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Metamaterial sensor based

on rectangular enclosed

adjacent triple circle split ring
resonator with good quality factor
for microwave sensing application

Md. Rashedul Islam®™, Mohammad Tariqul Islam***, M. Salaheldeen M.?, Badariah Bais'*’,
Sami H. A. Almalki3, Haitham Alsaif* & Md. Shabiul Islam?®

In this article, a novel shaped metamaterial sensor is presented for the recognition of various oils,
fluids, and chemicals using microwave frequency. The performance of the designed sensor structure
has been studied both theoretically and experimentally, and it works well. A new sample holder for
convenient operation is created and located just behind the designed structure. The results of this
study performed better than those of prior liquids sensing studies. Various designs were explored
using the Genetic Algorithm (GA), and it is embedded in the Computer Simulation Technology (CST)
microwave studio, to optimize the optimal dimensions of the resonator. The suggested metamaterial
sensor has a good-quality factor and sensitivity in both frequency shifting and amplitude changing.
The resonance frequency shifted to 100 MHz between olive and corn oils, 70 MHz between sunflower
and palm oils, 80 MHz between clean and waste brake fluids, and 90 MHz between benzene and
carbon-tetrachloride chemicals. The quality factor of the sensor is 135, sensitivity is 0.56, and the
figure of merit is 76 which expresses its efficient performance. Furthermore, the proposed sensor can
sensitively distinguish different liquids by using the frequency shifting property. The study was carried
out in three stages: dielectric constant (DK) measurement with the N1500A dielectric measurement
kit, simulation of the structure, and experimental test study with the vector network analyzer. Since
the recommended sensor has high sensitivity, good quality factor, and excellent performance, hence it
can be used in chemical, oil, and microfluidic industries for detecting various liquid samples.

Metamaterials (MTMs) are artificial materials that are utilized to control and manipulate electromagnetic (EM)
waves, sound, and other physical phenomena in unusual ways other than regular materials by utilizing the
structure’s natural properties. Following the experimental discovery of negative permittivity and permeability
properties of metamaterials, scientists proposed various uses*?. In 2006, the "Invisibility Cloak" was sparked,
and more cloaking research has been carried out since then. Energy harvesting applications have been created
using microwave metamaterial absorbers. There were also several metamaterial-inspired antenna applications
designed for specific uses. In addition to these investigations, metamaterial sensor research has been produced
for a variety of applications and objectives. Biosensors®=>, absorbers®®, antennas’'?, energy harvesting'*!*, micro-
wave sensors'>!¢, and microwave lenses are some of the uses of MTMs. The design of the MTM-based sensor has
gained a lot of interest from researchers in the field of microwave sensors!'”'%. Using the finite element method
(FEM) and finite integration technique (FIT) simulation tools, different attractive designs and architectures
can be made possible to improve the MTMs sensor’s sensitivity. The information of permittivity can be broadly
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used for emerging sensors in microwave frequency. MTM sensor gives the different resonant frequencies due
to capacitance change since the capacitance affects the dielectric constant of the sample in the sensing region.

An oval-shaped MTM sensor is described" for measuring glucose intensity in an aqueous mixture. The sen-
sitivity of the sensor was calculated to be 0.037 GHz per 30 mg/dL solution of glucose. A labyrinth-shaped MTM
is illustrated®, for sensing the oil quality. The operating frequency is 2-6 GHz, frequency shifted to 40 MHz and
— 1.5 dB amplitude changed. A microfluidic sensor is presented?' for the sensing of ethanol chemicals. Ethanol
concentration for this sensor is 0-100%, where the resonant frequency shifted from 10.42 to 11.46 GHz. Double
negative (DNG) metamaterial based on V loaded CSSRR resonator is presented?, for the applications of radar
and Wi-Fi. The size and effective medium ratio (EMR) of the study are 8 x8 mm?, and 13.11. A novel MTM
based hypersensitized sensor is presented®, for detecting different liquids. The sensor works within the 1-8 GHz
frequency and the frequency shifted to 63 MHz with a — 0.9 dB magnitude change for clean and waste samples.
Absorbers based on graphene are discussed* for various applications. Absorber sensors are one of them, and
they may be used in biosensors to detect hemoglobin and urine biomolecules, moisture detection, and medical
applications by utilizing graphene’s tuning characteristics.?, a graphene-based biosensor with an SRR metasur-
face is discussed for sensing hemoglobin or urine biomolecules. This graphene-based biosensor’s high sensitivity
tunable properties could be useful in medical applications for detecting urine and hemoglobin biomolecules.
In?, a highly sensitive surface plasmon resonance (SPR)-based sensor with a circular polycrystalline air holes
structure is proposed for alcohol detection, with higher performance. In this study, various alcohol series such
as ethanol, methanol, butanol, propanol, pentanol, and phenol are used and showed the sensing performance.
Another MTM based sensor incorporating a transmission line is demonstrated?, for the detection of pure and
adulterated diesel. The operating frequency range was 8-12 GHz, the amplitude change was —2.5 dB, and the
frequency shifted to 60 MHz. An oval wing MTM is presented?, for chemical recognition. The frequency shifted
to 120 MHz with a magnitude change of — 3.2 dB in the study. A Chiral MTM is presented®, for the sensing of
microfluidic and fuel contamination. The resonance frequency is shifted 60 MHz with a —8.50 dB amplitude
change for the pure and 5% mixing gasoline samples. Split ring resonators are the most prevalent metamaterial
resonance structure, and they can be merged with either a microstrip structure or a transmission line to measure
the dielectric characteristics of liquids®*-*2. A 60 MHz resonance frequency shift MTM sensor was demonstrated*
for measuring the liquid’s dielectric characteristics. The sensitivity of this structure is high, but the quality factor is
moderate. For biological applications in real-time glucose detection, an active SRR is presented*. The structure’s
operating frequency is 1.156 GHz, and its Q-factor and sensitivity are also high. A novel microwave sensor is
demonstrated*® for vanadium electrolyte sensing, where its resolution is very high. The sensor is not in direct
contact with the electrolyte in this approach, hence temperature and displacement dependencies are reduced.
Furthermore, because of the little maintenance required as a result of the contactless measurement, this low-cost
design provides a long-lasting sensing platform.

In’*¢ demonstrates the use of an MTM sensor to detect various oils. For dirty and clean transformer oils, the
resonance frequency was altered to 70 MHz, while for olive oil and corn oil it was shifted to 50 MHz. A portable
sensor with high efficiency is described®, for detecting branded and unbranded fuel samples. The resonance fre-
quency shifted 72 MHz with a reflection magnitude change of —4 dB for branded and unbranded diesel, whereas
the frequency shifted 12 MHz with a reflection magnitude change of — 6 dB for branded and unbranded gasoline.
A transmission line-based MTM is presented™, for defining original and adulterated gasoline samples. This
sensor was able to discriminate between genuine and adulterated diesel samples with a 50 MHz frequency shift.
According to a review of the literature, metamaterial-based sensors can be used in a wide frequency range***
and for a variety of materials, including solid dielectrics, liquids, gases, and biomolecules**~*2. A sensitive MTM
is expressed®, for the distinction between original and adulterated fuel samples. The resonance frequency is
shifted 100 MHz with the reflection magnitude change of — 10 dB. Three rhombus MTM sensor is discussed**
for fuel sensing, but the sensitivity and quality factor are low in this study. In*, a meander line metamaterial-
based sensor for polypropylene detection is demonstrated. The overall performance of this sensor was moder-
ate. MTM absorber-inspired sensor is presented*®, for detecting the liquid chemicals changing on the electrical
characteristics. The quality factor and the sensitivity of the sensor are not sufficient. An omega shaped sensor is
explained?, for industrial applications. The sensor works within 8-12 GHz frequency, 70 MHz frequency shifted
for clean and waste transformer oils, and the Q-factor is moderate. Another MTM sensor is described*® to detect
the liquid chemicals. The quality factor and sensitivity are moderate in the study.

In this study, a new MTM sensor based on adjacent triple circle SRR shaped with a quality factor is conceived
and analyzed. We have investigated the width of the resonator, the gap of the split, radius of the circle, sample
holder thickness, and substrate size for the recommended MTM sensor. Various samples have been detected
and gained high sensitivity and good quality factor. The proposed sensor can identify various types of liquids
such as oils, fluids, chemicals, adulterated mixtures with quality factor, high sensitivity, superior accuracy, and
high figure of merits which are the extra features of the sensor. We have designed a novel sample holder to show
the superior accuracy of the sensor. Also showed a better performance of the proposed sensor than the other
reported MTM sensor (in Table 2). The quality factor, sensitivity, and figure of merits of the sensor are 135, 0.56,
and 76 respectively. The reflection coefficient parameter which is directly affected by the dielectric constant of
the samples placed in the sensor layer is used for analysis and recognition in this study. The organization of this
article is as follows: design and analysis of the structure are presented in “Design and analysis of the structure”
Parametric analysis of the metamaterial sensor is described in “Parametric analysis of the metamaterial sensor”
Results and discussion are presented in “Results and discussions”, and the conclusion is presented in “Conclusion”
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Figure 1. (a) Main construction with sizes, (b) perspective position of the MTM-based sensor. (CST STUDIO
SUITE 2019, https://www.3ds.com/products-services/simulia/products/cst-studio-suite)™.
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Figure 2. Design of MTM-based sensor: PEC-PEC open add spaces boundary conditions.

Design and analysis of the structure

Figure la,b indicates the unit cell dimension and perspective position; it is well-suited for the waveguide
(X-band). The whole length and width of the MTM sensor are 22.86 and 10.16 mm respectively, which is
compatible with the X-band waveguide. The substrate material is flame retardant (FR-4) and the resonator is
copper. On an FR-4 substrate with a thickness of 1.5 mm, a dielectric constant of 4.4, and a loss tangent of 0.02
the design is started. On both sides of the substrate, there were copper layers with a thickness of 0.035 mm. The
sample holder is made of the polypropylene layer having a thickness of 1.5 mm, DK is 2.4, and the loss tangent is
0.004. The parametric analysis and the Genetic Algorithm (GA) approach were used to determine the required
dimensions of the triple circle split SRR and the overall proposed structure. The GA approach was a built-in
function inside the CST software*’, which can be used to obtain the optimum result. A stochastic exploration
technique acting on the tenets of pure genetic systems is a Genetic Algorithm. It operates a search to deliver the
best possible result to an optimization issue for the condition function.

The goal of achieving waveguide measurements in the simulation procedure for the designed structure with
the effective size is to apply different boundary conditions. Because of the side-wall waveguide’s metallic com-
position, it is appropriate to take the boundary requirements into justification, containing free space, periodic
distribution, perfect electric conductor (PEC)/perfect magnetic conductor (PMC), and PEC. In the z-axis, the
normal incident electromagnetic wave is used, whereas in the x- and y-axes, the perfectly electrified boundary
condition is applied as shown in Fig. 2.

The design procedure of the suggested metamaterial sensor is depicted in Fig. 3a. The reflection coefficient
(S11) for the various resonator designs of the MTM sensor are presented in Fig. 3b. All the circles had the same
radius, and their value is 5 mm. When one circle is placed in the left corner of the selected substrate, then the
value of S11is —10.75 dB at 9.97 GHz frequency, which is shown in step 1. In step 2, the circle is placed in the
middle position on the substrate, then the gain of Sy is —22.04 dB at 9.95 GHz frequency. When two circles
are placed in the left and middle positions of the substrate, then the magnitude of Sy is —27.28 dB at 9.57 GHz
frequency, which is shown in step 3. At 9.92 GHz, the magnitude of S1;is —20.94 dB when two circles are put in
the left and right corners of the substrate, shown in step 4. At 9.50 GHz, the magnitude of S11is —23.13 dB when
three circles are put in the left, middle and right locations of the substrate, shown in step5. In the final step three
circles are placed in the left, middle, and right positions of the substrate, and the rectangular has covered them,
then the magnitude of S is —23.87 dB at 9.46 GHz frequency.

Figure 4 represents the frequency versus S1; graph for the different resonator structures. There are five resona-
tor structures used to design the proposed sensor. The magnitude of Sy is —23.87 dB at 9.46 GHz for structure 1,
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Figure 3. (a) Design procedure (b) Reflection coefficient (S11) for various design steps.
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Figure 4. Frequency versus S1; graph for the different resonator structures.
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Figure 5. E-field distribution for the proposed MTM sensor.

Figure 6. Distribution of surface current distribution for the sensor.

—13.21 dB at 10.33 GHz for structure 2, —9.29 dB at 11.63 GHz for structure 3, —9.73 dB at 8 GHz for structure
4,and —17.60 dB at 10.06 GHz for structure 5. The performance of structure 1 is better than others, so structure
1 is selected as a resonator pattern.

At the resonance frequency of 9.46 GHz, the electric field distributions for the air are largely concentrated at
the resonator surface shown in Fig. 5. The electromagnetic field is known to be able to travel across conductive
cables. The field should be in transverse electromagnetic (TEM) mode, which means that the electric field is
turned off. The distributions of electric field and surface current are also investigated to understand the designed
sensor’s theory. Changes in the electric field and surface current distributions provide information about the
device’s energy contained and losses.

Figure 6 shows the circulation of surface current at the resonance frequency of 9.46 GHz. Surface current
is more concentrated on the circle in the directions of clockwise and anti-clockwise. Furthermore, additional
currents are dispersed on the left and right sides of the resonator, which regulates the electrical and magnetic
responses. At the resonance frequency, the current concentration is equally in all circles. For the recommended
structure, the existence of an electric dipole that creates a resonance event is demonstrated by the simulated
surface current distribution.

Figure 7a,b represents the capacitive and inductive segments and equivalent circuits of the designed MTM
inspired sensor. The resonator can be represented by a total inductance (L;) and capacitance (C;). The resona-
tor gaps denoted by the Cg, so the resonator can behave like a LC model. Liquid samples with varying electrical
characteristics can reduce the capacitance of the sensor layer (C;) on the backside of the structure. The sensor
layer’s capacitance (C;) is shown in the following equations*®

Cs = (44 = g) Cpu (1)

Scientific Reports |

(2022) 12:6792 | https://doi.org/10.1038/s41598-022-10729-4 nature portfolio



www.nature.com/scientificreports/

0 0 . . :
104 104 ik
1] Q E
-g c Lt
£ 2041 - i " Enlarged
= o 5 = =20 3 view i
3 1 i o :
@ i =8 JY 2 1900 L F
301 — — w=05mm —--w=0.6mm - = g=0.3mm — - —-g=0.4 mm
——w =0.7 mm(Proposed) -304 ——g=0.5 mm (Proposed) 1
40 =---w=0.8 mm oo w =0.9 mm =---g=0.6 mm oo g=0.7 mm
8 9 10 11 12 8 9 10 11 12
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 8. Effect on the resonance frequency for the change of (a) resonator width, and (b) resonator split gap.

here, A is the average resonator dimension, g is the gap of the split, and C, is the capacitance per unit length.
Cpui can be computed as’!

Cpul = 5 (2)

where, ¢ is the free space light speed and Zj is the line impedance. So, the structure’s total capacitance can be
expressed as,

C=Co+Co+Cs (3)

here Cy is the free space capacitance effect, Cg is the capacitors for the gap, and C; is the effect of the sample’s
capacitance put within the sensor layer. The value of C; can be varied for various samples, because of variations
in the complex dielectric permittivity characteristics that can be stated by*

o N
Esample = Ssample ]Ssample (4)

where, €/, ple 18 the real part and & m ple 18 the imajinary part of permittivity.

The resonance frequency of the suggested structure can be determined using the following equation,
£ = 1
T 2 A/ LtCt (5)

here, L is the structure’s overall inductance. It is clearly shown that the f; is inversely proportional to the L; and
C; of the recommended resonator. So, the inductor and capacitor play an important role in defining the sensitivity
of the sensor. It is mentioned that the basic operation of the sensor structure is correlated to the interaction of
the resonator and the sensor layer.

Parametric analysis of the metamaterial sensor

The reflection coefficient (S11) and resonance frequency (f; ) are changing with the change of parameters i.e.,
resonator width (w), split gap (g), circle radius (r), sample holder thickness (SHT), substrate size (SS), and
substrate material. In Fig. 8a the f, was more affected by the resonator width of the suggested sensor. In this
MTM-inspired sensor, five different resonator widths have been used. If w=0.5 mm, the Sy value is —19.76 dB
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Figure 9. Effect on the resonance frequency for the change of (a) circle radius, and (b) sample holder thickness.
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Figure 10. Effect on the resonance frequency for the change of (a) substrate size, and (b) substrate materials.

at f,=9.18 GHz. For w=0.60, 0.70, 0.80. 0.90 mm, S;;=-20.73, —23.87, —26.21, and —27.76 dB at f,=9.34, 9.46,
9.62, and 9.77 GHz, respectively. The proposed MTM structure has a width of 0.6 mm.

The effect of the various gap of split on the f, as depicted in Fig. 8b. If the split gap g=0.3 mm, then the Si;
value is —22.34 dB at fy=9.41 GHz. For g=0.4, 0.5, 0.6, and 0.7 mm, the values of S, are —21.84, —23.87, —23.21,
and —23.51 dB at f,=9.43, 9.46, 9.49, and 9.52 GHz, respectively. A split gap of 0.5 mm has been selected for
the designed MTM sensor.

The effect of circle radius (r) on the f; is shown in Fig. 9a. When taking the r=2.1 mm, the value of Sj; is
—-33.69 dB at f,=10.35 GHz. For r=2.2, 2.3, 2.4, and 2.5 the values of S;; are —28.39, —23.87, —20.94, and
—18.26 dB, at £,=9.91, 9.46, 9.08, and 8.63 GHz, respectively. For the designed MTM sensor, a circle radius of
2.3 mm was used.

The f; is changes for the change of sample holder thickness (SHT), which is presented in Fig. 9b. For the
SHT =8, the magnitude of Sy is —21.08 dB at f,=9.45 GHz. If the SHT =9. 10, 11, 12 mm, then the magnitude
of §y; is —22.35, —23.87, —26.18, and —26.31 dB at f,=9.46, 9.46, 9.47, and 9.48 GHz, respectively. The sample
holder’s size was set to 10 mm.

The substrate size’s (SS) effect on the f, is shown in Fig. 10a. When taking the SS is 22.36 x 9.66 mm?, the
value of S1; is — 24.40 at f,=9.5 2 GHz. For the 22.86 x 10.16 mm? SS, the value of $1; is — 23.87 at f,=9.46 GHz.
If the SS is 23.36 x 10.66 mm?, then the value of S is —23.17 at f,=9.45 GHz. Since the substrate size is directly
proportional to the dielectric constant and f, is inversely proportional to the dielectric constant hence when SS
is increased f, is decreased. Excitation is given through waveguide WR90 (90WCAS with SMA female output)
attached on both sides to measure the reflection response (Si1). 22.86 x 10.16 mm? is the guided opening, so the
SS of our designed MTM sensor is 22.86 x 10.16 mm? has been chosen.

Figure 10b depicts the effect of the substrate materials on the resonance frequency. There are five substrate
materials used to design the proposed sensor, these are FR-4, Polyimide, Rogers RO3010, Rogers RO4350B, and
Rogers RT5880. The DK, LT, and thickness are 4.3, 0.025, and 1.5 for FR-4, 3.5, 0.0027, and 1.5 for Polyimide,
11.2, 0.0022, and 1.45 for Rogers RO3010, 3.66, 0.0037, and 1.524 for Rogers RO4350B, and 2.2, 0.0009, and
1.575 for Rogers RT5880. The magnitude of Sy is —23.87 dB at 9.46 GHz for FR-4, —7.15 dB at 10.25 GHz for
Polyimide, —5.48 dB at 10.44 GHz, and — 5.42 at 11.45 GHz for Rogers RO3010, —9.75 dB at 9.99 GHz for Rog-
ers 4350B, and —4.72 dB at 8 GHz for Rogers RT5880. The performance of the FR-4 substrate material is better
than others, so FR-4 is selected as substrate material.
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Figure 11. (a) S;; graph for the different patterns of the circle split rings, (b) equivalent circuit for the split
circle in the same direction.
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Figure 12. Measurement setup for the DK and LT of different samples using the N1500A dielectric probe kit.

Figure 11a illustrates the S;; graph for the different patterns of the circle split rings. The magnitude of Sy is
—23.87 dB at 9.46 GHz for the final design, —7.15 dB at 10.25 GHz for the split circle in the same direction, and
—5.48 dB at 10.44 GHz, and —5.42 at 11.45 GHz for the inverted split circle rings of the proposed design. The
equivalent circuit is drawn when the circle split ring faces in the same direction which is presented in Fig. 11b.
From this circuit, it is seen that the capacitive effect is reduced because the circle split capacitors and inductors
are on the same side and lumped effect. Hence the resonance frequency is slightly increased. Aso, when the pro-
posed circle split rings pattern, is inverted the mutual coupling capacitor effect is decreased and the resonance
frequency is increased which is shown in Fig. 11a.

Results and discussions

Figure 12 represents the dielectric constant (DK) and loss tangent (LT) measurement procedure for the different
samples. The permittivity values and LT of the oils, fluids, and chemicals were determined using a calibrated
Agilent network analyzer and the N1500A dielectric probe kit.

Figure 13a-f depicts the suggested MTM sensor’s entire measurement procedure. After the design process, the
proposed sensor was developed using LPKF Laser and Electronics AG, Computerized Numerical Control (CNC)
model Promat E33, and printed circuit board (PCB) machines, as shown in Fig. 13a,b. The container is filled
with different liquid under test (LUT) samples and attached with the suggested structure. Each sample has been
filled with a different holder to avoid contaminations between the samples. The Agilent N4694-60001 calibration
kit was used to calibrate the PNA series vector network analyzer (VNA type N5227A). The coaxial cables link
the VNA to the two waveguides. One waveguide is a transmitter, while the other is a receiver. With the sample
holder, adaptor, waveguide, and sensor structure present, the S;; was measured. First, the sample was injected
into the sample holder, and then, in the target frequency range of 8-12 GHz, the S;; was determined. Figure 13¢
reveals the liquid incorporation process in the sample holder, Fig. 13d shows the S1; measurement system using
waveguide, Fig. 13e,f represents the MTM sensor and sample holder connected with the waveguide. Figure 14
shows the schematic view of the microwave sensing measurement setup. Some fluctuations of oscillating shape
have been seen on the VNA during the measurement. These fluctuations occurred due to the waveguides coupling
effect and the MTM sensor fabrication tolerance during the prototype production of the FR-4 substrate layer.
The dielectric constant of the substrate layer and testing environment have also influenced these fluctuations.
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Figure 13. (a) Front view of fabricated MTM based sensor (b) back view (c) process of liquid insertion (d)
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Figure 14. Schematic view of the microwave sensing measurement setup.

The measured and simulated reflection coefficient graph is depicted in Fig. 15, where the sample holder was
filled with air. The value of S;; is —23.87 dB at 9.46 GHz in the simulation, and —22.17 dB at 9.48 GHz in the
measurement.

Study on the detection of olive oil and corn oil.  Olive oil is a cooking oil obtained from olives, which
are the fruit of the olive tree. It is most commonly used for high blood pressure, high cholesterol, and heart dis-
ease. This oil is also used in cooking and salad dressings. Corn oil is produced from the germ of the corn plant
(maize). It is a refined vegetable oil that's commonly used in cooking, particularly deep frying. It is less expensive
than the majority of other vegetable oils. Firstly, we have collected the olive and corn oils from the nearest super
shop, then measured the DK and LT in the microwave lab using the dielectric measurement kit. After measuring
the DK and LT of these oils, we have made the graphs. The graphs have been plotted using the obtained measured
data, which is shown in Fig. 16. From the Figure, we can see that the value of DK is decreasing with increasing
frequency, whereas the value of LT is increasing with increasing frequency. These phenomena show that, the DK
and f, are inversely proportional, where the LT and f; are directly proportional. The measured DK is 2.56 and
LT is 0.197 for olive oil at the 8-12 GHz range of frequency, where the DK is 3.07 and LT is 0.208 for the corn
oil at that range of frequency.
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Figure 16. Measured (a) DK and (b) LT for the corn oil and olive oil.

=10 -

-20 -

[S44l in dB

=304

-40

Olive oil-sim. = - - - Olive oil-mes.
50 Corn oil-sim. = - - - Corn oil-mes.
- T

9.00  9.25 9.50 9.75  10.00
Frequency (GHz)

Figure 17. Sy results for the corn oil and olive oil.
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Figure 18. Measured (a) Dielectric constant, and (b) Loss tangent curves for the different concentration (0%,
25%, 50%, 75%, and 100%) of corn oil in olive oil.

0 0
-10- -10 1
2 .20 33 Lo {320
c £
& 30 ——0%Comoil { @307
——25% Corn oil
404 —50% Corn oil | 40 — .. -0% Corn oil ---- 25% Corn oil
75% Cornoil | e 50% Corn oil 75% Corn oil
5 ——100% Corn oil -504 - ---100% corn oil 1
9.00 925 950 975  10.00 900 925 950 975  10.00
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 19. (a) Simulated, and (b) Measured S;; curves for the different concentration (0%, 25%, 50%, 75%, and
100%) of corn oil in olive oil.

The S11 data for olive and corn oils have been plotted in Fig. 17. The simulated and experimental resonance
frequencies are 9.45 GHz and 9.46 GHz for the olive oil with —42.25 dB and —36.59 dB magnitude, respectively.
For corn oil, the magnitude values are —31.51 dB at 9.35 GHz & —28.67 dB at 9.35 GHz for the simulated and
measured, respectively. The f, has been shifted to 100 MHz with —10.74 dB magnitude change (simulated) and
110 MHz shifted with —7.92 dB magnitude change (measured) for these two oils. By changing the resonance
frequency, we can detect the presence of various oils. These findings show that despite their dielectric behaviour
being very similar, the proposed MTM sensor accurately detects a variety of oils. The results of the measured
and simulated are very similar. However, some of the fabrication and calibration errors produced minor dis-
crepancies between them.

Firstly, different concentration (0%, 25%, 50%, 75%, and 100%) of corn oil has been mixed with olive oil, then
the dielectric constant and loss tangent of these mixtures are measured by using the dielectric probe kit. The DK
and LT graphs have been plotted by using the obtained measured data. Figure 18a,b represents the DK and LT
graphs for the different concentrations of corn oil in olive oil. The measured DK are 2.56, 2.68, 2.81, 2.94, 3.07
and LT are 0.195, 0.199, 0.203, 0.205, and 0.21 at 8 GHz.

The impact of different concentrations of two samples has been also studied. The simulated resonance fre-
quencies are 9.45, 9.43, 9.39, 9.37, and 9.35 GHz with magnitudes of S1; are —42.25, —40.92, —38.79, — 34.33, and
—31.13 dB for the 0%, 25%, 50%, 75%, and 100% concentration of corn oil in olive oil. The measured resonance
frequencies are 9.46, 9.44, 9.40, 9.37, and 9.35 GHz with magnitudes of $;; are —36.59, —36.91, 34.63, —31.06,
and —28.67 dB for the 0%, 25%, 50%, 75%, and 100% concentration of corn oil in olive oil. Figure 19a,b depicts
the simulated and measured results for the 0%, 25%, 50%, 75%, and 100% concentration of corn oil in olive oil.

Study on the detection of sunflower oil and palm oil. Sunflower oil is a non-volatile oil obtained
from the seeds of sunflowers. It’s widely utilized in the culinary industry as a frying oil and as a cosmetic emol-
lient. It is used for constipation and lowering "bad" LDL cholesterol. Palm oil is an edible vegetable oil derived
from palm tree fruit. Vitamin A deficiency, cancer, brain disorders, and aging are all prevented by this supple-
ment. Firstly, we have collected the sunflower oil and palm oil from the nearest super shop, then measured the
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Figure 20. Experimental data of (a) DK (b) LT for the sunflower & palm oils.
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Figure 21. Sy results for the palm oil and sunflower oil.

dielectric constant (DK) and loss tangent (LT) in the microwave lab using the dielectric measurement kit. After
measuring the DK and LT of these two oils, we have made the graphs. The graphs have been plotted using the
obtained measured data, which is shown in Fig. 20. The DK and LT values are 2.93 and 0.099 for sunflower oil,
whereas 2.81 and 0.149 for palm oil at 8 GHz frequency.

The simulated and experimental Sy data for palm oil & sunflower oil have been plotted in Fig. 21. The simu-
lated and experimental resonance frequencies are 9.36 GHz and 9.37 GHz for the sunflower oil with —27.54 dB
and —24.30 dB magnitude, respectively. For palm oil, the magnitude values are —33.53 dB at 9.44 GHz and
—28.95 dB at 9.45 GHz for the simulated and measured, respectively. It is noticeable that the f; has been shifted
to 80 MHz with —5.99 dB magnitude change (simulated) and 80 MHz shifted with — 4.65 dB magnitude change
(measured) for these two oils. By changing the resonance frequency, we can detect the presence of various oils.
The results of the measured and simulated are very similar. However, some of the fabrication and calibration
errors produced minor discrepancies between them.

Study on the detection of clean and waste brake fluids. Brake fluid is crucial to making sure that
brakes run smoothly while driving the vehicle. It needs to be new and full to allow it to brake properly and keep
safe. Sometimes, the brake does not work properly with the waste brake fluids, so, need to know the condition of
the brake fluids. Firstly, we have collected the clean and waste brake fluid from the nearest motor repairing work-
shop, then measured the dielectric constant (DK) and loss tangent (LT) in the microwave lab using the dielectric
measurement kit. After measuring the DK and LT of these two fluids, we have made the graphs. The graphs have
been plotted using the obtained measured data, which is shown in Fig. 22. The DK and LT values are 2.78 and
0.22 for clean brake fluid, where 2.69 and 0.17 for waste brake fluid at 8 GHz frequency.

The simulated and measured S;; data for clean and waste brake fluids have been plotted in Fig. 23. Since the
simulated resonance frequency of the clean and waste brake fluids are 9.37 GHz with —30.55 dB and 9.44 GHz
with —34.52 dB, and measured values are 9.38 GHz, with —28.13 dB, and 9.44 GHz with —29.74 dB. Hence the
resonance frequency shifted to 70 MHz (simulated) and 60 MHz (measured) with magnitude changes of —3.97 dB
and - 1.61 dB, respectively. By changing the resonance frequency, we can detect the presence of various oils. The
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Figure 22. Experimental data of (a) DK and (b) LT for the waste & clean brake fluids.
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Figure 23. Sy result for the waste and clean brake fluids.

measured and simulated outcomes are in a nice contract with each other. However, a few of the fabrication and
calibration errors produced minor discrepancies between them.

Study on the detection of benzene and carbon-tetrachloride. Benzene is the most fundamental
organic aromatic hydrocarbon and the parent compound of many aromatic compounds. It’s a colorless liquid
with a feature primarily utilized to make polystyrene. It's used to make plastics, resins, synthetic fibers, rubber
lubricants, colors, detergents, medications, and pesticides. Carbon-tetrachloride is a synthetic compound that
does not exist in nature. It’s a clear liquid with a sweet smell thats detectable at low concentrations. It’s utilized
as a rubber solvent, a cleaning agent in the dry-cleaning business, and a solvent in the chemical and medicinal
industries. Firstly, we have collected the benzene ad carbon-tetrachloride from the nearest chemical shop, then
measured the DK and LT in the microwave lab using the dielectric measurement kit. After measuring the DK
and LT of these two chemicals, we have made the graphs. The graphs have been plotted using the obtained meas-
ured data, which is shown in Fig. 24. The DK and LT values are 2.55 and 0.083 for benzene, whereas 2.51 and
0.079 for carbon-tetrachloride at 8 GHz frequency.

The simulated and measured S; data for benzene and carbon tetrachloride have been plotted in Fig. 25. The
simulated and experimental resonance frequencies are 9.38 GHz and 9.39 GHz for the benzene with —24.79 dB
and —23.77 dB magnitude, respectively. For carbon tetrachloride, the magnitude values are —28.41 dB at
9.46 GHz, —25.62 dB at 9.48 GHz. The f, has been changed to 80 MHz with —3.62 dB magnitude change
(simulated) and 90 MHz shifted with —1.85 dB magnitude change (measured) for these two oils. By changing
the resonance frequency, we can detect the presence of various oils. The experimental and simulated findings
are in a great deal with each other. However, some of the fabrication and calibration errors produced minor
discrepancies between them.

When the concentration & DK of the samples are changed, the reflection response (S11) varies. Minor dis-
crepancies exist between simulated and measured results of S;; due to the mutual coupling effect of the wave-
guide port, fabrication tolerance, and calibration inaccuracy. In addition, the mutual resonance effect of two
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Figure 24. Experimental data of (a) DK (b) LT for the carbon-tetrachloride & benzene.
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Figure 25. i results for benzene, and carbon tetrachloride.

waveguide ports’ transmitting and receiving ends will always affect the readings and produce minor variations
in both readings.

The accuracy of the sensor is the maximum difference that will exist between the actual value and the indi-
cated value at the output of the sensor. Firstly, the dielectric permittivity of the liquid samples is measured by
using the dielectric probe kit, then the reflection coefficients of the sensor are measured for the liquid samples.
Then the linear curve fitting equation is formed by using the obtained resonance frequency with corresponding
measured dielectric permittivity. The linear curve fitting equation is

Esample = —4.1746f, + 41.955 (6)

here f, is the resonance frequency.

Now the measured dielectric constant of the olive oil is 2.46 at 9.46 GHz and the dielectric permittivity is
obtained from the sensor is 2.48 at 9.46 GHz (using Eq. 6), again the dielectric constant of the clean brake fluid
is 2.77 at 9.38 GHz and the dielectric permittivity is obtained from the sensor is 2.79 at 9.38 GHz which is very
close to the measured value. So, it can be said that the accuracy of the sensor is superior.

The extracted sensitivities S(%) is defined as follows**>2:
S(%) = SR 00
fO (e&r—1)

where, f is the initial frequency (when sample holder is empty), fy is the frequency when the sample holder
is filled one after the material change and ¢, is the permittivity value of the materials. Figure 26 represents the
sensitivity vs permittivity curve.

The quality-factor is a most important aspect of a metamaterial sensor to investigate the dielectric property.
A common concern is that most MTM sensors suffer from low quality-factor and high measurement errors, and
this, in turn, limits their usage in many applications. The quality-factor for the proposed sensor is, Q = f,/ Af*>*,
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Figure 26. Sensitivity vs permittivity curve for the suggested MTM sensor.

Dielectric constant

(reported literature)
Material sensing DK (measured) at 8 GHz | DK References
Olive oil 2.56 2.55at8 GHz | *
Corn oil 3.07 3.08at8 GHz |*
Sunflower oil 2.93 3.08at1 MHz |°°
Palm oil 2.81 3.03at1 MHz |°°
Clean brake fluid 2.78 236at8GHz | ¥
Waste brake fluid 2.69 225at6 GHz | ¥
Benzene 2.55 2.57at8 GHz | *
Carbon-tetrachloride | 2.51 2.52at8 GHz | *

Table 1. Comparison of dielectric constant (DK) values between measured and existing works.

here f, is the resonance frequency and Af is the + 3 dB bandwidth and it is dimensionless since the unit of both
parameters are same. The difference between the two values of the independent variable at which the dependent
variable equals 70.7% with respect to the minimal reflection value is known as the +3 dB bandwidth. Again
Af = fu — fi, fnis the higher cutoff frequency, and f; is the lower cutoff frequency at 70.7% of its minimal reflec-
tion value. The Q-factor has been extracted by using this formula and the obtained value is 135. The maximum
quality-factor was discovered via the olive oil simulation and experimental analysis. The quality-factor 135 has
been found in the proposed metamaterial sensor.

As a quantitative description of the sensing performance characteristic, we calculated the figure of merit
(FOM), which is defined as FoM = S x Q, where S is the sensitivity and Q is the quality factor.

The sensitivity of the proposed sensor is S =0.56 and the quality factor Q =135, hence the
FoM = 0.56 x 135 =75.6 = 76

The frequency selectivity mechanism based on the concentration and purity of the liquid samples is used in
the proposed sensor. The property of the sensor enables it to be “tuned” to respond better to certain frequencies
than to others. The degree of selectivity of such filtering is sometimes specified as Q, which is the center or best
frequency of a filter divided by its bandwidth. The proposed sensor identifies the concentration and purity of
the liquid samples since the resonance frequency is shifted according to dielectric permittivity variation and the
dielectric permittivity depends on the concentration and purity of the recommended liquid samples.

A comparison between measured DK and existing literature is indicated in Table 1.

Table 2 shows the comparison among the proposed MTM inspired sensor and other sensors mentioned in the
literature regarding the sensing materials, dielectric constant, the shift of f;, change of magnitude, Q-factor,and
FOM. From references?*-**27:28:36-3844 ' and47 we can see that the overall performance of our proposed work is
better than the others.
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Operating frequency Dielectric constant (DK) Amplitude change of S1;
References Material sensing (GHz) value Shift of f, (MHz) | (dB) Q-factor | FOM
20 Transformer oil 2-6 2.7 for clean and 2'9Afor 40 -1.5 60 34
waste transformer oil
23 oil 1-8 2.74 for cle;m oil and 2.87 63 ~09 90 32
for waste oil
2 . 2.72 for branded diesel and B
Diesel 8-12 2.48 for unbranded diesel 60 25 110 37
28 . . 2.73 for branded and 2.47 B
Diesel 8-12 for unbranded diesel 120 32 105 41
Transformer oil 8-12 2.8 for clean and 2‘7.f0r 70 -4.5
waste transformer oil
36 S 100 48
oil $-12 278 for olive oil and 2.6 for | _08
corn oil
. 2.07 for branded and 2.68
B Diesel 10-12 for unbranded diesel 72 -4
37 P 90 52
Gasoline 10-11 2.43 for branded and 2.52 12 6
for unbranded gasoline
38 ; _ 2.08 for pure and 2.7 for B
Diesel 8-12 adulterated diesel 100 10 95 38
Gasoline 8-12 2.43 for branded anq 2.51 28 _8
for unbranded gasoline
" 2.07 for branded and 2.68 105 #
. .07 for branded and 2.
Diesel 8-12 for unbranded diesel 2 -20
Transformer oil 8-12 2.9 for clean and 2.7'f0r 70 -37
. waste transformer oil
47 ford P 75 36
Lubricant 8-12 2.5 for clean and 2.3 for 60 -41
waste lubricant
Olive and corn oils 8-12 256 for olive il and 3.07 | ~10.74
for corn oil
Sunflower oil and palm oil 8-12 293 for sunﬂovyer ol and 80 -5.99
2.81 for palm oil
Proposed work fordl 1 p 135 76
Clean and waste brake oil 8-12 2.78 for d can an 2.69 for 70 -3.97
wase brake oil
Benzene and carbon-tetra- 2.55 for benzene and 2.51
chloride 8-12 for carbon-tetrachloride 9% -3.62

Table 2. A comparison study between the proposed MTM sensor and others was reported in the literature.

Conclusion

Metamaterial sensor based on rectangular enclosed adjacent triple circle SRR shaped is presented for the rec-
ognition of various oils, fluids, and chemicals within the X band. The structure’s performance has been studied
both theoretically and empirically, and it has proven to be effective. This study was intended to provide a differ-
ent approach to liquids sensing research. The whole dimension of the designed structure is 22.86 x 10.16 mm?,
which is compatible with the X-band waveguide. The measured dielectric constant for olive oil is 2.56, and corn
oil is 2.07, and the frequency has shifted 100 MHz with a reflection magnitude change of —10.74 dB due to the
variation of DK values between these two oils. The DK value for sunflower oil is 2.93, palm oil is 2.81, and the f;
has shifted 80 MHz with a magnitude change of —5.99 dB. The f, has shifted 70 MHz with a magnitude change
of —3.97 dB for clean and waste brake fluids, where the DK value is 2.78 for clean and 2.69 for waste brake fluids.
The f; has shifted 90 MHz with an amplitude change of —3.62 dB between benzene and carbon tetrachloride,
where the DK value is 2.55 for benzene and 2.51 for carbon tetrachloride. The suggested MTM sensor has a
good quality factor and high sensitivity in both frequency shifting and amplitude changing. The quality factor
and FOM of the sensor are 135, and 76 which expresses its efficient performance. Furthermore, the proposed
sensor can sensitively distinguish different liquids by using the frequency shifting property. For various oils,
fluids, and chemicals, the measured and simulation findings are very similar. If the dielectric constant of the
sample is changed, the obtained findings indicate that this idea can readily be applied to diverse applications
of electrochemical sensing. Since the recommended sensor has high sensitivity, good-quality factor, excellent
performance, and low price, hence it can be employed in a variety of applications, including industrial and liquid
chemical detection.
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