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ABSTRACT In this paper, the triple reflection band split O circled T (SOCT) shape metamaterial resonator
is presented based on the transmission line principle. This paper aims to develop a miniature metamaterial
resonator that can simultaneously perform as a reflector and a sensing element in the microwave range.
Compare to symmetric and asymmetric structures; the reflection feature is mostly available in a typical
resonating structure. The primary motivation beyond the presented work is to achieve high reflection with
triple resonance points at 5.8 GHz, 6.37 GHz and 6.57 GHz. The proposed structure achieved Double
Negative (DNG) features on this particular resonance with a relative permittivity value ranges −2.17 to
−6.62 and relative permeability of −0.73 to −4.15. The scattering parameter performance was verified
through simulation and measurement for unit cell and 5× 8 array structure. An analytical sensing ability for
liquid salinity was performed for potential microwave application, which indicates a potential outcome of
the proposed structure in microwave sensing applications.

INDEX TERMS Reflector, metamaterial, microwave sensor, resonator, scattering parameters.

I. INTRODUCTION
Materials that have been using in electromagnetic or
microwave application was explored based on dielectric char-
acteristics. Before the last few decades, those properties were
enough to meet scientific innovation’s challenges until two
great scientists, Sir John Pendry and Victor Veselago [1],
who have set the world alight by inspiring ceaseless curiosity
about ‘‘Metamaterial’’. Unlike conventional material, ‘‘meta
(beyond)-material’’ describes the field of analysis of mate-
rials with negative permittivity (ε) and permeability (µ).
Artificially composite material arranged in periodic struc-
ture shows negative indexed dielectric properties. This con-
cept and experimental demonstrations by smith et al. [2]–[4]
explored a wide range of engineered designs. Conventionally
we identify the material using atomic structure or physical
characteristics. The metamaterial structural unit is rationally
designed to achieve negative dielectric properties and it can
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be customized in terms of shape, size and substrate mate-
rials. Therefore, compared to ordinary material, metamate-
rial properties mainly depend on geometry rather than the
combination ofmaterials.When electromagnetic (EM)waves
enter a material, the electric and magnetic fields may change
the material’s charge distribution and induce electric and
magnetic dipole moments inside the elements. A material’s
responses to the external EM wave radiation are macroscop-
ically depicted by two parameters: relative dielectric permit-
tivity εr and relative magnetic permeability µr . These two
parameters characterize the collective contributions from the
excited dipole moments. Usually, they do not depend on
the size or the shape of the material sample, i.e., they are
homogeneous and inherent properties of a material. Gen-
erally speaking, εr and µr are both positive for most ordi-
nary materials [5]. However, in-depth analysis and state of
the art design using metamaterial concept for microwave
sensing is very promising [6]–[8]. Because Maxwell’s equa-
tion for nanoparticle structure analysis for sensing, dielec-
tric property at zero or negative region is quite significant.

59148 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0002-9541-0664
https://orcid.org/0000-0002-4929-3209
https://orcid.org/0000-0001-8254-1262
https://orcid.org/0000-0003-0744-8206
https://orcid.org/0000-0003-0130-4623


A. Hoque et al.: DNG Metamaterial Reflector Using SOCT Shaped Resonator

Besides, material like graphene has spatial inhomogeneity.
Optical range non-uniform conductivity shows a new direc-
tion of material development. A wide range of research scope
is emerging with the metamaterial reflector based microwave
sensing. Typical sensing has performance limitations in a
harsh environment, which can be mitigated by introducing
metamaterial reflector based microwave sensing since it has
extraordinary material properties. Besides, EM Reflection
in metamaterial affects the evanescent field, depending on
the resonator structure. For sensing application, metamaterial
reflector contributes to EM field interaction between sensing
zone and material under test (MUT) through passive evanes-
cent fieldmodification. Thus, a typical metamaterial structure
got expedite in sensing the intended scattering parameter to
extract the expected sensing element. A wide of literature
is also available in [9] regarding the concept, definition,
and prospectivemetamaterial reflector applications. A similar
approach was followed in most of the reported articles to
explain the reflector’s potentials for numerous applications.

Geometric-phase metasurface [10], [11] demonstrated that
using four arbitrary wavefronts and orbital angular momen-
tum (OAM) mode able to control circularly polarized (CP)
EM wave. The potential applications of such metasurface
are reconfigurable beam antenna and wireless communica-
tion. Optical range vortex beam is another widely explored
metasurface configuration [12] featuring non-interleaved sur-
face structure, integer and fractional momentum wavefront.
Therefore EM wave manipulation would be possible for
the wireless communication system. Furthermore, metalens
performance [13] can be enhanced using the OAM so that
reconfigurable antenna can be realized.

In recent years, symmetric and asymmetric shaped meta-
material resonators without reflection features are widely
used in microwave sensors, such as different liquid or
semiliquid dielectric characterization [14]–[16], industrial
grade oil characterization [17], [18], biomedical fluid param-
eter estimation [19], [20]. The fundamental principle of meta-
material based microwave sensor is to sense the variation
in resonance frequency and notch depth due to volume or
permittivity perturbation of MUT or symmetry disruption
of a resonator for differential sensing. Furthermore, differ-
ent split ring resonator (SRR) with geometrical variations
and lumped components exhibit polarization effect, electric
and magnetic field dipole resonance. These features also
enhance the sensing ability of metamaterial SRR structure in
microwave range [21]–[24]. Noteworthy that, multiple ring
resonator within a metamaterial structure used to achieve
more resonance frequency within the operating spectrum.
But the features come with a limitation of poor capacitive
coupling effect and reduces the sensitivity. Besides, reported
articles [25]–[27] has large geometry since resonating princi-
ple and architecture is based on size of the resonator. There-
fore, prospective application field of the microwave sensors
become incompatible for small scale integration.

In this paper, a balanced inner gap coupled ring with an
outer single split ring resonator (SRR) based metamaterial

reflector has been proposed for C band microwave sensor
application. The proposed structure’s inner ring has a circled
T-shape that makes a balanced capacitively coupled resonat-
ing patch with an outer split O shape. Hence, themetamaterial
structure named as split O circled T (SOCT) geometry. The
double Negative (DNG) region in the resonator has been
found in three distinct frequencies: 5.80 GHz, 6.37 GHz and
6.57 GHz with εr : −6.62, −3.75, −2.17 and µr : −1.98,
−0.73, −4.15, respectively. The novelty of the manuscript is
the resonating structure developed based on the transmission
line principle rather than choosing a random patch structure.
The reason for choosing a microstrip transmission line (TL)
approach rather than a conventional split ring or comple-
mentary split ring or arbitrary parametric design method is
to expedite the wave propagation mode (TEM, non-TEM)
quasi-TEM) supporting. The size of the discrete lumped ele-
ments must be optimized to use multiconductor microwave
circuits. A miniature structure would interact with EM waves
when the lumped elements, i.e., unit cell, have reduced
dimensions compared to operating wavelength. TL deals with
this condition considering the characteristic impedance (Z0)
characterize by the lumped components. Hence, adopted TL
would provide a closer approximation of structure and wave
interaction to justify the reflection and microwave sensing
principle. The TL-based principle is an essential compo-
nent in modern wireless systems. It connects antennas to
transmitters and receivers for impedance matching in mixers
and amplifiers or as resonant elements in oscillators, reflec-
tors, and filters. However, microwave sensing application
of the unit cell reflector structure is another potentiality in
a numerical environment. The analytical approach explores
that the unit cell shows significant resonance shifting with
the variation of seawater salinity. Numerical investigation and
experiment measurement performed for unit cell and array
structure. The proposed SOCT unit cell’s compact geometri-
cal shape (0.62λ × 0.62λ × 0.06λ) and a reflection feature
highlight the potentiality of the structure.

Furthermore, the 5 × 8 array SOCT structure also shows
a significant response to validate the reflection performance.
As a part of microwave sensor potentiality, the unit cell has
been simulated and measured with a dual-port SMA connec-
tion. The scattering parameter performance at this stage is
quite similar to simulation. Hence, a simulated microwave
sensing was executed for water salinity to observe the pro-
posed unit cell’s sensitivity. Organization of the manuscript
completed as after introduction section II describe the meta-
material design approach and methodology with a subsec-
tion for dielectric characterization. Section III describe the
development of design, simulation and measurement. A short
description of sensing ability explains in section IV and
section V summarize the manuscript.

II. METAMATERIAL REFLECTOR UNIT CELL DESIGN
AND METHODOLOGY
Structural properties of metamaterial (MM) are far different
compare to conventional materials properties and MM unit
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FIGURE 1. (a) SOCT unit cell with major dimensions (b) fabricated cell.

cell is more likely to demonstrate as an electric dipole. The
proposed SOCT unit cell is shown in Figure 1(a) with major
geometrical dimensions and Figure 1(b) is the fabricated one.
Before explaining the design approach, a brief theoretical
explanation is stated to understand the unit cell’s unconven-
tional property demonstration. Negative permittivity and per-
meability simultaneously demonstrate by the MM structure.
The primary characterization principle of any resonator is
identifying the changes in transmission (S21)/reflection (S11)
coefficients. These changes in S21 and S11 induced sensing
parameter variations like dielectric value changes, permittiv-
ity, permeability, or refractive index variation. So, let’s focus
one by one on those parameters mathematically to extract the
proposed structure effective medium characteristics. Effec-
tive medium parameter of the MM follows equation (1) for
demonstrating Magnetic and Electric field rather than taking

conventional field equation [14]

Bave = µeff µ0Have and

Dave = εeff ε0Eave (1)

where symbols have the usual meaning. Now, flux densities
related to E and H field using Maxwell’s equation (integral
form) are ∫

C

H .dI = 0+
∂

∂t

∫ ∫
S

D.dS and

∫
C

E .dI = 0−
∂

∂t

∫ ∫
S

B.dS (2)

The surface of the proposed unit cell structure calculates
the integral function along the geometrical dimensions.
Besides, inhomogeneous rapid variation of the magnetic field
shows EM wave propagation strength through the unit cell.
For homogeneous field distribution normally, permittivity
becomes unity whereas equation (2) represents different dis-
tribution function of H and B. Hence, µeff become sig-
nificantly altered. The dielectric properties of the proposed
reflector structure extracted from conventional S-parameters
response [28], [29], which led to possible uncertainties
according to considered material characteristics and sample
length. Moreover, the mutual effect on the complex dielec-
tric parameters from the substrate and reflector stripline LC
equivalent circuit is quite significant. The subwavelength
dimensionmentioned in the earlier section creates an inequal-
ity or inconsistency in spatial dispersion and therefore,
we consider the weak spatial dispersion. Hence, a general
idea of homogeneous field distribution for composite media
and polarization-dependent metamaterial structure, we can
avoid the product of wave vector (k) and dimension (d) of
patch layer particle [30]. So, we can express the propagated
wave as {

∂

∂x2
+

∂

∂y2
+ (k2 − βz)

}
Ez = 0 (3)

where the z-direction is the wave propagation path, βz is
phase constant when E filed propagation is null (bound-
ary condition). For this, the wave vector needs to satisfy,√
k2(βx , βy, 0)+ β2z which is contradictory for any EMwave

with normal mode propagation conditions. The single ordi-
nary EM wave has positive and negative values, which is
the only possible condition when the wave vector (k) in
equation (3) is second-order polynomial. Hence, dielectric
properties can be extracted for an anisotropic medium using
the S-parameters from the unit cell reflector. The proposed
unit cell permittivity (axial component) chosen as

ε(k, βz) = εh(1−
k2p

k2 − β2z
)

where εh is the permittivity of the substrate or host medium,
kp is the artificial frequency formed by patch structure and
medium.
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TABLE 1. SOCT unit cell dimension with major geometrical parameters.

However, the unit cell’s subwavelength dimension is
designed by Finite Integration Technique (FIT) based on
commercially available CSTMicrowave studio software. The
Rogers RO4350B substrate of 1.524 mm thickness with a
0.035 mm copper patch layer is used to realize the struc-
ture; the dielectric constant is 3.48, loss tangent is 0.0037.
RO4350B is a glass microfiber reinforced PTFE composites
aligned for exacting stripline and microstrip high-frequency
circuit applications. The patch structure developed on top
of the substrate based on Copper (Cu) (thickness 0.035mm)
using standard PCB fabrication procedure. The proposed
unit cell consists of two balanced ring resonators. As per
the literature studied, instead of the square shape, a circu-
lar patch was chosen to avoid the bianisotropic behavior
and cross-polarization effect from the metallic rings [31],
[32]. The chemical etching process realizes the conductive
patch pattern in the top layer and round shape ground plane.
Table 1 depicts the proposed microwave reflector unit cell
physical dimensions.

III. DESIGN EVOLUTION, SIMULATION AND
MEASUREMENT
The gradual development of design in a sequential step fol-
lowed to optimize the structure. The reflection (S11) and
transmission (S21) parameter in dB scale has been analyzed
for the design evolution. Figure 2(a,b) illustrates the per-
formance of the parameters. It is evident that throughout
the step by step process of inclusion of resonating patch,
the transmission coefficient becomes more dominant rather
than the reflection coefficient. For example, design-1 and
design-2 separately introduce a split ring, but the scattering
parameter’s impact is not significant. Besides, design-3 and
design-4 contribute to the individual arrangement with the
outer patch, especially at the X band. Finally, combing the
inner and outer split patch demonstrates a comparatively good
response for S11 and S21 in magnitude (dB).

CSTMicrowave studio frequency-domain solver was used
to perform the proposed unit cell and array structure simula-
tion. Figure 3 shows the perspective view of the simulation
setup. Both structures are placed between positive and nega-
tive Z-axis waveguide ports to excite the resonating structure.
The Electric and magnetic field is placed at the X and Y axis,
respectively, for creating transverse electromagnetic propa-
gation. Reference axis used during placement of waveguide
port for optimal excitation of field. Additionally, tetrahedral
mesh with adaptive mesh refinement technique was adopted
to perform the simulation. During free space propagation,
an approximate impedance of 377� considered due to the
substrate’s dielectric characteristics.

FIGURE 2. (a) Reflection (S11) coefficient (b) Transmission (S21)
coefficient of the proposed unit cell resonator (c) Affect of unit cell size
expansion on S21.

After transverse mode, EM wave propagation through the
unit cell, the scattering parameter from both port become
available for further reflection analysis and characterization.
Simulation and measurement have adopted the same charac-
terization process: the Nicolson-Ross-Weir (NRW) method
[33]. The method receives the S-parameter from the sim-
ulation or measurement facility through a vector network
analyzer while placing the MUT between two waveguide
ports. The details of the extraction method of NRW are
available in the literature [33] and therefore proceed to
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FIGURE 3. Boundary condition for the unit cell simulation.

measurement steps. Figure 4 shows a schematic of the mea-
surement setup using the PNA N5227A Microwave network
analyzer. The analyzer is connected through a coaxial cable
to two waveguide ports. Before starting the measurement,
the analyzer is calibrated using an N4694-60001 calibration
kit between 1-8 GHz.

Overall unit cell size was studied numerically from 50% to
90% extension and showed shifts in the resonance frequency
(Fig. 2c). Obviously, the resonance frequency at the intended
frequency band will expedite the metamaterial property devi-
ation. The metasurface or dielectric properties of the unit
cell extracted using the NRW method entirely depend on
transmission and reflection parameters. Besides, the electri-
cal wavelength of the unit cell depends on λ at the correspond-
ing operating frequency. As the size increases, the anisotropy
property also changes and affects the EM wave propaga-
tion. Hence, the unit cell is proposed with the geometrical
dimension as well as array structure.

MUT is measured by placing between two waveguide
ports within close contact to avoid or minimize air dielectric
effect, undesired EM wave interference. Figure 4 shows the
schematic diagram of waveguide port based SOCT measure-
ment set up. A time gating function [34] from the network
analyzer was used to ensure the measured signal reflected
from the proposed reflector. The right-angle adapter has a
dimension of 38mm × 38mm × 30 mm with a rated the-
oretical insertion loss of 0.25 Max. and VSWR 1.25. The
guide opening dimension is 19.05mm × 9.52 mm for wave
propagation. The wave passes through the waveguide port
and interacts with MUT.

Parametric response shows (in simulation) triple resonance
shown by the transmission and reflection coefficient as the
EM wave penetrates the unit cell. Mathematical and phys-
ical explanations in this section using the spatial disper-
sion phenomenon would be helpful to understand. Hence,
the proposed SOCT substrate stands with a multiplier, and
eventually, most field components (either E-field or H-field)
cannot dominate the propagation. Furthermore, the equiv-
alent circuit model (Figure 5a) elucidates that dominating
the inductive and capacitive components exists at the cen-
ter and on the outer ring split gap. However, Figure 5b
shows the approximation of the equivalent circuit in terms of

FIGURE 4. Schematic diagram of measurement set up of the proposed
SOCT unit cell.

FIGURE 5. (a) Equivalent circuit model of the proposed SOCT unit cell
(b) S21 response compare with CST, ADS, measured and HFSS analysis for
unit cell.

transmission coefficient. The transmission line principle
based circuit for the proposed SOCT unit cell RF response is
quite similar compare to CST, Measured and HFSS analysis.
The RF response of the circuit was evaluated using Advanced
Design System (ADS) software. Thus, the exciting power
and current distribution can be well approximated using
the equivalent circuit model. Especially, the connected edge
patch shows a strong electric field due to a steady charge
carrier path (Figure 6a), and unit cell reflector inner and
outer slots are responsible for consecutive other resonance
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FIGURE 6. Distribution of (a) electric field (b) magnetic field (c) Surface current at three distinct resonance frequency.

frequency response regarding the fields. On the contrary,
the H field (Figure 6b) at the same resonance point illus-
trates almost homogenous field distribution. Bianisotropic
resonator structure of the proposed unit cell reflector radiates
the field components following the ‘Helmholtz equation,’
and therefore, the field’s strength gradually becomes weak.

Moreover, a mutual coupling of patches moderately accepts
individual fields at the center of SOCT, which accelerates
resultant H-field orientation.

The surface current distribution has a significant effect
shown in Figure 6c follows the transmission line component
using microstrip form. Close observation in reflection (S11)
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FIGURE 7. Power distribution in unit cell SOCT.

co-efficient demonstrates antisymmetric dominating current
distribution at the microstrip line. Hence, an equivalent mag-
netic dipole moment creates a surface current loop and is
responsible for the unit cell’s artificial magnetism. Therefore,
such a resonance is referred to as magnetic resonance, like
Figure 6b.

Power loss density in the proposed absorbing unit present
in Figure 7 at the same resonance frequency. The distance
of power flow is dense in the transmission line region as the
electric field is fed to the transmission line, and then it tends to
reduce in the patch aperture area as distance increase from the
feed. At the center of the unit cell feeding amount is stronger
rather than a peripheral patch.

In waveguide port, amplitude, this power depends on the
mode. For N excitation modes, stimulated power at the port
is

Ps(port) =
1
2

N∑
n=1

(A)2n (4)

where Ps(port) is stimulated power at the port, and A is
the amplitude of this time-harmonic excitation for ports and
plane waves is constant across all frequencies (typically ‘1’).
Hence, the proposed unit cell simulated power is 0.5W
(according to simulation setup). Figure 7 depicts this stimu-
lated power (Psim) is unchanged over the frequency spectrum.
Now, the real part of complex average power (PCA), which is
applied to the unit cell in Z -direction (positive) is given by

PCA = Re

1
2

∫
A

EE × EH .zdz

 (5)

Equation (4) is also valid for port 2 (negative Z -direction),
and it describes the net energy flow into the unit cell at a
specific port. By using simulated mode (TE11 and TM11)
in the proposed unit cell waveguide port, calculate for each
mode, hence accepted power per port, also calculated by the
software. Accepted power (PA) and outgoing power (Po) have
identical but opposite magnitude of each other since the unit
cell power concentrated more on X band rather than lower
band operation.

FIGURE 8. (a) Relative permittivity (b) Relative permeability (c) Refractive
index using the DRI method (d) Phase variation in different EM mode
(e) Polarization conversion ratio (PCR) with reflection performance.
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FIGURE 8. (Continued) (a) Relative permittivity (b) Relative permeability
(c) Refractive index using the DRI method (d) Phase variation in different
EM mode (e) Polarization conversion ratio (PCR) with reflection
performance.

A. SOCT CHARACTERISTICS ANALYSIS
As stated earlier, boundary condition (for simulation) and
waveguide port in simulation and measurement applied to
extract the s parameter after EM wave propagation. The
reflection (S11) and the transmission (S21) coefficient are
scattering parameters to identify the characteristics of the
unit cell concerning Electromagnetic (EM) field interac-
tions within the targeted frequency range. Figure 2(a,b)
shows transmission and reflection characteristics in the
simulated spectrum. The real and imaginary part of
S11 and S21 presents over X band with triple reso-
nance point. The NRW method to calculate the refractive
index [28]

S21 = js0S11M where, s0 = ±1 andM =

√
1−|S11|2

|S11|2

The above scattering parameter relationship depicts an
unchanged magnitude with polarity change. Hence traveling
EM wave in a unit cell gives no identical value despite polar-
ization angle shifts from −π to +π . Eventually, expecting a
metamaterial property on those fluctuating points. Though
the proposed SOCT unit cell demonstrates strong DNG
(Double Negative) at three resonance frequencies
(Figure 8a,b).

Besides, the phase difference (Figure 8d) in TE and TM
mode shows a minor effect on the SOCT unit cell. But the
phase difference between 5-8GHz is quite the opposite trans-
mission signifies that a major wave variation occurs at that
range. That’s why the polarization conversion ratio (PCR)
for E-field and H-field compared with the X and Y axis
(Figure 8e). Unfortunately, the dependency on axis variation
of field is quite impactful on reflection performance. On the
other hand, an array of 5×8 SOCT simulated andmeasured to
observe the s parameter performance. Though in simulation
S21 has significant changes in resonance frequency shift but
in measurement magnitude variation is relatively high due
to the free space measurement error (Figure 9a-c). Further
analysis of the simulated and measured data deviation found
possible explanation such as-

FIGURE 9. 5 × 8 array structure of the proposed SOCT resonator (a)
Simulated (b) Fabricated structure (c) Simulated vs. measured S21
(d) Dispersion diagram of the unit cell.

1. During measurement, the coaxial cable connecting the
excitation port horn antenna and network analyzer used
four (4) male to female adaptors in two 2W SMA con-
nectors. The cable length (5m) was relatively excess due
to the distance between the antenna holder (inside the
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anechoic chamber) and the VNA. Therefore, the losses intro-
duced by the impedance should be comparatively high than
usual. Measured Impedance bandwidth for the array struc-
ture was gradually increasing with the transmission value.
Hence, resonance frequency at the expected frequency point
represented lower magnitude and shifted.

2. Before the measurement was conducted, calibration
shows that reflection and transmission reference planes
shifted between−10dB to−12 dB, whereas an ideal situation
should be around 0dB reference plane. So, the transmission
coefficient measured response shows a deviated response in
terms of magnitude.

3. Array structure measurement requires proper incident
angle, alignment and material position on the sample holder.
The 5 × 8 array structure transmission parameter mea-
sured only line of sight (LOS) rather than a variation of
angle. Therefore, the operating wavelength may become
unreliable in the vicinity of 5-8 GHz and shows a discrep-
ancy for S21. However, the resonance frequency existence
with shifted point represents some reflection potential in an
array structure.

TE and TM mode’s dispersion characteristics are already
described in Fig. 8d to identify the first Brillouin Zone of the
proposed unit cell structure. A similar analysis was performed
during ‘Eigen Mode solver’ with CST Microwave Studio
2017. The solver chose the Hexahedral mesh and Jacoby
Davidson Method (JDM). Two separate modes (1 and 2)
were analyzed for a specific number of the structure’s lowest
resonance. Since only the fundamental mode is expected,
the number of modes reduced to ‘1’ and faster calculation
JDM was selected. The horizontal axis in Fig. 9c represents
the phase difference along Brillouin zone boundaries. The
vertical axis identifies the frequency gap i.e. bandgap. The
bandgap identifies the fundamental mode operation along
the propagation direction. Both mode 1 and 2 tries to become
equally aligned between 120 to 180(deg.) approximately. But
the corresponding fundamental frequency ranges between
2.5 to 6.9 GHz i.e., bandgap 4.4 GHz for fundamental mode
operation, which is a bit high. Consequently, any propa-
gation between this bandgap would be lossy in terms of
phase deviation.

IV. SENSING ANALYSIS
The proposed SOCT unit cell simulated and measured S
parameter comparatively high magnitude inspired to apply
the resonator in the microwave sensing application. A sharp
resonance frequency with high Q factor and multiple notch
at resonance is very potential for liquid sensing for sensing
application. Therefore a conceptual analysis is performed in
the simulation where a circular shape fluid channel crosses
over the outer SRR illustrated in Figure 10a. An inlet and out-
let syringe pump can be deployed to clear out the liquid after
passing through the split (sensing zone in Figure 10a). Two
SMA port excitation with 50� characteristics impedance
placed between two edges of the SOCT unit resonator. During
simulation, different type of water (as a liquid) passes through

FIGURE 10. Simulation setup of the proposed SOCT resonator (a) Sensing
performance analysis (b) S21 (dB) performance for different type of water
as a liquid sensing analysis (c) S21 (dB) performance for salinity of
seawater.

the sensing zone and among other sample seawater and nor-
mal water shows quite a goodmagnitude (Figure 10b). There-
fore, the salinity of seawater simulated for potential impact
on S21. Normal seawater salinity depends on the number of
factors such as geographical location, sea level, amount of
nitrogen and phosphorus etc. For simplicity, the simulated
seawater available in CST is taken into consideration and
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TABLE 2. Comparison between the proposed metamateial and related
reflector for sensing.

it can be changed from 50 to 90 for εr and correspond-
ing conductivity ranges 3.0-3.55 S/m (Figure 10c). Hence,
five (5) sample seawater varying the parameter, a numerical
response of S21 observed on the proposed SOCT resonator.
An interesting dual notch shifting in resonance frequency in
samples 2-5 explains that seawater’s increasing conductiv-
ity shifts the resonance to the right side. The further sam-
ple seawater experiment may demonstrate a more precise
response with the proposed SOCT structure for microwave
sensing.

Table 2 illustrates the proposed unit cell resonator’s com-
parative view with other reported articles in relevant applica-
tions. Most of the authors reported absorption without sens-
ing [31]–[36], whereas the proposed unit cell simultaneously
demonstrated the reflection and sensing ability. Therefore,
with further precise development and analysis, the resonator
cum sensor would be a potential candidate for liquid sensing.

V. CONCLUSION
In summary, a miniature structure metamaterial resonator is
proposed. The proposed structure triple fractional bandwidth
reflection above 90% in simulation, whereas measured s
parameter shows a quite highmagnitude response. The reflec-
tor’s complex structure ensures perfect metamaterial property
with a minimal value of backward propagation (DNG at
5.8 GHz, at 6.37 GHz, and 6.57 GHz) for modified dielectric
characteristics lead to perfect EM reflection. Besides, water
salinity’s sensing ability through metamaterial reflector may
have other potential prospects in various commercial prod-
ucts in the X band. Large-area applications for remote sensing

because it shows potential sensing capability to moisture
content using a low-cost solution.
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