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Abstract

We propose a low-cost, easy-to-fabricate, contactless microwave sensor for dielectric characterization of liquids. The design of the
proposed sensor is based on a multiple complementary split-ring resonator (MCSRR) fabricated on a low-cost FR-4 substrate.
A glass capillary tube having an inner diameter of 0.008)\¢ is inserted in the high electric field region of the MCSRR to carry
the liquid under test. The sensor is designed to operate at a resonant frequency of 2.45GHz for an empty tube and shifted
resonant peaks are utilized for the dielectric characterization of different liquids. The maximum observed shifts in resonant
frequency and Q factor are up to 400MHz and 31, respectively. The numerically established relations are experimentally verified
through fabricated sensor for various binary mixtures of water and ethanol. The percentage errors between the calculated and
reference permittivity of different samples are noticed to be less than 5%. The proposed device promises to be a cost-effective

and convenient solution for accurate dielectric characterization of liquids and their binary aqueous solutions.
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Abstract— We propose a low-cost, easy-to-fabricate, contactless
microwave sensor for dielectric characterization of liquids. The
design of the proposed sensor is based on a multiple
complementary split-ring resonator (MCSRR) fabricated on a
low-cost FR-4 substrate. A glass capillary tube having an inner
diameter of 0.008%, is inserted in the high electric field region of
the MCSRR to carry the liquid under test. The sensor is designed
to operate at a resonant frequency of 2.45GHz for an empty tube
and shifted resonant peaks are utilized for the dielectric
characterization of different liquids. The maximum observed
shifts in resonant frequency and Q factor are up to 400MHz and
31, respectively. The numerically established relations are
experimentally verified through fabricated sensor for various
binary mixtures of water and ethanol. The percentage errors
between the calculated and reference permittivity of different
samples are noticed to be less than 5%. The proposed device
promises to be a cost-effective and convenient solution for accurate
dielectric characterization of liquids and their binary aqueous
solutions.

Index Terms—Multiple complementary split ring resonator
(MCSRR), microwave sensor, dielectric characterization, low-
cost, liquid, binary mixture

I. INTRODUCTION

ICROWAVE sensing is promising for diverse fields and

applications due to its non-invasive and non-destructive
nature [ 1]-[4]. These include (but not limited to) kinetic sensing
[5], structural health monitoring [6], biosensing for biomedical
and healthcare [4], dielectric characterization [7] and many
more. Microwave sensors are becoming popular, in comparison
to their optical and micro-electromechanical systems (MEMS)
counterparts, due to their simplicity, cost-effectiveness,
passivity and label-free sensing capability.
The quality of expensive liquids (e.g. ethanol) is often degraded
by various contaminants (e.g. water). Hence, the detection of
even small traces of contaminants in liquids is necessary to
maintain their pureness. An accurate dielectric study of liquids
can be used to distinguish pure liquids from contaminated ones
[8]. Microwave sensors can be regarded as an economical
choice for the sensing of liquids. Various microwave broadband
techniques were adopted for this purpose [9], [10].
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The resonators-based sensors were preferred (over non-
resonator ones) because of better accuracy within the narrow
frequency band [11]. Different configurations of the microwave
resonator sensors were employed for the dielectric
characterization of liquids [12]-[14]. Cavity resonators were
proposed to counter the problem of lower accuracy [15]-[17].
However, these cavity resonators were not only expensive but
also required bulky experimental setups, hence making them
incompatible for portable lab-on-a-chip and system-on-chip
applications. Planar microwave resonators and metamaterial
inspired resonators provided an ideal platform to realize
compact sensors with high accuracy, high quality (Q) factor
and enhanced sensitivity for such on-chip applications [18]—
[20]. The appealing resonance characteristics of split-ring
resonator (SRR) and complementary split-ring resonators
(CSRR) enabled them to demonstrate several compact sensing
applications [21]-[23]. However, the use of expensive
substrates did not justify the low-cost claim of these
demonstrations. This cost issue can be resolved by a careful
design and optimization of resonators on a cheaper substrate
like FR-4 (while compromising the Q factor within the
acceptable limits). Owing to their unique resonance
characteristics, these SRR and CSRR metamaterial inspired
resonators were used in various other microwave applications,
also including microfluidic-based sensing of liquids [23]-[29].
The polymer-based channels are prevalent among microfluidic-
based microwave sensors for the liquid sensing. In [25], a single
SRR excited by microstrip line was adopted for the dielectric
characterization of aqueous liquid mixture, in which a
polyethylene terephthalate (PET) film was used for the
insertion of liquid samples inside the sensitive area of resonator
fixed on a low-loss substrate, this work was extended in [26],
where the dielectric characterization of liquid mixtures was
carried out using a CSRR approach and liquids were flown onto
the sensitive region using a polydimethylsiloxane (PDMS)
channel. Many other researches also used polymer-based
microfluidic channels [24]-[29], however, the fabrication of
such microfluidic channels onto the substrate required a
dedicated chemical procedure including, good texture molds,
reagents and controlled environment to avoid bubble trapping
and channel degradation. The polymer-based microfluidic
channels not only add complications in fabrication process but
also required additional time and effort. Various researches
proposed a submersible technique to alleviate fabrication
complexities for the detection of liquid samples in the
microwave regime [30]-[32]. Such an approach required the
device to be immersed into a liquid which consequently
required larger sizes of liquid samples and also made the



sensing mechanism invasive which is often not desired when
dealing with costly chemicals. Moreover, the limited
availability of expensive low-loss substrates emphasized the
need of a relatively low-cost and easily available substrate for
carrying out the sensing process.

In this work, an economical and easy-to-fabricate device is
proposed to accurately characterize liquid samples based on
their dielectric properties. A low-cost and label-free MCSRR
based microwave sensor is demonstrated which is to be
operated within Industrial, Scientific and Medical (ISM) band
range at 2.45GHz frequency. Dielectric investigation on the
binary mixture of water and ethanol is conducted
experimentally using an accurate numerical model while,
multiple samples of pure liquids having distinct and higher
dielectric constants as compared to the binary mixture were
used to further validate the sensitivity of the proposed sensor
w.r.t the variation in the dielectric properties of liquid under
test. The fabrication cost of the device is very low as FR-4
substrate is utilized and a conventional chemical etching is used
for the fabrication. A simple, convenient and contactless
method is researched and employed, for the detection of liquids,
which includes a small glass capillary tube adjusted normal to
the ground plane. The sensitivity of proposed device is noticed
to be higher than a similar approach reported in [33], which is
attributed to the use of a thicker substrate, thereby, increasing
the influence of electric field on sample under test.

In the next section, design of proposed microwave sensor is
introduced and modifications in basic structure of CSRR are
explained with equivalent circuit model of the proposed
MCSRR design. Section III describes the sensing principle of
device. The fabricated prototype and experimental setup are
depicted in section IV. Dielectric study and liquids responses
are explained in section V and finally, the whole research is
concluded in section VI.

II. DESIGN OF THE PROPOSED SENSOR AND ITS EQUIVALENT
CIRCUIT MODELING

A. Proposed Design of the Sensor

The structure of the proposed microwave sensor consists of
a defected ground plane on one side (top) of the substrate (Fig.
1(a)), whereas a microstrip line is formed on the other side
(bottom) of the substrate (Fig. 1(b)). The MCSRR is etched on
ground plane, which is excited by the microstrip line (from its
back-side) at a distance equal to the thickness of the substrate.
The proposed MCSRR consists of four circular rings (hence,
referred as MCSRR) having a defined split at opposite sides of
consecutive rings. The electric field (of the applied
electromagnetic signal) resonates the MCSRR in the axial
direction. The CSRR is the complementary counterpart of SRR,
in which rings of the resonator induces capacitance while the
gap between them induces the inductance. This response is
exactly opposite (as expected) to that of SRR. We preferred
CSRR approach over SRR because it creates high electric field
region between the resonator and microstrip line. This region
can be effectively utilized for the sensing purpose. The
electromagnetic simulations regarding the design and

validation of MCSRR are carried out on CST Microwave
Studio [34]. Wave ports are used for the excitation of MCSRR
and S21 plots are realized for the inspection of responses.
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Fig. 1. Design of proposed microwave sensor along with different dimension
parameters. (a) MCSRR on top side where the dimensions are: route~4.65mm,
T'mner=2.35mm, g=0.7mm, ¢=0.3mm, w=0.35mm, /=1.5mm (b) Microstrip line
on bottom side where #2.65mm, here effective permittivity and characteristic
impedance of microstrip line are calculated as 3.3 and 50 Q, respectively.

To achieve a higher attenuation and narrow bandwidth, a
carefully optimized microstrip-ring (having a radius equal to
the outer ring of MCSRR) is corrugated on the bottom side (in
alignment with MCSRR) as depicted in Figure 1(b). It
illustrates that a better resonance is achieved when the
microstrip-ring is added in the structure.
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Fig. 2. Effect on the attenuation depth at resonance while using microstrip-ring
for excitation of resonator whereas dotted line is showing the resonance without
microstrip-ring.

It is observed (as expected) that the addition of more CSRR
rings decreases the resonance frequency due to increase in its
overall capacitance. This addition of more rings can be
meticulously engineered to reduce the overall dimensions of the
structure for a fixed resonance frequency. Meanwhile, it
enhances the electric field localization between the MCSRR
and microstrip-ring; hence enhancing its sensing capability.
The effect of number of rings on the resonance frequency is
simulated, and results (provided in Fig. 3) show that the
addition of third and fourth rings introduces a frequency shift
of about 80MHz in comparison to the two-ring CSRR. The
results also show that with the integration of the fourth ring, the
resonance frequency difference is minimal as compared to the



three-ring structure. Therefore, further addition of rings is not
necessary, or in other words, the addition of another ring would
cause negligible increase in the capacitance of the MCSRR.
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Fig. 3. Effect of increasing the number of rings in CSRR and the resonance
frequency related to one, two, three and four rings.

B. Equivalent Circuit Modeling

The resonance frequency of MCSRR depends directly on the
structural parameters of the resonator. Different parameters of
MCSRR (i.e., size of the outer most ring ‘rouer’, the distance
between rings ‘d’, the gap in each ring ‘g’ and the width of each
ring ‘w’) majorly influence capacitance and inductance of the
resonator and collectively govern its resonance frequency. The
investigation of the induced capacitance and inductance by the
MCSRR is crucial to understand and predict its resonance
behavior. Lumped element equivalent circuit modeling
effectively explains this resonance behavior of MCSRR. An
equivalent circuit modeling of CSRR was thoroughly studied in
[35]. Its structure can be considered as a parallel combination
of inductance and capacitance. Therefore, it acts as a band stop
filter at resonance i.e.; it exhibits maximum attenuation.
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Fig. 4. Equivalent circuit model associated with MCSRR loaded microstrip
line, where C,=0.75pF, C=0.5pF, L/=3.5nH and R,=2350Q. (a) Schematic of
different parts of sensor (b) Proposed equivalent circuit model associated with
CSRR loaded microstrip line.

The equivalent circuit model is used to calculate the required
dimensions of the proposed resonator to make it resonate at the
desired frequency, given as [28],

1
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where ‘L,” and ‘C,’ correspond to the inductance and
capacitance of CSRR, respectively, while ‘C.’ relates to the
capacitance between ground plane and microstrip line.
Furthermore in Fig. 4, ‘L,,’ represents the inductance of

fr

microstrip line and °Z,” is characteristic impedance of
microstrip line which is adjusted at 50 €. The ‘R’ refers to the
resistance of the MCSRR and also depends upon the material
under test, it is related to the Q factor, given as [26],
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III. SENSING PRINCIPLE

The capacitive area of the device is basically the region
where maximum electric field would be stored. In order to
measure the dielectric properties of any dielectric substance, the
sample should be placed in close vicinity to high electric field
region of the sensor [36]. The capacitance of device will
increase due to the placement of a dielectric material as electric
field is now perturbed by the sample under test. The increase in
capacitance will depend upon the complex permittivity offered
by sample under test and the resonance frequency will undergo
some reduction, as suggested by equation (1). Hence, the
presence of any dielectric material can be detected through
resonance frequency shift due to change in capacitance.
Whereas, the lossy nature of dielectric substance is quantified
by change in Q factor response. As the dielectric materials to be
detected are liquids in our case, hence a medium is required to
flow the liquid inside the high electric field region. As
mentioned earlier, the polymer-based microfluidic channels are
not desired in this research due to their complex fabrication
problems, therefore we make use of a capillary tube.

In our sensor, the excitation through microstrip line produces
high electric field region inside the substrate between MCSRR
and microstrip line. At resonance, this region will become
sensitive to dielectric changes in its vicinity and will show
resonance shift.

(b)

Fig. 6. Electric field distribution plot of sensor generated on CST. (a) Electric
field plot of proposed MCSRR structure (b) Electric field influence on the
sample residing inside capillary tube.

Mathematically, sensitivity of a resonator can be expressed in
terms of change in resonance frequency due to a sample having
relative permittivity ‘g, as given below [37]

_ fempty - fsample

S =
fempty(gr - 1)

x 100, 3)

where ‘fopne,” and “fogmpie” refer to resonance frequency when
capillary tube is kept empty and filled with liquid sample,
respectively and ‘S’ refers to sensitivity. A glass capillary tube is
adjusted inside a hole created in middle of MCSRR. The electric



field distribution plots in Fig. 6 show that the liquid sample
residing inside the hole is influenced by high electric field.

IV. FABRICATION AND EXPERIMENTAL SETUP

Due to its low cost and easy availability, the substrate chosen
for the fabrication of proposed design is FR-4 having relative
permittivity of 4.3 and thickness of 1.5mm. The copper
thickness for ground plane and microstrip line is 35um. The
fabricated prototype is shown in Fig. 7. The dimensions of
fabricated MCSRR are kept the same as suggested through
equivalent circuit and simulated model. The connection of
sensor with the ports of NI PXIE-5630 vector network analyzer
(VNA) is done through Sub-Miniature Version A (SMA)
connectors soldered at both ends of the microstrip line. The
VNA is calibrated using Anritsu K calibration kit 3752L prior
to experiments. A glass capillary tube having 1.5mm outer
diameter and Imm inner diameter is adjusted inside a 0.75mm
radius hole drilled in middle of the device.

Fig. 7. Fabricated prototype. (a) Top side containing proposed MCSRR
structure (b) Bottom side containing microstrip line for excitation (c) Side view
with capillary tube inserted through the hole.

The liquids are injected from top of the capillary tube and
collected from the bottom to avoid chemical wastage. The
testing of each chemical sample is done with a separate
capillary tube to ensure purity. Furthermore, the absence of any
other electronic device near the VNA is made sure, thereby
reducing the errors due to electromagnetic interference. The
temperature for all the measurements was maintained at 20°C,
so that chemicals must not alter their responses due to
temperature change. It can be seen in Fig. 8 that the
experimentation on multiple liquid samples can be done in a
rather easier yet quick way.
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Fig. 8. Schematic diagram of the experimental setup used for the liquid
sensing.

A strong agreement between the resonance of equivalent
circuit, simulated model and experimental device has been
noticed that validates the performance of our fabricated device.

The comparison between results of fabricated and simulated
device is depicted in Fig. 9.
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Fig. 9. Resonance frequency (without placing capillary tube) agreement of
fabricated device with the results of equivalent circuit and simulated model.

V. RESULTS AND DISCUSSIONS

A. Dielectric Study of Binary Mixture of Water-Ethanol

Different concentrations of ethanol are added in distilled
water for the study of dielectric properties associated with their
binary mixtures. The step size of ethanol concentration
increment in water is taken as 20%. The selected percentages of
ethanol to be added in water are 10%, 30%, 50%, 70%, and
90%. A pipette is used for the preparation of samples containing
accurate measurement of mentioned concentrations of ethanol
in water. The pipette was dried off after every measurement and
it was ensured that there is no remaining droplet (of the previous
mixture) before performing the next measurement to avoid
contamination.
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Fig. 10. Experimental results for multiple binary mixtures of water and ethanol,
where the percentage of ethanol is changed between 10% to 90% with 20% step
size.
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The resonance frequency increased to higher values (less
shift) when the concentration of ethanol was increased in water.
The trend remained same throughout the experimentation
process. But the response of Q factor was rather non-linear with
respect to concentration change of ethanol in water. It is due to
the non-linear loss function of the water mixture [26]. It has
been observed that the Q factor shifted to lower values as
concentration of ethanol was gradually increased. The
minimum Q factor of the mixture was achieved for 70% ethanol
in 30% water and with further increase in ethanol concentration,
the Q factor showed slight increase. The resonance frequency
change was between 2.345GHz and 2.072GHz, with former
being for 90% ethanol and latter for 10% ethanol (Fig. 10). The
linear relation of frequency and non-linear relation of Q factor



with the changing concentration of ethanol in water is depicted
in Fig. 11. The detail of measured responses for different
percentages of the binary mixture is being listed in Table 1.
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Fig. 11. Relation of Q factor and resonance frequency with changing
concentrations of ethanol in water. “Center Frequency/Bandwidth” is used
for Q factor calculation where bandwidth of -3dB with respect to the minimal
transmission is considered.
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TABLEI
DETAIL OF RESONANCE FREQUENCY, ATTENUATION DEPTH AND Q FACTOR
ASSOCIATED WITH DIFFERENT PERCENTAGES OF WATER-ETHANOL MIXTURE

Resonance

Water Ethanol Frequency Attenuation Q factor
Percentage Percentage (GHz) Depth (dB)

90% 10% 2.071 -18.1 28

70% 30% 2.143 -16.8 21

50% 50% 2.231 -16.2 15

30% 70% 2.282 -15.3 14

10% 90% 2.343 -15.5 16

The calculation of complex permittivity (&' + je'') for
different concentrations of ethanol in water is determined using
the least square method. The change in resonance frequency
and Q factor are basically functions of complex permittivity
associated with changing concentration of the binary mixture.
The reference values of complex permittivity for different
concentrations of water-ethanol mixtures are taken from [38].
The model describing change in frequency and Q factor with
respect to complex permittivity of the sample is defined by a set
of linear equations, which are

Af s = ade’ + bAe", )

AQ = cAg’ +dAg". )

The factors ‘a’, ‘b’, ‘c’ and ‘d’ given in (4) and (5) are
unknown coefficients that will define a complete relation of
dependence of resonance frequency and Q factor with complex
permittivity of samples, once they are calculated accurately.
Change in complex permittivity ‘Ae’, resonance frequency
‘Afres’ and Q factor ‘AQ’ are calculated with the reference
values (of respective parameters) taken for the sample
containing 50% of ethanol in water and are given as

de = Esam — ‘gref' (6)
Afres = fsam - fref' (7)

4Q = Qsam - Qref- (8)

A matrix model is defined for the mathematical analysis of
finding the unknown coefficients which is given by

Afres] _[a  b1[Ag’
[ 4Q ] lc d [As”]' ©)
The concentrations of ethanol in the aqueous binary mixture
considered for the derivation of the mathematical model are
0%, 10%, 30%, 50%, 70%, 90%, and 100%. As, number of
samples are more than the number of unknowns, hence the
system becomes over-determined. The shifts in resonance
frequency and Q factor belonging to different samples of water-
ethanol mixture are incorporated in tall matrices. ‘X”, ‘Y’ and
‘Z’ matrices are defined for the values regarding change in
complex permittivity, resonance frequency and Q factor
respectively, which are as follows

36 —7.9
de’ Ael |30 —58
de;" A&| |155 0
X =gy’ Agf|=] 0 0 |
: : -14 -11
Ae,"  Ael —-27 =51
-34 -9
—0.21 17
Afy —-0.16 40, 13
Af, —0.09 40Q, 6
Y=|Af|=]| 0 |& Z=[4Q5|=]|0
: 0.05 : -1
Af, 0.11 40, 1
0.14 2

These values are calculated for the seven mentioned mixture
samples of water-ethanol. Knowing that, the initial matrix form
provided in (9) can be rewritten as

a b [X]T.

ly z]" = [c (10)

Now, we only need to apply pseudo inversion upon the
updated matrix (10) and the unknowns can be found as

[a b]"
[c dI"=

XTX)~1.XTY,
XTX)~1.XTZ.

(11)
(12)

Equations (11) and (12) generate the values of unknown
coefficients and are given as

0.0036

[a bl _ [—0.0049
—~1.1764l"

c d 1 02195 (13)

These calculated coefficients are used in the original matrix
model to find complex permittivity of any particular sample
provided a change in frequency and Q factor associated with the
given sample are already calculated. The final matrix that
provides the dielectric information of different water-ethanol
samples is given as



—235.3
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—44.2 ] [ ] 19
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It can be seen in Fig. 12 that our calculated values of both
real and imaginary parts of permittivity are in reasonable
agreement with the literature results.
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Fig. 12. Comparison between measured values of complex permittivity for
different concentrations of water-ethanol mixtures (intended for calibration of
sensor) with the reference values found in [38] at 2.4 GHz.
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Now that we have calibrated the sensor for the mathematical
model given in equation (14), a second set of water-ethanol
samples ranging from 20% to 80% with a 20% step size are
considered to validate the performance of the sensor and the
accuracy of defined mathematical model, the results for the
second set of samples are depicted in Fig. 13. The maximum
calculated percentage errors between measured and reference
values of real and imaginary permittivity are 4.9% and 4.6%,
respectively, which might be due to experimental uncertainties
and first order approximations.

0

B.  Experimental Results of Pure Liquid Samples

To further validate the sensitivity of the proposed sensor, the
study has been extended for other liquids having distinct and
higher dielectric constants as compared to binary mixture of
water and ethanol. Simulation and experimentation on absolute
butanol (&=3.5), absolute ethanol (&=9.0), absolute methanol
(&=21.3) and distilled water (e~=79.0) are done and their
responses are recorded. Clear shifts in resonance frequency and
Q factors were noticed during the simulation as well as
experimental analysis of these liquids and the results are shown
in Fig. 14.

The maximum resonance frequency shift of approximately
400MHz (as compared to empty capillary tube case) was
noticed for the case of distilled water as largest capacitance is
offered by water due to its highest permittivity among other
mentioned liquids. On the other hand, insertion of butanol
caused a shift of about 25MHz in resonance frequency which
was recorded as lowest resonance shift. The maximum Q factor
of 45 was achieved when no liquid was placed in the capillary
tube, whereas the minimum Q factor was noticed when
methanol was flown in the capillary tube which came out to be
13. The measured results are in a strong agreement with the
simulated results that validate the experimental responses of our
device for different liquids. The simulated and experimental
responses of different pure liquid samples used in this research
are listed in Table II.

Finally, the performance and important features of the
proposed device are compared with some related state of art
researches (Table III) which proves our claim of providing a
cost-effective and easy-to-fabricate method for considerably
good analysis on liquid samples.
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Fig. 14. Experimental and simulated results of air, pure butanol, pure ethanol,
pure methanol and distilled water.

TABLE II
COMPARISON BETWEEN SIMULATED RESULTS OF DIFFERENT PURE LIQUID
SAMPLES WITH MEASURED RESULTS

0
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Water Content (%)
(b)

Fig. 13. Experimental results of 20%-80% mixtures of ethanol in water with a
20% step size, intended for validation of the mathematical model. (a) Measured
responses of water-ethanol mixtures (b) Comparison between reference values
[38] and calculated values of complex permittivity from equation (14).

Simulated Simulated Measured Measured
Sample Res. Freq. Q Factor Res. Freq. Q Factor
(GHz) (GHz)

Air 2.4191 46 2.4192 45
Butanol 2.3883 31 2.3870 32
Ethanol 2.3704 17 2.3705 18

Methanol 2.2998 10 2.3011 13
Distilled Water 2.0209 38 2.0211 31




TABLE III
COMPARISON OF PROPOSED DEVICE WITH STATE OF ART MICROWAVE SENSORS USED FOR DIELECTRIC CHARACTERIZATION OF AQUEOUS BINARY MIXTURES

Res. Size LxWxH (mm) Liquid Sample Max
Ref. Freq. Substrate Flow Volume Sensiti . Fabrication Cost
(GHz) Actual Size Electrical Size Mechanism (uL) ensitivity
[28] 2 Rogers RT6002 40x30x%3 0.2610%0.220%0.0210 PDMS 0.39 0.436 Complex High
[26] 2 Rogers RO6002 40%30%3.6 0.26M0%0.2%0%0.025\0 PDMS 0.555 0.292 Complex High
[27] 1 Rogers RO3010 86x62x13.2 0.29%0x0.21A0%0.04X0 PET film 170 0.195 Complex High
[33] 24 | Rogers RO3035 20x28x1 0.16M0%0.22X0x0.08Ao Ca%’;gzry 1.325 0.036 Easy Moderate
[30] 5.8 F4B-2 75%33x1 1.47%0%0.64%0%0.19%0 Submersible 500000 0.102 Moderate Moderate
This 5 4 FR-4 35%25%1.5 | 0.27h0%0.200x0.012% Capillary 2.65 0.214 Easy Low
work Tube
VI. CONCLUSION [3] Devendra Misra, Mohinder Chabbra, Benjamin R. Epstein, Mark
Mirotznik, and Kenneth R. Foster, “Noninvasive Electrical

In this research, a low-cost, contactless, label-free, easy-to-
fabricate and compact MCSRR based microwave sensor has
been presented which is used for discriminating multiple
proportions of water in ethanol by accurately measuring the
complex permittivity of different samples of the binary mixture,
where the complex permittivity of a particular mixture can be
calculated as derived in the form of expression given by
equation (14). The design of proposed device consisted of
MCSRR on ground plane excited by microstrip line placed at
the opposite side of the substrate. Capillary tube inserted in a
drilled hole in middle of MCSRR is used for the liquid flow
through high electric field region. The use of capillary tube and
FR-4 substrate make the whole sensing procedure less-
expensive and less-cumbersome as compared to other related
researches. A dielectric study of water-ethanol mixtures was
conducted using least square method. The percentage errors
between measured and reference values of complex permittivity
for the binary mixtures of water-ethanol were noticed to be less
than 5%. To further validate the sensitivity of the proposed
sensor with respect to the change in dielectric properties of
liquids having higher permittivity differences than binary
mixture of water-ethanol, absolute liquids of butanol, ethanol,
methanol and distilled water were tested. Each liquid showed a
clear shift in resonance frequency and Q factor according to the
dielectric properties it possessed. It can be concluded that the
proposed MCSRR based microwave sensor is a good candidate
for accurate dielectric characterization of liquid samples while
offering a low-cost and easy operation. However, as part of
future work, the authors are dedicated towards enhancing the
sensitivity without substantially increasing the cost of the
sensing system, thereby quantifying the purity of some
important domestically used liquids such as milk, oil etc.
Moreover, resolution of sensor being an important parameter,
especially when dealing with very small yet crucial changes in
liquid permittivity (due to contamination), will be part of our
future researches.
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