be interesting to develop
a version of the sensor based on SRRs with different
resonance frequencies, in order to determine the complex
permittivity and the thickness of solids at the same time.

TABLE V
STATE OF THE ART
Solids  Liquids Af[%] Thin-film ;
Gppieach char. char. Ag’ detection submeonsible
[1] No Yes 5.89% No No
[19] Yes No 2.90% No No
[21] No No - Yes No

[22] No No - Yes No
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[23] No No - Yes No
[24] No Yes 0.15% No No
[27] No Yes 0.02% No No
[28] No Yes 0.46% No No
[29] No Yes 0.11% No No
Pg(glzf)id Yes Yes 3.04% Yes Yes
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