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Abstract: A sensor is proposed to characterize the complex permittivity of dielectric materials in
a non-destructive and non-invasive way. The proposed sensor is based on a rectangular patch
microstrip two-port circuit with a complementary split-ring resonator (CSRR) element. The slotted
CSRR element of the sensor plays a key role in determining the electrical properties of the materials
under test (MUT). The sensitivity analysis is determined by varying the permittivity of the MUT.
The proposed sensor is simulated and analyzed using Ansoft HFSS software. A prototype was
fabricated and measurements were made on two different samples of dielectric materials with
complex permittivity values available in the literature. The simulated and measured results showed
good agreement.

Keywords: sensor; CSRR; dielectric characterization; complex permittivity; dielectric constant;
tangent loss

1. Introduction

Planar devices have increasingly attracted the attention of researchers looking to
make improvements to their resources, as well as looking for applications in several
technology areas. Planar microwave sensors have demonstrated important functionality in
several applications, such as the food sector, industries, biomedical and microfluids [1–9].
Microwave sensors have several advantages: low cost, ease of fabrication, possibility of
integration with other devices, and allowing the analysis of materials under test (MUT) in
a non-destructive and non-invasive way, simplifying their characterization.

Recently, in planar sensors, elements based on resonators, such as the split-ring
resonator (SRR) or the complementary split-ring resonator (CSRR), have been preferred,
as they become more sensitive to change in the permittivity of the material under test
(MUT) sample [10]. In recent studies, CSRR has been used for studies on the relative
permittivity of solid, liquid and sandy soils [11–13], and in the characterization of the
complex permittivity of dielectric materials [14–17]. In [11], a circular patch antenna with
CSRR was used to investigate the percentage of water and to characterize two soil samples:
quartz sand and red clay. In [12], a microfluidic microwave sensor for the analysis of
small amounts of liquids is proposed. A sensor for detecting adulteration in liquids, such
as mineral oil, is studied in [13]. The characterization of the complex permittivity was
investigated in [14]. A microstrip filter was proposed, as a sensor, for the characterization of
the relative permittivity and loss tangent of solid materials, by inserting a slotted CSRR on
the filter’s ground plane. In [15], a sensor based on a slotted CSRR is used for the complete
characterization of magneto-dielectric materials. In addition to the complex permittivity,
characterization of the relative permeability and the magnetic loss tangent was carried out.

Substrate integrated waveguide (SIW) technology was used in [16] to design an active
sensor. Through the implementation of a CSRR, it was possible to obtain in two areas of
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sensitivity: complex permittivity and permeability. In [17], two sensors based on CSRR
were designed to characterize complex permittivity and permeability. The first sensor has a
single sensitivity area for measurement. The second sensor has two CSRRs inserted for the
simultaneous measurement of complex permittivity and permeability.

A sensor using the SRR resonator is proposed in [18] to detect the relative permittivity
of solid dielectrics. A pair of identical SRRs is used on the sides of the microstrip line
of the two-port circuit. Other resonant elements are also used to characterize dielectric
materials, such as the interdigital capacitor, reported in [19] for the characterization of the
relative permittivity of several solid samples. In [20], a microwave sensor was proposed
based on the interdigital capacitor (IDC) for measuring the complex permittivity and
material thickness. A structure using the compact microstrip resonant cell (CMRC) is
presented in [21], to characterize the permittivity of dielectric materials, using a controlled
oscillator and incorporated into a frequency synthesizer. The permittivity of the dielectric
is measured through the voltage deviation. In [22], a differential sensor is proposed using
two microstrip lines and both terminated with LC resonators, allowing two solid samples
to be measured at the same time.

In this work, a planar microstrip two-port circuit is proposed based on the insertion of
a CSRR in its patch, to improve the sensitivity of the device and, consequently, the measure-
ment of the complex permittivity of different dielectric materials. The sensitivity of this
device is analyzed by placing the MUT over the patch and is verified by the displacement
of the resonance frequency. The simulation was performed using Ansoft HFSS software.
Two dielectric materials were investigated: FR-4 fiberglass and glass samples. A prototype
was fabricated and measured for the characterization of MUTs. The main contributions of
this work are related to the development of a microwave sensor using CSRR with a new
element geometry, compact size, high sensitivity, and accurate complex relative permittivity
measurement results. Results are shown for the complex relative permittivity, sensitivity
and size of the proposed sensor. Good agreement is observed between the simulated and
measured results.

2. Materials and Methods
2.1. Theory and Principle of Operation

A two-port circuit is used to analyze the transmission coefficient (S21) from port 1 (input)
to port 2 (output). With the slotted CSRR element in the conducting patch, and with the
permittivity change in the environment close to the CSRR, when inserting/placing the MUT
sample, there is a change in the frequency response and in the magnitude of S21. Equation (1)
is used to relate the variation in the resonance frequency to the change in the properties of
the analyzed material [11,14].

∆ fr

fr
=

∫
v(∆εE1·E0 + ∆µH1·H0)dv∫

v

(
ε0|E0|2 + µ0|H0|2

)
dv

(1)

where ∆ fr is the variation in the resonance frequency, ∆ε is the variation in permittivity, ∆µ
is the variation in permeability, E0 and E1 are the electric field distributions without and
with the MUT sample, respectively, H0 and H1 are the magnetic field distributions without
and with the MUT sample, respectively, and v is the disturbed volume.

2.2. Sensitivity Analysis

To analyze the sensitivity of the proposed sensor, it is necessary to obtain the variation
in resonance frequency (∆ fr) and the variation in the permittivity of the MUT (∆εr); the
ratio between them allows us to determine the sensitivity of the device. In order to compare
criteria with other current sensors available in the literature, the normalized sensitivity (S f )
is used. The equations are presented in (2) and (3) [5,7,11,19,23].

S =
∆ fr

∆εr
=

fru − frl
εru − εrl

(MHz) (2)
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S f =
∆ fr

( f0)(∆εr)
(%) (3)

where fru is the resonance frequency of the proposed sensor without the MUT samples
(unloaded), frl is the resonance frequency of the proposed sensor with the MUT samples
(loaded), εru is the relative permittivity of the analyzed environment without the MUT
samples, εrl is the relative permittivity of the environment with the MUT samples, and f0 is
the operating frequency of the sensor.

2.3. Design and Modeling of Sensor

The proposed sensor was modeled based on the basic theory of the microwave planar
two-port circuit. The initial structure basically consists of an element that implements
the impedance hopping method. With this type of modeling, it was necessary to add an
element that would increase the sensitivity level of the circuit, and the chosen element was
a complementary split-ring resonator (CSRR), which is a classic element for the area of
sensors. Figure 1 shows the modeling in lossless transmission lines of the proposed device.
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Figure 1. Modeling of the proposed circuit geometry assuming lossless transmission line sections.

In this way, the final element applied as a sensor is shown in Figure 2, with the device being
implemented to reduce the dimensions of the device by placing the output port with a 90◦ axis
orientation with respect to that of the input port. The device dimensions are shown in Table 1.
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Table 1. Proposed microstrip circuit dimensions.

Parameter Value (mm) Parameter Value (mm)

W 37 Wc 10
L 37 Wx 1

Wf 20 Lx 3
Lf 20 R1 5

WL 3 R2 3
LL 12 s 1

The equivalent circuit of the microwave sensor presented in Figure 2 is shown in
Figure 3.
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Figure 3. Equivalent circuit model of the proposed sensor.

The sensor is composed of a pair of orthogonal microstrip transmission lines loaded
with a CSRR inserted in a central element between them. In the equivalent circuit model,
L and C represent the inductance and capacitance of the microstrip transmission lines,
respectively. In addition, two fundamental parameters for the analysis of the resonant
frequency of the sensor are the capacitance Cc and the inductance Lc, which represent the
capacitance and inductance of the CSRR unit cell, respectively. Then, as demonstrated
by [24], the lumped circuit model presented in Figure 3 has a resonant frequency as given
by Equation (4).

fr =
1

2π
√

LcCc
(4)

As mentioned previously, to improve the sensitive characteristics of the sensor, a
CSRR was implemented in the central element; the total capacitance Cc of this element is
greatly affected by the electrical characteristics close to the slotted CSRR element, due to its
aperture characteristic, thus justifying its implementation for the detection of the dielectric
constant of materials. The capacitance Cc is obtained using Equation (5) [12].

Cc = C0 + εSUPCe (5)

where C0 describes the capacitance between the conductive plates and the circuit dielectric,
and the term εSUPCe describes the capacitive effect of the environment due to the superstrate
placed on the CSRR.

Positioning of CSRR

An analysis was performed to find the best position of the CSRR inserted in the two-
port circuit. Figure 4 shows the three positions analyzed. Figure 5 shows the simulated
results of the transmission coefficient (S21) as a function of frequency. The slotted CSRR
element position that presented the best level of rejection was position 3 (Figure 4c), which
was chosen to be used in this work.
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positions on the microstrip planar circuit patch.

Figure 6 shows the simulated results for the circuit with and without the CSRR. In this
work, the sensor is proposed with the CSRR element in position 3.

It can be observed in Figure 5 that the slotted CSRR element generated resonance close
to 2.6 GHz in the sensor. This resonance is the parameter responsible for describing the
dielectric characteristics of the materials analyzed in this work. The quality factor can be
defined as Q = fr/∆ f3dB, where fr is the resonance frequency of the proposed sensor and
∆ f3dB is the 3 dB bandwidth. With the resonance frequency of 2.65 GHz, shown in Figure 6,
the proposed sensor has a quality factor of 53.97.

Therefore, based on the simulated results, the proposed sensor’s operating range is
located between 2 and 3 GHz, a range that meets different technologies and applications.
As shown in Figure 7, we can observe that the operating frequency of the device in the
unloaded state, and with the presence of the MUT, is within the range of widely used
commercial applications.
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In this way, the measurement of materials with electrical characteristics with higher
values, above 9, is outside the operating range proposed in the work, as the operating
frequency with this result would not meet the applications presented.

3. Results and Discussion

Two MUTs (FR-4 and glass) with equal dimensions (20 mm × 20 mm × 2 mm) are
positioned on the patch, and their impact on the transmission coefficient (S21) is shown
in Figure 8. The permittivity value found in the literature for the FR-4 is εr = 4.4. The
permittivity of εr (glass) varies from 5 to 10, depending on its chemical composition;
however, in microwave circuits, the value 5.5 is usually used [3].



Electronics 2022, 11, 1787 7 of 13Electronics 2022, 11, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 8. Transmission coefficient (S21) simulated results as a function of the resonance frequency of 
the sensor for different MUTs. 

The simulated results of the sensor show frequency responses for the two MUTs, 
which are 2.37 GHz for the FR-4 and 2.3 GHz for the glass. From Figure 8, it can be 
observed that the frequency decreases with the increased permittivity of the analyzed 
material, due to the disturbance suffered. 

Simulations were performed with some values of 𝜀  (MUT) being fixed at 𝑡𝑎𝑛 𝛿 = 
0, within a frequency range. With these simulated results, it was possible to verify the 
sensitivity performance of the proposed sensor, shown in Figure 9, according to Equation 
(2). The frequency and the corresponding permittivity were used to obtain, through 
polynomial regression, the curve that describes the variation in the resonance frequency 
for specific 𝜀  values. Figure 10 shows the fitted curve for the simulated results within 
the analyzed frequency range. 
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the sensor for different MUTs.

The simulated results of the sensor show frequency responses for the two MUTs, which
are 2.37 GHz for the FR-4 and 2.3 GHz for the glass. From Figure 8, it can be observed that
the frequency decreases with the increased permittivity of the analyzed material, due to
the disturbance suffered.

Simulations were performed with some values of εr (MUT) being fixed at tan δ = 0, within
a frequency range. With these simulated results, it was possible to verify the sensitivity perfor-
mance of the proposed sensor, shown in Figure 9, according to Equation (2). The frequency
and the corresponding permittivity were used to obtain, through polynomial regression, the
curve that describes the variation in the resonance frequency for specific εr values. Figure 10
shows the fitted curve for the simulated results within the analyzed frequency range.

Electronics 2022, 11, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 9. Results of the sensitivity parameter of the proposed sensor. 

 
Figure 10. Simulated results and curve fitting for permittivity variation as a function of frequency. 

Figure 9 shows that the sensitivity is not linear, in relation to permittivity. It presents 
higher values for smaller permittivity and decreases with the increase in the permittivity 
substrate values. When the MUT permittivity is 𝜀  = 2, the sensitivity has a maximum 
value of 0.25 GHz, within the range of 𝜀  values analyzed. For the same value of 𝜀 , the 
sensitivity found in [14,23] is 0.202 GHz and 0.186 GHz, respectively. In 𝜀  = 3, greater 
sensitivity variation is shown, decreasing from 0.25 GHz to 0.185 GHz, in the proposed 
sensor. 

With the values obtained in Figure 10, it was possible to obtain the second-degree 
polynomial equation, shown in (6), with the determination coefficient R² = 0.9952. 𝜀 = 1.752𝑓 , 4.161𝑓 , + 24.33 (6)

Figure 9. Results of the sensitivity parameter of the proposed sensor.



Electronics 2022, 11, 1787 8 of 13

Electronics 2022, 11, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 9. Results of the sensitivity parameter of the proposed sensor. 

 
Figure 10. Simulated results and curve fitting for permittivity variation as a function of frequency. 

Figure 9 shows that the sensitivity is not linear, in relation to permittivity. It presents 
higher values for smaller permittivity and decreases with the increase in the permittivity 
substrate values. When the MUT permittivity is 𝜀  = 2, the sensitivity has a maximum 
value of 0.25 GHz, within the range of 𝜀  values analyzed. For the same value of 𝜀 , the 
sensitivity found in [14,23] is 0.202 GHz and 0.186 GHz, respectively. In 𝜀  = 3, greater 
sensitivity variation is shown, decreasing from 0.25 GHz to 0.185 GHz, in the proposed 
sensor. 

With the values obtained in Figure 10, it was possible to obtain the second-degree 
polynomial equation, shown in (6), with the determination coefficient R² = 0.9952. 𝜀 = 1.752𝑓 , 4.161𝑓 , + 24.33 (6)

Figure 10. Simulated results and curve fitting for permittivity variation as a function of frequency.

Figure 9 shows that the sensitivity is not linear, in relation to permittivity. It presents
higher values for smaller permittivity and decreases with the increase in the permittivity
substrate values. When the MUT permittivity is εr = 2, the sensitivity has a maximum value
of 0.25 GHz, within the range of εr values analyzed. For the same value of εr, the sensitivity
found in [14,23] is 0.202 GHz and 0.186 GHz, respectively. In εr = 3, greater sensitivity
variation is shown, decreasing from 0.25 GHz to 0.185 GHz, in the proposed sensor.

With the values obtained in Figure 10, it was possible to obtain the second-degree
polynomial equation, shown in (6), with the determination coefficient R2 = 0.9952.

εr = −1.752 fr,MUT
2 − 4.161 fr,MUT + 24.33 (6)

The MUT is positioned over the CSRR, where there is a greater concentration of electric
field E in the resonance; however, despite having a larger field E, the magnetic field H is not null
in the detection area, and has a small influence on the sensor quality [15]. Figure 11 shows the
distribution of fields on the sensor surface at resonance. Thus, the quality factor is influenced
by the tangent of electrical losses, the tangent of magnetic losses and the relative permittivity.
Figure 12 shows the tangent of electrical losses as a function of the inverse normalized quality
factor |Q|−1 for small values of tangent of magnetic losses and permittivity εr = 1.

With values of electric loss tangents and |Q|−1 found for different relative permittivi-
ties and magnetic losses of tangent, Equation (7) was obtained, through curve fitting, for
the electric loss tangent as a function of these parameters.

tanδe = p1 + p2 tanδm +
p3

Qn
+ p4 tanδm

2 +
p5 tanδm

Qn
+

p6

Qn2 (7)

where Qn is the normalized quality factor and p1, p2, p3, p4, p5 and p6 are equations in terms
of the relative permittivity, εr, obtained using (6):

p1 =
(

2.238× 10−2 εr
2 + 1.878 εr + 72.89

)
× 10−3 (8)

p2 =
(
−5.739 εr

2 + 327.2 εr − 1542
)
× 10−3 (9)
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p3 =
(
−4.696× 10−2 εr

2 + 2.675 εr − 80.32
)
× 10−3 (10)

p4 =
(
−11.01× 10−2 εr

2 + 8.689 εr − 59.23
)

(11)

p5 =
(
−1.553 εr

2 + 88.18 εr − 1334
)
× 10−3 (12)

p6 =
(
−1.235× 10−2 εr

2 + 0.6994 εr + 14.64
)
× 10−3 (13)
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Figure 13a shows a photograph of the proposed sensor prototype. Figure 13b shows
the assembled structure with the sensor prototype, cables, connectors and a sample of the
MUT, placed over the CSRR element, corresponding to the loaded case with FR-4. The
measured results are shown in Figure 14a for both unloaded (air) and loaded (with FR-4
and glass) geometries. A comparison between the simulated and measured results for the
geometries loaded with FR-4 and glass is shown in Figure 14b. Measurement results were
obtained for both geometries using an E5071C vector network analyzer (VNA).
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The measured results shown in Figure 14b are due to the insertion of the FR-4 and
glass materials on the CSRR. The resonance frequencies with the disturbance of these
materials are 2.4 GHz and 2.31 GHz for the FR-4 and the glass, respectively. The simulated
and measured results showed small relative differences, as shown in Table 2.

Table 2. Simulated and measured results for MUTs.

MUT Simulated Resonance
Frequency (GHz)

Measured Resonance
Frequency (GHz) Difference (%)

Air 2.65 2.645 0.19
FR-4 2.37 2.4 1.25
Glass 2.30 2.31 0.43

The resonance frequency values obtained in Figure 14 were used as input parameters
in Equation (6); in this way, it was possible to determine the dielectric constant of the
analyzed materials (MUT). The dielectric constant found, as well as the normalized quality
factor and the magnetic loss tangent obtained in Figure 12, were used as input parameters
in Equation (7), to determine the electric loss tangent of the analyzed materials (MUT).
Table 3 presents the obtained values and a comparison to those available in the literature.

Table 3. This work dielectric constant and loss tangent results compared to those available in the literature.

MUT
εr tan δe Difference (%)

This Work Literature This Work Literature εr tan δe

FR-4 4.25 4.3–4.4
[10,11,15] 0.0198 0.02

[10,11,15] 1.18 1.01

Glass 5.37 5.5 [3,11] 0.0296 0.03 [8] 2.42 1.35

Table 3 compares the values of εr and tan δe obtained with the values found in the
literature. The 2.4 GHz frequency obtained with the FR-4 material made it possible to
determine a dielectric constant of 4.25, with a relative difference of 1.18%. The glass sample
had a measured resonance frequency of 2.31 GHz and a calculated dielectric constant
of 5.37, with a relative difference of 2.42%. From Equation (7), the electric loss tangent
was obtained for different materials: tan δe(FR-4) = 0.0198 and tan δe(glass) = 0.0296, with
relative differences of 1.01% and 1.35%, respectively. The results show good agreement and
small values of relative differences for all cases.

Table 4 presents a comparison between the proposed sensor and those reported in the
literature. The works mentioned have operating frequencies in the same frequency range
of this work and with samples of dielectrics with relative permittivity, in greater quantity,
below six. This frequency range was sought because it is of great interest today, mainly in
the sub-6 GHz applications from 5G, Wi-Fi, WiMAX, Bluetooth and ISM, all with operating
frequencies above 2 GHz (the range of interest in this work). For a better comparison with the
works mentioned, the normalized sensitivity is used, given by Equation (3). For the proposed
sensor, the normalized sensitivity is 4.82%. In fact, the proposed sensor is compact and has a
great sensitivity value and an excellent maximum error (%), compared to the others.

Table 4. Comparison between results of the proposed sensor and other sensors reported in the literature.

Ref. Reson.
Type

Meas. Reson.
Freq. (GHz)

Size
(mm ×mm)

Sens.
Param.

S
(MHz) Sf(%) Complex

Permitt.
Max.

Error (%)

[5] SIW cavity reson. 2.188 55 × 50 S21 8.1 0.368 Yes 3.24

[14] CSRR 2.65 40 × 26 S21 105.5 3.98 Yes 3.84

[15] CSRR 2.461 N/A S21 42.2 1.71 Yes 1.56
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Table 4. Cont.

Ref. Reson.
Type

Meas. Reson.
Freq. (GHz)

Size
(mm ×mm)

Sens.
Param.

S
(MHz) Sf(%) Complex

Permitt.
Max.

Error (%)

[18] SRR 2.41 N/A S21 72 3.63 No 3.6

[19] IDC 3.316 40 × 50 S21 166 5.05 No 14.01

[23] Meander-line
slot 2.5 80 × 80 S11 102 4.06 No 2.68

This
Work CSRR 2.65 37 × 37 S21 128 4.82 Yes 2.42

4. Conclusions

A new microwave planar two-port circuit structure, as a sensor, was developed to
characterize the complex permittivity of dielectric materials, based on a CSRR inserted in
the circuit patch. The principle of the sensor was the variation in the resonance frequency
obtained when inserting the sample (MUT) over the CSRR region. Simulations were
performed to determine the best location of the CSRR in the patch, to determine the
resonance frequencies of the samples and to obtain a mathematical model to calculate
the relative permittivity of the samples, from the resonance frequencies, and to calculate
the loss tangent, according to the normalized quality factor, with the calculated relative
permittivity and the contribution of the magnetic loss tangent. Good results were also
obtained for sensitivity, with its best performance mainly in the range of low permittivity
values. The experimental analysis was performed with the dielectric materials FR-4 and
glass, which have dielectric constants and loss tangents typically known in the literature.
The results showed small values of relative difference between the simulated and measured
resonance frequencies, in addition to good agreement between the dielectric constants
and the electric loss tangents calculated with those found in the literature, proving their
usefulness for this purpose. The proposed sensor is compact, easy to fabricate and allows
the possibility of application in other areas, such as the biomedical and industrial fields.
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