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Abstract— This paper reports the design, simulation and 
experimental validation of an accurate liquid sensing technique in the 
nano-liter range. It is suitable for the detection and quantification of 
very small contents of liquid samples containing biological cells. The 
biosensor is based on an open-ended interdigitated capacitor (IDC) 
within a microfluidic channel. The microwave structure including the 
IDC is patterned in coplanar waveguide technology. The microfluidic 
channel is 100 µm thick and the IDC covers an area of 150 µm width 
and 90 µm length. This leads to a volume under analysis much lower 
than a nano-liter which allows the noninvasive and contactless 
microwave investigation of biological cells in their culture medium. 
This micro-device is used to extract the complex permittivity of liquid 
media from the measured scattering parameters within the frequency 
band ranging from 0.2 to 25 GHz. For ease of use, a SMA-
connectorized version of the device with spring contacts probes to 
the biosensor is also proposed. Results concerning microparticle 
detection within the media are also presented, extending the use of 
the sensors to cellular environments. 

 
Index Terms— Complex permittivity, Coplanar waveguide InterDigitated Capacitor, Dielectric spectroscopy, 

Microfluidic. 

 

 

I. INTRODUCTION 

icrowave dielectric spectroscopy technique has attracted 

interest for applications in chemistry, biochemistry, 

biology and medicine [1]. With the help of micro-

technologies, it is possible to develop miniaturized biosensor 

dedicated to the analysis of liquid and/or biological media 

based on this principle [2]. The characterization of materials 

by dielectric spectroscopy using frequency reflectometry is a 

well-known method allowing the characterization of 

homogeneous, inhomogeneous and/or porous media (concrete, 

biological media, etc.). Several technologies are presented in 

the literature; they are based on different analysis methods 

operated in a certain frequency range and over a considered 

sensitive zone (analysis volume) [3-4]. Based on this 

principle, the development of new cellular and molecular 

analyzing instruments opens new and innovative ways for 

non-invasive cell analysis and real-time monitoring.  

In this paper, two homemade structures based on a coplanar 

waveguide technology and operating in reflection mode are 

presented: the first probe is based on an open-ended (OE) line 

and the second probe is based on an interdigitated capacitor 

(IDC). These sensors are studied through simulations using 

HFSS (High Frequency Structure Simulator) software from 

Ansoft, fabricated with microtechnology process and used for 

dielectric characterization of liquid media. The results show 

that the two sensor types enable an accurate determination of 

the frequency dependence of the complex permittivity. 

In order to understand the extraction principles of the 

complex dielectric permittivity of materials, a first macro-

sensor was designed and simulated before addressing micro-

sensors. Its simple shape corresponds to an open-ended 

coaxial probe associated to a circular coppered ground (Fig.1). 

Open-line Coaxial probes (OC) are widely used for 

microwave dielectric spectroscopy in different fields [5-18]. 

According to simulation results, the sensitive region is roughly 

a cylinder centered at the open-ended cable core with a radius 

of approximately 8 mm and a height of 7 mm. Thus, this probe 

operates in the milliliter range, which requires a large volume 

of liquid for sufficient accuracy and is not suitable to target a 

small number of cells.  

Reducing the size of the sensitive area using micro-sensors 

offers the opportunity to analyze samples containing 

biological cells, and to examine, at the cell scale, the dielectric 

properties of cells in regards to potential pathologies (cell 
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type, cancer cell, anemia, etc.). There are some major 

publications in the field of miniaturized RF sensors dedicated 

to bioengineering. [19] uses microtechnology to fabricate a 

biologic sensor connected by RF probes and based on a 

transmission line with a volume under test of around 3 µL. 

Measurement of fluid properties can be done up to 40 GHz 

with de-embedding technique to take into account both the 

CPW accesses as well as the polymer walls of the fluidic 

channel. In [20] and [21], IDC (Interdigitated Capacitor) is 

then used to detect the permittivity of the fluid by measuring 

the transmission parameter (S21). The sensing volume of liquid 

is about 1 nL. To ensure a good sensitivity of the detection of 

the permittivity of the analyzed fluid, de-embedding procedure 

is applied to subtract the effect of the coplanar access lines. 

The sensor is tested with different binary liquid mixtures. 

Living B lymphoma cells was also tested.  

Table I summarizes the state of the art concerning micro-

devices based on electromagnetic characterization (using S11 

or S21 parameters) of biological species (liquids, particles, 

cells) over a broadband range. 

Compared to the state of the art, this paper is based on 

reflexing approach (S11), as only one port is needed which 

simplifies the use of the sensor. To make it even easier to use, 

a packaged chip with a SMA connector associated to spring 

contact probes is presented for the first time. It offers 

increased portability (avoiding the use of RF probes) and also 

enables the change of the sensor for each analysis, while 

keeping the same packaging.  

In addition, from the reflection coefficient measurement of the 

MUT (Medium Under Test), an algorithm using three 

reference media [3] is developed. The complex permittivity of 

the sample is then extracted and compared to the theoretical 

modeling.   

The design presented in this paper uses a coplanar-

waveguide (CPW) which consists of an open-ended probe 

combined with a micro-fluidic channel. The proposed sensor, 

presented in Fig. 1, is used to characterize a liquid flowing 

within a microfluidic channel located at the end of the CPW 

line. The MUT corresponds to an analyzed volume in the 

nanoliter scale. This makes it suitable for measurement of one 

or a few biological cells, in a non-invasive way, in their liquid 

culture medium in order to extract their specific dielectric 

properties. This device was used for broadband determination 

of the dielectric properties of liquids and mixtures of water 

and methanol in the frequency range 200 MHz – 25 GHz. 

The comparison of our sensor to the state-of-the art is 

provided in table I.  

The purpose of this paper is to investigate the viability of 

using an interdigitated device for dielectric spectroscopy of 

small liquid volume as a tool for biological analysis 

compatible with microfluidic devices. The technique proposed 

here is based on the analysis of the reflection coefficient S11. 

The electromagnetic field at the open-ended CPW probe 

aperture interacts with the sample at the interface, between the 

end of the line and the medium under test, in a manner that it 

depends on the dielectric properties of the medium. Thus, the 

complex relative permittivity (ԑr*) of the unknown sample can 

be extracted from the reflection coefficient (S11); this 

permittivity extraction is performed by using the technique 

proposed by Wagner et al [3]. 

  

TABLE I 
STATE OF THE ART COMPARISON TABLE  

Reference Frequency S parameter / measurement 
technique 

Extracted 
characteristic 

MUT (liquids, particles, cells …) 

[22] 0.1 GHz to 10 
GHz 

On-chip sensor 

FFT applied on Baseband signal 

Complex permittivity - 
Permittivity imaging 
(matrix of patchs) 

Liquids - µL range 

[20], [21] Up to 40 GHz Transmission mode (S21) - Probe 
station 

Relative permittivity HEK-293 biological cells in suspension (more 
than 20 cells) - nL range 

[19] Up to 40 GHz Transmission (S21) - Probe station 
(but also possible using SMA-

connectorized) 

Relative/effective 
permittivity 

 

HUVEC cells in suspension in their biological 
medium (various concentrations and number 

of cells) - nL range 

[23] 1 GHz to 5 
GHz 

Refection and transmission (S11 and 
S21) modes - SMA-connectorized 

Differences in terms of 
S11 and S21 

compared to reference 
media 

Jurkat and HEK cells (live and dead) in 
different cultures (from 20 cells) - nL range 

[24] Up to 8 GHz Transmission mode (S21) Capacitance contrast - 
S21  magnitude (dB) - 

Permittivity 

Validated by 1 polystyrene particle. 

Measurement done using SW-620 cell line 
(cancerous colorectal cell line) - nL range 

[25], [26] 40 MHz to 40 
GHz 

Transmission mode (S21) Capacitive and 
conductive contrasts 

Living B lymphoma cell (1 cell) - nL range 

[27], [28], 
[29] 

kHz to 9 GHz 2-port sensor - S21 (trans.) for series 
configuration and S11 (refl.) for shunt 

configuration - Probe station use 

Insertion loss changes 
- Return loss changes 

Live Jurkat cell trapped by dielectrophoresis (1 
cell) - nL range 

 

This paper 

 

0.2 GHz to 25 
GHz 

Reflection (S11) mode - Probe station 
- SMA-connectorized and spring 

contact probe (removable packaging) 

Complex permittivity Liquids and polystyrene particles (from 1 
particle) - nL range 
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This paper is organized as follows. Section II is dedicated to 

the description and simulation of the two different micro-

sensors. Section III is dedicated to the measurement 

procedure, including the calibration step. Section IV deals 

with the experimental validation of the approach by analyzing 

the dielectric properties of the measured media under probe, 

taking into account the calibration procedure and the 

feasibility of micro-particle detection. Section V concerns a 

packaged version of the sensor with SMA connectors to offer 

portability capabilities. It also discusses the experimental 

results obtained with liquid mixtures based on aqueous 

solutions, which feature various solute concentrations.  

 
Fig. 1. Homemade open-line coaxial probe structure in 3D view (left) 

simulated and (right) fabricated. 

II. SENSOR DESCRIPTION AND SIMULATIONS 

A. Shape and design of the sensor 

The proposed micro-sensor is based on an interdigitated 

capacitor (IDC) located at the end of a coplanar waveguide 

(Fig. 2). The dielectric detection area, corresponding to the 

IDC surface covered by under-test liquids, is a rectangle of 

150 µm width by 90 µm length. The liquid confinement is 

assured with a microfluidic channel (width of 150 µm) 

composed of SU-8 photoresist, which features a height of 100 

µm and can be easily down-scaled. This polymer has the main 

advantages of being biocompatible and easily patterned. Its 

viscosity facilitates coating of uniform thin films and, later on, 

removal of non-exposed resin (undesirable) during 

development step (photolithography process). Its transparency 

allows an easy observation of the fluidic materials injected in 

the channel, and notably biological cells.  

The IDC presents strips and slots of 10 µm width as 

presented in Fig. 2. The microwave electrodes are made of a 

thin layer of titanium (TiW - 20nm) and gold (200nm) on the 

glass wafer to minimize additional dielectric losses due to the 

substrate. This structure is compared with a single open-ended 

(OE) coplanar line depicted in Fig. 3 and presented in [18]. 

The fabrication of the CPW sensor is based on the use of 

standard microtechnology processes and may be divided in 

two main parts: 1) The elaboration of the IDC along with its 

access line on the glass wafer, 2) The realization of the 

microfluidic channel. More details about the fabrication steps 

are given in [30].  

The performances of the IDC were investigated using HFSS 

software to evaluate the electric-field distribution in the 

sensing area. The electromagnetic field at the open-ended 

CPW probe extremity fringes into the sample at the interface.  

 
Fig. 2. Interdigitated capacitor structure in top view (left simulated and 

(right) fabricated. 
 

Fig. 4 presents a view of the electric field calculated for the 

design developed when loaded by deionized water. The 

electrical field distribution at 5 GHz is strongly concentrated 

in the IDC area where the interaction between the 

electromagnetic wave and the liquid sample indicates a stable 

sensitive area of approximately 15µm height above the IDC 

region. Only the liquid volume located in the sensitive area 

above the sensor end is analyzed by the IDC.  

 

 
Fig. 3. Open-ended structure in top view: (left) simulated and (right) 

fabricated. 

 

The CPW line, integrated into the microfluidic channel, was 

produced by two photolithography steps. The values of IDC 

capacitance are affected by the width of the fingers 

constituting the interdigitated capacitor. These fingers are 

obtained after the development step where the unwanted 

metallization is removed and the obtained dimensions are 

associated to a defined accuracy.  
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Fig. 4. Simulated distribution at the sensor-liquid of the electric-field 
magnitude when the sensor IDC is loaded with deionized water at 5 

GHz. 

 

B. Estimated behavior of the sensor 

To evaluate the impact on the sensor performances of these 

size inaccuracies, simulations were carried out using HFSS for 

capacitances of different finger widths (8µm, 9µm 9.5µm, 

9.7µm, 9.8µm, 9.9µm and 10µm). Fig. 5 shows the capacitive 

contrast between the extracted capacitances when considering 

sensor loaded by water and air. It shows a lower sensitivity 

when the width deviates from 10 µm; However, the 

fabrication uncertainties are taken into account and corrected 

during the calibration step.  

To perform under-probe measurements, a suitable coplanar 

access is developed as presented in Fig 6. The capacitive 

effect for both OE and IDC geometries were estimated and 

compared according to the shape of the aperture at the 

reference plane for the extracted input-impedance Z11. 

Likewise, the capacitive contrasts between the extracted 

capacitances when considering sensors loaded by water and 

ethanol was calculated. 

 

Fig. 5. Simulated contrasts of extracted capacitances when IDC-sensor 
is loaded by water and air, for different finger widths. 

 

 

 
Fig. 6. Simulated Sub-device: In top view (left) and in 3D view (right). 

 

 
Fig. 7. Simulated capacitive contrasts between sensors loaded by 

water or air for both geometries. 

 

Fig. 7 shows that the capacitive contrasts obtained using 

IDC are twice more than those obtained using the OE sensor. 

This means that the coupling between the interdigitated 

detection zone and the sample under test is stronger compared 

to that of an open-ended line. Indeed, the increase of the 

capacitance value makes it possible to estimate in a more 

sensitive way the values of complex relative permittivity of 

materials. 

Based on these two considered designs, protocol for 

extracting dielectric parameters for the media under test is 

defined in Section III. 

 
Fig. 8. Schematic diagram of measurement plans and equivalent 

lumped-element circuit of the CPW tip (sensitive area). 
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III.  MEASUREMENT PROCEDURE 

A. Permittivity measurement and extraction setup 

The presented method for the determination of the complex 

dielectric permittivity of materials is based on the interaction 

between the electromagnetic wave and the liquid within the 

microfluidic channel. When an electric field is applied on a 

dielectric material, its atoms are oriented according to the 

electric field direction. These excited dipoles undergo a 

relaxation time. The classical model to describe the frequency 

response of the liquid polarization corresponds to a first-order 

equation known as the Debye equation which can be written 

as [31, 32]: 

𝜀𝑟
∗ =  𝜀∞ +  

𝜀𝑠−𝜀∞

1+𝑗
𝑓

 𝑓𝑟
  
                               (1)  

where 𝜀𝑠 is the static permittivity,  𝜀∞ is the high frequency 

permittivity at infinite frequency and 𝑓𝑟 is the relaxation 

frequency. 

The schematic diagram of the measurement plans and an 

appropriate lumped-element equivalent circuit of the CPW-tip 

sensor (sensitive area) are shown in Fig. 8. 

The effect of the access line under the micro-channel wall is 

represented by the capacitor Cf. The capacitor C0 represents a 

detection capacitance and depends on the coupling between 

the fields and the sample through its complex permittivity 𝜀𝑟
∗. 

The relationship between this complex permittivity 𝜀𝑟
∗ and the 

complex reflection coefficient Γ at the interface between the 

end of the CPW probe and the sample is given by the 

following equation: 

𝜀𝑟
∗ =

1

𝑗𝜔𝑧0𝐶0
 
1−𝛤

1+𝛤
−

𝐶𝑓

𝐶0
                                 (2) 

When the microfluidic channel is loaded by a fluid medium 

of complex permittivity 𝜀𝑟
∗, the complex impedance 𝑍𝑒𝑞

∗ , 

representing the sensor tip, changes and is given by the 

following expression: 

 

𝑍𝑒𝑞
∗ = (𝑗𝜔𝐶𝑓 + 𝑗𝜔𝜀𝑟

∗𝐶0)
−1

                   (3) 

 

The reflection coefficient Γ at the interface between the end 

of the biosensor and the liquid under test is related to the 

equivalent complex impedance 𝑍𝑒𝑞
∗  according to: 

 

𝑍𝑒𝑞
∗ =

1

𝑌∗ = 𝑧0
1− 𝛤

1+ 𝛤
                                 

(4) 
 

The characterization method consists in measuring using a 

vector network analyzer (VNA) the parameters S11 of the 

circuit loaded by different materials. The scattering matrix [S’] 

of a structure is given by: 

 

(
𝑏1

𝑏2
) = (

𝑆11
′     𝑆12

′

𝑆21
′     𝑆22

′ ) (
𝑎1

𝑎2
)                           (5) 

 

Using the fluence graph of the probe represented in Fig. 8 

and the equation (5) with 𝑆11 =
𝑏1

𝑎1
  and 𝛤 =

𝑎2

𝑏2
, it can be 

deduced: 

 

𝑆11 = 𝑆11
′ + 𝑆12

′ 𝑎2

𝑎1
          and     𝛤 =

𝑆11−𝑆11
′

𝑆22
′ 𝑆11−𝑑𝑒𝑡𝑆′              (6) 

 

By combining (2), (3) and (4), the following bilinear 

equations can be obtained between measured reflection 

coefficient S11 and complex relative permittivity 𝜀𝑟
∗ [33], [34]: 

 

𝑆11 =
𝑑2+ 𝑑3𝜀𝑟

∗

𝑑1+ 𝜀𝑟
∗                        (7) 

 

where 𝑑1, 𝑑2 and 𝑑3 are given by: 

𝑑1 =
1−𝑆22

′

𝑗𝜔𝑍0𝐶0(1+𝑆22
′ )

+
𝐶𝑓

𝐶0
                                          (8) 

 

𝑑2 =
𝑆11

′ −𝑆11
′ 𝑆22

′ +𝑆12
′ 𝑆21

′

𝑗𝜔𝑍0𝐶0(1+𝑆22
′ )

+
𝐶𝑓(𝑆11

′ +𝑆11
′ 𝑆22

′ −𝑆12
′ 𝑆21

′ )

𝐶0(1+𝑆22
′ )

        (9)                            

 

𝑑3 =
𝑆11

′ +𝑆11
′ 𝑆22

′ −𝑆12
′ 𝑆21

′

𝑗𝜔𝑍0𝐶0(1+𝑆22
′ )

                                           (10) 

 

To be able to calculate the complex calibration constants, a 

calibration step is required as detailed in the next section. 

 

B. Calibration step 

The permittivity extraction technique is based on the 

exploitation of reflection coefficient S11. A bilinear equation 

describes the relationship between measured S11 and the 

complex relative permittivity 𝜀𝑟
∗(𝑓) =  𝜀′(𝑓) − 𝑗𝜀′′(𝑓) of the 

sample under characterization given by [33], [34]: 

 

𝜀𝑟
∗ =

𝑑1+ 𝑑3𝜀𝑟
∗

𝑑1+ 𝜀𝑟
∗                                    (11) 

 

where d1, d2 and d3 are three complex constants related to 

the geometry and constitutive materials of the sensor. 

Reference materials are required for calibrating and testing 

instruments that are used for dielectric properties 

characterization. Pure liquids, especially alcohol, are good 

reference materials, as they are perfectly uniform and 

homogeneous unlike many solid materials. They have the 

advantage of being readily available commercially. If they are 

sufficiently homogeneous, their properties vary slightly from 

one sample to another. 

Eq. (11) describes the relationship between the complex 

permittivity and the measured reflection coefficient S11 of the 

MUT. According to this equation, a calibration step with at 

least three reference media of well-known behavior from the 

literature is required to be able to calculate the complex 

calibration constants 𝑑𝑖 (i = 1, 2, 3).  The media suggested for 

this calibration step are air (𝜀𝑟,𝑂
∗ = 1, 𝑆𝑖𝑗 = 𝑆𝑖𝑗

𝑂), deionized 

water (εr
∗ = εr,W

∗ , S11 = S11
w ) and another third medium 

(𝜀𝑟
∗ = 𝜀𝑟,𝐿

∗ , 𝑆11 = 𝑆11
𝐿 ).  
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Thus, according to equation (11), the relations (12), (13) 

and (14) are obtained: 

𝑺𝟏𝟏
𝑶 𝒅𝟏, −𝒅𝟐 − 𝜺𝒓,𝑶

∗ 𝒅𝟑 = −𝜺𝒓,𝑶
∗ 𝑺𝟏𝟏

𝑶                            (12) 

𝑺𝟏𝟏
𝑾 𝒅𝟏 − 𝒅𝟐 − 𝜺𝒓,𝑾

∗ 𝒅𝟑 = −𝜺𝒓,𝑾
∗ 𝑺𝟏𝟏

𝑾                           (13) 

𝑺𝟏𝟏
𝑳

𝒅𝟏 − 𝒅𝟐 − 𝜺𝒓,𝑳
∗ 𝒅𝟑 = −𝜺𝒓,𝑳

∗ 𝑺𝟏𝟏
𝑳

                         (14) 

 

These equations can be rewritten in matrix form:  

 

(

𝑠11
𝑂   − 1   −𝜀𝑟,𝑂

∗

𝑠11
𝑊   − 1   −𝜀𝑟,𝑊

∗

𝑠11
𝐿

  − 1   −𝜀𝑟,𝐿
∗

) (

𝑑1

𝑑2

𝑑3

) = (

−𝜀𝑟,𝑂
∗ 𝑠11

𝑂

−𝜀𝑟,𝑊
∗ 𝑠11

𝑊

−𝜀𝑟,𝐿1

∗ 𝑠11
𝐿

 )  ⇔  𝑀𝑑 = 𝑒         (15) 

In this case with three known samples, the three constants 

will be determined numerically by the relation  𝑑 = 𝑀−1. 𝑒. In 

case of measurements with more than with three known 

samples, the inverse of the matrix M must be written as 

d= (𝑀𝑇𝑀)−1𝑀𝑇 . 𝑒 and can be solved numerically. Then, the 

complex relative permittivity 𝜀𝑟
∗ of an unknown sample is 

directly obtained from measured reflection coefficient 𝑆11 

using Eq. (11). 

 
Fig. 9. Comparison between complex permittivity obtained using 
simulations and those given theoretically by the Debye model. 

 

IV.   EXTRACTION AND ANALYSIS OF THE 

DIELECTRIC PROPERTIES OF THE MEASURED 

MEDIA 

A. Analysis of IDC sensor by numerical simulation and 
under probe measurements 

To validate the parameter extraction process, simulations of 

the microwave devices, loaded by different tested media with 

well-known dielectric permittivity, have been performed using 

the 3D electromagnetic simulator Ansys HFSS. The Debye 

model of each medium placed within the micro-fluidic 

channel has been implemented.  

Fig. 9 shows the real and imaginary parts of the dielectric 

permittivity for different media given by the Debye model 

(theoretical curves). These values are compared with the 

complex dielectric permittivity extracted from the reflection 

coefficients S11 obtained by simulating the IDC sensor with 

HFSS software then using eq. (11) after the calibration phase 

detailed above. The three reference media used are: air, 

deionized water and acetone. A good concordance is obtained 

between theoretical and extracted curves.  

This shows the relevance of the miniaturized sensor 

associated with the extraction method used to determine the 

Debye model of the media under test, over a wide frequency 

band ranging from 200 MHz to 25 GHz. These results validate 

the method of analyzing the dielectric properties of the fluids 

under test, which is based on reflectometry measurements 

using a CPW line integrated in a microfluidic channel; these 

results also validate the extraction method of dielectric 

constants from the measurement and the calibration phase 

with well-known reference media. 

The used experimental setup is shown in Fig. 10. In the first 

step, the measurement setup is calibrated on one port using 

Agilent calibration kit (SOL-type). Next, the microsensor, 

presented above, is characterized under RF probe station 

through the measure of the reflection coefficients S11 when 

loaded by different fluids (air, deionized water, methanol, 

ethanol and acetone) as presented in Fig. 11. All 

measurements throughout this paper have been performed 

using a vector network analyzer (PNA E8361C from 

Keysight) and for a power of -10dBm in order to limit sample 

temperature increase [20]. 

 

 
Fig. 10. Fabricated prototype (left) and under probe measurement 

setup for sensor characterization using Infinity probe (right). 

 

 
Fig. 11. Smith chart of the S11 reflection coefficients measured from 
200 MHz to 25 GHz for different liquids in the microfluidic channel. 
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The Debye equation require three parameters (𝜀𝑠, 𝑓𝑟, 𝜀∞) to 

describe the frequency-dependent dielectric relaxation 

behavior of dielectric media. Using the measurement results 

and the extraction protocol based on the three-calibration 

media {air, deionized water, acetone}, these dielectric 

parameters of the complex dielectric permittivity of ethanol 

are determined. Fig. 12 depicts the dielectric permittivity 

extracted from the measurement results of pure methanol and 

ethanol using the sensor depicted in Fig. 6. The extraction is 

done with curves obtained by adjustment with the scientific 

calculation software (using of the Matlab® lsqcurvefit 

function), leading to the closest curves according to least mean 

square approach that follows the analytical expression of (1). 

 
(a) 

 
(b) 

Fig. 12. Real and imaginary parts of the dielectric permittivity of ethanol 

(a) and methanol (b) extracted and fitted from measurements. 

The values of the high and low frequency relative 

permittivity and relaxation frequency associated to the fitted 

curves obtained at 20 °C by adjustment of the extraction 

results are, for the ethanol 𝜀𝑆
∗ = 24.77 (1.56%), 𝜀∞ = 3.89 

(15.17%) and  fr = 0.821 GHz (0.97%), and for the methanol 

𝜀𝑆
∗ = 33.54 (0.30%), 𝜀∞ = 5.73 (1.28%) and fr = 2.64 GHz 

(6.63%), with between brackets, the differences (in %) 

compared to the theoretical values. 

B. Influence of the calibration media 

To test the robustness of the method with respect to the 

choice of reference media for calibration, we carried out the 

extraction of the properties of media from measurements, 

when considering different triplets of reference media. 

 
Fig. 13. Real and imaginary parts of the dielectric permittivity of ethanol 

fitted or extracted from the measurement using the calibration media 
(air, deionized water, methanol). 

 

Fig. 13 present respectively the dielectric spectra of pure 

ethanol obtained using 3 calibrations media: Air, deionized 

water, and methanol. We extract the dielectric characteristics 

of acetone and ethanol with a good correlation on the 

frequency behavior in our measurement range (0.2 to 25 

GHz). 

 

 
Fig. 14. Real and imaginary parts of the dielectric permittivity of 

deionized water fitted or extracted from the measurement using the 
calibration media (air, methanol, acetone). 

 

Using calibration triplet (air, methanol, acetone), the real 

and imaginary parts of the dielectric permittivity of deionized 

water has been extracted from measurement and the obtained 

values have been fitted considering Debye model (Fig. 14). 

The real static permittivity of water has a value very far 

from those of the media used in the calibration step and 

greatly exceeds the highest static permittivity of the reference 

media (𝜀𝑟,𝑂
∗ = 1 for air, 𝜀𝑟,𝑂

∗ =21 for acetone and 𝜀𝑟,𝑂
∗ = 32.66 

for methanol). With measurements, static permittivity of 

deionized water 𝜀𝑟,𝑂
∗ =85.27 obtained is very close to the 

theoretical one that is 80.21. Likewise, the relaxation 

frequency estimated from measurement is 16.18 GHz against 

17.00 GHz in theory.  



8  IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 

 

 

C. Detection of micro particles 

To test the capability of our sensor to detect the presence of 

a cell, some measurements have been performed while 

injecting polystyrene micro particles in water within the 

channel. For one particle of diameter 20 μm located on the 

IDC, the dielectric permittivity of the equivalent material 

within the sensing area has been extracted from measurements 

and compared to the one of water. Besides, to consolidate this 

result, simulations have been performed with a sensor loaded 

by water with one, two and three polystyrene particles on the 

IDC (Fig. 15).  

The difference between water permittivity and the 

permittivity extracted from measurements or simulations with 

one or several particles on the IDC is presented in Fig. 16; the 

order of magnitude of the difference obtained with one single 

particle is in agreement in simulation and measurement. As 

expected, this difference between permittivity increases versus 

the number of inserted particles. These results show that the 

presence of a few single particles can be detected using this 

sensor. 

 
Fig. 15. Simulated IDC sensor loaded by water and three particles. 
Due to the geometrical symmetry, only the half of the structure is 

simulated. 

 

 
Fig. 16. Real and imaginary parts of the difference between water 
permittivity and the ones extracted from measurement with one 

polystyrene particle or simulations with one, two or three particles on 
the IDC. 

 

V.  PACKAGED SENSOR WITH SMA ACCESS 

A. Measurements and analysis of the dielectric 
properties of the measured media with SMA connector  

In order to achieve a portable device, the chip presented in 

Fig. 2 was packaged with a SMA connector on a PCB support 

as shown Fig. 17. A mechanical support has been fabricated 

by an additive technique to maintain the microstructure, and 

three spring loaded contacts ensure the electrical continuity 

between the CPW lines on the PCB and on the glass wafer. 

The measurements presented are carried out in the frequency 

range from 0.3 to 8 GHz at 20 °C. This packaging introduces 

transition elements, which can reduce the performances of the 

measurement. Same methodology of analysis was performed 

to estimate its influence on the results. 

 

 
Fig. 17. Microfluidic chip fabricated and packaging associated with 

spring loaded contacts. 
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The reflection coefficient S11 is measured using the vector 

network analyzer. According to the measured media (air, 

deionized water, acetone, methanol and ethanol), the 

comparison of the measured and the fitted data, using the 

Debye model of complex dielectric permittivity of methanol 

and ethanol at 20°C is presented in Fig. 18 and Fig. 19, 

respectively. Table I summarizes the permittivity and 

relaxation frequencies of the Debye model obtained by fitting 

data and shows the differences in percent compared to the 

theoretical values. The measured and modeled data are very 

close to each other. This shows the relevance of the 

measurement and extracting methods. 

 

 
Fig. 18. Real and imaginary parts of the dielectric permittivity of 

methanol fitted or extracted from the measurement with connectorized 

sensor. 

 

 The advantage of this packaging technique is that the 

measurement system is made more flexible given the ease of 

using wired connections instead of under-probe protocol. 

After calibration, the dielectric properties of a large number of 

samples can be routinely measured in a short time as the 

measurement can be performed in a temperature-controlled 

environment without requiring any preparation of the sample. 

 

 
Fig. 19. Real and imaginary parts of the dielectric permittivity of ethanol 

fitted or extracted from the measurement with connectorized sensor. 

 
TABLE I 

VALUES OF THE PERMITTIVITIES AND RELAXATION 
FREQUENCIES OBTAINED BY FITTING DATA MEASURED WITH 

CONNECTORIZED SENSOR AT 293.15 K, WITH DEVIATION FROM 
EXPECTED VALUES IN BRACKETS. 

Liquid ԑs ԑ∞ fr (GHz) 

Methanol 32.83 (2.4%) 5.46 (3.4%) 2.60 (7.8%) 

Ethanol 26.02 (3.4%) 4.58 (1.1%) 0.97 (17.8%) 

 

B. Analysis of measurement reproducibility  

In order to estimate the reproducibility of the previous 

results, measurement of ethanol and methanol properties have 

been performed four times, with a new liquid injection within 

the channel for each measurement. The four curves of 

extracted permittivity obtained in the case of ethanol are 

shown in Fig. 20(a). To highlight the deviation between the 

extracted values, the standard deviation between the four 

curves has been calculated at each frequency and normalized 

by the mean of these four values; the obtained normalized 

standard deviations for real and imaginary parts of the relative 

permittivity are plotted in Fig. 20(b). The obtained values stay 

below 14.5% over the all frequency range, the highest values 

obtained for the imaginary part at low frequencies 

corresponding to low mean values; the mean normalized 

standard deviation over the frequency range is of 1.24% for 

the real part and 1.73% for the imaginary part. In the case of 

methanol permittivity extraction using four different 

measurement results, the mean normalized standard deviation 

is of 2.85% for the real part and 3.53% for the imaginary part 

of the relative permittivity. 

 
(a) 

 
(b) 

Fig. 20. Real and imaginary parts of the dielectric permittivity of ethanol 
extracted from four consecutive measurements with connectorized 

sensor (a), and the normalized standard deviation of the four curves of 
real and imaginary parts. 
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The curves of relative permittivity obtained from these four 

measurements have then been fitted according to Debye’s 

model in order to extract the high and low frequency relative 

permittivity and the relaxation frequency associated to each 

measurement. Table II presents, for each of these three 

parameters, the mean of the four extracted values along with 

the normalized standard deviation between these four values. 

We can notice a good stability of the extracted parameters 

between the four measurements; the highest variation is 

obtained for the high frequency permittivity of methanol, the 

difficulty to extract this parameter being linked to the too low 

measurement frequency values. 

 
 TABLE II 

MEAN AND NORMALIZED STANDARD DEVIATION OF THE 
EXTRACTED PERMITTIVITIES AND RELAXATION FREQUENCIES 

OBTAINED BY FITTING THE FOUR MEASUREMENT RESULTS 
WITH CONNECTORIZED SENSOR AT 293.15 K, WITH DEVIATION 

FROM EXPECTED VALUES IN BRACKETS. 
Liquid Indicator ԑs ԑ∞ fr (GHz) 

Methanol Mean value 34.06 
(1.22%) 

5.22 
(7.75%) 

2.68  
(4.90%) 

 Normalized 
standard 
deviation 

4.70% 7.08% 2.43% 

Ethanol Mean value 26.22 
(4.22%) 

4.42 
(2.43%) 

0.984 
(18.75%) 

 Normalized 
standard 
deviation 

1.71% 3.67% 5.93% 

C. Mixtures of water and methanol measured by the 
SMA-connectorized sensor  

 

To study and optimize the sensitivity of a biosensor, the 

impact of a liquid on the variation in the overall capacity of 

the sensor was evaluated. So, liquids with well-known 

permittivity have been used and mixed; here pure water and 

methanol.  

The comparison of the measured real and imaginary parts of 

the complex dielectric permittivity of the analyzed of binary 

mixtures of water and methanol is presented in Fig. 21 and 

Fig. 22, respectively. The evolution versus frequency of the 

extracted complex permittivity of each mixture and of 

methanol are presented along with Debye models estimated 

from these extracted values and the theoretical model of the 

water. The device was calibrated considering three other 

reference media, namely air, deionized water and acetone. 

 

Fig. 21. Relative permittivity of water + methanol solutions measured at 
293.15 K. 

 
Fig. 22. Dielectric losses of water + methanol solutions measured at 

293,15 K. 

 

To evaluate the variation in the relaxation frequency, the 

difference was plotted between the parameters extracted from 

measurement and the theoretical values obtained using the 

equations described below as a function of the fraction volume 

[35]:  

𝑙𝑛 𝑓𝑚𝑖𝑥 = 𝑋1𝑙𝑛𝑓1 +  𝑋2𝑙𝑛𝑓2                          (16) 

 

where the indices 1 and 2 respectively represent the two 

solvents. X1 and X2 (X1 + X2 = 1) are the volume fractions of 

the respective components. Fig. 23 presents the dielectric 

relaxation frequencies of the mixtures fT obtained from 

measurement and those obtained using (16).  

 

 
Fig. 23. Representation of the dielectric relaxation frequencies of the 

mixtures obtained from measurement and the theoretical model. 

 

 The theoretically derived results are compared with 

measurements carried out in the 0.2 - 25 GHz frequency range 

and show very good agreement on the relaxation frequency of 

the mixture. The dielectric relaxation parameters obtained by 

fitting the data are presented in Table III. The deviation in % 

with the specific analytical theoretical models is also given. 

 
TABLE III 

VALUES OF THE RELAXATION FREQUENCIES OBTAINED BY 
FITTING DATA MEASURED WITH CONNECTORIZED SENSOR AT 

293.15 K 
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% Volumic proportion fr (GHz) 

25% Methanol 17 (13.12%) 

50% Methanol 9.42 (10.56%) 

75% Methanol 6.19 (2.71%) 

100% Methanol 4.54 (2.60%) 

100% DI Water 2.60 

 

VI. CONCLUSION 

This paper is devoted to the developments of a miniaturized 

RF sensor for dielectric media characterization. The device 

operates in reflective mode with under-probe measurements. 

The results obtained, both by simulation and by experimental 

characterization, show that it is relevant to rely on 

microtechnologies to fabricate such a device combined with a 

dedicated procedure for dielectric parameter extraction.  

The extraction method of the complex permittivity of liquid 

media, after a calibration step with three reference media, is 

proven to be functional. The measurement results are 

compared with those obtained using similar sensors but 

addressing much larger volumes. The complex permittivity 

extracted are very close to theoretical values. 

The feasibility of detecting one microparticle within the 

media is also done (case of 20 µm microbeads). This result 

confirms the high interest of such sensor for biological cell 

analysis using their dielectric property in the RF range.  

For portability purposes, a packaged version of the sensor 

with a SMA connector is proposed and leads to reliable 

results. It has been applied to mixture media analysis. These 

results are the first steps towards a simpler use of this type of 

sensor by avoiding under-probe measurements.  

The prospects for applications of such a sensor, towards the 

characterization of heterogeneous media, concern the analysis 

of samples of a few nanoliters and containing a few biological 

cells. The media dielectric properties can be analyzed in order 

to detect the presence (or not) of a pathology (cell type, 

cancer, anemia,…) [36, 37]. 
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