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Abstract—Dual band Complementary Folded Arm (CFA)
split ring resonator is designed to determine the dielectric
properties of liquid and solid materials based on resonance
frequency shifting. The structure resonator is light, small and
low-cost and it operates at two resonant frequencies simulated
by ANSYS HFSS-15 software. The advantages of this sensor
are to identify the dielectric properties of two different samples
for a solid sample at 2.5GHz and several common liquids at
3.9GHz. The results show the good performance of the shift of
resonance frequency at the different dielectric values and
achieve the high-quality factor compared with other RF sensors
with 446 and 506 respectively. Due to this, the resonator can be
a highly credible sensor for bio-sensing and food quality
industry.

Index Terms—Dual Mode, DMS, DGS, Q-factor, Solid, Liquid
I. INTRODUCTION

Nowadays, industrial development that is rapidly growing at
this time requires accurate measurement of the
characterization of the material that meets the criteria - cost-
effective, highly accurate, compact, and it is mainly used to
assess the quality and to identify characteristics of the
material in the food industry, agriculture [1] and bio-sensing
[2]. Many techniques have been designed appropriately for
the specific material based on a set of frequencies, non-
resonator or resonator methods [3] to determine the dielectric
constant of the complex permittivity.

The non-resonant methods, over the frequency range, can
be used to determine the electromagnetic properties [4],
while this method gives a more accurate knowledge of
dielectric properties over a limited frequency range or a single
frequency. The resonant methods such as the cavity
perturbation  technique  accomplish  the  dielectric
measurement with a higher degree of accuracy [5] and can
provide better sensitivity as compared to the broadband
methods. The preferred measurement technique is based on
several factors such as frequency range, permeability and
permittivity, homogeneous or isotropic, the form of material,
sample size restrictions, destructive or nondestructive and
cost. Based on the criteria, cavity waveguide perturbation [6],
free-space transmission [7] open-ended coaxial probe[8], and
planar transmission line technique [9] have been used for
different applications for determining the material
characterisation. In order to get a simple sample preparation,
with the accuracy of resonant cavity methods in extracting
local material properties, and to make it simply integrate with

other microwaves, the planar transmission line is the best
technique compared to other techniques. The advantages of
using it lie in the ease of fabrication, compactness, low cost
and easy handling [10]. The most commonly used is resonant
methods because of their higher accuracy and sensitivity. In
planar resonator methods, the MUT is placed either on the top
of the resonator or inside the substrate depending on the
maximum electric field location (E-Field). Therefore, the
most structural planar microwave sensors for determining and
detecting the dielectric properties in common solid or liquid
to produce high-quality factor (Q-factor) [11], [12].

This paper presents the simulations of the sensor to
produce stronger electric field concentration on a gap of
Complementary Folded Arm (CFA) split ring resonator to
obtain high Q-factor with two different resonant frequencies.
The performance of the sensor also observes the shift of
resonance frequency with a liquid sample using a capillary
glass tube and an overlay sample placed over the resonator
for the different widths, thickness and dielectric values. An
analysis of the parameter will be helpful when it comes to
designing the best resonator for the bio-sensing and food
quality application.

Il. DESIGN STRUCTURES

The most common structures of microstrip square open-
loop resonator shown in Figure 1 frequently used in the filter,
is now applied to the sensor design. The selected resonator
structure (Figure 1(d)) works as a double tuned resonant
circuit and will be gained in more compact configurations
because of the halved number of resonators. Additionally,
using dual mode can produce a design that has a compact
size.
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Figure 1: Square open loop resonator (SOLR) and some miniaturisation
techniques. (a) Conventional SOLR. (b) Folded arms SOLR. (c) Meander
line SOLR. (d) Dual mode SOLR [13]

The dual mode functions as two independent resonators
that can provide a 50% reduction of the rectangular
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resonator. There are two independent modes, and the
coupling between the modes can be modified by the internal
structure geometry [14]. Nevertheless, for the proposed
sensor design, we choose to use the closed loop resonator to
eliminate two independent modes to a single mode based on
the operating resonant frequency of the resonator.

This dual mode square close loop resonator loaded
rectangular patch with (LxW), and the length, | of the folded
arm that determines the resonance frequency as illustrated in
Figure 2(a) is designed on the etched coupled defected
microstrip structure (DMS) on the patch resonators as shown
in figure 2(b). It has the advantage of narrow band
performance. The length of the resonator is half wavelength,

and it correlated with the resonant frequency, fC using the
Equation (1) [15].
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where, e is the effective permittivity of the materials in the
sensor and c, is the velocity of light derived in Equation (2).
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The frequency of resonance can be known prior to the
compatible folded arm loading by the length and width of the
patch. Despite that, the length | is the parameter that
regulates the resonant frequency of our proposed sensor.
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Figure 2: (a) The folded arm resonator can be obtained by folding a
straight open resonator (b) CFA structure and an equivalent circuit (c)
Dual Band CFA

Each single mode resonator is the same as the combined
LC circuit. It produces a pole (transmission zero) on the
frequency of the resonance. To increase the narrow band
single mode resonator needs to be connected in a cascade
structure to dual mode. The 'p' and ‘g’ parameters which
represent the capacitance and inductance are between the
folded arms in the middle of the resonator. Placing the
optimised CFA resonator at the top and bottom of the 2.3mm
width feedline in a different electrical length is demonstrated
in Figure 2(c) and Table 1. Two independently controllable
resonance frequencies with 44mm length for 2.5GHz and
29mm length for 3.8GHz based on centre length of
complementary folded arm structure can be gained.

Table 1
Parameters of Dual Band CFA

Frequency  Parameters W, L g p d ¢ b
2.5GHz Value (mm) 10 16 142 156 1 1 35
3.8GHz 8 12 16 16 1 1 217

I11. RESULT AND DISCUSSION

A. Resonator Analysis

The design of this CFA sensor is based on the bandstop
circuits to perform multichannel sensing with different sizes
and placed opposite each other along the feed line [16].
Hence, the sensor indicates various resonances with each
representing a single channel that is controlled by an
individual resonator. Since every resonator has a high-Q
resonance at a unique frequency, the mutual interaction
among the resonators is minimal. Therefore, each resonance
is responsive to the existence of a sample placed over the
resonator.

Higher Q-factor achievement is needed for this resonator
to be more sensitive. Therefore, the single geometrical slots
embedded on the ground plane namely a defected ground
structure (DGS) to produce a high-performance component
in microstrip circuits [17]. The development of patterned
DGS also focuses on obtaining the narrow band on the high
Q-factor by using the conventional methods that were based
on some trial and error iterative methods [18].

For the purpose sensor, the output of analysis resonator
with DGS structure as shown in Figure 3(a) and Figure 3(b)
was simulated by HFSS 15.0 software on Rogers 5880 with
a substrate of the relative dielectric constant of 2.2 and
thickness 0.787mm. The selection of a thin copper thickness
0.0175mm and a small value of loss tangent 0.0009 seek to
increase the sensitivity to the material. The DGS structures
are parallel with the square size of dual mode on the top, and
the parameters are summarised in Table 2.
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Figure 3: (a)Dual Band CFA with DGS structure, (b) S21 Parameter
between sensor without DGS and DGS
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Table 2
Parameters of DGS Structure
Frequency  Parameters L W 01 02
2.5GHz Value (mm) 16 10 0.3 0.2
3.8GHz 12.4 12.4 0.4 0.4

The length and width of the resonator structure will
determine the resonant frequency before loading the CFA
sensor. However, after introducing DGS, there has been a
slight shift of the resonant frequency from 3.8GHz to
3.9GHz, but the value of Q-factor increases, and the insertion
loss decreases as compiled in Table 3. The calculation of the
unloaded Q-factor can be derived from Equation (3), and
Figure 4 illustrates the measurement of Q-factor based on the
resonant frequency, fo and the frequency bandwidth, Af of the
resonant peak at -3dB power points [19].
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Figure 4:. Measurement of unloaded quality factor and frequency shift with
a loading sample.

Table 3
Simulation result of CFA sensor without DGS and DGS
Parameter Without DGS With DGS
Frequency (GHz) 25 3.8 25 3.9
S21 (dB) -22.0964 -22.6618 -9.1443 -11.3847
Q Factor 201 181 446 506

B. Experimental Studies

Dielectric properties of materials or permittivity are
affected by many factors, including frequency, moisture
content and temperature. Dielectric properties that can vary
significantly with frequency based on the permittivity
spectrum has to be measured with high sensitivity over a
broad frequency range from 1 kHz to 10 GHz [20].
Therefore, the characteristics of the resonant frequency
selection for the sensor depend on the application besides the
structured approach (topology, material and size). For the
purposed sensor, the operation on S-band took place in most
of the microwave applications, and it was compatible with
lab-on-a-chip. Hence, it will meet the needs of high
sensitivity devices with minimal cost for food and bio-
sensing applications. The first resonant frequencies in the
sensor 3.9GHz targeting at the microfluidic applied in
biosensing applications are implemented to improve the
reliability of the proposed sensor. The sensor operating at a

higher frequency because of its capability to bypass the cell
plasma membrane to penetrate into, and react directly with,
the intracellular content especially its water concentration in
MUT [21]. Thus, the second resonant frequency 2.5GHz is
extensively being used in industrial, scientific and medical
(ISM) frequency bands [22] focusing on the food industry for
solid MUT because the dielectric properties of materials are
highly correlated with the amount of water in MUT. The
dielectric properties are also highly variable with the
frequency of the alternating fields applied to them [1].

C. Microfluid Channel Design and Analysis of Liquid
Sample.

A channel for micro-capillary loading is made on one of
the resonators. To decide upon the location of a capillary slot,
the magnitude of the electric field distribution of the dual
mode loaded on a patch is plotted in Figure 5(a), (b). The
important part is to know the area of the highest sensitivity
of the dual mode slot so that full benefits of the resonance
originating from the capillary slot on the sensor can be
retained.

Referring to [23], we use the capillary glass tube for the
microfluidic channel with a dielectric constant of 5.5. The
inner and outer radii of the capillary glass are 0.745mm and
0.85mm, respectively. Figure 5 (c), (d) demonstrated the
capillary slot position and the electromagnetic fields around
the capillary glass tube.

Sensor with
Strong glass capillw:v\
electromagnetic tube

area

()
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tube
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Figure 5: (a) Location of a capillary slot (b) The magnitude of the electric
field distribution (c) Capillary slot position, (d) Electromagnetic fields
around the capillary glass tube

Several common solvents with different dielectric constant
were chosen to load into the capillary glass tube to see
changes in resonant frequency based on the perturbation of
the electric field. This is because the frequency of resonance
dual mode resonator is dependent on the permittivity of its
surrounding materials. However, to obtain the best
performance, the maximum frequency shift will occur while
filling the minimum fluid volumes [24]. The empty capillary
glass tube is used as a reference model because of its known
permittivity and loss tangent of air. The S-parameter
simulation after loading some liquids is described in Figure
6 to indicate the sensitivity of the sensor.
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Figure 6: Resonant frequency values with different dielectric samples of
liquid.

The frequency response of the simulation results with the
presence of several common solvents for 3.9GHz dual mode
sensor is shown in Table 4. To investigate the shifts and flux
losses-based solvent properties, several Chloroform and
Hexane solvents with standard concentration have been
simulated. Once the capillary is secured into the hole regions,
the capacitance of the structure is affected by the solvent,
which in turn generates an interference resonator.

Table 4
Frequency Shift with Different Dielectric Samples
Parameter Empty Chloroform  Hexane
Capillary
Relative Permittivity (&) 5.5 4.81 1.88
Frequency (GHz) 3.87 3.58 2.56
Frequency Shift (MHz) 30 320 1340

D. Analysis of Solid Sample.

Based on research [25], the size and thickness of the
overlay dielectric material sample will affect the permittivity.
More than 9% of the substrate height for the sample thickness
and sample size must be greater than 18.3% of the guided
wavelength (Ag). This situation can be illustrated in Figure 7
shows that the wave propagates stronger in the line enclosed
into minimal thickness and size of the overlay sample and
substrate. However, if the sample thickness has increased or
enlarged, the excess of the value of the experiment, the
fringing fields will weaken. This effect will not interfere with
permittivity.

Fringing Fields

Stronger Weaker

Resonator Gap

Figure 7: Interaction of electric fields with overlay dielectric material.

The unknown dielectric samples should have at least one
flat surface of area greater than, or equal to, the area of the
sensor structure so that they come in close contact with the
full area of the resonator surface without any air gap [26]. In

this work, the analysis for solid samples size was carried out
by an overlay is known sample 0. 787mm thickness placed
over another dual mode resonator as demonstrated in Figure
8. The dimension of the sample started with 20mm x 14mm
(length x width), and the range of the size selected in
different lengths and widths overlay the samples to determine
the behaviour of the resonant frequencies. The selected
sample size should not touch the feed line as it will affect the
resonant frequency of another resonator.

The simulation result is presented in Figure 9(a) revealing
that the size of the overlay sample is increased and the
resonance frequencies will be reduced. The smaller size of
the overlay sample produced 8% frequency shift, while the
size becomes a constant starting from the size of 20x14 mm
which yielded 5.6% of frequency shift. This happens due to
the higher rate of perturbation when the overlay sample size
is increased, and more fringing fields have based it more on
the overlay sample. Meanwhile, in the sample thickness
analysis, the range of thickness is from 0.787mm to
8.567mm, which is more than 9% of the substrate which
shows that the thickness of the overlay sample increases, as
illustrated by Figure 9(b). Minimum frequency shift in the
thin thickness is noted to be 5.6%, and the maximum shift
was 9.2% for the height thickness, as the maximum fields are
distressed by an overlay sample. The thickness height will
lead to the maximum perturbation leading to a higher shift in
the resonance frequency. Conversely, the low thickness of
the overlay sample will bring about a small shift in the
resonance frequency.

An overlay solid
sample

C
0 20 40 (mm)

Figure 8: An overlay solid sample test
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Figure 9: Relation between the frequency with sample size and thickness

The proposed study on different sample sizes seeks to
obtain high-sensitivity sensors in space to achieve a high Q
factor. An overlay sample is needed to place over the
sensitive area of the sensor in a maximum electric field (E-
field) region [27]. Three different types of the sample with
various dielectric properties used Roger 5880, Roger 4350
and Teflon, to identify the ability of the design for various
sensing applications. Each sample to be tested is placed over
the dual mode resonator at the 2.5GHz resonant frequency.

Without the sample, the retrieve resonance frequency for
the sample is 2.5GHz, upon loading; the resonance frequency
is shifted down following the higher value of the dielectric
constant of samples. Results can be acquired and compared
in Figure 10 and summarised in Table 5. As shown in the
graph, the resonance frequency changes to a lower frequency
as the dielectric sample has a higher permittivity value.
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Figure 10. Resonant frequency values with a different dielectric with solid

samples.
Table 5
Frequency Shift with Different Dielectric Samples.
Parameter Teflon Rogers 5880  Roger 4350
Relative Permittivity (r) 21 22 3.48
Frequency (GHz) 2.36 2.33 221
Frequency Shift (MHz) 140 170 290

IV. CONCLUSIONS

A new dual band CFA sensor has been successfully
designed and simulated. The structure of the sensor can
detect the bio-sensing molecules with improved sensitivity
by increasing the electric field distributions between the split
structures. In addition, this purposed sensor will produce a

high Q-factor for 2.5GHz and 3.9GHz resonator with 446 and
506 respectively and determine the dielectric properties of
liquid and solid samples. Every single material has different
permittivity value. The shifting of frequency reflects the
properties of the material itself. In other words, the
permittivity can be extracted from the frequency shifting
response. Therefore, one can reliably measure the quality and
safety of the materials based on this valuable parameter
(permittivity) which is intensively applied in bio-sensing and
food industry applications. The performance of resonator is
determined by measuring permittivity of a dielectric sample
in terms of the shift in resonant, and the result shows good
achievement with different dielectric values. The
comparison of the quality factor of the proposed sensor with
the other RF sensors in the electrical characteristics
(stopband frequency) is summarised in Table 6. It is notable
that the proposed sensor for the determination of material
characterisation shows higher sensitivity with high Q factor.
This resonator will contribute to bio-sensing and food quality
applications in future that need devices that are more
sensitive with high Q-factor, low-cost and compactness. The
future work can be done by verifying and comparing between
simulation results through experimental works.

Table 6
Comparison of Proposed Sensor and RF Sensor Regarding Quality Factor
and Resonant Frequency.

References Sensing Material Frequency Q factor
[28] Semi-solid 180MHz 80
[29] Solid 2.65GHz 80
[30] Liquid 5GHz 174
[19] Solid 5GHz 250

Proposed Solid 2.5GHz 446
Sensor Liquid 3.9GHz 506
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