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The purpose of this invited paper is to give readers a critical

and comprehensive overview on how to extract dielectric

properties of a bioliquid within a broad frequency range.

Two sensors are used in the paper to characterize saline

solutions by measuring the broadband complex permittiv-

ity. The two sensors are based on transmission line and in-

terdigital electrodes designed for low- and high- frequency

measurements, respectively, on the basis of the coplanar

waveguide structure due to its convenience of fabrication

and integration with microfluidic structures for liquid mea-

surements. Different from traditional work where the fi-

nite element simulation method is used, the characteriza-

tion theories of the two sensors are built based on a numer-

ical modeling procedure, which can dramatically increase

the device design efficiency, taking just a few seconds. Dif-

ferently from the finite element method, the proposed nu-

merical analysis utilizes a conformal mapping technique for

both sensors. The characterization theories of the two sen-

sors are validated by measuring de-ionized water. The plat-

form is finally used tomeasure 0.1mol/L and 0.5mol/L saline
solutions within a broadband frequency range going from

10 MHz up to 50 GHz, with the repeatability error within

§Invited Paper.
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1 | INTRODUCTION

Dielectric spectroscopy (DS) is a very powerful investigation technique that is based on studying the frequency-

dependent dielectric response of matter to applied electromagnetic (EM) fields [1], thereby enabling analysis of the

underlying dielectric properties of a wide variety of biological materials under test (MUTs) (e.g., tissue [2], blood [3],

proteins [4], viruses [5, 6], and cultured cells [7, 8]). To characterize MUTs and to detect their dielectric properties at

microwave frequencies, a plethora of different sensor topologies have been proposed over the years, finding various

applications in life science, such as microwave diagnostics in medicine [9, 10, 11, 12], and each one with its own pros

and cons. Therefore, in choosing the most appropriate microwave sensor, it is essential to identify and prioritize which

features of the sensor are the most relevant, depending on the application requirements. Microwave DS offers many

advantages over other sensing modalities (e.g., optical, mechanical, and chemical), since this technique is label-free,

non-invasive, non-contact, non-expensive, and fast [13]. Given the recent advances in micro- and nanotechnologies,

the integration of microwave sensors with microfluidic channels is nowadays experiencing a remarkable progress, en-

abling microwave dielectric characterization of microliter and even nanoliter volumes of the liquid under test (LUT)

[14, 15, 16, 17]. The continuous miniaturization of microfluidic sensors is highly demanded for developing lab-on-a-

chip (LoC) technologies [18, 19, 20], which are essential for enabling point-of-care (PoC) devices [21], and in turn their

relevant applications (e.g., viral infection detection [22]).

Generally, microwave microfluidic sensors can be classified into two main categories: resonant and non-resonant

types. However, the traditional resonant sensors have the drawbacks of requiring a bulky and non-planar structure

and of working only in specific frequency bands [23], whereas a broadband dielectric characterization is of crucial

importance as the biological fluids exhibit specific dielectric dispersion responses at different frequencies. There-

fore, significant attention is paid currently on developing user-friendly and compact sensor platforms for performing

broadband dielectric spectroscopy of small fluid volumes. To accomplish this tough task, different solutions have been

recently developed by using coplanar waveguide (CPW) technology. As well-known, the integration of CPW trans-

mission lines (TLs) with microfluidic channels allows achieving broadband dielectric spectroscopy [24, 8, 25, 26], but

its applicability is limited to relatively high frequencies (generally larger than 100 MHz). This is because at lower fre-

quencies, it is necessary to use very long TLs that result in a larger space consumption and a larger sample volume. To

overcome this drawback, microfluidic platforms based on combining CPW TL and interdigital electrode (IDE) sensors

have been proposed, whereby the IDE is a capacitive sensor and is dedicated to the experimental characterization of

the LUT in the lower frequency range [27, 8].

Undoubtedly, the most studied liquid is water (H20), owing to its importance, abundance, and unique properties

[28]. As well known, water is the most abundant liquid on Earth and it is of vital importance for all living organisms,

which are composed mostly of water. It is worth bearing in mind that about two-thirds of the human body weight is

made up of water. Being able to dissolve more substances than any other liquid, water can act as an excellent solvent

with which to make aqueous solutions. Among the various water-based liquids, great attention is paid to de-ionized

(DI) water and saline aqueous solutions, often simply referred to as saline [29, 30]. The former is water from which its
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dissolved ions have been removed, while the latter is water in which sodium chloride (NaCl, more commonly known

as salt) is dissolved. DI water and saline attract much research interest, because of their wide range of practical appli-

cations in different fields, including food, cosmetic, pharmaceutical, and biomedical areas. As an illustrative example,

we may consider physiological saline, also known as normal saline, which is essentially isotonic with tissue fluids or

blood and thus has a widespread use in medical practice [31, 32].

Within this challenging and stimulating context, the aim of this invited article is to contribute to the advance-

ment of microwave microfluidic sensors by presenting the development of a sensing platform that can be used to

perform broadband dielectric spectroscopy measurements on both DI water and saline solutions, as a case study.

The proposed microfluidic platform consists of a two-port network based on coupling a CPW TL sensor with an IDE

sensor, which are dedicated to high- and low-frequency characterization, respectively. The platform is fabricated on

a low-loss quartz substrate and both TL and IDE sensors are integrated with SU-8 microfluidic structures for liquid

confinement. To optimize the design of the two sensors and the extraction of the complex permittivity of the LUTs,

a numerical modeling procedure is developed by exploiting the numerical conformal-mapping (CM) analysis that is

widely used in many research fields [33, 34, 35, 36, 37]. By using the numerical modeling equations to replace the

traditional simulation methods, the designing procedure becomes very time-saving, only taking a few seconds. The

broadband experimental characterization is performed from 10 MHz up to 50 GHz by using a conventional vector

network analyzer (VNA) to measure the two-port scattering (S-) parameters [38]. For accurate permittivity extraction,

calibration techniques are necessarily used [39, 40, 41]. By using de-embedding procedures [42], the reference planes

of the on-wafer microwavemeasurements are finally shifted from the probe tips to the sensing area. As a first step, the

sensing platform is successfully validated through the good agreement between the measured frequency-dependent

complex permittivity of DIwater and the data reported in the literature [43]. Afterwards, the broadband-measurement

platform is used to analyze the dielectric properties of two saline solutions having NaCl concentrations of 0.1 and 0.5

mol/L, as physiological saline is in this concentration range. It is worth noticing that, although the present investigation

has been focused on DI water and saline solutions, the developed sensing platform can be straightforwardly used for

accomplishing broadband dielectric characterization of various liquids.

This paper is organized as follows: Section II describes the design and fabrication of the microwave measurement

platform based on the TL and IDE sensors; Section III illustrates the proposed modelling procedure that is based on

the CM technique; Section IV presents the experimental results concerning the broadband dielectric characterization

of DI water and two saline solutions; and, finally, Section V draws the main conclusions.

2 | DESIGN AND FABRICATION OF MICROWAVE SENSORS FOR BROAD-
BAND MEASUREMENTS

This section is divided into two subsections. The first one is devoted to the design of the two studied sensors, while

the second one is dedicated to the description of their fabrication.

2.1 | Device Design

For broadband measurements, a CPW TL sensor is firstly designed, as has been schematically shown in Fig. 1. The

coplanar waveguide structure is used due to the fact that it is easy to fabricated, especially convenient to integrated

with other structures, and it can provide extremely high frequency response. Taking the structures and the dimensions

of the ground-signal-ground (GSG) probes for the frequency range of interest, the width of the CPW signal plane, the
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F IGURE 1 Layout of a CPW structure based microfluidic TL sensor and IDE sensor.

ground planes, and the spacing between the signal plane and a ground plane are designed as 100µm, 150µm, and

20µm, respectively. As the CPW TL sensor mainly provide accurate measurement results within high frequencies, an

IDE sensor is designed for low frequency measurements. As shown in Fig. 1, the IDE sensor is designed based on

the CPW structure, using the CPW structure as the feeding lines, which have same cross dimension as the CPW TL

sensor. At the sensing area of the IDE based sensor, there are eight electrodes patterned in the middle of the signal

plane of a CPW line. The length of the electrodes is 380µm. The width of the interdigital electrodes and the spacing

between the electrodes are both 10µm.

For fluid confinement, an SU-8 microfluidic channel is designed perpendicularly to the sensing electrodes of the

two sensors. The choice of SU-8 material as the fluid channel is based on the fact that SU-8 is biocompatible and

especially that it can be precisely manufactured. The width of the fluid channel is 500µm. The width of the SU-8

covered part and the bare CPW line part at either side of the channel are 4500µm and 1500µm, respectively. The

thickness of the SU-8 layer is about 400µm.

2.2 | Device Fabrication

The devices are fabricated in the cleanroom lab of Leuven NanoCentre with the fabrication process described as

follows [44]. Due to its transparency, isotropic permittivity, and low loss property, a 4-inch fused silica (quartz) (εr

= 3.78, tan δ = 0.0001 at 10 GHz and 25◦C) wafer, is herein used. Prior to the lithography process, the wafer is

submerged in boiling Piranha solution (H2SO4 : H2O2 = 3:1) about 10 minutes for cleaning, which is followed by a

dehydration on a 200◦C hotplate for about 2 minutes. Then, a 45nm thick Cr adhesion layer is sputtered on the 1mm

thick quartz wafer, on top of which a 500nm thick gold layer follows using the sputter deposition technique. After

a dehydration procedure, a negative photoresist (ma-N 1410) is spin-coated, followed by a soft-bake at 120◦C for

90 seconds. Next, the wafer is exposed to ultraviolet (UV) light through a pattern mask, and then developed in the

related photoresist developer (ma-D 533) to remove the unexposed part. Following a hard-bake for 3 minutes, the

wafer is merged in 3HC l : 1HNO3 : 3H2O liquid for 73 seconds and CR-14-used-72X for 18 seconds to define the

microwave CPW electrodes.

After obtaining the wafer with patterned Cr/Au electrodes, a 350µm thick SU-8 film is defined. First, about a 1µm

thick layer of MicroChem OmniCoat is spin-coated on the wafer, followed by a soft-bake. Then, 6 gram of SU-8 2005

is poured and evenly spread on the wafer that is balanced on a flat plate. The SU-8 2005 (45% solids) is obtained by
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F IGURE 2 Equivalent circuits of a CPW based TL sensor (top) and a series IDE sensor (bottom), where the
effects of cables, connectors, connections between probes and the device, and test fixtures are modeled as ’Error
box A’ and ’Error box B’.

dissolving SU-8 2050 (71.65% solids) into the organic solvent SU-8 2000 thinner (MicroChem. Corp.). Next, the wafer

is baked at 80 ◦C on a hotplate for 24 hours, in order to partially evaporate the solvent content before exposure [37].

Afterwards, the SU-8 channel layer is patterned by exposing to near-UV light through amask, followed by post-baking,

and is then developed in a propylene-glycol-methyl-ether-acetate (PGMEA) developer (MicroChem. Corp.) for about

80 seconds.

3 | CAPACITANCE AND CONDUCTANCE MODELING

During the measurements, the two devices illustrated in Fig. 1 are connected to a VNA by cables and connectors. The

cables, connectors, connections between probes and the device, and the feeding part (including the bare line part

and the SU-8 covered feeding line part) are modeled together as the “Error box A” and the “Error box B”, presented in

Fig. 2. The equivalent circuit at the sensing area of the two coplanar sensors are also shown in Fig. 2. The rest of this

section is divided into two parts, which are focused on the modeling of the CPW TL and IDE sensors, respectively.

3.1 | Modeling of the CPW Transmission Line

For the CPW TL, we can assume that a quasi-TEM mode is propagating throughout the line. The coplanar electrodes

are assumed to be sandwiched between the dielectric substrate (εsub , tan δsub ) and a MUT (ε∗r = ε′r − j ε′′r , with

ε′′r = ε′r · tan δ ) [45]. As shown in Fig. 2, the sensing area of the coplanar TL is modeled as an infinite cascade of two-

port elementary sections, each representing an infinitesimally short segment of the line. Each elementary section

consists of four frequency-dependent distributed per unit length (p.u.l.) parameters - resistance R (ω) , inductance
L (ω) , capacitance C (ω) , and conductance G (ω) . The resistance R and the inductance L are independent of the

dielectric material on either side of the CPW electrodes, and are only determined by the signal and ground conductors

[24, 8].

According to the conformal mapping technique and multilayer theory [45, 17], the distributed p.u.l C and G can
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be expressed as [37]

C = ε0

[
2
K (k0)
K (k ′

0
) + (εsub − 1) K (ksub )

K (k ′
sub

) + (ε′r − 1) K (kr )
K (k ′r )

]
(1)

G = ωε0

[
εsub tan δsub

K (ksub )
K (k ′

sub
) + ε′′r

K (kr )
K (k ′r )

]
(2)

where ε0 = 8.8542 · 10−12 F/m is the vacuum permittivity, K (k ) is the complete elliptic integral of the first kind, and

K (k ′) = K (
√
1 − k 2) . The elliptic moluli k0 and k i (i = sub, r ) are calculated with the following equations [37]

k0 =
w

w + 2s

√
1 − (w + 2s)2/(w + 2s + 2g )2

1 −w 2/(w + 2s + 2g )2
(3)

k i =
sinh( πw

4hi
)

sinh( π (w+2s )
4hi

)

√√√√√1 − sinh2 ( π (w+2s )
4hi

)/sinh2 ( π (w+2s+2g
4hi

)

1 − sinh2 ( πw
4hi

)/sinh2 ( π (w+2s+2g
4hi

)
(4)

where hi (i = sub, r ) is the thickness of the substrate or the MUT; w , g , and s are half of the signal conductor width,

half of the finite ground width, and half of the spacing between the signal conductor and the ground of the CPW line,

respectively. Therefore, according to the expressions of (1) to (4), once the dimensions and substrate are determined,

the TLC is linearly related to theMUT’s real part permittivity ε′r , and similarly, the TLG/ω is linearly dependent on the

MUT’s imaginary part permittivity ε′′r . The linear relationships form the foundation of extracting the MUT complex

permittivity using the TL method. Noticeably, further comparison of (1) and (2) indicates that ε′r and ε′′r have the

same coefficient K (kr )
K (k ′r )

, which can be defined as the sensitivity [8] of the TL sensor. In our experience, with a known

substrate, a larger w/(w + s) ratio is associated with a higher measurement sensitivity for the complex permittivity

extraction.

The TL capacitance C and the conductance G can also be extracted using the following expression [40]

G (ω) + j ωC (ω) = γ

Zc
(5)

where Zc and γ are the line characteristic impedance and the propagation constant, respectively. They can be

obtained from the following chain matrix, which can be readily obtained by performing a transformation on the S-

parameters of the MUT loaded TL [40].

[
A B

C D

]

=



cosh(γl ) Zc · sinh(γl )
1

Zc
· sinh(γl ) cosh(γl )


(6)

with l the length of the TL. Therefore, based on the above analysis, the dielectric properties of the material under

observation can be accurately determined from the S-parameters of the material loaded TL. Additionally, with given

substrate, regardless of the TL dimensions and the dielectric properties of theMUT, the capacitanceC is very sensitive

to hr when the MUT thickness hr < (w +2s) , whereas the capacitance C is almost constant when hr > (w +2s) . This
means that when the CPW line works as a sensor, the thickness of the to-be-tested material should be larger than

(w + 2s) to reduce the measurement uncertainty related to the electromagnetic field distribution.
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3.2 | Modeling of the IDE Structure

As the IDE based sensor is intended to work at low RF/microwave frequencies, where the wavelength is very large

compared to the dimension of the sensing electrodes, the electrodes in the sensing area can be accurately modeled

as a lumped circuit [27]. The equivalent circuit of the series IDE is presented in Fig. 2. The sensing area of the IDE is

modelled as a capacitance C in parallel with a conductance G . It should be noticed thatYp in Fig. 2 results from the

slots between the CPW signal plane and the CPW ground planes and is assumed to be independent on the MUT. The

capacitance C and conductance G in the sensing area of the IDE can be calculated using the following equations [46]

C = L ·
[
(n − 3) CI

2
+ 2CE

]
(7)

G = L ·
[
(n − 3) GI

2
+ 2GE

]
(8)

where L is the length of the interdigital electrodes and n is the total number of electrodes. CI and GI are the p.u.l.

capacitance and the p.u.l. conductance between any two interior and adjacent electrodes of the IDE sensing area. CE

and GE are the p.u.l. capacitance and the p.u.l. conductance for the two exterior and adjacent electrodes of the IDE

sensing area. Based on the conformal mapping technique, CE and GE can be calculated with [46]

CE = ε0

[
2
K (kE0)
K (k ′

E0
) + (εsub − 1) K (kEsub )

K (k ′
Esub

) + (ε′r − 1) K (kE r )
K (k ′

E r
)
]

(9)

GE = ωε0

[
εsub tan δsub

K (kEsub )
K (k ′

Esub
) + ε′′r

K (kE r )
K (k ′

E r
)
]

(10)

in which the elliptic moduli kE0 and kE i are expressed in terms of the electrodes’ dimensions, as

kE0 =
wf

wf + 2se

√
1 − (wf + 2se )2/(wf + 2se +we )2

1 −w 2

f
/(wf + 2se +we )2

(11)

kE i =
sinh( πwf

2hi
)

sinh( π (wf +2se )
2hi

)
·

√√√√√1 − sinh2 ( π (wf +2se )
2hi

)/sinh2 ( π (wf +2se+we
2hi

)

1 − sinh2 ( πwf
2hi

)/sinh2 ( π (wf +2se+we
2hi

)
(12)

where wf is half of the interior electrodes’ width,we is the width of the exterior two electrodes, and se is half of the

space between an interior electrode and an exterior electrode [30]. The p.u.l. capacitance CI formed by all interior

unit cells and the interior p.u.l. conductance GI are calculated by [46]

CI = ε0

[
2
K (kI 0)
K (k ′

I 0
) + (εsub − 1) K (kI sub )

K (k ′
I sub

) + (ε′r − 1) K (kI r )
K (k ′

I r
)
]

(13)

GI = ωε0

[
εsub tan δsub

K (kI sub )
K (k ′

I sub
) + ε′′r

K (kI r )
K (k ′

I r
)
]

(14)

where the expressions of moduli kI 0 and kI i are

kI 0 = cos
( πsf

2(wf + sf )
)

(15)

kI i =

√
1

t3
(16)
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where sf is half of the space between two interior electrodes, and t3 is calculated with

t3 =
(r1 − r3) (r4 − r2)
(r4 − r3) (r1 − r2)

(17)

by which r1, r2, r3, and r4 can be obtained using the following Jacobi elliptic function, respectively corresponding with

z1 = 0, z2 =
wf

wf +sf
K (kxi ) , z3 = K (kxi ) , and z4 = K (kxi ) + j K (k ′

xi
) [46]

r = sn

(
z ,

θ2
2
(e−π

wf +sf
hi )

θ2
3
(e−π

wf +sf
hi )

)
(18)

where θ2 and θ3 are the Jacobi theta functions [47]. According to (7)-(18), once the dimensions and the substrate of

the IDE are determined, C and G are linearly dependent on both the real and imaginary parts of the permittivity of

the MUT loaded on top of the interdigital electrodes [17, 8].

The equivalent capacitance C and conductance G of the IDE sensor can also be readily obtained by [27]

G + j ωC = −(Y12 +Y21)/2 (19)

As the tested device is reciprocal, the admittance parameterY12 should be equal toY21, but their average (Y12+Y21)/2
is used to estimateG and C , in order to reduce measurement uncertainties. The values ofY12 andY21 can be extracted

from the S-parameters of the series IDE sensing area using the following equations [40]

Y12 =Y0
−2S12

(1 + S11) (1 + S22) − S12S21
(20a)

Y21 =Y0
−2S21

(1 + S11) (1 + S22) − S12S21
(20b)

whereY0 = 1/Z0 and Z0 is the reference impedance of the measurement system. Thus, once the S-parameters of the

MUT loaded IDE are obtained, the complex permittivity of the material can be easily extracted.

4 | BROADBAND MEASUREMENTS OF LIQUIDS

This section is organized in two subsections: the former is aimed at describing the calibration and measurement

procedure based on using the proposed sensing platform, while the latter is focused on analyzing the broadband

experimental results achieved for DI water and two saline solutions.

4.1 | Calibration and Measurements

When performing the measurements, the microfluidic devices are connected with two probes, which are connected

to the Agilent E8361A VNA with cables and connectors. In order to characterize the dielectric MUT loaded on the

sensing area of the two sensing devices, an accurate calibration procedure is essential. As shown in Fig. 2, the errors

caused by the connectors, connections between probes and the chip, cables, and the feeding test fixture parts be-

tween the VNA and the sensing area are modeled as “Error box A” and “Error box B” for the left part and the right part

of the sensing area, respectively. According to the design description of the two sensing devices in Section II, “Error
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box A” and “Error box B” are assumed to be the same for both the TL sensor and the IDE sensor.

For high frequencies (>100 MHz), the multiline thru-reflect-line (TRL) calibration method [39] can be used to

move accurately the reference planes to the probe-tips as the first-step calibration. A series of multiline TRL cali-

bration standards are fabricated on the same wafer as the two sensors to minimize fabrication variations. The cross

section of the standards are the same as the air-covered feeding part of the sensor as shown in Fig. 1, and their

lengths are 0.5mm (Thru), 0.25mm (Short), 1mm (Line 1), 3mm (Line 2), 7mm (Line 3), 10mm (Line 4), and 18mm (Line

5), respectively.

Next, to obtain accurately the dielectric properties of the material loaded in the sensing area, the reference planes

have to be further moved from the probe tips to the sensing area with a second-step calibration [42], removing the

errors resulting from the air-covered and SU-8 covered feeding parts on both sides of the sensing area. At high fre-

quencies, the air-covered and SU-8 covered feeding parts are both modeled as distributed TL segments [27]. The

characteristic impedance and propagation constant of the air-covered feeding part are assumed to be Zai r and γai r ,

and the characteristic impedance and propagation constant of the SU-8-covered feeding part are denoted by Zsu−8

and γsu−8. The parameters Zai r , γai r , Zsu−8, and γsu−8 can be obtained by measuring a bare line and an SU-8-covered

line, which have the same cross-section as the feeding line part and whose lengths are known [27]. Then using (6),

the chain matrices of the air-covered and the SU-8 covered feeding segments are readily obtained. The relationship

of the complete TL sensor within the two probe-tips, the left/right bare feeding line, left/right SU-8-covered feeding

line, and the sensing area covered with MUT, can be described, using their respective chain matrices, as the following

equation

[
A B

C D

]

t ot

=

[
A B

C D

]

ai r L

·
[
A B

C D

]

su−8L

·
[
A B

C D

]

mut

·
[
A B

C D

]

su−8R

·
[
A B

C D

]

ai r R

· (21)

Consequently, the reference planes are moved to the sensing area, and the chain matrix of the MUT loaded TL can

be determined by matrix operations. Using the extraction process that is described in Section III, the frequency de-

pendent permittivity of the material loaded on the TL sensing area can be readily calculated.

For low frequency measurements (< 1 GHz), the first-step calibration is performed on the commercial impedance

standard substrate (ISS) CS-5 (GGB Industries, Inc.) using the line-reflect-match (LRM) calibration method to move

the reference planes from the VNA ports to the probe-tips. Then, the feeding line, which consists of the air-covered

and the SU-8-covered parts, is modeled as “de-embedding”. The “de-embedding” applies to both sides of the IDE

sensor due to its symmetrical structure. Therefore, the de-embedding procedure can be summarized as

Tt ot = Tde−em ·Tmut ·T −1
de−em (22)

where Tde−em is the wave-cascade matrix of the error box “de-embedding”, Tmut is the wave-cascade matrix of the

sensing area loaded with MUT, and Tt ot is the wave-cascade matrix of the whole low frequency sensor between the

two probe-tips. The transformation from the scattering parameters to the wave-cascade matrix is defined by [40]

T =
1

S21

[
S12S21 − S11S22 S11

−S22 1

]

(23)

By directly measuring the de-embedding standard that has the same air-covered and SU-8 covered structure and

dimensions, Tde−em is readily measured, and consequently Tmut can be extracted. Tde−em can also be obtained by

extracting accurate distributed parameters of the feeding TL using the procedure above described, but it involves
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a complex first-step calibration [30], which is not necessary for low frequency measurements. After reaching, by

matrix transformations, the S-parameters of theTmut , the dielectric properties of the MUT at low frequencies can be

characterized with the method described in Section III.

4.2 | Results and Analysis
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F IGURE 3 The complex permittivity of de-ionzed water measured with the proposed platform that integrates a
CPW TL sensor and an interdigital electrode sensor. Literature values [43] are also presented here for reference.

In order to validate the characterization theories provided in previous sections, measurements were first per-

formed on de-ionized water. For low frequency measurements, the IDE sensor was used, sweeping the frequency

from 10 MHz to 5 GHz. For high frequency measurements, the CPW TL sensor was used with frequency range from

100 MHz to 50 GHz. A total of 201 frequency points in a log scale and 501 frequency points in a linear scale were

recorded for the low- and high- frequency measurements, respectively. During all the measurements, the VNA power

was set at -20 dBm and the intermediate frequency (IF) bandwidth was 20 Hz. Additionally, beneath the microfluidic

wafer, there is an 8mm polymethylmethacrylate(PMMA) spacer placed on the surface of the VNA probe station to

reduce undesired mode coupling especially at high frequencies. The room temperature was kept at about 20 ◦C con-

sidering the obvious temperature dependence of the dielectric properties of liquids.

Using the data processing methods described in previous sections, the complex permittivity of de-ionized water

was calculated. Fig. 3 reports the measurement results with the IDE sensor from 10 MHz to about 300 MHz and

the CPW TL sensor from around 300 MHz to 50 GHz. To present the low frequency results more clearly, the mea-

surement values are presented in the log frequency scale. As shown in Fig. 3, the overlap between the two groups of

measurement results is very good, confirming the validity of the developed investigation. It should be noticed that the

permittivity measurements of de-ionized water were repeated 5 times, with the repeatability error within 5%. The

complex permittivity values plotted with the diamond mark in Fig. 3, are calculated from permittivity expressions in

[43]. Good agreement between measurement results and literature values on de-ionized water can be clearly seen

in Fig. 3 for both sensors, which validates that the proposed measurement platform can provide accurate dielectric

permittivity results for liquids.

Next, the platform is used for dielectric spectroscopy measurements of two types of saline solutions using the
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F IGURE 4 The real (a) and imaginary parts (b) of the permittivity of two NaCl solutions measured with the
proposed platform that integrates a CPW TL sensor and an interdigital electrode sensor.
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F IGURE 5 The real (a) and imaginary parts (b) of the conductivity of two saline solutions calculated from the
corresponding complex permittivity with σ′

r + j σ′′
r = j ωε0 · (ε′r − j ε′′r ) [30].

same data analysis procedure as for the de-ionized water. The two saline solutions are 0.1mol/L and 0.5mol/L as

physiological saline solution (normal saline) is in this concentration range. The measurement results are presented in

Fig. 4. A preliminary conclusion can be drawn that higher NaCl concentration results in larger real and imaginary parts

of the permittivity at low frequencies. The ion content in the solutions can result in electrode polarization, which can

dramatically affect the analysis of the actual dielectric information of ionic liquids. Consequently, in order to analyze

the electrode polarization in the saline solutions, the measured complex permittivity was transformed to complex

conductivity with σ′
r + j σ′′

r = j ωε0 · (ε′r − j ε′′r ) [30]. The calculated complex conductivity values are presented in

Fig. 5. According to the real part conductivity results in Fig. 5(a), we can directly read out the static conductivity of the

solutions in the low frequency range. The read-out static conductivity of the 0.1mol/L saline and the 0.5mol/L saline
solutions are about 0.15 and 0.63, respectively. The plots of the real part conductivity values of the two solutions
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at low frequencies show a slight frequency dependency. This means that the actual complex permittivity of the two

solutions at low frequencies is frequency dependent, but unfortunately hidden by the dramatic values caused by the

electrode polarization. By observing the plots in Fig. 5(b), the frequency range over which the electrode polarization is

dominating can be determined [30]. The electrode polarization frequency ranges for the 0.1mol/L and the 0.5mol/L
saline solutions are from very low frequency up to around 25 MHz and 70 MHz, respectively.

5 | CONCLUSION

A compact and user-friendly platform that consists of a CPW TL sensor and an IDE sensor, is proposed. The two sen-

sors are integratedwithmicrofluidic structures using photolithographic micro-device fabrication techniques, making it

possible to perform accurate measurements by using a very small volume of sample. A numerical modeling procedure,

based on the conformal mapping technique, is applied to both sensors, which leads to the characterization foundation

for the dielectric property of the material that is loaded on top of the sensing area of the two sensors. By using the

numerical method to replace the traditional simulation method, only a few seconds are needed for the optimization

of device design. The platform is successfully validated by measuring the complex permittivity of de-ionized water

within a broadband frequency range. Then, the proposed method is used to analyze the dielectric properties of two

types of saline solutions. Although the reported experiments have been limited to water-based liquids, the developed

microfluidic sensing platform can be readily used for carrying out broadband dielectric spectroscopy measurements

on various liquids.
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