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Metamaterial-based microwave sensor having novel and compact structure of the resonators and the slotted microstrip
transmission line is proposed for highly precise measurement of dielectric properties of the materials under test (MUTs). The
proposed sensor is designed and simulated on Rogers’ substrate RO4003C by using the ANSYS HFSS software. A single and
accumulative notch depth of -44.29 dB in the transmission coefficient (S21) is achieved at the resonant frequency of 5.15GHz.
The negative constitutive parameters (permittivity and permeability) are extracted from the S-parameters which are the basic
property of metamaterials or left handed materials (LHMs). The proposed sensor is fabricated and measured through the PNA-X
(N5247A). The sensitivity analysis is performed by placing various standard dielectric materials onto the sensor and measuring
the shift in the resonant frequencies of the MUTs. A parabolic equation of the proposed sensor is formulated to approximate
the resonant frequency and the relative permittivity of the MUTs. A very strong agreement among the simulated, measured, and
calculated results is found which reveals that the proposed sensor is a highly precise sensor for the characterization of dielectric
properties of the MUTs. Error analysis is performed to determine the accuracy of the proposed sensor. A very small percentage
of error (0.81%) and a very low standard deviation are obtained which indicate high accuracy of the proposed sensor.

1. Introduction

Since the invention of metamaterials or left handed materials
(LHMs), having unnatural and unique properties of the neg-
ative constitutive parameters [1, 2], the researchers and
industries have produced numerous improved devices for
the broad applications in the frequency range from RF to
THz. Metamaterials are classified into two broad groups in
which one is the split ring resonators (SRRs), introduced by
Pendry et al., [3] and other is the complementary SRR
(CSRR), introduced by Falcone et al. [4]. They have been
used in the miniaturization of oscillators [5, 6], microwave
filters [7, 8], microwave sensors [9–12], and communication
antennas [13–16].

The microwave sensors based on the SRRs [17–21] and
CSRRs [22–27] have widely been used in various applica-
tions. The SRR structures are etched on the top plane of the
sensor near the microstrip line. They couple magnetically
with the microstrip line. Owing to the small electric fringing
fields, the sensors based on the SRR are less efficient for the

characterization of large samples in the microwave frequency
range. The CSRRs are suitable for the measurement of large
samples. The CSRR is the negative image of the SRR and
etched in the ground plane of the sensor. They couple electri-
cally with the microstrip line. At resonance, the large electric
fringing fields produce in the ground plane which has been
used for the characterization of materials’ thickness [28], loss
tangent [29], healthcare [30], agriculture [31], organic tissues
analysis [32], and environment [33].

The precise measurement of the dielectric properties is
essential while characterizing the materials under test
(MUTs). Permittivity is one of the important parameters to
analyze the behavior of the materials. For the development
of the sophisticated microwave devices, prior knowledge of
the materials’ permittivity is necessary. There are four types
of approaches classified for the characterization of the MUTs
including free space, transmission line, near field, and reso-
nance based [34]. Among them, the resonance-based
approach is implemented in the present work which is eco-
nomical, efficient, and highly precise for the measurement
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of dielectric properties of the MUTs. Particularly, the use of
complementary metamaterial sensor for the measurement
of dielectric properties of the MUTs is very convenient since
the capacitance (and hence the resonant frequency) is very
sensitive to the presence of the MUT onto the sensor. The
variation of the sensing stimuli modifies the resonant proper-
ties of the sensor like notch frequency, Q-factor, and notch
depth during the interaction [35]. On the basis of the mea-
sured data, dielectric properties of various MUTs can be
estimated.

In literature, the metamaterial sensors based on multire-
sonators on a single PCB board have been reported [21, 32,
36–38]. They provide multiresonant frequency bands instead
of a single resonant frequency band. In [36, 37], two resona-
tors have been etched on a single board that provide two res-
onant frequency bands instead of a single resonant frequency
band. Similarly, in [38], three and four resonators have been
etched on a single board that provide three and four resonant
frequency bands, respectively, rather a single resonant fre-
quency band. A single and sharp resonant frequency band
with deep notch in the transmission coefficient (S21) has a
significant role for the precise measurement of dielectric
properties of the MUTs [39]. A metamaterial sensor based
on an array of multiresonators that provides a single resonant
frequency band is required to be developed for the precise
measurement of dielectric properties of the MUTs. In the
present work, a highly accurate metamaterial sensor based
on the slotted microstrip line and four compact resonators
is proposed. An array of four symmetrical resonators is
etched in the ground plane of the sensor keeping in view
the geometrical and parametrical measures for achieving a
single and accumulative notch in the transmission coefficient
(S21). The equivalent circuit model of the proposed sensor is
developed that describes the overall behavior of the sensor.

2. Design and Parametric Analysis

The proposed sensor is designed on the substrate RO4003C
on using the ANSYS HFSS. The thickness of the substrate is
optimized to 1mm, whereas the length and width of the sub-
strate are optimized to 35mm and 15mm, respectively. Both
the layers (top and bottom) of the substrate are coated with
copper having thickness of 0.017mm. The top copper layer
of the substrate consists of a slotted microstrip transmission
line. The width of the line is optimized to 2.2mm to achieve
the characteristic impedance of 50Ω using the expressions of
the microstrip transmission line [40]. An array of four sym-
metrical resonators is etched from the copper layer in the
ground plane as shown in Figure 1. The dimensions of all
the resonators are the same (l = 5, w = 3, h = 0:017). All the
dimensions in this work are taken in the mm scale.

The slotted microstrip transmission line as shown in
Figure 1(a) is introduced in this work to enhance the sensitiv-
ity of the proposed sensor. The slots in the microstrip line are
used to increase the flux concentration which in turn
increases the electric fringing field. The sensitivity of the sen-
sor increases with the increase in the electric fringing fields.
The dimensions of every slot are 5mm, whereas the spacing
among the pairs of slots 1mm. The other dimensions of the

design parameters of the microstrip line as shown in
Figure 1(a) are (a = b = 0:35mm) and (c = d = e = 0:5mm).
The effect of these microstrip line parameters is analyzed
on the resonant characteristics of the proposed sensor on
using the ANSYS HFSS. The parameters a and b represent
the capacitive elements, whereas the parameters c, d, and e
represent the inductive elements. By increasing a and b one
by one, the effective capacitance of the sensor decreases
which in turn increases the resonant frequency (f r) of the
sensor according to the equation (1). Contrarily, by increas-
ing c, d, and e, copper area around the slots increases which
in turn decreases the inductance of the sensor. The decrease
in the inductance, the resonant frequency (f r) of the sensor
increases. Graphical representation of the effects of the
design parameters of the microstrip line on the resonant
characteristics of the sensor is shown in Figure 2.

The resonant characteristics of the sensor can also be
controlled by varying the design parameters of the resonators
(m, n, o, p,g) as shown in Figure 1(c). The dimensions of the
design parameters of the resonators are (m = n = o = p = g =
0:3mm). The parameters m and n designate the outer and
inner rectangles, respectively, which represent the capacitive
element while the parameters o and g designate the thickness
between the rectangles and slits, respectively, which represent
the inductive element of the sensor. By increasing the param-
eters m and n one by one, the effective capacitance decreases
which in turn increases the resonant frequency (f r) of the
sensor.

However, increasing the parameter p, the copper area of
the inner ring of the resonator reduces. Keeping in view the
cylindrical geometry, inner radius of the cylinder decreases
which in turn increases the overall inductance of the sensor.
As an increase in the inductance, the resonant frequency
(f r) of the sensor decreases. Graphical representation of the
effects of the design parameters of the resonators on the res-
onant characteristics is shown in Figure 3.

Keeping in view the parametrical and geometrical mea-
sures, the position of each resonator in an array is taken
wisely to maintain the coupling with the neighboring resona-
tors and keep the board size quite compact. If the spacing
among the resonators is brought close to one another (less
than 1mm), the coupling tends to degrade the performance
of the sensor, specifically the sensitivity at small perturba-
tions. If the spacing among the resonators is increased
enough, the cross coupling effect weakens, and more notches
appear in the transmission coefficient. So, the optimized
spacing among the resonators is concluded to 1mm for
achieving the desired response in terms of a single resonant
frequency band from the sensor after numerous iterative
simulations.

The overall behavior of the proposed sensor can be ana-
lyzed by its lumped element equivalent circuit model as
shown in Figure 4. The equivalent circuit model is developed
on using the NI Multisim software. The resonance structure
of the sensor consists of two parts; first is the top part of
the substrate which is composed of the slotted microstrip line
with a coupling capacitance represented by the symbol Cc.
The second part is the MUT layer, in the ground plane of
the substrate, which has a variable capacitance represented
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by the symbol Cr . These two parts provide with two shunt
capacitance values that form the total capacitance of the sen-
sor. The symbols Lr and Rr represent the inductance and
resistance of the unit cell, respectively. The resistance (Rr)
accounting for the losses in the unit cell, whereas the parallel
combination of four inductances labeled with the symbol Ls
represents the line inductance. By optimizing the design
parameters of the slotted microstrip line and the resonators,

performance of the sensor can be controlled effectively. The
optimized expression for the proposed resonator can be
modelled by an RLC circuit whose resonant frequency (f r)
is given by [41]

f r =
1

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Lr Cc + Crð Þp : ð1Þ
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Figure 2: Effect of the design parameters of the microstrip line on
the resonant characteristics of the sensor.
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Figure 1: Layout of the proposed sensor: (a) The slotted microstrip line on the top plane, (b) an array of four resonators etched in the ground
plane, and (c) dimensions of the resonator.
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Figure 3: Effect of the design parameters of the resonators on the
resonant characteristics of the sensor.

3Journal of Sensors



The resonant frequency (f r) of the resonators couple
with the microstrip line is the function of three parameters
(Lr , Cr , and Cc). With the change in the inductance and
capacitance due to the interaction with the MUTs, the reso-
nant frequency of the sensor changes accordingly.

2.1. Simulations and Performance Analysis. The proposed
sensor is designed and simulated on using the ANSYS HFSS.
The magnitudes of S-parameters (reflection (S11) and trans-
mission (S21) coefficients) of the proposed sensor are shown
in Figure 5. An accumulative notch depth of -44.29 dB in
the transmission coefficient (S21) is achieved at the resonant
frequency of 5.15GHz. Four symmetrical resonators are
etched in the ground plane in an array after numerous itera-
tive simulations so that with the increase in the number of
resonators, the notch depth in the transmission coefficient
also increases but the resonant frequency remains the same.
There are four notches at -22.18 dB, -29.72 dB, -37.45 dB,
and -44.29 dB achieved with one, two, three, and four resona-
tors, respectively, which have been merged into a single
graph by using the OriginPro 8 software, which are shown
in Figure 6 and numerically described in Table 1.

The constitutive effective parameters (permittivity (ɛ)
and permeability (μ)) of the proposed metamaterial sensor

are retrieved from the S-parameter data. By properly coupling
the CSRR structure to a host microstrip line, the structure with
the negative constitutive parameters can be obtained. In order
to obtain a left-handed transmission line based on the CSRR
structures, an effective negative valued permeability can be
achieved by periodically etching the capacitive gaps in the con-
ductor strip at periodic positions [17]. The graphs of the effec-
tive permittivity and permeability are shown in Figure 7. Both
the effective permittivity and permeability are negative at
vicinity of the resonant frequency. The permittivity is negative
from 5.125GHz to 5.167GHz, whereas the permeability is
negative from 5.22GHz to 5.73GHz, which is the basic prop-
erty of metamaterials/LHMs.

The effective permittivity and permeability of the meta-
material sensor can be retrieved from its transmission (S21)
and reflection (S11) coefficients using the following expres-
sions [42].

S11 =
R01 1‐ei2nkod

� �
1‐R2

01e
i2nkod , ð2Þ

S21 =
1‐R2

01
� �

einkod

1‐R2
01e

i2nkod : ð3Þ

Since R01 = z − 1/z + 1.
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Figure 4: Lumped element equivalent circuit for the basic cell of the
resonator loaded microstrip line.
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Figure 5: Magnitudes of S-parameters of the proposed sensor.
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Figure 6: Response of the resonators in terms of notch depth and
resonant frequency.

Table 1: Effect of each resonator on the resonant frequency and
notch depth.

Number of resonators Resonance (GHz) Notch depth (dB)

One 5.15 -22.18

Two 5.15 -29.72

Three 5.15 -37.45

Four 5.15 -44.29

4 Journal of Sensors



n is the refractive index, z is the impedance, k0 is the wave
number of the incident wave in free space, d is the thickness
of material/slab, and m is an integer related to the branch
index. The refractive index (n) and the impedance (z) are
obtained by inverting the equations (2) and (3), yielding

z = ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + S11ð Þ2‐S221
1‐S11ð Þ2‐S221

s( )
, ð4Þ

Q = einkod =
S21

1‐S11 z‐1/z + 1ð Þ , ð5Þ

n =
1
kod

Im ln Qð Þ½ � + 2mπf g‐i:Re ln Qð Þ½ �½ �: ð6Þ

Both the effective permittivity (ɛ) and permeability (μ)
are associated with the refractive index (n) and the imped-
ance (z) as

ε =
n
z
, ð7Þ

μ = nz: ð8Þ

The electric and magnetic field distributions around the
resonators are investigated for efficient characterization of
the MUTs. Concentrations of the electric and magnetic fields
around every resonator are shown in Figures 8 and 9, respec-
tively. The maximum electric field concentration around the
proposed resonators is 5 × 104 V/m, and the magnetic field
concentration is 1:91 × 102 A/m. When a MUT is placed
onto the resonators for the characterization, then the electric
field gets perturbed. This perturbation of electric field leads to
change in the resonant frequency of the sensor. To map the
change in the resonant frequencies with the permittivity of
the MUT, a numerical model for the proposed sensor is
developed to approximate the permittivity of the MUTs.

2.2. Numerical Simulations. From the theory of perturbation,
when a MUT is placed onto the sensor, it interacts with the
electric and magnetic fields of the sensor and perturbs the
field distributions. Consequently, phenomena of shift in the
resonant frequency occur. The relation between the resonant
frequency of a microwave sensor and the dielectric properties
of the MUTs can be described numerically as [41]

Δf r
f r

=
Ð
v ΔεΕ1:Ε0 + ΔμΗ1:Η0ð ÞdvÐ
v ε0 Ε0j j2 + μ0 H0j j2� �

dv
: ð9Þ
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Figure 7: Extracted plots of the effective permittivity and permeability of the proposed sensor.
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Figure 8: The electric field concentration of the proposed sensor.
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Here,Δf r is the shift in the resonant frequency (f r) due to
the interaction with the MUTs. ɛ0 and μ0 are the permittivity
and permeability of the free space while Δɛ and Δμ are the
change in the permittivity and permeability, respectively. E0
andH0 are the electric and magnetic fields before the interac-
tion with the MUTs, whereas E1 and H1 are the perturbed
fields and v is the perturbed volume. If the intensity of the
magnetic field is higher than that of the electric field, the phe-
nomenon of the shift in the resonant frequency occurs due to
the permeability of the MUT. Contrarily, if the intensity of
the electric field is higher, the shift in the resonant frequency
occurs due to the permittivity of the MUT. In the present
work, the intensity of the electric field is higher than that of
the magnetic field; hence, the phenomenon of the shift in
the resonant frequency occurs due to the interaction with
the permittivity of the MUT.

The sensitivity analysis is performed using the proposed
sensor through the ANSYS HFSS. The shift in the resonant
frequency of the proposed sensor is measured under both
the loaded and unloaded conditions. The standard MUTs
including Rogers 5880, Rogers 3003, Plexi-glass, Quartz,
and FR4 are used in the present work for the sensitivity anal-
ysis. These MUTs with the same dimensions (5mm×
25mm×1mm) are placed one by one onto the array of reso-
nators in the ground plane without air gap, as shown in
Figure 10 and measuring the shift in the resonant frequency
of the sensor due to the interaction with these MUTs, as
shown in Figure 11. By increasing the permittivity of the

MUT, the resonant frequency of the sensor decreases accord-
ingly. The shift in the resonant frequency corresponding to
every value of the permittivity of the MUTs is recorded and
tabulated in Table 2.

Basically, when a MUT is placed onto the resonator, it
perturbs the field distributions during the interaction.
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Figure 9: The magnetic field concentration of the proposed sensor.
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MUT’s (Rogers 5880, Rogers 3003, Plexi-glass, Quartz, FR4)

Figure 10: Position of the MUTs in the ground plane of the
proposed sensor.
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Figure 11: Shift in the resonant frequency of the proposed sensor
due to the interaction with the MUTs.

Table 2: Shift in the resonant frequency of the sensor due to the
interaction with the MUTs.

MUTs
Permittivity of MUTs

(ɛr, MUT)
Resonance

(f r , MUT) (GHz)

Air 1 5.15

Rogers 5880 2.2 4.70

Rogers 3003 3 4.47

Plexi-glass 3.4 4.36

Quartz 3.75 4.27

FR4 4.3 4.16
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Consequently, the capacitance of the sensor increases which
in turn decreases the resonant frequency as discussed in
equation (1).

2.3. Fabrication and Measurement. The proposed sensor is
fabricated on the substrate RO4003C by using the standard
photolithography procedures. The dielectric constant of the
substrate is 3.55, whereas the loss tangent is 0.0027. The
thickness of the substrate is optimized to 1mm. Both the
planes (top and bottom) of the substrate are coated with
the copper layer having thickness of 0.017mm. The top cop-
per plane of the substrate consists of a slotted microstrip
transmission line, whereas an array of four resonators is
etched in the ground plane as shown in Figure 12. The
PNA-X (N5247A) is used to measure the response of the fab-
ricated sensor. The short open load through (SOLT) calibra-
tion is performed using the Agilent electronic calibration kit
as shown in Figure 13(a). A pair of 50Ω SMA connectors is
used to connect the fabricated sensor with the PNA-X. The
response of the fabricated sensor in terms of the resonant fre-
quency and notch depth in the transmission coefficient (S21)
is measured without placing the MUT (unloaded condition).
The notch depth of -43.9 dB in the transmission coefficient is
measured at the resonant frequency of 5.07GHz as shown in
Figure 13(b). The comparison between the simulated and
measured response of the proposed sensor is shown in
Figure 14, which depicts a very strong agreement between
them.

The sensitivity analysis is performed using the fabricated
sensor through the PNA-X by placing the standard MUTs
including Rogers 5880, Rogers 3003, Plexi-glass, Quartz, and
FR4 one by one without air gap as shown in Figure 15(a)
and measuring the shift in the resonant frequency of the sen-
sor. The measured response of the fabricated sensor is shown

(a) (b)

Figure 12: Fabricated sensor on RO4003C substrate. (a) The top plane with the microstrip transmission line. (b) The bottom plane with an
array of four resonators.

(a) (b)

Figure 13: Measurement through PNA-X (N5247A); (a) SOLT calibration and (b) transmission coefficient (S21) of the fabricated sensor
(unloaded condition).
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in Figure 15(b). All the MUTs are measured four times alter-
natively to observe the behavior of the fabricated sensor. All
the times, the measured results are almost same because the
MUTs are placed onto the sensor without air gap, and every
measurement is performed at the room temperature. A com-
parison between the simulated and measured response in
terms of shift in the resonant frequency of the sensor is pre-
sented in Table 3. A very small difference in the measured
and simulated response reveals a strong agreement between
them. Error analysis between the simulated and measured
results is carried out, whereas the standard deviation (STD)
of the measured results is calculated to determine the accuracy
of the proposed sensor, which is also tabulated in Table 3. A
very small percentage of error and a low standard deviation
is obtained which indicate high accuracy of the proposed sen-
sor. An error bar graph with the standard deviation is shown
in Figure 16, which illustrates a very low standard deviation
and a strong agreement between the simulated and measured
response of the proposed sensor.

2.4. Equation Formulation. The parabolic equation for the
proposed sensor with fitting parameters is formulated for
the approximation of the relative permittivity of the mate-
rials under test. The parabolic equation is fairly reliable to

(a)

–60
2 3 4 5 6 7 8

Frequency (GHz)
9 10

–50

–40

–30

–20

–10

Tr
an

sm
iss

io
n 

co
effi

ci
en

t (
dB

)

0

Measured S21 of Air

Measured S21 of Rogers (5880)

Measured S21 of Rogers (3003)

Measured S21 of Plexi-glass

Measured S21 of Quartz

Measured S21 of FR4

(b)

Figure 15: Measured results of the proposed sensor through PNA-X. (a) Placement of MUTs onto the resonators in the ground plane. (b)
Shift in the resonant frequency due to the interaction with the standard MUTs.

Table 3: Comparison of simulated and measured response of the proposed sensor and error analysis.

MUTs Permittivity (ɛr,MUT) Tan δ Simulated freq. (GHz) Measured freq. (GHz) % error STD

Air 1 0 5.15 5.07 1.55 0.001

Rogers 5880 2.2 0.0009 4.70 4.66 0.85 0.004

Rogers 3003 3 0.0013 4.47 4.43 0.89 0.007

Plexi-glass 3.4 0.0010 4.36 4.33 0.68 0.009

Quartz 3.75 0 4.27 4.25 0.46 0.012

FR4 4.3 0.02 4.16 4.14 0.48 0.017
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Figure 16: Error bar graph and standard deviation of the measured
response of the proposed sensor.
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approximate the relative permittivity of the materials rang-
ing up to 10. The parabolic equation can be expressed as [43]

f r,MUT = A1 + A2 εr,MUTð Þ + A3 εr,MUTð Þ2: ð10Þ
Here f r,MUT and ɛr,MUT are the resonant frequency and

the relative permittivity of the MUT, respectively. A1, A2 ,
and A3 are the constants of polynomial. In this analysis, air

Table 4: Comparison of measured and calculated response in terms
of resonant frequencies and error analysis.

MUTs
Permittivity
(ɛr,MUT)

Measured
(f r,MUT) (GHz)

Calculated
(f r,MUT) (GHz)

%
error

Air 1 5.07 5.07 0.00

Rogers
5880

2.2 4.66 4.658 0.049

Rogers
3003

3 4.43 4.432 0.045

Plexi-
glass

3.4 4.33 4.329 0.023

Quartz 3.75 4.25 4.249 0.023

FR4 4.3 4.14 4.138 0.048

Table 5: Comparison of the real and calculated response in terms of
relative permittivity and error analysis.

MUTs
Measured

(f r,MUT) (GHz)
Real

permittivity
Calculated
permittivity

%
error

Air 5.07 1 1.002 0.19

Rogers
5880

4.66 2.2 2.196 0.18

Rogers
3003

4.43 3 3.002 0.07

Plexi-
glass

4.33 3.4 3.402 0.06

Quartz 4.25 3.75 3.752 0.05

FR4 4.14 4.3 4.295 0.12
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Figure 17: Measured responses of wood and paper through PNA-X.

Table 6: Comparison of real and calculated values of the effective
permittivity of irregular MUTs.

MUTs
Measured (f r,MUT)

(GHz)
Real

permittivity
Calculated
permittivity

Air 5.07 1 1.002

Paper 4.6 2.3~3.5 2.39

Wood 4.51 2.5~5.2 2.71

4.0

4.2

4.4

4.6

4.8

5.0

5.2

0.5 1.0 1.5 2.0
Relative permittivity

2.5 3.0 3.5 4.0 4.5

Fr
eq

ue
nc

y 
(G

H
z)

Simulated

Measured
Calculated

Figure 18: Graphical representation of the simulated, measured,
and calculated resonant frequency.
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Figure 19: Graphical representation of the real and calculated
permittivity of the MUTs.
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is the reference MUT having permittivity equal to 1 approx-
imately. Hence, the parabolic equation (10) can further be
expanded with respect to the permittivity of the reference
MUT as

f r,MUT = A1 + A2 εr,MUT‐1ð Þ + A3 εr,MUT‐1ð Þ2: ð11Þ

The constant parameters A1, A2 , and A3 are calculated by
inserting the measured values of the standard MUTs (Air,
Rogers 3003, and Quartz) from Table 3. After simplifica-
tions, the parabolic equation for the proposed sensor can
be expressed as

f r,MUT = 5:07‐0:378 εr,MUT‐1ð Þ + 0:029 εr,MUT‐1ð Þ2: ð12Þ

The resonant frequency of the MUT (f r,MUT) can be esti-
mated from the equation (12) by inserting the value of rela-
tive permittivity (ɛr,MUT) of that material. The resonant
frequencies of the standard MUTs, used in this work, are
also calculated by inserting their values of real permittivity
(ɛr,MUT) in the equation (12). The calculated response is
found very close to the measured response, which can be
seen in Table 4. Error analysis is performed on the measured
and calculated resonant frequencies. A very small percentage
of error (% error) is achieved, as presented in Table 4, which
indicates high accuracy of the proposed sensor.

The parabolic equation (12) is further simplified to esti-
mate the relative permittivity (ɛr,MUT) of any MUT, which
can be expressed as

εr,MUT =
0:378‐

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:1428‐0:116 5:07‐f r,MUT

� �q
0:058

+ 1: ð13Þ

The relative permittivity (ɛr,MUT) of any MUT can be
approximated from the equation (13) by inserting the reso-
nant frequency (f r,MUT) of the corresponding MUT. The rel-
ative permittivity of the standard MUTs used in this work is
also calculated by inserting their measured resonant fre-
quency (f r,MUT), mentioned in Table 3, in the equation

(13). The calculated results of the relative permittivity of
the MUTs are tabulated in Table 5. There is a negligible dif-
ference between the real and calculated permittivity of the
MUTs. Error analysis is performed on the real and calculated
permittivity of the MUTs. A very small percentage of error
(% error) is obtained as shown in Table 5, which reveals high
accuracy of the proposed sensor.

Performance of the proposed sensor is also analyzed by
calculating the effective permittivity of a piece of wood and
paper available in the lab. Both the materials are placed onto
the sensor one by one and measuring the shift in the resonant
frequency using the PNA-X. The measured responses of both
the materials are illustrated in Figure 17 and also tabulated in
Table 6.

The values of effective permittivity of both the MUTs are
calculated using the parabolic equation (13) by inserting the
measured resonant frequencies of both the MUTs one by
one. The calculated values of the effective permittivity of both
the MUTs are tabulated in Table 6. The calculated values of
the permittivity of both the MUTs are found between the
ranges of actual effective permittivity values provided in the
data sheet, which show high accuracy of the proposed sensor.

3. Results and Discussions

The proposed sensor is used to measure the shift in the reso-
nant frequency of the sensor due to the interaction with the
MUTs and to approximate the relative permittivity of the
corresponding MUTs using the formulated parabolic equa-
tion. In the present work, various standard materials includ-
ing Rogers 5880, Rogers 3003, Plexi-glass, Quartz, and FR4
are used for the sensitivity analysis. The simulations and
measurement are performed using the proposed sensor by
placing these standard materials and measuring the shift in
the resonant frequency of the sensor. The error bar graph
with the standard deviation is presented, as shown in
Figure 16, to showcase the performance of the proposed sen-
sor in terms of the simulated and measured results. A strong
agreement between the results and a very low standard devi-
ation calculated from the measured results indicate high
accuracy of the proposed sensor.

Table 7: Performance analysis between the proposed sensor and reported sensors in literature.

References Sensor type Permittivity range Resonance (GHz) Notch depth (dB) % error (mean value)

[44] SRR, rectangular ≈ 6.7 2.74 -13.24 4.62

[45] SRR, rectangular ≈ 5.8 2.45 -13.87 2.84

[27] CSRR, square ≈ 10 2.7 -17.48 3.43

[22] CSRR, circular ≈ 2.3 2.65 -20.8 2.28

[36] CSRR, circular ≈ 4.2
2.3 -18.7 3.23

5.5 -25.83 3.74

[38] CSRR, circular ≈ 2.65

1.5 -20.01 1.69

2.45 -24.8 2.05

3.8 -19.1 2.12

[41] CSRR, square ≈ 4.3 1.2 -21.1 2.5

[27] CSRR, square ≈ 6.2 2.47 -28.4 1.56

Present work CSRR, rectangular ≈ 10 5.15 -44.29 0.81
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The resonant frequencies of the MUTs are also calculated
using the formulated parabolic equation of the proposed sen-
sor, which are tabulated in Table 4. The performance com-
parison among the simulated, measured, and calculated
results in terms of the resonant frequency is carried out and
illustrated graphically, as shown in Figure 18. The curves of
all the results are in the strong agreement, which reveal high
accuracy of the proposed sensor.

The sensor is proposed for the measurement of the rela-
tive permittivity of the MUTs. The relative permittivity of
the standard MUTs is calculated using the formulated para-
bolic equation. The results of calculated permittivity of all
the MUTs are found very close to the real permittivity of
the corresponding MUT. Error analysis is performed
between the real and calculated permittivity. A very small
percentage of error is achieved. The performance compari-
son between the real and calculated permittivity is depicted
graphically, as shown in Figure 19. Both the curves of the real
and calculated permittivity are found very close, which shows
a very strong agreement between them. A very small percent-
age of error and strong agreement between the results mani-
fest the high accuracy of the proposed sensor.

A comparative analysis in terms of the overall perfor-
mance is executed between the proposed sensor and the sen-
sors reported in literature, which is shown in Table 7. A very
small percentage of error “0.81%”” is achieved, which is the
lowest as compared to the previous reported work. The accu-
racy of the proposed sensor is much better than that of the
sensors reported in literature. Hence, the proposed sensor is
highly accurate and efficient for the precise measurement of
the dielectric properties of the materials under test.

4. Conclusions

A highly accurate complementary metamaterial sensor was
proposed for the precise measurement of the relative permit-
tivity of the materials under test. The proposed sensor was
designed and simulated on Rogers’ substrate RO4003C on
using the ANSYS HFSS. The sensitivity of the proposed sen-
sor was improved by introducing the slotted microstrip line
on the top plane of the sensor. A single, sharp, and accumu-
lative notch at -44.29 dB deep was achieved in the transmis-
sion coefficient (S21) at the resonant frequency of 5.15GHz
by etching an array of four novel and compact resonators
in the ground plane of the proposed sensor. The negative
constitutive parameters (permittivity and permeability) were
retrieved from the S-parameters which is the basic property
of metamaterials or LHMs. The proposed sensor was fabri-
cated and measured through the PNA-X (N5247A). The sen-
sitivity analysis was performed by placing various standard
materials onto the proposed sensor. A parabolic equation
for the proposed sensor was formulated to approximate the
relative permittivity of the materials under test. A very strong
agreement was achieved among the simulated, measured,
and calculated results of the proposed sensor. Error analysis
is performed to determine the accuracy of the proposed sen-
sor. A very small percentage of error “0.81%” and a very low
standard deviation were achieved, which reveal high accu-
racy of the proposed sensor. The sensitivity analysis is carried

out by placing various standard MUTs in solid format using
the proposed sensor but the sensor can also be used effec-
tively for the characterization of theMUTs in the powder for-
mat. The response of the proposed sensor is similar to the
band-stop filter and hence can be used to design a narrow
band-stop filter.
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