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ABSTRACT

Life of any automobile engine is largely dependent on the purity as well as the optimum ratios of their fuels,
viz. petrol, diesel and ethanol. A device working on the electrical metamaterial concept, namely a complementary
split ring resonator (CSRR), operating at 2.47 GHz (ISM band), is proposed to detect kerosene adulteration in petrol.
Kerosene was varied upto 30 per cent with minimum detection limit as low as 10 per cent. Systematic shifts in the
transmission resonance frequency were observed. The sensing was fast and the recovery was instantaneous. The
underlying concept of interference of electromagnetic radiation through the CSRR circuit and its further manipulation

with the changes in the dielectric ambience is elaborated.
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1. INTRODUCTION

Metamaterials have attracted lot of attention in recent
times due to their unprecedented range of applications in
electromagnetics. These are defined as artificially structured
materials which attain their properties from the unit structure,
and not from the constituent materials. They have their unit
structure comparable to the wavelength of interest; due to
which their electromagnetic response is expressed in terms of
homogenized material parameters (i.e. effective permittivity
and effective permeability)!. In 1968, Veselago theoretically
proved the possibility of left handed materials®. Later, this
domain of science (and mostly, the technology) initiated when
Smith et al. published their works on a structured material
with simultaneously negative permeability and permittivity at
microwave frequencies, in the year 20002, Various applications
came in later, which exhibited the metamaterials in various
sizes, shapes, materials and geometry for applications including
cloaking, superlenses and antennas*®. Sensors are also one
domain of the applications, in which significant progress has
been done, in recent 5 years or so®°. Our own efforts have also
been documented towards making of such structures, mainly
electrical metamaterials for applications in sensing'®-'2,

Fuel adulteration is a global menace especially in South
Asian countries. For petrol and diesel, kerosene is the most
widely used adulterant, mixed for monetary gains. Adulteration
as high as 30 per cent is incorporated®®, which results in
substantial loss to the country’s economy. Further, kerosene is
more difficult to burn than petrol, and hence its addition results
in higher emission of carbon and carbon monoxide; leading to
environmental pollution along with premature failure of engine
components®®. There are many methods to detect adulteration
in fuel, like density measurement method, fiber grating
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sensor technology, emission testing, filter paper method, gas
chromatography, ash contamination determination and so
on'*' However, these methods are either laboratory-based or
equipments are too bulky and costly. So there is crucial need
of a fuel detection device, which should be highly sensitive,
selective, low-cost with quick recovery and response time. In
this context, we propose a metamaterial based device designed
in the industry scientific and medical (ISM) standard band for
detection of adulteration in conventional fuel.

Using the preliminary studies done earlier'®, a device is
being developed and projected here working in ISM standard
band. The sensor is a complementary split ring resonator
(CSRR) circuit, which exhibits sub-wavelength resonance
(resonance at A/18 in this case) having higher sensitivity and
Q-factor. Further, a PDMS-based sample cavity is fabricated
for micro-quantity sensing to make the device more sensitive,
precise and selective. A device operating at 2.47 GHz is hence
proposed for kerosene adulteration (in petrol, varying upto 30
per cent). Standard samples (unadulterated fuel) were derived
from the Company operated Company owned (CoCo) petrol
pump, and the adulterated samples were actually made in the
laboratory for accurate calibration. Systematic changes in
the resonance frequency as well as magnitude (power) were
observed with adulterated fuels. The sensing measurements
were done on vector network analyer (VNA, (Agilent PNA
N5222A)). The sensing was fast and the recovery was almost
instantaneous; promising an accurate and sensitive device for
detection of adulterated petrol.

2. DESIGN AND THEORY

Electrical metamaterials made from the CSRRs are based
on Babinet’s principle®®, having two concentric rings etched
out from a conductive surface which behaves as an electric
dipole as they are excited by an axial electric field,applied
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perpendicular to the CSRR plane. This excitation can be
accomplished by using a microstrip transmission line with the
CSRR etched on the ground plane. The resonant frequency is
given by the following standard expression®®:

0 = 21t = (LCe) (M)

o, is the angular resonant frequency L. and C_ are
inductance and capacitance of the CSRR. Change in the
permittivity of the sample material reflects the change in the
capacitance of the CSRR (C.) of the sensor”. The CSRR
was designed with specific dimensions to yield the resonant
frequency of 2.51 GHz. Figure 1(a) shows the copper structure
which was fabricated on a commercially available FR4 epoxy
(e= 4.4 thickness h = 1.6 mm) substrate. The structure was
embedded in the PDMS mould, to make a cavity for liquid
confinement which shifted the resonating frequency of the
sensor to 2.47 GHz. A micro-pipette was used to drop-cast the
liquids in the cavity, completely filling the cavity for pure as
well as adulterated fuels. The color difference in the adulterated
fuels, when compared to pure petrol, is hardly differentiable as
shown in inset of Fig. 1(a). The measurements were carried out
for 10 per cent, 20 per cent and 30 per cent adulterated fuels.
The PDMS cavity was so designed that the walls of the cavity
restricted the liquid sample strictly over the active area of the
sensor. The CSRR wunit cell structure and experimental set
up has been mentioned in detailed by Rawat', et al. The cell
dimensions of the CSRR for the desired resonant frequency
area = 6.82 mm, ¢ =0.52 mm, d = 0.2 mm and g = 0.32 mm.
The shape of the microstrip line was changed from rectangular
to plus-sign as to further reduce the size while retaining the
Q-factor of the device. Dimensions of the device was 26 mm
x 20 mm.

3. RESULTS AND DISCUSSION

The simulation of CSRR design (with and without PDMS
cavity) was carried out using CST Microwave Studio which
matched well with experimental results (not shown). Fig 1(b)

shows E-fields at the time of the resonance of the simulation
setup of the CSRR cavity. The figure clearly shows more flux
of E-fields above the CSRR structure rather than below. This
suggests that upon insertion of the sample inside the cavity,
significant change in the E-fields path will lead to change
in C, (dependent on the real part of relative permittivity of
sample) and hence the inherent resonance frequency shift
(of the CSRR frequency). Table 1 shows the experimental
values of the permittivity measurements done using Agilent
Dielectric Probe Kit (85070E) for the fuels? along with the
simulation and experimental response for petrol and kerosene.
On exposing the sensor with 300 pL of petrol and kerosene,
the resonant frequency of the empty cavity shifted from 2.47
GHz to 2.254 GHz and 2.281 GHz by 216 MHz and 189 MHz,
respectively. Figure 2 shows the S21 response of the sensor
for adulterated combination for 10 per cent, 20 per cent, and
30 per cent kerosene in petrol. This indicated that it is easy to
identify contamination (adulterated fuel), if the adulteration is
around 10 per cent or more. Figure 3 shows the data for various
percentages of adulterated fuels, both in terms of magnitude
(power) as well as frequency change where the transmission
frequency shifted to 6 MHz, 9 MHz, and 13 MHz with respect to
petrol. There was negligible change in transmission magnitude
of all the samples (approx. 1.5 dB for petrol and kerosene).
Further detailed studies are ongoing, which can offer a proper
calibration scale with this device; for adulteration in petrol.

Table 1. Comparison of simulation and experimental values
of petrol and kerosene.

Fuels Permittivity Loss S21 resonance frequency
(real part)  tangent (GHz)
Simulation Experimental
Kerosene 2.26 ~0.00 2.280 2.281
(300 uL)
Petrol 241 ~0.00 2.260 2.256
(300 uL)
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Figure 1. (a) shows the CSRR device with the PDMS cavity along with photograph of fuel samples (inset) (b) Simulation of E-fields

of CSRR cavity sensor.
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Figure 2. Shows the variation in S21 response for various
adulterated concentrations of kerosene in petrol.
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Figure 3. Shows the combined picture of the actual frequency
and magnitude shifts wrt compositions of adulterated
fuels.

It is important to mention that the sensor had good
repeatability, rapid recovery, and cheap fabrication technique.
Substantial shift in the resonance frequency of the sensor
ensures its practical applicability not only at gas stations,
and to the consumers, but also the fuel owners, to check the
quality and hence life of their automobile engines. Extreme
miniaturization due to the metamaterial approach is the
prominent advantage of the envisaged device.

4. CONCLUSION

In conclusion, a CSRR based sensor has been designed
which provide good sensitivity in detecting a small amount of
liquid samples of adulterated fuels. The sensors also provides
extreme miniaturization, micro-quantity, fast sensing and
repeatability; thus promising a practically implementable
product. The cavity based approach, along with the ISM band
applicability provides impetus for ease in manufacturing.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Cai, W. & Shalaev, V. Optical metamaterials:

Fundamentals and applications. Spinger, 2010. p 1-8.
doi: 10.1007/978-1-4419-1151-3 1

Veselago, V.G. The electrodynamics of substances with

simultaneously negative values of ¢ and p. Sov. Phys.

Uspekhi., 1968, 10(4), 509-514.

doi: 10.1070/PU1968v010n04ABEH003699

Smith, D.R.; Padilla, W. J.; Vier, D.C.; Nermat-Nasser, S.

C. & Schultz, S. Composite medium with simultaneously

negative permittivity and permeability. Phys. Rev. Lett.,

2000, 84(18), 4184—4187.

doi: 10.1103/PhysRevLett.84.4184

Schurig, D.; Mock, J. J.; Justice, B. J.; Cummer, S. A,;

Pendry, J. B.; Starr, A. F. & Smith, D. R. Metamaterial

electromagnetic cloak at microwave frequencies. Science,

2006, 314(5801), 977-980.

doi: 10.1126/science.1133628

Dong, Y. & Itoh, T. Metamaterial-based antennas. |[EEE

Microw. Mag., 2012, 100(7), 2271-2285.

SchiiBBler, M.; Mandel, C.; Puentes, M. & Jakoby, R.

Metamaterial inspired microwave sensors. IEEE Microw.

Mag., 2012, 13(2), 57-68.

doi: 10.1109/MMM.2011.2181448

Huang, M. & Yang, J. Microwave sensor using

metamaterials. In Wave Propagation, In-tech Press:

Vienna, Austria, 2011, pp. 13-36. doi: 10.5772/14459

Chen, T.; Li, S. & Sun, H. Metamaterials application in

sensing. Sensors, 2012, 12(3), 2742-2765.

doi: 10.3390/s120302742

Withayachumnankul, =~ W.;  Jaruwongrungsee, K.

Tuantranont, A.; Fumeaux, C. & Abbott, D. Metamaterial-

based microfluidic sensor for dielectric characterization.

Sensors Actuators A. Phys., 2013, 189, 233-237.

doi: 10.1016/j.sna.2012.10.027

Rawat, V.; Dhobale, S. & Kale, S. N. Ultra-fast selective

sensing of ethanol and petrol using microwave-range

metamaterial complementary split-ring resonators. J.

Appl. Phys., 2014, 116(16), 164106 1-5.

doi:10.1063/1.4900438

Rawat, V.; Nadkarni, V.; Kale, S.N.; Hingane, S.;Wani, S. &

Rajguru, C. Calibration and optimization of a metamaterial

sensor for hybrid fuel detection. In Proceedings of the 2nd

International Symposium on Physics and Technology of

Sensors, Pune, India 2015 IEEE.

doi: 10.1109/ispts.2015.7220124

Rawat, V,; Kitture, R.; Kumari, D.; Rajesh, H.; Banerjee,

S.; Kale, S.N. Hazardous materials sensing: An electrical

metamaterial approach. JIMMM, 2016, 415, 77-81.

doi: 10.1016/j. jmmm.2015.11.0231

Agostini, C.A. Differential fuel taxes and their effects on

automobile demand. Cepal Rev., 2010, 102, 101-111.

doi: 0.18356/2400bd17-en

Catching Gasoline and Diesel Adulteration. The World

Bank, 2002, 7, 1-4.

Felix, V.J.; Udaykiran, P.A. & Ganesan, K. Fuel

adulteration detection system. Indian J. Sci. Technol.,

423



16.

17.

18.

19.

20.

21.

424

DEF. SCI. J., VOL. 66, NO. 4, JULY 2016

2015, 8(S2), 90-95. doi: 10.17485/ijst/2015/v8iS2/59076
Kher, S.; Chaubey, S.; Kishore, J. & Oak, S.M. Detection
of fuel adulteration with high sensitivity using turnaround
point long period fiber gratings in b/ge doped fibers. IEEE
Sensors J., 2013, 13(11), 4482-4486.

doi: 10.1109/JSEN.2013.2270312

Mishra, V.; Tiwari V. & Patel P.N. Nanoporous silicon
microcavity based fuel adulteration sensor. Silicon, 2015,
1-7.

doi:10.1007/512633-015-9311

Falcone, F.; Lopetegi, T.; Laso, M.A.G.; Baena, J.D.;
Bonache, J.; Beruete, M.; Marqués, R.; Martin, F. & Sorolla,
M. Babinet Principle applied to the design of metasurfaces
and metamaterials. Phys. Rev. Lett., 2004, 93(19), 197401
1-5. doi: 10.1103/PhysRevLett.93.197401

Bonache, J.; Gil, M.; Gil, |.; Garcia-garcia, J. & Martin,
F. On the electrical characteristics of complementary
metamaterial ~ resonators. IEEE  Microw.  Wirel.
Components Lett., 2006, 16(10), 543-545.

doi: 10.1109/LMWC.2006.882400

Boybay, M.S. & Ramahi, O.M. Material characterization
using complementary split-ring resonators. |IEEE Trans.
Instrumentation Meas., 2012, 61(11), 3039-3046.

doi: 10.1109/TIM.2012.2203450

Technologies, A. Agilent 85070E dielectric probe kit
200 MHz to 50 GHz swept high-frequency dielectric
measurements.

ACKNOWLEDGEMENTS
The authors acknowledge the Vice-Chancellor, DIAT for
support and encouragement.

CONTRIBUTORS

Ms Vaishali Rawat received her BTech (Electronics and
Communication) from Birla Institute of Applied Sciences,
Bhimtal, India, in 2010 and MTech (Laser and Electro-optics)
from Defence Institute of Advanced Technology, Pune, in
2012 and currently pursuing her PhD from Defence Institute
of Advanced Technology, Pune. Her research interests are:
Metamaterial based sensors and their applications.

Mr Vihang Nadkarni received his BTech (Electronics and
Telecommunications) and MTech (Laser and Electro) from
Defence Institute of Advanced Technology (Deemed University),
Pune, in 2015. Currently serving as Technical Officer in the
Indian Armed Forces.

Dr Sangeeta N. Kale received her post-doctoral research
from University of Maryland, College Park, USA and is a
Visiting Scientist at ICTP, Trieste, Italy. Currently working
as a Professor of Physics and Heading Department of Applied
Physics at Defence Institute of Advanced Technology (DIAT),
Pune. Her area of expertise is mainly sensors and devices
for CBW diagnostics and drug delivery. She has extensively
worked on metal oxide based sensors, which are harnessed for
EMI applications, sustained and stimuli-based drug delivery,
chemical and biological sensors, along with DMS and magneto-
electronic materials.



