
Received March 31, 2021, accepted April 20, 2021, date of publication April 23, 2021, date of current version April 30, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3075246

Characterization of Dielectric Substrates Using
Dual Band Microwave Sensor
AMMAR ARMGHAN 1, TURKI M. ALANAZI 1, AHSAN ALTAF 2,
AND TANVEERUL HAQ 2, (Member, IEEE)
1Department of Electrical Engineering, College of Engineering, Jouf University, Sakakah 72345, Saudi Arabia
2INZA Research Laboratory for Electromagnetic and Microwave Engineering, Multan 60600, Pakistan

Corresponding author: Tanveerul Haq (tanveerulhaq@icloud.com)

This work was supported by the Deanship of Scientific Research at Jouf University, Al-Jouf, Saudi Arabia, under Grant 40/285.

ABSTRACT In this work, a compact, inexpensive, and efficient dual band microwave sensor is proposed.
The sensor is based on two Complementary Symmetric Split-Ring Resonators (CSSRRs) and possesses a
high Q factor and wide sensing range. These CSSRRs are coupled electrically with two inductive patches
to the Microstrip Transmission Line (MTL). This combination provides two dual bands, first at 5.35 GHz
with a notch depth of -55.20 dB and second at 7.99 GHz with a notch depth of -22.54 dB. The sensor
works in transmission mode and senses shift in frequency. Some commonly available dielectric substrates
with relative permittivity ranges between 1 and 12 are considered Material Under Test (MUT), and detailed
sensitivity analysis is being performed for each band. The dual band sensor is fabricated on a low-cost,
widely available FR4 substrate and measured by CEYEARAV3672D vector network analyzer. Additionally,
the least square curve fitting method is used to develop a mathematical model for the measured results.
An excellent agreement is observed between simulated, measured, and formulated results.

INDEX TERMS Complementary symmetric split-ring resonator, dual band, microwave sensor, permittivity,
high Q resonator, material under test.

I. INTRODUCTION
Material characterization technologies play a very vital role
in various scientific fields [1]-[3]. These technologies find
applications in the defense sector and possess a very impor-
tant role in the industrial sector as well [4]. For instance,
measuring structural/operational vitals of a system in an
industry [5], [6] and understanding the composition of a
material and/or chemical [7], [8]. These technologies also
play a significant role in biomedical research [9], [10], such as
neural recording [11], glucose monitoring [12], and intracra-
nial pressure monitoring [13]. Moreover, these technologies
can also locate tumors hiding within healthy tissues and mus-
cles [14]. For these purposes, sensors based on microwaves
are the best possible solutions. Several characteristics
make microwave sensors standout among other available
options. These attributes include low-cost [15], high sensi-
tivity [16], label-free [17], and non-intrusive evaluation [18].
In recent years, scientists have developed microwave
sensors based on metamaterials because they are very
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sensitive to the ambient mediums’ changes in electromag-
netic properties [19], [20].

In literature, many sensors are equipped with Split-Ring
Resonators (SRRs) [21]-[24] and Complementary Split-Ring
Resonators (CSRRs) [25]-[28]. This is because, these struc-
tures provide accuracy and high sensitivity. On the other
hand, these sensors suffer from narrow bandwidth and
polarization sensitiveness. To address these shortcomings,
one possible solution is broadband microwave sensors.
They offer the same attributes over a wide range of fre-
quencies. Recently reported dual band sensors are based
on MTL with magnetically coupled SRRs or electrically
coupled CSRRs. These sensors have a sensitivity limitation
due to the low Q factor and poor coupling between the MTL
and the resonator [29]-[31]. In [29], a dual notch microwave
sensor based on MTL and two SRRs is presented that is oper-
ating at 2.34 GHz and 2.74 GHz, and a maximum Q factor
of 137 is achieved. In [30], a complementary bisymmetric
split-ring resonator is coupled to MTL to operate at 4.50 GHz
and 6.79 GHz, and a maximum Q factor of 145 is achieved.
In [31], a dual notch microwave sensor based on MTL and
two CSRRs is designed to operate at 2.22 GHz and 2.46 GHz,
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and a maximum Q factor of 205 is achieved. In this work,
MTL was modified by introducing two inductive patches on
the top plane to increase the coupling between the MTL and
the resonator, and a maximum Q factor of 267.5 is achieved.

This paper presents a dual band microwave sensor com-
prised of two Complementary Symmetric Split-Ring Res-
onators (CSSRRs). The CSSRRs are a dual counterpart of the
Symmetric Split-Ring Resonators (SSRRs) [32], and these
resonators have been used to design waveguide bandpass
filter [33] and reconfigurable stopband filter [34]. Based on
the previous study [35], a low-cost and high Q sensor is
proposed with mathematical modeling to evaluate common
dielectric substrates. The design of the dual band sensor is
elucidated in section II. Sensitivity analysis is performed
in section III using thickness and permittivity perturba-
tion techniques. Fabrication using the ultraviolet lithography
technique and measurement using vector network analyzer
is presented in section IV. Mathematical modeling using
the least square curve fitting technique is accomplished
in section V. Finally, the proposed work is concluded with
technical contributions in section VI.

II. DESIGN OF DUAL BAND SENSOR
The dual band sensor is constructed on an FR4 substrate with
double-sided copper cladded laminate. The relative permit-
tivity, permeability, and dielectric loss tangent of the FR4 are
4.4, 1, and 0.02, respectively. The thickness of copper layers
and substrate are 0.035 mm and 1.6 mm, respectively. The
effective dielectric constant (εre) of the proposed transmis-
sion line is 3.326 that can be calculated using the following
relation [36]:
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εr + 1
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The characteristic impedance (Zc) of the transmission
line is 50 � that can be calculated using the following
equation [36]:
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A 3 mm wide MTL with two inductive patches is printed
on the top layer of the substrate, and two Complementary

Symmetric Split-Ring Resonators (CSSSRs) are etched in the
bottom layer, as shown in Fig. 1. The size of the patch and
CSSSRs is the same to achieve strong electromagnetic cou-
pling. The proposedmultiband sensor is simulated in ANSYS
Electromagnetics Suite 2020R1 for high-performance com-
puting with the simulation parameters and conditions given
in Table 1. Themagnitude of reflection (S11) and transmission
(S21) coefficient is shown in Fig. 2. According to the simu-
lated S21, the sensor provides two notches, first at 5.37 GHz

FIGURE 1. (a) Dimetric view of the proposed sensor with the dimensions:
l1 = 30 mm, l2 = 25 mm h = 1.6 mm. (b) Transmission line (w = 3 mm)
with two inductive patches. (c) Ground plane with two complementary
symmetric split ring resonators.

TABLE 1. Simulation conditions for ANSYS electromagnetics
suite 2020R1.
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FIGURE 2. Magnitude of transmission (S21) and reflection (S11)
coefficients. The first notch has a resonance at 5.37 GHz with a notch
depth of −76.21 dB, while the second notch has a resonance at 7.95 GHz
with a notch depth of −20.14 dB.

with notch depth of -76.21 dB and second at 7.95 GHz with
notch depth of -20.14 dB. The S21 is used to calculate the
unloadedQ factor of the dual notch sensor using the following
relation [37]:

Qunloaded =
f0

f1 − f2
. (3)

where, f0 is the center resonance frequency of each notch,
while f1 is the upper and f2 is the lower frequencies at 3 dB
above the resonance. The unloaded Q factor of the first notch
is 267.5, and the second notch is 53.7. The concentration
of electric fields at first and second resonance is shown
in Fig. 3 and Fig. 4, respectively. The maximum values of
electric field at first and second resonance frequencies are
1.66 × 105 V/m and 3.74 × 105 V/m, respectively. The
electric field’s magnitude is high at the higher resonance
frequency; therefore, the change in resonance frequency due
to interaction with the MUT will be high at the second notch
that will be shown in the next section.

FIGURE 3. Distribution of scalar electric field in the ground plane of the
proposed sensor at the first resonance.

FIGURE 4. Distribution of scalar electric field in the ground plane of the
proposed sensor at the second resonance.

III. SENSITIVITY ANALYSIS
To analyze the proposed sensor’s sensitivity, the mate-
rial under test (MUT) have to interact properly with the
electromagnetic fields emitting from the CSSRRs. There-
fore, MUT is placed in the sensor’s ground plane with
the following dimensions: d1 = 20 mm, d2 = 15 mm,
and d3 = 1 mm, as shown in Fig. 5. The funda-
mental principle of sensitivity in a metaresonator based
microwave sensor is to observe the shift in sensor’s res-
onance frequency with and without the MUT. When both
CSSRRs are excited by the perpendicular electric fields
generated by the MTL with inductive patches, it causes
resonance. Without MUT, the stored electromagnetic fields
(E0 andH0) are in an equilibrium state. When MUT is placed
on the CSSRRs, it changes the capacitance of the CSSRRs
and generates new electromagnetic fields (E1 and H1).
These new electromagnetic fields shift the resonance

FIGURE 5. Material under test is placed in the ground plane of the
proposed sensor with the following dimensions: d1 = 20 mm,
d2 = 15 mm, and d3 = 1 mm.
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frequency (1fr ) of the sensor that depends on the electro-
magnetic properties of the MUT, and mathematically it can
be expressed as given [38]:

1fr
fr
=

∫
v (1εE1.E0 +1µH1.H0) dv∫
v

(
ε0 |E0|2 + µ0 |H0|

2) dv , (4)

According to (4), MUT’s permittivity, permeability, and vol-
ume interfere with the sensor’s resonance frequency. Using a
volume perturbation technique, the volume of MUT (FR4) is
varied by changing the height of FR4 from 0.1mm to 1.5 mm,
and its effect on the first and second notch of the proposed
sensor is plotted in Fig. 6. As we increase the height of MUT,
both resonance frequencies are moving towards lower values,
as tabulated in Table 2. For the permittivity perturbation tech-
nique, the common available dielectric materials like HDPE
(εr = 2.3), PVC (εr = 2.7), Rubber (εr = 3), Plexiglass
(εr = 3.4), Polyimide-Quartz (εr = 4), Glass (εr = 5.5),
Taconic RF-60 (εr = 7), Marble (εr = 8.3), Roger TMM 10
(εr = 9.2), Sapphire (εr = 10), and Silicon (εr = 11.9),
are used as MUT and their effect on the first and second
band of the microwave sensor is plotted in Fig. 7 and listed
in Table 3. All theseMUTs are easily available in 1mmheight
so the following constant dimensions: d1 = 20 mm, d2 =
15 mm, and d3 = 1 mm are chosen for permittivity pertur-
bation. As the relative permittivity of MUT is increased from
1.0006 to 11.9, the resonance frequency of first and second
notch decreased from 5.37 GHz to 3.40 GHz and 7.95 GHz to
4.80 GHz, respectively. The sensitivity in microwave sensors
based on permittivity perturbation can be defined as the ratio
between the change in the sensor’s resonance frequency and
the change in MUT’s permittivity. Mathematically sensitivity
can be calculated using the following relation given [39]:

S =
∂fd
∂εrd
= lim

(1εr2−1εr1)→0

1fu −1fl
1εr2 −1εr1

. (5)

FIGURE 6. MUT’s thickness versus the resonance frequency of the dual
notch microwave sensor obtained by electromagnetic simulation.

Using (5), the proposed sensor’s sensitivity due to the first
and second resonance is extracted and plotted in Fig. 8. Two
factors are crucial for sensitivity analysis. First, the shift in

TABLE 2. Effect of the MUT’s thickness on the resonance frequency of the
dual band microwave sensor.

FIGURE 7. The permittivity of MUT versus the resonance frequency of the
dual band microwave sensor obtained by electromagnetic simulation.

TABLE 3. Simulated transmission coefficient (S21) of the dual band
microwave sensor due to interaction with dielectric substrates.

the sensor’s resonance frequency, and the second, the per-
mittivity of the MUT that is loaded to the sensor. According
to the simulated results, it is clear that in a microwave sen-
sor, the band with a high resonance frequency has a higher
frequency shift compared to a lower one when the sensor is
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FIGURE 8. The relative permittivity of MUT versus sensitivity of the dual
notch microwave sensor.

loaded with the same MUT. The other parameter is MUT’s
relative permittivity, which is inversely proportional to the
frequency shift; therefore, as we increase the permittivity
of MUT, the sensor’s sensitivity starts decreasing. The first
band’s sensitivity lies between 18% to 40% and the second
band between 30% to 55%, as listed in Table 4.

TABLE 4. The proposed sensor’s sensitivity due to interaction with
different MUTs.

IV. EXPERIMENTAL TECHNIQUE
The dual band microwave sensor is fabricated using
ultraviolet (UV) lithography technique. In this technique,
the proposed sensor’s design is prepared in Altium Designer
software to generate a Gerber file that encodes comprehen-
sive integral information, including copper layers, resonator
drawing, apertures, and other dimensions. This file is sent to
the plotter after running the design for manufacture check to
make a photo negative film of black ink design. After cleaning
and passing through a decontamination environment, a layer
of a photo-sensitive film called a photoresist is deposited on
the FR4 substrate with double-sided copper cladded laminate.
The sensor’s design from the film is transferred to the copper
layer by blasting the UV light. The photoresist is hardened
on the copper layer by the UV light that passes through the
film’s clear parts. The unhardened photoresist is removed by
washing the board with an alkaline solution to expose the

unwanted copper. This exposed copper is etched by ferric
trichloride solution. Meanwhile, the hardened layer of the
photoresist keeps the desired copper layer protected. Finally,
the hardened photoresist is removed by plasma ashing to
get the desired sensor. The fabricated prototype of a dual
band sensor connected with 50 � SMA connectors is shown
in Fig. 9. The CEYEAR AV3672D series Vector Network
Analyzer (VNA) is used to measure the fabricated sensor’s
transmission coefficient. VNA frequency characteristics like
range, resolution, and accuracy are 0.01 GHz to 50 GHz,
1 Hz, and ±1 × 10−7 (23◦C ± 3◦C), respectively. The IF
bandwidth, amplitude, and phase display resolution of VNA
are 1 Hz to 5 MHz, 0.001 dB/div, and 0.01o/div, respectively.
Calibration ofVNA is vital to remove the uncertainties arising
from the sensor’s connections. Therefore, AV31123 2.4 mm
kit is used to calibrate the VNA for short-circuit, open-circuit,
matched load, and line calibration. After calibration, the dual
notch microwave sensor’s fabricated prototype is connected
with the VNA, and its S21 is measured, as shown in Fig. 10.
The comparison between the simulated and measured S21 is
shown in Fig. 11. The simulated and measured resonance
frequencies for the first band are 5.37 GHz with a notch depth
of−76.21 dB and 5.35 GHzwith a notch depth of−55.20 dB,
respectively. The simulated andmeasured resonance frequen-
cies for the second band are 7.95 GHz with a notch depth of
−20.14 dB and 7.99 GHz with a notch depth of −22.54 dB,
respectively. The difference between the simulated and mea-
sured resonance frequency for the first band is 0.02 GHz
and the second band is 0.04 GHz, which can be attributed
to the fabrication tolerance. The common available dielectric

FIGURE 9. (a) Top view (b) bottom view of fabricated prototype of dual
notch microwave sensor.
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FIGURE 10. Photograph of CEYEAR AV3672D series vector network
analyzer for transmission coefficient measurement of fabricated sensor.

FIGURE 11. Comparison of simulated and measured transmission
coefficient of the proposed sensor.

substrates with constant dimensions (20 mm × 15 mm ×
1 mm) are employed on the CSSRRs in the ground plane,
and the S21 of the dual band sensor is measured and listed
in Table 5. The difference between the simulated and mea-
sured resonance frequencies due to interaction with dielectric
substrate is very small, as shown in Fig. 12.

V. MATHEMATICAL MODEL OF MEASURED RESULTS
The curve fitting technique is used to construct a mathemat-
ical model. The method of least squares is used to find the
best fitting curve for the measured results. For a best fitting
curve, the sum of deviation must be minimum which is given
as [40]:

n∑
1

e2i =
n∑
1

[yi − f (xi)]2 (6)

where x is the independent variable and y is the dependent
variable and ei is the deviation (error). For the best fitting
polynomial y = a+ bx + cx2 the least error (E) is:

E =
n∑
1

e2i =
n∑
1

[
yi −

(
a+ bxi + cx2i

)]2
(7)

∂E
∂a = 0, ∂E

∂b = 0, and ∂E
∂c = 0 are the conditions for

least error to be minimum. Using these conditions the fol-
lowing matrix is formulated to find the unknown coefficients

TABLE 5. Measured transmission coefficient (S21) of the dual band
microwave sensor due to interaction with dielectric substrates.

FIGURE 12. The difference between the simulated and measured
resonance frequencies due to interaction with dielectric substrate.

TABLE 6. Comparison of simulated, measured and formulated results for
the first resonance frequency of the sensor due to interaction with
different MUTs.

(a, b, and c) of the polynomial:ab
c

 =
 n

∑
xi
∑
x2i∑

xi
∑
x2i
∑
x3i∑

x2i
∑
x3i
∑
x4i

−1 ∑
yi∑
xiyi∑
x2i yi

 (8)

In our case, εr is independent variable and f is dependent
variable which can be expressed by the following polynomial:

fi = a+ bεr + cε2r (9)
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TABLE 7. Comparison of simulated, measured and formulated results
for second resonance frequency of the sensor due to interaction with
different MUTs.

TABLE 8. Comparison of various state of art sensors based on different
type of resonators.

For f1 and f2 of the fabricated sensor, the unknown coef-
ficients (a, b, and c) are calculated using matrix (8) and
measured data given in Table 5. The mathematical models
for first and second resonance are given as:

f1 = 5.630− 0.355εr + 0.014ε2r (10)

f2 = 8.359− 0.496εr + 0.017ε2r (11)

Comparison of simulated, measured, and formulated results
of the proposed sensor for first and second resonance fre-
quencies are tabulated in Table 6 and Table 7, respectively.
A satisfactory agreement is achieved between the simulated,
measured and formulated results. The proposed sensor is
compared with other state of the art sensors for average
sensitivity (SAv.), normalized average sensitivity (SAv.,f ), and
size. The performance of presented sensor in term of SAv.,f is
high as compared to other sensors as listed in Table 8.

VI. CONCLUSION
In this work, a novel microwave sensor is designed and sim-
ulated using a full-wave electromagnetic software ANSYS
Electromagnetics Suite 2020R1, fabricated using ultravio-
let (UV) lithography technique, and measured by CEYEAR
AV3672D vector network analyzer. Furthermore, least square
curve fitting technique is used to obtain mathematical model
of the system and an excellent agreement is observed

between simulated and experimental results. The proposed
design is based on two complementary symmetric split-ring
resonators (CSSRRs) that are electrically coupled to the
microstrip transmission line using two inductive patches.
To extract the permittivity of material under test, dual band
response is utilized. The Q factor of first and second reso-
nances are 267.5 and 53.7, respectively. Due to high Q factor
and wide sensing range, this sensor can be used to charac-
terize various commonly available dielectric substrates. The
sensitivity of the first and second resonance of the dual notch
sensor due to interaction with the HDPE substrate is 40%
and 55%, respectively. A brief comparison of the proposed
work with the available works reported in the literature is
also presented and it is observed that the normalized average
sensitivity of the proposed sensor is greater than the other
available sensors. It is worthy to note that the proposed dual
notch sensor has a miniaturized and compact size, and it is
fabricated using a simple and an inexpensive technique.
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