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Design and Analysis of S-Shaped Broadside Coupled Metamaterial
Unit Cell as a Sensor to Ease the Classification of Different

Oil Samples

Jeyagobi Logeswaran™ and Rajasekar Boopathi Rani

Abstract—This paper aims to classify oil samples using metamaterial (MTM) unit cell as a sensor. An
S-shaped broadside coupled Split-Ring Resonator (SRR) acts as an MTM and is designed to operate
at X-band (8-12.4 GHz). The proposed MTM unit cell was simulated through the High Frequency
EM simulation tool, and then the MTM properties were extracted using the standard equations. The
MTM behavior was studied through its negative permittivity and permeability characteristics in the X-
band. The simulated and extracted properties exhibit that the proposed MTM unit cell is suitable
for the analysis at X-band. A sample container was designed to hold different oil samples. The
experimental analysis was carried out by filling the container with different oils without/with an MTM
sensor. Mainly, the variations in S-parameters magnitude were studied for classification applications.
This paper proposes the study of transmission coefficients phase response in addition to magnitude as
an easy way to classify different oils. Further, the phase transition results were compared with the
kinematic viscosity and refractive index properties of the oil sample. The comparison results proved
that the classification of oil samples using the phase transition approach agrees well with the existing
oil properties.

1. INTRODUCTION

Oil is an integral part of human’s daily activities. There are different kinds of oil available in the market
such as castor oil, neem oil, sunflower oil, sesame oil, and mahua oil. The usage of a particular oil
will differ from one region to another region of the country, and it also depends on the age group of
the people. Hence, it is essential to classify different types of oil. The goal of this work is to create a
low-cost, simple-to-use sensor structure that can distinguish between different oils.

The classification can be carried out by studying the variations in S-parameter characteristics by
keeping the Material Under Test (MUT) in between the input and output ports of a microwave bench.
In this measurement setup, the inclusion of some resonant structure will improve the classification
accuracy and ease the process. Metamaterial (MTM) is one type of resonant structures which finds
applications in many fields such as sensors [1, 2], antennas [3], and absorbers [4]. MTMs are artificially
made materials which have negative permittivity and permeability characteristics. MTM structure can
be used to distinguish different types of oils too. The MTM’s properties mainly depend on its shape,
dimensions, and orientation of the unit cell. The classification can be carried out by studying the shift
in resonance and its peak. This kind of studies has already been reported in literature to detect the
glucose intensity in aqueous solution [5], water quality measurement [6], measuring the alcohol ratio [7],
and detection of adulterated fuel [9]. Split Ring Resonators (SRRs) are the most commonly used MTM
structure due to their simple geometry and suitability to a wide range of applications. Hence, the
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proposed MTM structure is based on the S-shaped SRR MTM structure on both sides of the substrate.
This structure couples signals in broadside and improves the classification accuracy. In this paper,
the S-shaped Broadside Coupled (BC) SRR is designed and proposed for oil classification applications.
The paper is organized as follows. Sections 2 and 3 present the design of the MTM structure and its
properties extraction, respectively. Section 4 presents the experimental setup and procedures. Section 5
presents the analysis for oil classification. Section 6 presents the comparison of the proposed work with
the literature. Finally, Section 7 provides the conclusion.

2. DESIGN OF METAMATERIAL (MTM) STRUCTURE

Figure 1(a) shows the 3D view of the proposed BC-MTM structure, which is used to sense the
characteristics of different oil samples. The MTM structure was simulated using the High Frequency
Structure Simulator (HFSS). The proposed MTM structure comprises S-shaped copper strips affixed
on both sides of the Flame Retardant 4 (FR4) dielectric substrate. The advantages of using an FR4
dielectric substrate are low-profile, being economical, and high mechanical strength. The FR4 dielectric
properties include its relative permittivity (e,) of 4.4 and loss tangent of 0.02. The thickness of the FR4
dielectric substrate is 1.6mm. The copper strip has a conductivity of 5.8 x 107 S/m and a thickness
of 0.035mm. The proposed MTM structure was placed between the two X-band waveguides for the
experimental analysis. Hence, the dimension of the proposed MTM structure’s substrate is compatible
with the specifications of WR90. The geometry of the proposed MTM structure is shown in Figure 1(b),
and the dimensions are listed in Table 1.
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Figure 1. (a) 3D view & (b) geometry of the proposed MTM structure.

Table 1. Dimensions of the proposed MTM structure.

Parameters L, Wy L w t
Value (mm) | 22.86 | 10.16 | 9.80 | 4.00 | 0.60

3. EXTRACTION OF MTM PROPERTY

The simulated reflection coefficient (S11) and transmission coefficient (S2;) magnitude responses of the
proposed MTM structure are depicted in Figure 2. From the responses, it can be observed that the
minimum So; value of —26.28 dB is obtained at 8.6 GHz, and the minimum S;; value of —22.84dB is
obtained at 10 GHz. Hence, the responses of the proposed MTM structure are present within the range
of X-band, and it can also be used to classify the different types of oil samples through a waveguide
medium.

Even though the minimum S7; and S2; responses are within the X-band range, the MTM property
can be validated by the effective permittivity and permeability characteristics. The real and imaginary
parts of the permittivity and permeability of the proposed MTM structure were extracted using the
standard equations [8]. The permittivity (&) and permeability (u) of the MTM structure are calculated
using Equations (1) and (2) [8].
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Figure 2. S1; & S91 response of the proposed MTM structure.

= nz (2)

where n is the refractive index, and z is the impedance presented by the MTM. They are related to
S-parameters as presented in Equations (3) and (4) [8].

1 282
. \/( +511)2 SZI (3)
(1=511)" =55
1 (=8 +53)
n = - cos [ 555, (4)

In Equation (4), S1; and Sy represent the reflection and transmission coefficients of the MTM structure;
k represents the wave number; and d represents a larger dimension of the MTM structure which
is the length of the substrate (Lg). From Figure 3, it can be inferred that the negative values for
real permittivity were observed over the frequency range from 12.1 GHz to 12.4 GHz, and for real
permeability they were observed over the range from 9.2 GHz to 10.8 GHz. Hence, the proposed structure
exhibits MTM property in the X-band range.
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Figure 3. (a) Permittivity & (b) permeability of the proposed MTM structure.

4. EXPERIMENTAL SETUP

Figures 4(a) and 4(b) depict front and back views of the proposed MTM structure, and the experimental
setup is shown in Figure 4(c). As the MTM was designed and validated at X-band frequency region,
the setup has also been designed using X-band microwave bench and Vector Network Analyzer (VNA).
A sample container is used to hold oil samples under test. The sample container was made using the



86 Logeswaran and Boopathi Rani

Figure 4. (a) Front view. (b) Back view. (c) Experimental setup of the MTM based structure. (d)
3D view of the sample container.

epoxy adhesive compound. The important features of the sample container are the ability to withstand
constant weight or force over an extended period and good resistance to the physical and chemical
influences of the sample. The geometry of the sample container is depicted in Figure 4(d).

5. ANALYSIS ON THE CLASSIFICATION OF DIFFERENT OIL SAMPLES

In general, each oil has a distinct quality and application. This quality and application are based on its
ingredients and physical nature. The primary purposes behind the oil are cooking, bio-diesel, herbal,
etc. Hence, it is essential to classify the oils. For this purpose, the proposed MTM sensor was used
and classified the following oil samples. The samples are castor oil, neem oil, sunflower oil, sesame oil,
and mahua oil. The characteristics of the oil samples were studied using the Si; and So9; responses.
The importance of the proposed MTM structure was analyzed by comparing the measurement results
without and with the MTM structure.

5.1. Analysis Using S-Parameter’s Magnitude Response without and with MTM
Structure

In Figures 5 & 6, the experimental analysis was carried out without/with MTM structure, and the
corresponding S1; and So1 responses were observed using VNA. A detailed inference is made in Table 2.
The detailed inference about the frequency shift and analysis with the MTM structure can be inferred
from Table 2.
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Figure 5. Sy

response without/with MTM structure.
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Figure 6. S9; response without/with MTM structure.
Table 2. S-parameters magnitude response for the different oil samples without/with the MTM
structure.
Classification Castor | Neem | Sunflower | Sesame | Mahua
Parameter R . R R .
type oil oil oil oil oil
111 Freq. (GHz) 11.00 10.94 11.02 11.02 11.02
Without W ™ Value (dB) | —4529 | —15.72 | —19.83 —2273 | —21.03
MTM 1S01 Freq. (GHz) 8.72 8.72 8.74 8.72 8.72
' "Value (dB) | —31.44 | —33.35 —34.44 —39.08 | —35.02
111 Freq. (GHz) 11.75 11.70 11.67 11.34 11.37
With " ™ Value (dB) | —1356 | —19.87 | —2227 —1323 | —20.99
MTM |1 Freq. (GHz) 8.54 8.63 8.73 8.40 8.81
M "Value (dB) | —24.00 | —26.54 | —26.11 —2488 | —25.06

From Table 2, the observed inferences are:

i) Without MTM structure

a) Even though oil properties are unique, there is no noticeable shift in Si; resonance frequency

between oils such as sunflower oil, sesame oil, and mahua oil at 11.02 GHz.

b) The various oils have similar S9; peak resonance frequencies, which made it difficult to classify oil.
There is no frequency shift in the S5; response of oil samples such as castor oil, neem oil, sesame

oil, and mahua oil.

Hence, it is difficult to classify oils only with a simple container between waveguides.

ii) With MTM structure

a) The S;; resonance frequency shift was observed in the frequency range of 11.34 GHz to 11.75 GHz
for different oil samples. The minimum frequency shift between any two oil samples (sesame oil and
mahua oil) is at least more than 30 MHz, and the maximum frequency shift between the sesame oil
and castor oil is 410 MHz.

b) The Sy; resonance frequency shift was observed in the frequency range of 8.40 GHz to 8.81 GHz for
different oil samples. The minimum frequency shift between any two oil samples (castor oil and
neem oil) is at least more than 90 MHz, and the maximum frequency shift between the sesame oil
and mahua oil is 410 MHz.
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Hence, different oils can be easily classified with maximum accuracy using a sample container with an
MTM structure.

5.2.

Analysis Using S-Parameter’s Phase Response without and with MTM Structure

Figure 7 shows the S; phase responses of different oil samples without and with MTM structure.
The S»1 phase transition frequency, kinematic viscosity, and refractive index of the various oil samples
are listed in Table 3. The phase transition frequency was observed without/with the proposed MTM
structure. The kinematic viscosity and refractive index values of different oil samples were referred from
existing literature [15, 16] and provided in Table 3. Some inferences are shown in Table 3.
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Figure 7. S3; phase response without/with MTM structure.

Table 3. Comparison of properties of oil sample with S5 phase transition frequency.

Type of oil S21 phase transition frequency kinematic Refractive
S.No without MTM with MTM viscosity
sample structure (GHz) | structure (GHz) | at 40°c (cSt) Index
1. Castor oil 10.24 8.57 10.55 13.50 1.4700-1.4740
2. Neem oil 10.25 8.63 10.60 32.27 1.4650-1.4705
3. Sunflower oil 10.25 8.64 10.61 33.90 1.4640-1.4691
4. Sesame oil 10.27 8.71 10.78 35.50 1.4646-1.4665
5. Mahua oil 10.33 8.73 10.84 37.63 1.4590-1.4611

a)

Without the proposed MTM structure, —180° to 180° phase transition occurs at different
frequencies of range from 10.24 to 10.33 GHz. Oils such as neem and sunflower have a transition
at the same frequency of 10.25 GHz. It leads to difficulty in the classification of these oils.

With the proposed MTM structure, there were two phase transitions observed in X-band range.
One phase transition occurs in the frequency range from 8.57 to 8.73 GHz, and the other transition
is from 10.55 to 10.84 GHz with minimum frequency variations of 10 MHz between different oils.
The oil property can also be studied using the kinematic viscosity and refractive index value. The
corresponding oil property values are arranged in order. It clearly indicates the relationship between
the phase transition frequency and oil properties. When the kinematic viscosity value increases,
phase transition frequency also increases. It is also inferred that the decrease in refractive index
value causes an increase in phase transition frequency.

The consolidated |Si1|, |S21], and S2; phase transition responses of the proposed MTM structure

with different oil samples are shown in Table 4. The following inferences are made from Table 4:
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Table 4. Consolidation of observed variations in S-parameter properties for different oil samples.

89

Reflection Transmission S21 phase transition
S.No Type of 0il | coefficient (|S11|) | coefficient (|S21|) frequency (GHz)
sample Freq. Value Freq. Value 1st 2nd
(GHz) (dB) (GHz) (dB) transition | transition

1. Castor oil 11.75 —13.56 8.54 —24.00 8.57 10.55
2. Neem oil 11.70 —19.87 8.63 —26.54 8.63 10.60
3. Sunflower oil 11.67 —22-27 8.73 —26.11 8.64 10.61
4. Sesame oil 11.34 —13.23 8.40 —24.88 8.71 10.78
5. Mahua oil 11.37 —20.99 8.81 —25.06 8.73 10.84

a) Sesame oil has minimum |Si;| at a lower frequency of 11.34 GHz, and sunflower oil has a lower
value of |S11| than other oil samples in the range of analysis from 11 to 12 GHz. Hence, the lower
resonance frequency range and lower |S11| values may suit for identifying cooking oil applications.

b) Castor oil has |S11| resonance at a higher frequency of 11.75 GHz with a higher |S;;| value, and
mahua oil has |Si1| resonance at a lower frequency of 11.37 GHz with a lower |S11| value in the
range of analysis form 11 to 12 GHz. Hence, this type of oil may suit for identifying bio-diesel oils.

¢) Neem oil has |S;;| resonance frequency of 11.67 GHz in the middle of four different oil’s resonance
frequencies, and it may suit for identifying herbal oil.

d) The peak |S21| observed for different oil samples are almost the same. The classification can be
made by analyzing the S2; phase response, which is already detailed in Table 3.

6. COMPARISON OF THE PROPOSED WORK WITH OTHER EXISTING WORKS

The comparison between the proposed work and existing works in terms of material sensed, the
parameters used for sensing, and the minimum observed shift is listed in Table 5. From Table 5, it
can be observed that the proposed work has three sensing parameters i.e., |S11|, [S21], and Sa; phase

transitions. The oil classification based on |S11| response has frequency shift ranging from a minimum

of 30 MHz to a maximum of 410 MHz between the oil samples under test. Hence, it can further improve

Table 5. Comparison of the proposed work with other existing works.

. Sensing Resonance frequency

Ref. Material Sensed Parameter shift (MF?7)

9] Diesel |Sa1] 60

[10] Diesel |S11] 120

[11] Transformer oil and Lubricant oil |Sa1| 60-70

[12] Olive oil and Cotton oil |S11] 150

[13] Gasoline |S11] 28

Olive oil, Corn oil, Sunflower oil, Palm oil,

[14] Brake oil, Benzene, Carbon-tetrachloride [Sul 70-100
This _ , : |51 50
Work Castor oil, Neem oil, Sunflower oil, |Sa1] 90

Sesame oil and Mahua oil Phase 10
transition
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the classification of different oil samples, and also the sensing based on the |S2;| parameter is better
than the existing literature [9, 11]. The Ss; phase transition responses hold a good agreement with the
other properties of oil such as kinematic viscosity and refractive index value. These factors lead to the
effective classification of oil samples.

7. CONCLUSION

The proposed MTM structure was used to classify oil samples such as castor oil, neem oil, sunflower
oil, sesame oil, and mahua oil. The classification of oil samples was done without/with MTM structure.
From the experimental analysis, it can be observed that the oil samples tested with an MTM structure
have greater significance in classification than those without MTM structures. The phase transition
values also hold a good match with the other oil properties such as kinematic viscosity and refractive
index value. Hence, the proposed sensor and methods are viable to be used in the classification of
different oil samples.
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