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Abstract: This paper presents a low-cost, easy-to-fabricate microwave resonant sensor for characterising the dielectric
properties of solids. The designed sensor is based on a Rogers RT/duriod 5880 substrate with a cross-finger treated Multiple
Complementary Split-Ring Resonator (MCSRR) structure etched on it, and this resonance unit is used to place the Material
Under Test (MUT). The sensor operates at 5.8 GHz and 8.3 GHz resonant frequencies and uses offset resonance to detect the
dielectric properties of different solids. The relationships established by the simulation were experimentally verified by the
fabricated sensor. The percentage error between the calculated dielectric constant and the reference dielectric constant is less
than 9.58% for a certain thickness of the sample to be tested, which verifies the feasibility of the proposed loaded cross-finger
MCSRR sensor. Therefore, this sensor is expected to be a cost-effective and convenient solution.
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1. Introduction

Industrial Scientific Medical Band is a band that is open for
use by three main organisations: industrial, scientific and
medical. Typical operating frequencies in the microwave
band are 2.45 GHz and 5.8 GHz, while the 5.8 GHz band is a
higher frequency than the 2.4 GHz, open ISM band and is
expected to replace 2.4 GHz wireless technology technology.
With the deepening development of the modern
communication field, the wide application of RF microwave
technology has increasingly highlighted the demand for
sensors with miniaturised and integrated characteristics, and
new materials, new processes and advanced manufacturing
skills continue to emerge to provide support for the
performance enhancement and cost reduction of RF
microwave measurements, and the design of microwave
resonance sensors with higher sensitivity and smaller
dimensions has become one of the hot spots of research for
scholars both at home and abroad.

The concept of left-handed materials was first proposed by
V. G. Veselago in the 1960s. [1] Its theoretical study is based
on Maxell Equations. In the field of electromagnetism, the
electromagnetic properties of dielectric materials have always
been described by the two main parameters of dielectric

constant € and magnetic permeability M Based on the
Maxell Equations, V. G. Veselago discussed in detail what
happens to dielectric materials with different combinations of

dielectric constant € and magnetic permeability H

(negative-positive, positive-positive, negative-negative, and
positive-negative), and showed that Maxell Equations hold
for all the four cases. is valid in all four cases. However, due
to the unknown nature of such materials in nature, the study
of left-handed materials failed to make significant progress
for quite some time. It was not until around 1996 that scholars
such as J. B. Pendry and others proposed in their papers a
periodically arranged array of fine metallic wires that
exhibited a negative equivalent permittivity[2] . Subsequently,
scholars discovered periodic arrays consisting of Split-Ring
Resonator (SRR), whose equivalent permeability was also
negative. In the 21st century, D. R. Smith et al. successfully
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proposed the left-handed material, an artificial dielectric
material with negative values of dielectric constant € and

magnetic permeability H , based on the previous research,
thus bringing the research on left-handed materials to a new
level.[3] The research on left-handed materials has been
pushed from theory to reality.[4-8] In 2004, F. Falcone et al.
designed a complementary structure to the SRR structure,
called CSRR, to address the unique properties of the SRR
structure.[9] The CSRR is a left-handed material. As a left-
handed material, the CSRR structure is not only simple to
design and structure, but also easy to fabricate, which makes
it excellent for microwave applications such as antennas,
filters, sensors, and power dividers.[10] These characteristics
make them excellent in microwave applications such as
antennas, filters, sensors, and power dividers, and provide a
good solution for the design and research of new microwave
devices.

Through the joint efforts of researchers at home and abroad,
the subject based on CSRR structure becomes more and more
perfect and mature. At present, CSRR-based sensors are
widely used in such fields as displacement detection [13-17],
dielectric detection [18-22] and gas-sensitive detection [23-
25]. Microwave sensors based on CSRR structure are
characterised by smaller physical size, easy integration,
higher measurement accuracy and relatively simple data
processing. The above features significantly reduce the
measurement cost of microwave resonant sensors, and the
requirements for the measurement environment are
significantly reduced. In addition, these features simplify the
entire measurement process by reducing the tedious
preliminary preparation work [26-32].

Based on this, this paper proposes a Multiple
Complementary Split-Ring Resonator structure with cross-
finger treatment, which is loaded on a microwave sensor and
sequentially simulated, fabricated and measured. In order to
enhance the coupling between MCSRRs, some
miniaturisation is done appropriately to reduce the area of the
sensor, i.e., the side slots of the MCSRRs are cross-fingered
to reduce the area. The designed MCSRR sensor operates in
5.8 GHz and 8.3 GHz dual band transmission modes to sense
the frequency shift. Sections II, III and IV present the design


https://baike.baidu.com/item/ISM%E9%A2%91%E6%AE%B5/2114556?fromModule=lemma_inlink
https://baike.baidu.com/item/2.4GHz%E6%97%A0%E7%BA%BF%E6%8A%80%E6%9C%AF/3672951?fromModule=lemma_inlink

principle of the sensor, system analysis in sensing and
experimental validation of the proposed sensor, respectively.

2. Sensor Design Principles

2.1. Structural Design and Simulation Analysis
of Sensors

Fig.1 shows the bottom and top schematic of a microwave
sensor based on a Multiple Complementary Split-Ring
Resonator (MCSRR), where the orange part represents the
copper foil, the yellowish part represents the dielectric plate,
and the white part represents the coupling MCSRR. The
dielectric plate material is Rogers RT/duriod 5880, which has
a relative permittivity of 2.2 , and the dimensions of the
MCSRR are 20mm*13mm*0.787mm. 0.787 mm. The
MCSRR was etched on a copper ground plane (copper foil
thickness 17.5 um) and used to measure the sample to be
measured.
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Figure 1. Schematic diagram of the cross-finger MCSRR-based
sensor (a) bottom; (b) top

Based on the above information, the frequency response
was modelled and simulated using HFSS software to view the
frequency response, S21 The simulation results are shown in
Fig.2.
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Figure 2. Scanning results based on MCSRR sensor S 21

It can be seen that the sensor operates in the 9.2 GHz band,
while the sensor designed in this paper needs to operate in the
5.8 GHz band. This also indicates that there is no coupling
between the two CSRR resonant units, meaning that the area
of the MCSRR needs to be reduced to increase the coupling.
In this case, the area is reduced by cross-fingering the side
slots of the bottom MCSRR, and the schematic of the sensor
with the introduction of the cross-fingering structure is shown
in Fig. 3. In this case, Port 1 and Port 2 are used for input and
output at both ends, respectively. The physical dimensions
shown in Fig3 are: |=22mm , d=1.85mm ,

w=0.15mm ,g=0.3mm ,t=2.36mm .
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Figure 3. Schematic diagram of cross-finger MCSRR based sensor

The simulation analysis reveals that the length of the cross
finger structure determines the operating frequency of the
sensor. Therefore, its parameters are optimised to make it
work at 5.8 GHz and the results of the parameter scan of the
sensor S21 are shown in Fig.4.
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Figure 4. Scanning results based on cross-finger MCSRR sensor S
21

As can be seen from the figure, the MCSRR sensor loaded
with the cross-finger processing operates in the dual-band
transmission mode of 5.8 GHz and 8.3 GHz, at which time
the field distribution of the sensor is shown in Fig.5.
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Figure 5. Electric field distribution at 5.8 GHz based on cross-
finger MCSRR sensor

As can be seen from the electric field strength, there is more
energy coupled to the MCSRR resonant unit, enhancing the
coupling between the field and the sample to be measured.

2.2. Equivalent circuit simulation verification
of the sensor
The cross-finger MCSRR-based dual-band sensor consists

of two identical CSRR sensing units, which need to be close
to each other in order to ensure that the sample to be tested



will be loaded with a great electromagnetic field, which will
stimulate its coupling ability. Fig.6 shows the equivalent
circuit model of the cross-finger MCSRR-based dual-band

sensor. Lr , Cr and Rr represent the equivalent inductance,
capacitance and resistance of the CSRR, respectively; L,

represents the inductance of the microstrip line; C, represents
the coupling capacitance between the microstrip line and the
CSRR; and C, represents the coupling capacitance between
the two CSRRs. Due to the introduction of the coupling
capacitance C,, , the resonant frequency of the sensor is

changed as Eq.1 :
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Figure 6. Equivalent circuit diagram of microstrip line loaded
cross-finger MCSRR, where L, = 29.9nH , the C_ =0.01pF,
L, =2.604nH ,C_,=0.015pF .C, =0.0011pF

The dielectric plate used for the sensor is Rogers RT/duriod
5880, with a relative dielectric constant of 2.2 and a thickness
of 0.787 mm. In the actual equivalent circuit simulation, the

coupling capacitance between the two CSRR units C . The

inductance value within the circuit branch is 89.2465 nH, and
the capacitance value is 0.003 pF. Substituting the above
parameters into the ADS software for simulation, the
simulation results of HFSS and ADS software are shown in
Fig.7, and the electromagnetic field simulation and equivalent
circuit simulation reflect very good consistency.
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Figure 7. Cross-finger MCSRR sensor based simulation design
with equivalent circuit of S21

3. Sensor System Analysis

3.1. Sensor sensitivity Analyses

The most intuitive performance indicator for measuring a
sensor's dielectric constant is sensitivity, which is defined as
the ratio of the change in resonant frequency to the change in
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dielectric constant of the sample to be measured. The formula
for sensitivity (S) is:
Af
S=-— 2
Ag,

In terms of mathematical modelling, this can be
specifically defined as Eq.3 :

f
S

—f
avf — Empty : MUT ><10()% (3)
1:Empty T

The above equation is the normalised sensitivity expression,

and fempty and fsampledenote the resonance frequencies for the
case of no load and loaded MUT of the sample to be measured,
respectively.

The previous section analysed that the resonant frequency
of the transducer is changed due to the addition of the

. : C :
coupling capacitance ~ ™. Then, after coupling the transducer

of cross-finger MCSRR, the derivation of the capacitance Cf
of Eq.4 can be obtained as

dfr — frO
dCr 2(Cr +Cc )[1_Cm/(cr +Cc )]
It can be secen that for the addition of the coupling

“4)

capacitance C,,, this structure is based on the detection of the

dielectric constant, the coupling capacitance still improves the
sensitivity of the resonance frequency to changes in the
resonator capacitance.

The results of the above analyses are obtained through
theoretical calculations, and then the sensor model is
established using HFSS software based on the information of
the dielectric plate and the physical dimensions of the
resonator and the microstrip line. Among them, the port
excitation is in the form of Wave Port, the size of which is
related to the width of the microstrip line, the thickness of the
dielectric plate and the copper foil; the boundary conditions
of the defective copper foil ground plane (bottom) and the
microstrip line (top) are set to Perfect E; the air box is used to
truncate the field in the space, and the boundary condition is
set to Radiation, with the size set to be greater than a quarter
of the wavelength at least.

The HFSS Design model is set up with a piece of sample
to be tested with dielectric constants ranging from 1 to 12 at
intervals of 1, the permeability and loss tangent angle are set
to 0, and the thickness is set to 1 mm, and then a parametric
scanning is performed on the sample to be tested for the
dielectric constants. The variation of resonant frequency with
dielectric constant is obtained from the scanning, and the
corresponding data are calculated by combining with Eq.3,
and then imported into Origin software for fitting, and the
fitted curves are shown in Fig.8.
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Figure 8. Fitted curves for normalised sensitivity of cross-finger
MCSRR based sensors

Above, the red dashed line represents the sensitivity trend
of the sensor at 5.8 GHz and the blue dashed line represents
the sensitivity trend of the sensor at 8.3 GHz. The dual-band
microwave sensor based on cross-fingered MCSRR shows
better sensitivity than the sensors in the previous two chapters
due to the cross-fingered treatment of the MCSRR's edge slots
which enhances the edge capacitance of the MCSRR.

>

3.2. Extraction of sensor dielectric constant

The dielectric constant of the sample to be measured is set
to vary from 1 to 10 at intervals of 1 and the loss tangent is
set to 0 to analyse the relationship between the resonance
frequency and the variation of the dielectric constant. The
variation of resonant frequency of the dual band microwave
sensor based on cross finger MCSRR is shown in Fig.9:
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Figure 9. Curve of resonant frequency versus dielectric constant
for cross-finger based MCSRR sensor

As can be seen from the figure, due to the introduction of
coupling capacitance by cross-finger processing, the
resonance frequency of the sample MUT to be measured still
decreases with the increase of the dielectric constant, which
is also in line with the change rule of the resonance frequency.
Therefore, the data were fitted by Origin software, and the
mathematical relationship is shown in Eq.5:

f =—352¢ """ +9.3328 5)

4. Sensor Fabrication Test

According to the physical dimensions in Section II, the
sensor was physically fabricated on a Rogers RT/duriod 5880
dielectric substrate by photolithography of the copper foil as
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well as etching of the resonance ring as shown in Fig.10.The
resonance region that needs to be loaded with the sample to
be measured has been labelled in Fig.10 (a). The experimental
measurements were carried out on a 3656B VNA with a
frequency range of 4-8.5 GHz. two cables were connected to
the VNA and calibrated using a 20202 A 3.5 mm negative head
calibration piece. After calibration, the transducer was fixed
to the SMA connector (Model: SMA-KHD?7) and the S21 was
measured with no load , and two resonances were detected as
can be clearly seen in Fig.10 (c).
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Fig. 10 Physical view of the cross-finger MCSRR-based sensor (a)
bottom; (b) top;

(c) S measured by VNA at no load21

At this point, the sensor was measured in the unloaded
condition and in the sensing area of the sample to be measured,
respectively. Two samples to be measured were selected,
Rogers RO4003 (8; = 3.55, h=0.5mm) and F4BM-2 (8;r =
3.5, h=Imm), of
4.5mm*4.3mm.

Since we only focus on the measurement results at 5.8 GHz,
the actual data are listed by inverting the dielectric constant
through Eq.5 and compared with the results in the literature,
as shown in Tab.I. In the table, the differences between the
measured data and the literature data are expressed in per cent.

with uniform physical dimensions

Table I. Comparison of measured results and literature data of
dielectric constant of cross-finger MCSRR based sensor

Measured Different
MUT Ref [33].
Data (%)
Rogers
3.55 3.89 9.58
R0O4003
FABM-2 35 3.72 6.29

As can be seen from the table above, Rogers RO4003 and
F4BM-2 samples measured better.

Error analysis:

(1) In the simulation design stage, the sensor models are
constructed as ideal smooth dielectric planes to ensure that the
sample to be measured is in direct contact with the resonator.
However, in the actual measurement process, the smoothness
of the dielectric plane is not satisfactory due to factors such
as the fabrication process, resulting in a certain air gap
between the sample to be measured and the resonator. This air
gap is difficult to measure accurately, thus introducing a
certain measurement error;

(2) In addition, external environmental factors such as air
temperature and humidity may cause small perturbations to



the electromagnetic field during multiple measurements.
These perturbations should not be ignored as they may have
a significant impact on the measurement accuracy. Therefore,
these environmental factors need to be fully considered when
performing measurements and appropriate measures need to
be taken to minimise their impact on the measurement results.

5. Conclusion

In this paper, a dual-band microwave sensor based on
cross-fingered MCSRR dielectric constant sensitivity
measurements is developed and validated, which operates in
two frequency bands, 5.8 GHz and 8.3 GHz. The area is
reduced by cross-fingering the side slots of the MCSRR,
which enhances the coupling between the MCSRRs and
results in better sensitivity. Finally, the physical fabrication of
the sensor and measurement of the samples to be tested are
carried out and the measured results are in accordance with
the simulation results. This work verifies the feasibility of
loading cross-finger MCSRR sensors.
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