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Abstract—A microwave microfluidic sensor for detecting
binary liquid mixtures with a dielectric method at RF/microwave
frequencies is presented in this paper. The sensor is based
on a split ring resonator (SRR) that is implemented in a
microstrip transmission line, with interdigitated electrodes (IDE)
being integrated in the ring for liquid detection. Based on the
equivalent circuit of the IDE-SRR device and with a series of
finite element simulations, the detection theory is developed and
the device design optimization is investigated. The validation
measurements on water-isopropanol liquid mixtures with various
of concentrations show that the proposed IDE-SRR sensor
has higher sensitivity than previous standard SRR sensor. The
IDE-SRR sensor is then used to detect two binary liquids, i.e.,
water-methanol mixtures and water-tetrahydrofuran mixtures.
The measured effective permittivity results of the binary mixtures
at RF/microwave frequency range are compared to the existing
mixing models for binary dielectric mixtures at zero frequency.

Index Terms—Effective permittivity, interdigitated electrodes,
liquid mixtures, mixing theory, split ring resonator.

I. INTRODUCTION

D IELECTRIC spectroscopy, which measures the dielectric

responses of a material to electromagnetic fields, is an

important and widely used material characterization technique.

The spectroscopy characterization technique has also been

carried out to extract a wealth of information about the

physiological properties of biological materials [1]. The

popularity of this technique is due to its simple, easy to use,

non-invasive, and real time nature [2]–[7]. In recent years,

the integration of permittivity measurement techniques with

microfluidic devices has made the technology increasingly
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attractive in biological and chemical applications, as it has

many advantages including high sensitivity, robustness, and

low fabrication cost [8]–[11].

However, the use of dielectric spectroscopy is based

on the assumption that the material under observation

is homogeneous and isotropic, which in the strict sense

could not describe actual situation in nature. Therefore,

the effective medium approximation (EMA) is proposed to

describe the permittivity of mixtures, leading to various

mixing models [12]–[14]. Conceptually, the mixing models

assume that inclusions or constituents are evenly distributed

within a homogeneous system. They have been used to

analyze heterogeneous media composed of two-phase and even

multi-phase constituents, including composite materials [15]

and biological suspensions [16]. Nevertheless, applications of

the EMA formulas mainly focus on static analysis of dielectric

media. It thus might be meaningful to extend the mixing

theories to radio frequencies and microwaves.

Within this context, this paper focuses on the measurement

of effective permittivity of a simple mixture type - the

binary liquid mixtures at RF/microwave frequencies. The

measurement sensor herein used is based on a split ring

resonator (SRR) excited by a microstrip transmission line,

using interdigitated electrodes (IDE) [17] as sensing area.

The SRR microwave sensing platform is developed using

the concept of metamaterials, as the main advantages of a

metamaterial resonator include its high sensitivity to a small

amount of dielectric material, which is obviously promising

for sensing applications [18]–[21]. Using this concept, various

types of metamaterial sensors have been introduced so far

for different sensing applications [20]–[22], among which

the SRR sensor is a typical example. Some prominent

studies of SRR sensors based on different configurations

were developed, which represent the state-of-the-art. For

instance, Lee et al. proposed some SRR-based biosensors

for the detection of biotin and streptavidin binding [23] and

DNA sensing [24] and Velez et al. developed some SRR

sensors for liquid measurements [25]–[27]. However, most

SRR sensors are designed as a simple gap located at the split

ring, whereas in the proposed IDE-SRR sensor, a group of

IDEs are integrated within the SRR to replace the traditional

gap, working as the sensing area to detect dielectric liquid

mixtures with high sensitivity. The interdigitated structure,

which is widely used in RF/microwave electronic circuits as

a capacitor, is able to provide high sensitivity to the dielectric

materials under investigation [28], [29]. The IDE-SRR sensor
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Fig. 1. Topology of the microstrip line excited interdigitated electrodes based
split-ring-resonator for biosensing.

is implemented in microstrip transmission line. Extended from

previous microstrip line based interdigital capacitor sensor

[17], the proposed IDE-SRR sensor combines the advantage

of SRR’s high sensitivity and IDE’s accurate modeling for the

linear relationship between its equivalent capacitance and the

permittivity of the liquid under test.

The paper is organized as follows. Section II describes

the structure of the proposed microstrip IDE-SRR sensor, the

fabrication technology, and its sensing concept. In Section

III, some existing mixing rules and formulas on the effective

permittivity of mixtures are presented. The measurement setup

and calibration procedure are explained in Section IV. After a

validation measurement, the platform is used to measure two

binary mixtures, and the results are reported and discussed.

This section also analyzes the existing mixing formulas for

calculating the effective permittivity of binary liquid mixtures.

Finally, the main conclusions of the work are highlighted in

Section V.

II. ARCHITECTURE, FABRICATION, AND THEORETICAL

STUDY OF THE PROPOSED SENSOR

A. Microstrip Transmission Line Excited SRR Sensor

Fig. 1 depicts the topology of the proposed microstrip

transmission line excited IDE-SRR sensor. The sensor is

designed on a 1mm thick Borofloat 33 glass wafer, of

which the real part of the dielectric permittivity (εr) and loss

tangent (tanδ) are 4.6 and 0.0037 (at 1 MHz and 25◦C),

respectively. Due to the stable electrical properties within a

broad bandwidth, its perfect transparency, and ease of dicing,

Borofloat 33 glass is herein used as the substrate. The coplanar

split ring is designed on one side of the microstrip line,

located at close proximity to the microstrip line for effective

excitation by the time-varying magnetic field of the line. Here,

the microstrip line behaves as an open conduit for wave

propagation so that the electromagnetic fields are not entirely

confined under the signal line. The field components on the

ring excite the resonator, with strong and high sensitivity

resonance being created. Different from generally seen SRR,

several interdigitated electrodes are etched on the ring as the

split gap, forming the sensing area of the proposed sensor.

The interdigitated electrodes are aimed at generating a large

capacitance, considerably lowering the resonance frequency

and concentrating the electric field. Theoretical analysis of

the interdigitated electrodes has been previously presented in

detail [30].

As shown in Fig. 1, the distance between the ring and the

microstrip line is denoted by d; the length along the strip line,

the length perpendicular to the strip line, and the width of

the ring are denoted as Lr1, Lr2, and Wr, respectively. The

finger width wf , length lf , gap between fingers sf , the space

by the end of each finger gf , and the total number of fingers

nf at the IDE sensing area are designed at 0.2mm, 5.5mm,

0.2mm, 0.5mm, and 10, respectively. The microstrip line has

a width of 1.8mm and a length of 32mm, corresponding to

a characteristic impedance of approximately 50 Ω.

B. Sensor Fabrication

The IDE-SRR sensor was fabricated by using standard

photolithography and chemical etching techniques [31]. The

IDE-SRR sensing layer was patterned on the surface of the

Borofloat 33 glass wafer with a typical lift-off technology.

First, the glass wafer was cleaned in a boiling Piranha

solution (H2SO4:H2O2 = 3:1) for 10 minutes, which was

followed by a dehydration process under 200◦C for 2 minutes.

Second, 1 µm thick LOR 10B followed by 1 µm thick S1818

photoresist was spin-coated on the wafer. Third, after soft

baking, the two photoresist layers were exposed to UV light

through a pattern mask, and then they were developed in the

corresponding photoresist developer (351 Dev:H2O=1:4) to

remove the exposed parts. Next, through sputtering deposition

technique, the wafer was coated with a Titanium (Ti) adhesion

layer at a thickness of ∼50 nm, followed by top-coating with

a gold (Au) layer at a thickness of ∼400 nm. The final lift-off

process for pattering the sensing electrodes was completed by

immersing the glass wafer in N-Methylpyrrolidone (NMP) for

two days to remove the rest LOR 10B and S1818 photoresist

together with the unwanted metal parts.

The ground layer of the microstrip IDE-SRR sensor was

fabricated by bounding the bottom of the glass substrate with

a piece of 35 µm thick conductive electrodeposited copper foil.

Next, the two ports of the microstrip IDE-SRR sensor were

connected to two SMA connectors, using silver conductive

paint (SCP) and solder for the gold signal layer and the copper

ground layer, respectively.

For liquid confinement, a rectangular Polydimethylsiloxane

(PDMS) ring was bounded to the surface of the microstrip

IDE-SRR sensor, assuring that the liquid under test (LUT)

can be loaded on top of the sensing area. The thickness of

the PDMS ring was designed at 3mm to guarantee that the

permittivity measurement of the liquid mixtures is independent

of the LUT thickness [30]. The Borofloat glass has excellent

hydrolytic resistance, acid resistance, and alkali resistance.

Additionally, it has a mirror like surface and high thermal

resistance. Therefore, the surface of the Borofloat 33 glass

wafer at the sensing area was not specifically processed for

the liquid measurements.
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Fig. 2. Equivalent circuit of the microstrip line excited IDE-SRR sensor (a)
and its simplified equivalent circuit at the resonance frequency [32] (b).

C. Equivalent Circuit and Detecting Theory

Due to the small electrical dimensions of the sensor

compared to the wavelengths of the frequency range

considered, the IDE-SRR structure can be described by means

of a lumped element equivalent circuits. As shown in Fig. 2(a),

the microstrip transmission line is typically modeled with

a series inductance Lt, a series resistance Rt, a parallel

capacitance Ct, and a parallel conductance Gt. The equivalent

inductance due to the IDE-SRR loop is represented with Lr,

while Rm is caused by the metal of the IDE-SRR loop.

In Fig. 2(a), the equivalent capacitance Cr and the parallel

conductance Gr are mainly dependent on the LUT permittivity

properties [9]. Effectively, the IDE-SRR can be equivalent to

a series RLC resonant circuit, with the resonance frequency

and Q factor being obtained by

ωres = 2πfres =
1

√
LrCr

(1)

Qr =
1

Rr

√

Lr

Cr
(2)

where the equivalent resistance Rr is a combination of the

effects of Gr and Rm.

The IDE-SRR structure is magnetically coupled to the

microstrip line through a mutual inductance, M , which is

approximated by M = Lr ·αF , where F is the fraction of the

cell area occupied by the IDE-SRR and α is a fitting parameter.

Near the resonance frequency fres, the IDE-SRR loaded

transmission line can be modeled as a simplified equivalent

circuit as shown in Fig. 2(b) [33], [34], where L = M2/Lr,

C = CrL
2
r/M

2, R = M2/(CrLrRr), and ω2
res = 1/(LC) =

1/(LrCr) Qr = R
√

C/L = R−1
r

√

Lr/Cr

From our previous research [28], [30], the equivalent

capacitance of an IDE structure has the following linear

0 10 20 30 40

"lut

0

2

4

6

8

1
=
f

2 re
s
(1

/
G

H
z2

)

Simulation

Linearity

Fig. 3. Simulation validation of the linear correlation between 1/f2
res and

the relative real part permittivity εlut of the liquid on top of the IDE-SRR
sensing area.

relationship with the real permittivity of the material loaded

on top of the IDE sensing area

CIDE = q1 + q2 · εsub + q3 · εlut (3)

where εsub and εlut denote the permittivity of the substrate and

the LUT, respectively, and q1, q2, and q3 are determined by

the dimensions of the IDE structure. Therefore, Cr in Fig. 2(a)

can be roughly approximated by Cr = C0+ q ·εlut, where C0

represents the capacitance of the empty device at the IDE-SRR

ring, including the capacitive effect of the dielectric substrate

and the PDMS container, whereas the term q · εlut describes

the contribution of the loaded liquid. εlut is the real part

permittivity of the LUT and q presents the linear relationship

between εlut and Cr [9].

Consequently, according to (1), it is reasonable to assume

that 1/f2
res is linearly dependent on the LUT’s real part

permittivity εlut. To validate the linearity, a series of three

dimensional (3D) simulations were performed on the sensing

area of the IDE-SRR structure with a finite element method

(FEM). A given LUT is assumed to be loaded on top of

the IDE-SRR sensing area. With the LUT imaginary part

permittivity being constant, the real part permittivity εlut is set

at 1, 2.5, 5, 7.5, ..., 40 consecutively. After each simulation,

the resonance frequency fres is determined, and subsequently

1/f2
res is calculated. Fig. 3 depicts the simulation results,

which reveals a good linear correlation of 1/f2
res and εlut.

Some researches show that liquids can be detected with the

Q factor of a resonator or the transmission coefficient [25],

but to our experience, it is mainly used for a small variation

of the imaginary permittivity of a material under observation.

Therefore, the IDE-SRR is herein designed to detect the LUT’s

real part of the permittivity.

The resonance frequency is also highly correlated with

the dimensions of the IDE-SRR structure. To discover the

correlation, we performed a series of full-wave 3D FEM

simulations on the bare IDE-SRR sensor. Fig. 4(a), (b),

(c), and (d) presents the correlation of IDE-SRR resonance

frequency fres with the dimensions Lr1, Lr2, Wr, and d,

respectively. Obviously, with longer Lr1 or Lr2, smaller fres
is obtained, whereas larger Wr leads to larger fres. This

phenomenon validates (1), as longer Lr1 or Lr2 leads to
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Fig. 4. Effects of the dimensions (a) Lr1, (b) Lr2, (c) Wr , and (d) d on the
resonance frequency fres values based on full-wave 3D FEM simulations.

the increase of Lr, resulting in smaller resonance frequency

fres. In contrast, if we increase Wr, the equivalent inductance

Lr is decreased, resulting in larger fres. Though there is

a little fluctuation in Fig. 4(d), which is mainly related

to the accuracy limitation of the finite element simulation

method, the approximate conclusion that larger d leads to

relative smaller fres could be reached. The above conclusions

can work as the optimization principles of the IDE-SRR

sensor design. Considering the device optimization and the

fabrication resolution, for the IDE-SRR sensor herein used,

Lr1, Lr2, Wr, and d are correspondingly designed at 14mm,

7mm, 1mm, and 0.4mm. At the sensing area, there are 10

interdigitated electrodes. The electrode length, the electrode

width, the space between electrodes, the space by the end

of each electrode are 5.5mm, 0.2mm, 0.2mm, and 0.5mm,

respectively. Therefore, the liquid volume at the sensing area

is around 0.068mL (6×3.8×3mm3).

III. MIXING MODELS OF BINARY MIXTURES

In electromagnetism, when the ratio between the size of the

inhomogeneities and the wavelength of the electromagnetic

field is much smaller than unity, the medium acts as

a homogeneous dielectric layer to the wave with an

effective permittivity. If correct homogenisation is used, one

can accurately relate the effective dielectric values to the

amount of components in the media. The internal properties

of heterogeneous media being sought using a measured

macroscopic observable, is actually the inversion of the mixing

rule, which predicts the effective permittivity of a mixture as

a function of its components. The homogenisation requires a

quasistatic nature of the media, which means that the diameter

of the molecules that can be recognized are small compared

to the wavelengths of the electromagnetic field.

The binary mixture herein is assumed to consist of two

dielectric components, of which one is treated as host and the

other as the inclusion phase. In the literature, many mixing

models can be found for the effective dielectric permittivity

of such a mixture. However, no model seems to be able to

predict the dielectric behavior over the whole range of volume

fraction of a mixture [35]. Here we present some typical ones.

For the case of circular inclusions, the effective permittivity of

a mixture can be predicted according to the classic Maxwell

Garnett (MG) mixing rule [14]

εm = ε1
(2ε1 + ε2) + 2v2(ε2 − ε1)

(2ε1 + ε2) + v2(ε2 − ε1)
(4)

where circular inclusions of permittivity ε1 are randomly

distributed in a homogeneous environment of permittivity ε2
with a volume of the scatterer v2 and occupy a volume fraction

of v1. Together with the MG theory, the oldest and most

popular mixing rule is the following Bruggeman formula [13]

v1
ε1 − εm
ε1 + εm

+ v2
ε2 − εm
ε2 + εm

= 0 (5)

In some modelling analyses, the following power-law model

is proposed

εαm = v1ε
α
1 + v2ε

α
2 ,−1 ≤ α ≤ 1 (6)

which leads to the Birchak formula [36] and Looyenga formula

[37] with α being 1/2 and 1/3, respectively; and for the case

α → 0, (6) turns out to be the following Lichtenecker formula

[35], [38]

lnε = v1lnε1 + v2lnε2 (7)

Besides, the Bottcher formula, in the expression of

εm = ε1 +
3v2εm(ε2 − ε1)

2εm + ε2
(8)

the Raleighs formula, expressed as

εm = ε1

2ε1+ε2
ε2−ε1

+ 2v2 − 1.57(ε2−ε1)
4ε1+3ε2

v3.332

2ε1+ε2
ε2−ε1

− v2 − 1.57(ε2−ε1)
4ε1+3ε2

v3.332

(9)

and the Meredith and Tobias formula in the form of

εm = ε1

2ε1+ε2
ε2−ε1

+ 2v2 − 1.277 2ε1+ε2
4ε1+3ε2

v
7/3
2 − 6.399 ε2−ε1

4ε1+3ε2
v
10/3
2

2ε1+ε2
ε2−ε1

− v2 − 1.277 2ε1+ε2
4ε1+3ε2

v
7/3
2 − 2.718 ε2−ε1

4ε1+3ε2
v
10/3
2

(10)

are also often used to analyze liquid mixtures.

By analyzing laminar mixtures, Wiener proposed the

following formula [39]

εm − ε2
εm + uε2

= v1
ε1 − ε2
ε1 + uε2

, 0 ≤ u ≤ ∞ (11)
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Fig. 5. The IDE-SRR sensor and the measurement setup used for measuring
the effective permittivity of binary mixtures.

where for isotropic materials, Bruggman suggested u =
√
ε1ε2.

When u is 2, the formula is equivalent to Maxwell-Garnett

equation which has been used to analyze nanofluids [40]. If

u is set at 0 and ∞, respectively, (11) defines the effective

permittivity bounds (i.e., Wiener (W) bounds), as

εm,max = v1ε1 + v2ε2 (12a)

εm,min =
ε1ε2

v1ε2 + v2ε1
(12b)

Hashin-Shtrikman (HS) bounds are also generally accepted

to analyze statistically homogeneous and isotropic mixtures

[41]. The HS bounds are expressed as

εm,max = ε1 +
v2

1/(ε2 − ε1) + v1/(2ε1)
(13a)

εm,min = ε2 +
v1

1/(ε1 − ε2) + v2/(2ε2)
(13b)

where it is assumed that ε1 > ε2.

IV. MEASUREMENTS AND DISCUSSION

A. Measurement Setup and Calibration

The liquid measurements were carried out with a Keysight

M9375A PXIe Vector Network Analyzer (VNA), as shown

in Fig. 5. Its two ports were separately connected to the

two SMA connectors of the IDE-SRR sensor. Before doing

any measurements, a two-port short-open-load-thru (SOLT)

calibration routine was conducted to remove the errors caused

by the cables and connections between the VNA and the SMA

connectors. This process was accomplished with a commercial

Agilent 85052B 3.5mm calibration kit and its associated

parameters as provided by the vendor. During the calibration

process and also for the subsequent liquid measurements, the

VNA frequency was swept from 300 kHz to 3 GHz and

the VNA power was set at -20 dBm to reduce the unwanted

potential microwave heating effect. Each liquid measurement

was performed within 1 minute. To our experience, the

potential heating effect at -20 dBm for 0.068mL within less

than 1 minute measurement can be neglected [42]. During the

liquid measurements, an air conditioning system was used to

keep the room temperature at around 20◦C and a piece of glass

coverslip was placed on top of the PDMS liquid container

(as presented in Fig. 5). Therefore, for the liquid volume

used herein, the measurement effect caused by any potential

liquid evaporation can be ignored. After each measurement,

the IDE-SRR device was cleaned with deionized water and

carefully blow-dried.

B. Validation with Water-Isopropanol Mixtures

A binary mixture of deionized water and isopropanol

(percent purity 99.9%) of different fractions is chosen

to validate the detecting theory proposed in previous

section. The volume fraction (v/v%) of isopropanol varies

from 0% to 100% with a step size of 5%, leading to

a dataset of 21 groups of water-isopropanol solutions.

The 21 groups of water-isopropanol mixtures are first

measured with the proposed IDE-SRR sensor. For each liquid

mixture, measurements were performed five times, with the

measurement repeatability error within approximately 2.5%.

The resonance frequency of the empty IDE-SRR sensor is

at 1.058 GHz and the calculated Q factor with the 3 dB

bandwidth method [43] is 12.5. When the sensor was filled

with water-isopropanol mixtures, as the volume fraction of

isopropanol varied from 0% to 100%, the resonance frequency

increased from 447.84 MHz to 897.60 MHz. As reference,

the pure deionized water (0%), the pure isopropanol (100%),

and the 19 groups of mixtures were also measured with

a microstrip line exited interdigital capacitor sensor [17],

from which we can directly obtain the real part of the

permittivity of each measured liquid mixture. The measured

resonance frequencies obtained with the IDE-SRR method

were combined with the permittivity obtained with the

interdigital capacitor sensor (at the randomly chosen frequency

of 500 MHz), leading to the plot in Fig. 6.

1 2 3 4 5

20

40

60

80
Measurement

Linearity

Fig. 6. Validation of the detecting theory via the measurement results of
water-isopropanol mixtures, with R2 = 0.9843.
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Fig. 6 shows the IDE-SRR measurement results with the

liquid real part permittivity εr as a function of the resonance

frequency fres as follows

εr = 17.625× 1/f2
res − 12.052 (14)

where εr was extracted from the measurement results of the

21 water-isopropanol mixtures using the microstrip interdigital

capacitor technique and fres was calculated from the proposed

IDE-SRR sensor. As can be seen from Fig. 6, formula (14)

reveals a good linear correlation (fitting R2 = 0.9843) between

εr and 1/f2
res.

TABLE I
COMPARISON OF STATE-OF-ART MICROWAVE MICROFLUIDIC SENSORS

Ref. Sens. Method
Sample Volume

(µL)
fempty

(GHz)
Meas. Error

of εr
[11] LCR 0.39 1.91 3.90%

[44] CPW Resonator 3.6×10−7 22.62 6.40%

[45] SRR 5 2.6 6.4%

[46] LCR N/A 2.05 N/A

[47] CSRR 0.588 2.02 8.50%

[6] CSRR 100 4.65 N/A

[10] SRR N/A 5.78 N/A

T.W. IDE-SRR 68 1.06 2.5%

Fig. 7 presents the sensitivity of the IDE-SRR, with the

sensitivity definition [11] as

Sεr =
fεr − fempty

fempty · (εr − 1)
× 100 (15)

where fεr is the resonance frequency of the proposed

IDE-SRR sensor, which is loaded with LUT whose real part

permittivity is εr; and fempty is the resonance frequency of the

empty sensor. Sensitivity of the proposed sensor is calculated

from the measurement results of water-isopropanol mixtures.

The sensitivity of some other state-of-the-art resonance based

microwave microfluidic sensors [6], [10], [11], [44]–[47] are

also presented in Fig. 7. The future trend of dielectric sensors

is high sensitivity over broad range of permittivity values,

simple integration with other electronics, and small sample

volume. Considering the advantages of simple manufacturing

procedures and better compatibility with other electronics, the

sensors used for comparison here are all planar structures. A

general conclusion can be drawn that the designed IDE-SRR

sensor excels in sensitivity for real permittivity measurements,

behaving quite better than the other devices. For the IDE-SRR

sensitivity, a drop at permittivity value around 20 can be

seen in Fig. 7. This is caused by a measurement error of the

reference permittivity obtained with the interdigital capacitor

sensor [17].

Other important factors are analyzed for comparison as

well and presented in Table I. The sensors of [11] and [46]

have simple structures of LC resonator, and other sensors

used for comparison here are based on the SRR structure but

with different configurations. [45] introduces a metamaterial

transmission line feeding SRR to increase sensitivity and [10]

used 3D printing to make wide range permittivity detection

sensor with a tunable gap between feeding TL and SRR. [47]

uses complementary SRR at resonant frequency to perform

detection, while [6] designed a fluidic channel which covers

the entire gap of a complementary SRR to have a deep

null for sensitivity. For most of the considered sensors, large

permittivity measurement range can be achieved, except [44]

that works at K-band to achieve a small sample volume.

Compared to other devices, the IDE-SRR sensor proposed

in this work, operates at low RF/microwave frequencies and

has high measurement accuracy. The sample volume of the

proposed sensor is large, but it can be readily reduced with a

high resolution fabrication technique, while its high sensitivity

and low εr measurement error have proved its novelty.
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Fig. 8. Measured insertion loss of (a) water-MeOH mixtures loaded IDE-SRR
sensor and (b) water-THF mixtures loaded IDE-SRR sensor, with the empty
sensor as a reference.
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Fig. 9. Correlation of the measured 1/f2
res with the infraction of THF

and MeOH for the water-THF and water-MeOH mixtures, respectively. As
a reference, the real part permittivity at each infraction of the two types of
mixtures are also shown.

C. Measurement Results and Analysis of Two Binary Mixtures

After the validation measurement, the IDE-SRR sensor was

loaded with a series of water-methanol (MeOH) mixtures

having MeOH fraction in a range of 0% to 100% with

step of 10% and a series of water-tetrahydrofuran (THF)

mixtures having THF volume fraction in a range of 0% to

100% with step of 10%. When the IDE-SRR sensor is loaded

with water-MeOH mixtures of different concentrations, the

measured transmission response of the sensor is given in

Fig. 8(a). To make the plot more readable, the horizontal

axis is presented in the logarithmic form. The resonance

frequency is lowered from 0.613 GHz to 0.446 GHz, as the

water concentration increases from 0% to 100%. Similarly,

the measured transmission responses of the IDE-SRR sensor

loaded with the different water-THF mixtures are presented

in Fig. 8(b). As the THF fraction increases from 0% to

100%, the resonance frequency increases from 0.446 GHz

to 0.841 GHz. In Fig. 8(a) and (b), the empty IDE-SRR

sensor works as a reference, with the resonance frequency at

approximately 1 GHz. Apparently, the absolute S21 resonance

values of water-THF mixtures decreases from -0.5 to -1

with THF fraction increasing from 0% to 100%, whereas

the values for water-methanol mixtures approximately stay

constant. The difference is correlated with the imaginary part

of the permittivity of the liquid mixtures, which is rather

complex and beyond the topic discussed here.

Based on the measurement results in Fig. 8(a) and

(b), 1/f2
res values of the two types of mixtures at each

concentration are calculated and presented in Fig. 9. As

reference, the extracted real part permittivity values measured

with the microstrip interdigital capacitor technique [17] are

also shown in Fig. 9. Clearly, perfect agreements between the

1/f2
res obtained with the proposed IDE-SRR method and the

εr obtained with the microstrip interdigital capacitor device

are observed for both types of mixtures.

Using the previously obtained equation (14), we are able

to extract the real part permittivity values of the water-THF

mixtures and the water-MeOH mixtures at each concentration.

The extracted results are presented in Fig. 10 and Fig. 11,

respectively. The corresponding literature data of water-MeOH
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Fig. 10. Correlation of the water-MeOH mixture concentration with the
corresponding extracted real part permittivity at 3 MHz, where the number 1 to
8 in turn indicate the calculation results with the Maxwell Garnett mixing rule,
the Raleighs formula, the Meredith and Tobias formula, the Birchak formula,
the Bottcher formula, the Looyenga’s formula, the Bruggeman formula, and
the Lichtenecker formula. The literature data measured with previous method
are also added as a comparison [17].

[48] mixtures and water-THF [49] are also plotted in Fig. 10

and Fig. 11, respectively. Obviously, the permittivity values

of both water-MeOH mixtures and water-THF mixtures

measured with the proposed IDE-SRR technique show very

good agreement with literature data [48], [49]. Through the

comparison, IDE-SRR sensor has further shown the capability

of detecting large permittivity variation range with high

sensitivity/accuracy compared to a microstrip IDE sensor.

Next, using the measured εr of water-MeOH solutions at

the concentrations of 0% and 100%, we are able to calculate

the permittivity of each mixture at any other concentration
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Fig. 11. Correlation of the water-THF mixture concentration with the
corresponding extracted real part permittivity at 3 MHz, where the number 1
to 8 in turn indicates the calculation results with the Maxwell Garnett mixing
rule, the Raleighs formula, the Meredith and Tobias formula, the Birchak
formula, the Bottcher formula, the Looyenga’s formula, the Bruggeman
formula, and the Lichtenecker formula. The literature data measured with
previous method are also added as a comparison [17].
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between 0% and 100% with the given formulas (4) to (11)

presented in Section III. Similarly, using the measured εr of

water-THF solutions at the concentrations of 0% and 100%,

we are able to obtain the calculated permittivity of other

water-THF mixtures with the concentrations from 10% to

90%. Using equations (12) and (13), we are also able to obtain

the effective permittivity boundaries for both water-MeOH

mixtures and water-THF mixtures. The calculation results are

presented in respectively Fig. 10 and Fig. 11 as well.

Generally, different formulas provide obviously different

permittivity results for the same mixture. The difference

between the formulas is the most significant when there

is half volume of water in the binary mixtures. In both

Fig. 10 and Fig. 11, the W-bounds equations provide a

large permittivity calculation range, which almost includes

all of the effective permittivity results calculated with other

formulas. In the W-bounds formulas, (12a) is actually linearly

dependent on v1, as v1 + v2 = 1. Interestingly, the

calculated effective permittivity results obtained with the

existing mixing formulas are all beneath the W-bounds linear

line, whereas both measurement and literature permittivity

data are above the linear Wiener maximum line. Among the

eight models, Maxwell Garnett mixing rule comes nearest to

the measurement results. The results might indicate that the

existing EMA models used to analyze liquid mixtures at zero

frequency are not applicable for RF/microwaves frequencies.

To estimate the effective permittivity of dielectric materials

at high frequencies, a different reliable EMA mixing formula

should be developed. It might be helpful to develop the model

starting from the Maxwell Garnett mixing rule.

V. CONCLUSION

Aiming at studying the mixing rules of a binary liquid

mixture, we proposed a microstrip line based IDE-SRR

sensor. Specially, the IDE-SRR sensing area is designed

as interdigitated electrodes. By using an equivalent circuit

theory and a three-dimensional finite-element-method, we

successfully arrive at a detecting equation that relates

the resonance frequency of the proposed IDE-SRR sensor

with the permittivity property of a liquid under test. The

detecting equation is first validated with water-isopropanol

mixtures and then used to measure water-methanol mixtures

and water-tetrahydrofuran mixtures. The measurement results

show good agreement with literature data.

Next, with the obtained real part permittivity values of

deionized water, pure methanol, and pure tetrahydrofuran,

we calculated the effective permittivity of water-methanol

mixtures and water-tetrahydrofuran mixtures with the existing

mixing formulas. Obvious disagreement is observed between

the measurement results at RF/microwaves and the calculation

results for both water-methanol and water-tetrahydrofuran

mixtures. The disagreement indicates that the existing

mixing formulas should be improved when used to estimate

the effective permittivity of mixtures at RF/microwave

frequencies.
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