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The detection of chemical samples having close dielectric response is a big challenge as

the  detection principle is driven by the variations in the dielectric parameters of the inves-

tigated samples. In the current work, a new metamaterial-based sensor is designed and

fabricated in order to be used for the detection of liquid chemicals in the frequency range

from  8 to 12 GHz. Several designs were tested using genetic algorithm, which is embedded

in  the CST microwave studio, in order to optimize the desired dimensions of the resonator.

The simulation and experimental results showed that the proposed sensor is working well

to  detect various liquids, including (i) clean and waste transformer oils, (ii) corn, cotton and

olive  oils, (iii) branded and unbranded diesels and (iv) aniline doped ethyl-alcohol and ben-

zene  doped carbon tetrachloride. This was made possible through the occurrence of a shift

in  the resonant frequency of about 250 MHz, 200 MHz, 250 MHz, 150 MHz  and 50 MHz  for the

aforementioned samples, respectively. The sensing mechanism was interpreted through

the surface current and electric field distributions. We  believe that the proposed sensor is

viable to be used in various applications including liquid chemicals detection and industrial
applications.
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1.  Introduction

Metamaterials (MTMs) are well known for their singular and
periodic structure which is able to show a negative permit-
tivity and permeability [1]. The physical properties of MTMs
are largely dependent on the shape, design, orientation and
dimensions of their constituted unit cells. MTM  has found
itself in various applications including biosensors [2–5], anten-
nas [6,7], signal absorbers [8,9], energy harvesting [10,11] and
microwave lenses [12,13]. Split ring resonators (SRR) are the
most commonly used topology of MTMs  due to its practi-
cal shape and adaptability for various applications. Different
interesting designs and architectures can be made possible
with the help of simulation tools such as finite integration
technique (FIT) and finite element methods (FEM) to improve
the sensitivity of MTM  sensors. The principle of MTM sensors
for the detection of materials is based on the shift in reso-
nant frequency. This is resulted from capacitance changes due
to the strong coupling effect taking place when the sample,
with a specific dielectric constant, is inserted into the sensing
area [14]. A microstrip SRR based chemical sensor was pre-
sented in 2012 aiming at identifying methanol and ethanol
solvents at operating frequency of 1.9 GHz [15]. Another SRR
based sensor printed on FR4 substrate was reported to show
the possible application of MTM  sensor that is by employing
a WR90 waveguide between 8 GHz and 12 GHz [16]. Further-
more, an open SRR coupled with a microfluidic channel was
proposed for the sensing application of isopropanol, methanol
and glucose D [17]. Another SRR based MTM  sensor was stud-
ied by Velez et al., in which microfluidic channels were used
to define the real time shifts in resonant frequency, thereby
detecting ethanol and deionized water [18]. In order to prevent
errors caused from positioning and realizing a fully integrated
microfluidic sensor, Awang et al. designed another MTM sen-
sor, by which a 60 MHz  shift in the resonant frequency was
realized [19] and Sadeqi et al. proposed a flexible MTM sen-
sor in 2017 [20]. MTM  inspired microfluidic sensor can also
be realized by combining the desired MTM  absorbers [21–24].
MTM absorber based chemical sensors are generally printed
on a FR4 material, which can be used to define ingredients of
chemicals based on the principle of variations in the dielectric
constant [25,26].

Researchers proposed various approaches to increase the
quality factor of these sensors by means of printing the
sensors on low loss dielectric substrates [27,28], designing dif-
ferent shapes of resonators [29–32]. However, there is yet a
great tendency in developing unique metamaterial sensors for
wide applications [33,34]. We have previously reported differ-
ent MTMs  based sensors integrated with transmission lines
in order to detect the branded and unbranded diesels [35,36].
To the best of our knowledge, there is no reported sensor in
literature which has been specifically developed to detect liq-
uid chemicals having almost similar dielectric responses. The
main issue arises here is that due to the close dielectric val-
ues of branded and unbranded chemicals, it would be quite
difficult for the conventional and low sensitive MTM based

sensors to them. This is because the working principle of the
sensors is based on variations in the dielectric parameters of
the samples under test.
 0 2 0;9(5):10291–10304

A metamaterial absorber based on G-shaped resonator was
reported aiming at boosting the quality factor of the absorber
in S-band region without considering its optimization and
application in X-band region [37]. In the current work, a new
G-shaped metamaterial sensor is designed, optimized and
fabricated so as to be utilized for the detection of various oils
and liquid chemicals such as transformer oil, corn oil, cotton
oil, olive oils, diesels, aniline doped ethyl alcohol and benzene
doped carbon tetrachloride in the X-band frequency region.
Compared to the previous works [38,39], in the current study
parametric analysis is also performed on various substrates
in order to choose the optimum dimension for the sensor. As
such, the sensor is well tuned to show any possible shifts in
the resonant frequency despite the existence of trivial changes
in the dielectric constant of the samples. Furthermore, the
proposed structure is cheap and stable in operation which is
compatible to be operated over a wide range of frequencies
from 1 to 20 GHz. We  believe that the proposed sensor is viable
to be used in various applications including liquid chemicals
detection and industrial applications.

2.  Structure  design  and  simulation

The proposed MTM  sensor is presented in Fig. 1. Full-wave
finite integration technique (FIT) based on high-frequency
electromagnetic solver, CST microwave studio was used for
the numerical analysis. The MTM sensor is composed of three
main layers. The bottom layer, having a thickness of 10 mm,
is the sensor reservoir used to hold the samples under test.
The middle layer is Flame Retardant 4 (FR-4) dielectric sub-
strate, which was chosen due to its low loss, high mechanical
strength and low cost. Its relative permittivity is 4.3 with loss
tangent of 0.02 and thickness of 1.6 mm.  The top layer made
of resonators was deposited on the front and back side of the
FR-4 substrate. The resonators are made of copper metal with
conductivity of 5.8 × 107 S/m and thickness of 35 �m.  Fig. 1(a)
shows the dimension of the unit cell which is compatible for
X-band waveguide and it is in consistence with the experimen-
tal analysis. The overall size of the structure is 22.86 × 10.16
mm2. The sensor was designed to be operated in the X-band
region due to easy access and production of a sensitive struc-
ture having compatible sample holder in the X-band range of
frequency. Taking into consideration the dielectric constant
of the sensible materials and the frequency range in which a
possible resonant shifting is happened, several designs were
investigated through parametric study and the use of genetic
algorithm in order to optimize the desired dimensions of the
resonator in the X-band region. Table 1 shows the featured
dimensions of the resonator used in the current study. The CST
microwave studio includes an optimization technique which
is based on genetic algorithm (GA) approach. The GA was uti-
lized to optimize the required dimensions of the resonator.
Genetic algorithm is a stochastic search method working on
the principles of natural genetic systems. It performs a search
to provide the best possible solution for fitness function of an

optimization problem [40,41].

In the simulation process, different boundary conditions
are allowed to be applied aiming at achieving the waveg-
uide measurements for the proposed structure with effective
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Fig. 1 – The proposed metamaterial-based liquid sensor: (a) design dimensions and (b) perspective view.

Table 1 – The dimension parameters of the proposed
resonator.

Parameters Value (mm)

L1 6
L2 3.1
r 4
g1 0.5

d
t
P
w
b
h
t
z
p

i
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o

Fig. 2 – MTM  based liquid sensor design: boundary
conditions and added port of each side of the proposed
structure in the simulation program.
g2 0.5
w 0.5

imensions. Taking the boundary conditions into considera-
ion, including free space, periodic distribution, PEC/PMC and
EC, are acceptable due to the metallic nature of the side-wall
aveguide. As such, for the measurement of S-parameters

y using WR-90 waveguide along with a compatible sample
older, the boundary condition of perfect electrical conduc-
or (PEC) was assigned at the x- and y-directions, while the
-axis was assumed to be open (added space) alongside the
ropagation direction, as shown in Fig. 2.

In order to understand the sensor principle and its govern-

ng electrical mechanism, an equivalent circuit diagram for
he proposed structure was presented by using resistor (R),
nductor (L) and capacitor (C), as shown in Fig. 3(b). The res-
nator can be represented by a total resistance (Rt) inductance
(Lt) and capacitance (Ct). The resonator has two  similar gaps
denoted by Cg. Hence, the proposed resonator can behave like
an RLC model. The capacitance of the sensor layer (Cs) placed

on the backside of the structure can be attenuated with liquid
samples having different electrical properties.
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Fig. 3 – a) Design of the inductive and capacitive parts of the proposed structure and (b) equivalent circuit diagram of the
proposed metamaterial-based senor.

Fig. 4 – Reflection spectra and transmission spectra for the
metamaterial-based sensor without chemicals liquids.

where the magnetic field of the transmitted electromagnetic
wave  is perpendicularly exposed to it in the z direction. In
The equation below shows the value of capacitance of the
sensor layer,

Cs = (4A−g)Cpul (1)

Where, g and A are the value of split gap and average dimen-
sion of the resonator. Cpul is capacitance per unit length which
can be calculated as [42],

Cpul = √
εr ⁄c0Z0 (2)

Where, Z0 is the characteristic impedance of the line and C0 is
the velocity of the light in free space. Hence, the total capaci-
tance (Ct) of the overall structure can be represented by,

Ct = Co + Cg + Cs (3)

Where Co is the capacitance effect of the surrounding space,

Cg is the split/gap capacitors and CS is the capacitance effect
of the sample placed inside the sensor layer. CS value can
vary for different samples due to differences in the complex
permittivity characteristics which can be expressed by

εsample = ε ′
sample + ε"

sample (4)

Hence, the impedance of the split ring resonator can be
defined as,

Zr = Rt + jωLt + 1
jωCt

(5)

Where, Zr, Rt, j and � are respectively denoting the total
impedance, total resistance of the split ring resonator, imagi-
nary unit and angular frequency.

The resonance frequency of the proposed structure can be
calculated by using this equation

f0 = 1

2�
√

LtCt
(6)

Where Lt the total inductance value of the structure. It is clear
that the resonance frequency of resonator is inversely pro-
portional to the overall inductance and capacitance of the
proposed resonator. Therefore, these two parameter play a
major role in defining the sensor sensitivity. It can be noted
that the fundamental operation of the sensor structure is
related to the interaction between the sensor layer and the
resonator.

3.  Numerical  and  experimental  studies  of
the  proposed  sensor  for  various  liquids

In this section, a numerical investigation is performed on the
proposed resonator to be used for sensing various liquids in
the X-band frequency range using the Finite Integration Tech-
nique (FIT) based high-frequency electromagnetic solver CST
microwave studio. The important parts of the proposed struc-
ture are the resonators which are placed at the front and back
side of the FR4 dielectric substrate. The sensor layer was des-
ignated as a reservoir of 10 mm thick to be filled by the liquids,
the numerical study and experimental testing, two  waveg-
uide ports, namely port 1 and port 2 were connected to the
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Fig. 5 – Simulated physical parameters of the proposed MTM  based sensor: (a) effective permeability, (b) effective
p

f
t
i
q
(
w
F
t
a
q
m
l
t
q
s
b
r

a
(
e

e

�

ε

ermittivity, (c) refractive index and (d) impedance.

ront and back side of the proposed structure for monitoring
he transmission coefficient (S21). The size of the structure
s determined for X-band waveguide dimensions at the fre-
uency range of 8−12 GHz. The value of reflection coefficient

S11) and transmission coefficient (S21) has been carried out
hen there are no liquids in the sensor layer, as shown in

ig. 4. It can be seen from the figure that the reflection and
ransmission coefficients presented a maxima and minima at
pproximately 9.95 GHz which corresponds to the X-band fre-
uency range. This result demonstrating that the proposed
etamaterials based sensor structure can be effectively uti-

ized to distinguish various liquids when they are placed in
he sensor layer and the sensor is operated in the X-band fre-
uency. As such, different lubricant samples, with electrically
ensible characteristics, have been chosen to be investigated
oth numerically and experimentally in the desired frequency
ange.

To reveal the MTM  property of the proposed sensor, the real
nd imaginary parts of effective permeability (�), permittivity

�), refractive index (n) and impedance (z) of the sensor were
xtracted, as shown in Fig. 5(a–d).

These parameters were determined based on the following
quations [43]:
 = nz (7)

 = n

z
(8)
Where the impedance (z) and refractive index (n) term in Eqs.
(7) and (8) are obtained from the Eqs. (9) and (10), as follows:

z = ±
√

(1 + S11)2 − S2
21

(1 − S11)2 − S2
21

(9)

n = 1
k0d

[
[ln (eink0d)]’’ − i[ln (eink0d)]’

]
(10)

Where S21 and S11 in Eq. (9) denotes the transmission and
reflection coefficients of the MTM  based sensor. The exponen-
tial term in Eq. (10) is represented by eink0d = S21

1−S11
z−1
z+1

, where

[ln (eink0d)]
′
represents the real component, [ln (eink0d)]

′′
denotes

the imaginary component of the complex number, k0 denotes
the wave-number and d represents the maximum length of
the unit cell. Here, the complete resonator is considered as a
single unit cell.

One can notice from Fig. 5 that negative values for perme-
ability and permittivity are obtained in the frequency range
from 8 GHz to 10.50 GHz, which defines the presence of MTM
behavior by the proposed sensor.

However, beyond the frequency limit of 10.50 GHz, the value
of permeability grows higher such that � > 1. This high per-

meability characteristic of the proposed MTM  based sensor is
used to realize the compactness.

In order to understand the operating mechanism of the pro-
posed metamaterial sensor, surface current and electric field
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a) ele
Fig. 6 – Simulated result for the proposed sensor structure: (

distributions were investigated, as shown in Fig. 6. The distri-
butions were obtained at the resonance frequency of 10 GHz
for the case of empty sensor layer. Once can notice from Fig. 6
(a) that the electric filed intensity is mostly concentrated at
the resonator in the upper and lower parts of the resonator,
especially at the capacitive parts of the resonator. Hence, the
proposed structure is able to sense any small changes in the
electrical characteristics of the sample placed in the sensor
layer.

The simulated surface current distribution at the reso-
nance frequency of 10 GHz is shown in Fig. 6(b). Noteworthy,
the surface current is highly localized at the upper and
lower arcs of the resonator in the clockwise and anti-
clockwise directions, respectively. Furthermore, parallel and
anti-parallel currents are distributed at the left and right arms
of the resonator, thereby controlling the electric and magnetic
response, respectively. The simulated surface current distri-
bution for the proposed structure is an obvious indication for
the presence of a resonance phenomenon due to the electric
dipole.

In order to show the operating principle and characteriza-
tion of the proposed device, the sensor layer is assumed to

be filled with air. Fig. 7 shows the impact of varying design
parameters of the resonator on the resonant frequency. The
resonant frequency of the proposed sensor was seen to be
ctric field distribution and (b) surface current distribution.

mainly dependent on the width (w), radius (r), and length (L) of
the resonator. Results showed that when the width (w)  of the
resonator was increased from 0.1 mm to 0.9 mm,  the resonant
frequency was decreased from 9.55 GHz to 9.28 GHz, as shown
in Fig. 7(a). The general trend of this variation was found to be
inversely proportional.

Noticeably, the most influential parameter on the reso-
nant frequency was seen to be the radius of the resonator.
When the radius was increased from 3.6 mm to 4.4 mm,
the resonant frequency was gradually decreased from 9.75
GHz to 8.75 GHz, as shown in Fig. 7(b). However, the least
influential parameter was the length (L1) of the resonator.
Fig. 7(c) shows that when the length is increased from 5.2
mm to 6.8 mm,  the resonant frequency is hardly decreased.
This can be ascribed to the fact that the surface current
and electric field are weakly distributed along the arm
length (L1) of the resonator, which is in agreement with the
observations made in Fig. 6. The resonant frequency shift
can be explained based on the general resonance formula,
1/2�

√
LC. Since capacitance is directly proportional to the

permittivity of the sample, any increase in the dielectric
parameter of the sample is resulted in the increased effec-

tive capacitance of the resonator. Hence, enlarged capacitance
is led to decrease in the resonant frequency of the system
[15].
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Fig. 7 – Effect of the variation of (a) width (w), (b) Radius (r) and (c) Length (L1) of the resonator on the transmission spectrum
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eaks of the proposed MTM  based sensor.

We  conclude that the dimensional aspects of the resonator
re the main factors affecting the overall performance of the
roposed metamaterials-based sensor. Hence, their values
eed to be aimfully tuned.

Following the simulation results, experimental investiga-
ions were also carried out, whereby the proposed sensor
tructure was fabricated by using the LPKF ProtoMAT E33
rototyping machine Computerized Numerical Control (CNC)
ith FR4 dielectric substrate on the top of sensor layer. The

ensor layer has a thickness of 10 mm,  while the copper mate-
ial resonator has been placed on both front and backside of
he FR4 substrate. The simulation and experimental measure-

ents were taken in the same condition.
The fabricated sensor structure is depicted in Fig. 8(a).

xperimental studies were arranged in the X-band waveguide
n front of the sample holder. The two waveguide, WR90 and
ample holder are illustrated in Fig. 8 (b). The sample holder
epth was 10 mm,  which was filled with the liquid samples. It
as placed at the front side of the waveguide, where the face
f the sample holder was tied by a captain band and its back
as coated by a thin copper band.

After fabricating the proposed sensor, the designed
tructure was coupled to the waveguide adaptor and the mea-
urement was recorded by using Agilent PNA-L series vector
etwork analyzer (VNA) in the frequency range from 10 MHz

o 43.5 GHz, as shown in Fig. 8(c). The VNA was calibrated by

sing a special calibration kit with open circuit, short circuit
nd 50-Ohm load connectors for the two ports. Before taking
he measurements, the frequency in the VNA was assigned
in the X-band between 8−12 GHz. It is expected that cali-
bration errors along with the cable defects and manufacturer
imperfection are reasons for the occurrence of practical mis-
match.

Furthermore, the electrical properties of each liquid sam-
ples were studied by using an open ended coaxial probe. The
dielectric constant and dielectric loss factor were measured
by immerging 85070E dielectric probe kit that is by connect-
ing it to a vector network analyzer (VNA), as shown in Fig. 9.
The dielectric probe was calibrated by using air and pure water
with known electromagnetic properties in the same frequency
range adapted for the study and at room temperature (25◦). For
this purpose, a special short circuit kit was used via a proper
software program inside the VNA. Then, the dielectric char-
acteristics of the liquid samples have been obtained in the
desired frequency range.

Following the experimental setup, we measured the trans-
mission coefficient (S21) with the presence of liquid sample
holder, waveguide, adaptor and sensor structure, as shown in
Fig. 8. First, the sample to be studied was injected into the
sample holder and then the transmission coefficient (S21) was
measured in the desired frequency range from 8−12 GHz. The
same measurement procedure was repeated for each sample.

The transmission coefficient (S21) was calculated numer-
ically in the CST Microwave studio software by importing
the dielectric properties of each selected samples into the

program, while the sensing characteristics of the proposed
structure was measured by placing the samples into the sen-
sor layer.
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Fig. 8 – (a) Front view of the fabricated metamaterial based sensor, (b) back view, (c) experimental setup with waveguide
configuration and (d) Sample holder-captain band with manufac

Fig. 9 – Experimental setup to determine the relative
permittivity measurement of the samples using 85070E

dielectric probe kit.

3.1.  Study  on  the  detection  of  transformer  oil  condition

In this part, numerical and experimental studies were per-
formed to investigate the transformer oil condition through
analyzing the changes that might be happened in the X-band
frequency range. The use of transformer oil can perform at
least four functions in a transformer. The oil serves as an insu-
lator, cools the transformer and extinguishes other discharges.
In addition, gases arising from the oxidation of oil, moisture

and gases from the breakdown of cellulose insulation, as well
as gases and moisture from the atmosphere, dissolve in the oil.
Careful monitoring of the gases dissolved in the oil, as well as
other properties of the oil, provides the most accurate infor-
tured sample.

mation on the condition of the transformer. Therefore, this
part of the work was mainly focused on the determination
of the transformer oil condition, either to be clean or waste
oil. The dielectric constant and dielectric lose results of the
clean and waste transformer oils at 8−12 GHz are shown in
Fig. 10. It was found that the dielectric constant is about 2.84
and 2.73 for the clean and waste transformer oils, respectively.
The dielectric loss value of the clean and waste transformer
oils were obtained to be about 0.151 and 0.16, respectively.

In addition to the differences noticed in the dielectric prop-
erties of the clean and waste samples, which can be relied
on for differentiating the samples, the proposed sensor was
utilized to address the wave  transmission behavior of the
device upon the presence of the samples. Simulation and
experimental investigations on the clean and waste oil using
the proposed metamaterials sensor at 8−12 GHz are shown
in Fig. 11. One can notice that the proposed sensor is well
capable of distinguishing the two samples based on the trans-
mission information fetched at the high resonance frequency
of about 11.3 GHz. Both simulation and experimental results
have clearly showed this shift in the transmission coefficient
such that the waste oil sample provided larger absolute values
of the transmission coefficient at the resonant frequency.

3.2.  Study  on  the  detection  of  herbal  oil  samples

Each type of oil can have a unique quality based on its ingredi-
ents and physical conditions. We  anticipate that the electrical
properties of the oils can be used as a viable tool for qual-

ity control investigations and understanding their scores in
health benefits. In this section, we  measured the dielectric
properties of corn, olive and cotton oils by using dielectric
probe kit at X-band, as shown in Fig. 9. The dielectric permit-
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Fig. 10 – Measured results for the clean and waste oil samples: (a) the dielectric constant and (b) dielectric loss factor in
X-band frequency.

Fig. 11 – (a) Simulation and (b) experimental transmission behavior with the presence of the clean and waste transformer
oils at frequency 8–12 GHz.

Fig. 12 – (a) The dielectric constant and (b) dielectric loss factor measurement results for the corn, cotton and olive oils at
X

t
s
t
2
b
r

-band.

ivity and dielectric loss factor were recorded and results are
hown in Fig. 12(a) and (b), respectively. The value of dielec-
ric constant for cotton, corn and olive oil are 3.2, 3.08 and

.55, respectively. The dielectric loss factor was measured to
e 0.202, 0.205 and 0.226 for the olive, corn and cotton oils,
espectively. It is however that these values are close to each
other at 8 GHz, yet the proposed metamaterial structure has
precisely detected the samples.

It is seen from Fig. 13 that results of simulation and

experimental transmission coefficients for the oil samples in
X-band frequency regime are relatively different. This can be
ascribed to the errors arise due to calibration, instrument
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Fig. 13 – (a) Simulation and (b) experimental results for the corn, cotton and olive oils at frequency 8–12 GHz.

Fig. 14 – (a) The dielectric constant and (b) dielectric loss factor for the branded and unbranded diesel samples in 8–12 GHz.

Fig. 15 – Sensing results for the branded and unbranded diesel samples in 8–12 GHz (a) Simulated result and (b)

Experimental result.

and mismatched fabrication. In the numerical studies, the
obtained result for the transmission coefficient of olive oil
was minimum at about 11 GHz, while this was at 11.20 GHz
and 11.25 GHz for the corn oil and cotton oil, respectively.
Besides, the transmission coefficient was at different values
for each of the oil samples when they are measured experi-
mentally and estimated numerically. These results implying

that the proposed structure can precisely detect various
types of liquids despite the closed value of their dielectric
behavior.
3.3.  Study  of  branded  and  unbranded  diesel

In South Asian countries, fuel adulteration is a global danger
associated with the engine performance decline, environmen-
tal pollution and governmental tax loss. There have been
several works performed in literature for the fuel adulteration
detection using fiber grating technology, density measure-

ment method, gas chromatography and dielectric probe kit
method [44–47]. The detection of the branded and unbranded
diesel is crucial for the government custom, the health of the
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Fig. 16 – Numerical and experimental sensing results for (a) aniline and ethyl-alcohol samples and (b) for the benzene and
carbon-tetrachloride samples in 8–12 GHz.

Table 2 – Sensitivity comparison of the proposed sensor to those reported in literature.

Reference Material Dielectric Constant Frequency Range
(GHz)

Resonant
Frequency Shift
(MHz)

[34] waste transformer oil 2.5 for clean transformer oil
and 2.51

8−12  61

[35] Clean oil and waste oil 2.74 for clean oil and 2.87
waste oil

1−8  63

[36] Branded and unbranded diesel 2.71 for branded diesel and 2.48
for unbranded diesel

80−12  60

[38] Clear and dirty transformer oil 3 for clear transformer oil and
2.75 for dirty transformer oil

8−12 70

[39] Clean and waste transformer
oil

2.7 for clean transformer oil
and 2.81 for waste transformer
oil

4−5  40

[47] Olive oil, cotton oil 2.54 for olive oil and 2.88 for
40% cotton oil with 60% olive
oil

8−12  150

This work Clean and dirty transformer oil 2.84 for clean transformer oil
and 2.73 for waste transformer
oil

8−12  250

This work Branded and unbranded diesel 2.71 for branded diesel and 2.48
for unbranded diesel

8−12  250

 for o
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w
w
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This work Olive oil and cotton oil. 3.2
cot

ser and diesel motor engine is highly depending on the purity
f fuel. The disadvantages of the mentioned methods for fuel
dulteration are large size and being expensive. In this work,
e propose a highly sensitive and cost effective technique,
hich is based on metamaterials sensor in order to distinguish

he branded and unbranded diesels.
The electrical properties of the branded and unbranded

iesel were first measured by using the dielectric probe
it and the test results for the dielectric constant are
hown in Fig. 14. The measurement was obtained in the X-
and frequency regime. It was seen from the results that
he dielectric constant value of the branded diesel sam-
le starts from 2.71 at 8 GHz and ends to 2.43 at 12 GHz.
he dielectric constant values of the unbranded diesel are

.48 at 8 GHz and 2.15 at 12 GHz. The tangent value of
he branded diesel sample starts from 0.48 at 8 GHz and
nds to 0.7 at 12 GHz. The tangent value of the unbranded
live oil and 2.55 for
il

8−12  200

diesel was found to be 0.53 at 8 GHz and equals 0.64 at 12
GHz.

It is worth noting that the proposed sensor can be
effectively utilized to detect various qualities of diesel, as
shown in Fig. 15. From the simulated results for instance,
the unbranded diesel sample presented at higher resonance
frequency around 11.12 GHz have deeper transmission coef-
ficient compared to that of the branded one in Fig. 15 (a).
The value of the transmission coefficient is about −32 dB and
−38.75 dB for the branded and unbranded diesel respectively.
In order to support the simulated results we  investigated
the experimental study as shown in Fig. 15 (b) the value of
transmission coefficient is about 28.75 dB and 35.5 dB for
the branded and unbranded diesel respectively. Noticed the

numerical and experimental study is a good agreement with
each other and both results showed the metamaterials based
sensor can easily detect different kinds for diesel.
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3.4.  Study  on  the  detection  of  liquid  chemicals

The final experiment was to perform detection of chemical
liquids namely aniline, ethyl-alcohol, benzene and carbon-
tetrachloride in the frequency range 8−12 GHz, the measured
value of the dielectric constant and dielectric loss factor for the
aniline, ethyl-alcohol, benzene and carbon-tetrachloride are
5.809044, 5.781161, 2.56916, 2.522, 0.15583, 0.145451, 0.080846
and 0.079589 respectively. As shown in Fig. 16. The simulated
results showed that transmission coefficient has lower level
at 11.30 GHz for aniline compared to that of ethyl-alcohol at
11.5 GHz. The resulted frequency shift was seen to be about
200 MHz. The experimental study has been demonstrated to
compare the simulated results as depicted in Fig. 16(a) the
resonance shift was monitored to be around 120 MHz, both
numerical and experimental results are good agreement. Fur-
thermore the minimum transmission coefficient was recorded
for the benzene and carbon tetrachloride samples and it was
happened at about 10.75 GHz and 10.70 GHz, respectively.
This was also accompanied with a frequency shift of 50 MHz
According to these results, the proposed metamaterial based
sensor can easily detect chemical liquids by using microwave
technique without any chemical analysis. The structure can
be used for different industrial and electrochemical sensing
applications.

The proposed metamaterials-based sensor compared to
other works published in literatures in term of frequency
range, dielectric constant, sensitivity and years of published,
the results are shown in Table 2. The quality factor can be
used to show tangible results. The best quality factor has been
observed during benzene simulation and experimental study,
as shown in Fig. 16b. The quality factor was found to be as high
as 300. Comparably, this value is higher than those reported
in literature [39–47].

4.  Conclusion

A resonator was successfully designed and fabricated in order
to be used for the detection of liquid chemicals in the X-band
frequency region. It was concluded that the proposed sen-
sor has easily differentiated the clean transformer oil from
the waste one by means of a 250 MHz  shift in the resonant
frequency despite close values of the dielectric constant of
about 2.84 and 2.73 for the clean and waste transformer oils,
respectively. It was found that the dielectric constant for cot-
ton, corn and olive oils is 3.2, 3.08 and 2.55, respectively, while
the resonant frequency shift was noticed to be about 200 MHz.
Furthermore, the measured value of dielectric constant for the
branded and unbranded diesels was found to be 2.71 and 2.48,
respectively. Concluding, the proposed sensor is well adapted
to detect liquid chemicals, for instance the shift in resonant
frequency between the branded and unbranded diesels was
about 250 MHz, while that for the aniline doped ethyl-alcohol
and benzene doped carbon-tetrachloride was 150 MHz and 50

MHz, respectively. The experimental results were seen to be in
a good agreement with the simulation ones. The sensor struc-
ture was successfully designed for the real-time, fast, low cost,
durable, and accurate detection of the samples. We  believe
 0 2 0;9(5):10291–10304

that our proposed sensor can be highly interested for many
applications of industrial, liquid chemicals and medicine.
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