N

N

A microwave and microfluidic planar resonator for
efficient and accurate complex permittivity
characterization of aqueous solutions

Thomas Chretiennot, David Dubuc, Katia Grenier

» To cite this version:

Thomas Chretiennot, David Dubuc, Katia Grenier. A microwave and microfluidic planar resonator for
efficient and accurate complex permittivity characterization of aqueous solutions. IEEE Transactions
on Microwave Theory and Techniques, 2013, 61 (2), pp.972-978. 10.1109/TMTT.2012.2231877 . hal-
00879539

HAL Id: hal-00879539
https://hal.science/hal-00879539

Submitted on 4 Nov 2013

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00879539
https://hal.archives-ouvertes.fr

A microwave and microfluidic planar resonator
for efficient and accurate complex permittivity
characterization of aqueous solutions

Thomas Chretiennot, Student Member, IEEE, David Dubuc, Member, IEEE, Katia Grenier, Member,
IEEE

Abstract— A microwave resonator is presented as a
microfabricated sensor dedicated to liquid characterization with
perspectives for chemistry and biology. The nanolitter range
aqueous solution under investigation is located on top of the
planar resonator thanks to a microfluidic channel compatible
with a future lab-on-a-chip integration. The interaction between
the electric field and the liquid translates into a predictable
relationship between electrical characteristics of the resonator
(resonant frequency and associated insertion loss) and the
complex permittivity of the fluid (real and imaginary parts). A
prototype of the resonator has been fabricated and evaluated
with de-ionized water/ethanol mixtures, with ethanol volume
fraction ranging from 0 to 20 %. Good agreement has been
reached between theoretical and measured electrical parameters
of the resonator. The discrepancy on the resonant frequency is
estimated to 0.5 %, whereas the one on the associated
transmission coefficient is lower than 1 %. This translates into a
maximum relative error on the real and imaginary part of the
predicted relative permittivity of less than 6.5 % and 4 %
respectively, validating the principle of this accurate permittivity
characterization methodology.
microfluidics,

Index  Terms—Permittivity =~ measurement,

microwave SE€nsors, planar resonators.

I. INTRODUCTION

F and microwave sensors are of major interest in
biomedical applications [1], [2] as they offer numerous
advantages compared to traditional techniques. These
biosensors indeed do not require any markers, which avoids
mandatory  time-consuming  preparatory steps of
fluorescence’s techniques [3], [4]. Moreover, such a method is
fully compatible with a lab-on-a-chip approach: the sensor can
be miniaturized, as already pointed out by the authors in [5].
In [5], we developed a miniature sensor for microwave-
based broadband permittivity spectroscopy, which brings a
rich set of information about liquid properties in a whole
frequency range [6]. Nevertheless, such a characterization
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methodology is not straightforward and may require heavy
and time-consuming data treatment [7], [8]. The development
of efficient permittivity characterization is thus often based on
resonant devices (whether it be planar resonators, dielectric
resonators or metallic cavities) characterized by parameters
such as their resonant frequency, peak attenuation or quality
factor. These parameters are directly measurable from S-
parameters (no elaborated computerized routine is needed).
Moreover, the introduction of a chemical or biological
medium in a specific area of the resonator modifies the
electrical response, altering as well the resonant frequency and
associated attenuation [9]. Thus, by simply monitoring those
parameters, an efficient complex permittivity characterization
method can be worked out.

The characterizations of a large range of chemical and
biological liquids using dielectric or cylindrical resonators
have already been successfully performed [10]-[14].
Appropriate sensitivity level and accuracy of such a technique
was also demonstrated for lossy physiological medium in [14].
These references also point out the efficiency to consider
resonant frequency and reflection/transmission coefficient at
the resonant frequency (in spite of quality factor) in order to
characterize both real and imaginary parts of the liquids’
permittivity [10]- [14]. However, their typical size remains
cumbersome and not suited to a lab-on-a-chip approach.

The device presented in this paper has been designed with
the intention of gathering the advantages of (1) planar
technologies for miniaturization [15]-[17], (2) RF resonators
for characterization efficiency and accuracy. We have
developed a compact sensor, suitable to a lab-on-a-chip
approach and capable to perform an accurate and efficient
characterization of the complex permittivity of fluids. The
next two sections describe the sensor and its design and
fabrication. Afterwards, a section is dedicated to the modeling
of resonator’s electrical characteristics shifts (resonant
frequency and peak attenuation) due to complex permittivity
variations. Finally, the last section gathers the experimental
results together with model-based predicted data.



II. SENSOR DESCRIPTION AND OPERATION PRINCIPLE

The sensor architecture consists of a planar folded quarter-
wavelength-type resonator etched in the central conductor of a
coplanar waveguide. A microfluidic channel is bonded on the
top face of the structure, perpendicularly to the central
conductor. It conveys the liquid to be measured towards the
sensing area. Fig. 1 depicts a schematic view of the device.
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Fig. 1. Schematic view of the RF coplanar resonator with a microfluidic
channel on top.

The principle of such a sensor is based on the interactions
between the electromagnetic field and the fluid under test.
When unfilled (e.g. when no fluid is introduced in the

channel), the stop-band resonator is characterized by
parameters such as resonant frequency, associated
transmission loss and quality factor. When a fluid

characterized by its complex permittivity is inserted in the
microfluidic channel, the above listed parameters are modified
and thus contain information relative to the fluid under test.
The characterization of the complex permittivity is based on
the quantification of the resonant frequency and peak
attenuation shifts due to the fluid filling. Thereby, the above-
described device fulfills the three requirements:

- First, the compactness of the resonator is satisfied since
the whole device is 1.03 mm wide (both grounds included)
and 2.4 mm long,

- Then, the microfluidic channel enables measurements on
nanolitter range liquids and is compatible with lab-on-a-chip
applications,

- Eventually, the resonant-based measurement principle
implies a quick and efficient sensing technique for the
measurement of parameters such as the resonant frequency
and associated loss.

III. DESIGN AND FABRICATION

The resonator architecture is inspired from those presented
in [18]. Sizes of the resonator are optimized to match a 50-
ohm impedance standard and to reach the desired resonant
frequency (20 GHz). Central conductor is 0.18 mm wide and
2.4 mm long. Coplanar slots are 22 pm wide. Both coplanar
accesses are 0.55 mm long. As a result, the length of the
resonant structure is 1.3 mm. Gaps and metallic strips in the
resonant structure are all 20 pym wide. Metal layers are made
of 0.3 um-thick titanium/gold layers. Fig. 2 depicts the main
sizes of the resonator.
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Fig. 2. Main sizes of the coplanar resonator.

The microfluidic channel is made of PolyDiMethylSiloxane
(PDMS). The slice of the channel that crosses the resonant
structure is 40 pum wide and 40 pm high. PDMS walls are 200
um wide. The total height of the microfluidic structure (height
of the channel plus height of the PDMS top wall) is
approximately 1 mm. The fabrication process of the presented
device is divided into two main parts:

First, the microwave resonator is fabricated on a 0.5 mm
thick quartz wafer. After its cleaning, a photoresist is spin
coated on the top face and patterned by photolithography.
Afterward, a 0.3 pum-thick Ti/Au layer is evaporated. The final
step consists of a solvent wet etching in order to remove the
remaining photoresist and the non-desired metal layers. The
microfluidic channels are fabricated according to the
following process: a silicon mold is fabricated by patterning a
photoresist mask on a silicon substrate and then by applying a
deep reactive ion etching step. Trenches in the silicon wafer
correspond to the PDMS walls. Once the photoresist mask is
removed, a PDMS layer is deposited on the mold. After curing
at 75°C, the PDMS channels are peeled off. Finally, the
microfluidic channel is assembled on the microwave
resonator. Further details about the fabrication process are
available in [5].
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Fig. 3. Main view: fabricated prototype without microfluidic structure. Insert
at the bottom right: zoom of the device in the area equipped with a
microfluidic channel.

Fig. 3 shows a microphotograph of the fabricated device
without any microfluidic structure. The insert at the bottom
right of the picture shows a zoom in the central area of the
resonator equipped with a 40 um per 40 um microfluidic
channel.

The following paragraph describes the modeling of the
electrical characteristics shifts (due to permittivity variations),
which are obtained from the electromagnetic simulations of
the above-described sensor.

IV. PREDICTIVE MODELING

A. Electromagnetic simulations

The influence of the real (¢”) and imaginary (€”) parts of the
liquid relative permittivity on resonant frequency and peak
attenuation is first determined with the help of the 3D full-
wave field solver High Frequency Structure Simulator (HFSS)
from Ansoft [19]. The fluid relative complex permittivity &’- j
€’ is set to be 40-j*40, as it is the standard value of the
complex permittivity of deionized water (DI water) around 20
GHz [20]. Then, € and €&” are varied down to 20 and 24
respectively (¢’ takes 5 values: 40, 36, 32, 24 and 20 ; &’ takes
4 values : 40, 36, 32 and 24). In order to distinguish the impact
of ¢ from one side and the impact of €” from the other side,
simulations have been performed as follows.

The real part ¢ of the fluid complex permittivity varies
from 20 to 40 while the imaginary part &’ is maintained
constant at 40. Such an operation is repeated for the other 3
values of €” (36, 32, 24). As a result, 20 values of the resonant
frequency and peak attenuation corresponding to 20 couples of
values for € and ¢’ are obtained. Such a simulation method
enables to distinguish the influence of €’ (¢’ resp.) from the
influence of ¢’ (¢ resp.) on the resonant frequency
(maximum attenuation resp.). Fig. 4.a and b depict the
resonant frequency and peak attenuation as a function of €’
and ¢’ respectively. It clearly shows that the resonant
frequency is more sensitive to variations of €’ than variations
of ¢, whereas the maximum notch attenuation is mainly

driven by €’’. By varying the real part ¢’ between 24 and 40,
the resonant frequency shifts are indeed about 230 MHz (with
the imaginary part €’ maintained constant), whereas the
resonant frequency shifts are less than 20 MHz (with the real
part € maintained constant), when the imaginary part €’ is
varied between 24 and 40. The same situation arises for the
maximum of insertion loss: its shift reaches 1.5 dB, when ¢’
is varied between 24 and 40, whereas a variation of €’ in the
same range only translates into a 0.06 dB contrast.
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Fig. 4. 3D view of (a) the resonant frequency dependence and (b) the peak
attenuation dependences on real and imaginary parts of the fluid complex
permittivity.

B. Predictive model derived from simulations

Based on the simulations, a simple model for both resonant
frequency and peak attenuation shifts due to complex
permittivity variations is defined with the respective following
equations:

_ AFr AFy "
AF = o A8 ¥ e be™s M
AS21 = 22U pgr 4 252U pgrr. )
Agr Agrr

Such a model leads to the definition of four sensitive
coefficients:
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where K, (K, resp.) quantifies the impact of liquid’s &’ (¢”
resp.) variations on the resonant frequency with €” (&’ resp.)
maintained unchanged. Analogously, K3 (K4 resp.) quantifies
the impact of liquid’s & (¢” resp.) variations on the peak
attenuation with €” (¢’ resp.) maintained unchanged. With the
chosen values for & and €7, four values of sensitivity
coefficients K; and K; and five values of sensitivity
coefficients K, and K4 can be obtained. They are all reported
in Tables I.a and L.b together with the respective mean values:
<K ;> to <K4> and standard deviations: 6; to ©4.

TABLE La
SENSITIVITY COEFFICIENTS K, AND K3 OBTAINED FROM
SIMULATIONS
g" K, (MHz) K3
24 -63.8 -0.07x107
32 -63.1 -0.12x107
36 -63.1 -0.08x107
40 -62.5 -0.13x10°
<K;>=-63.1 MHz = <K;>=-0.10x107
6,=0.53 MHz 65=0.028x10~
TABLE Lb
SENSITIVITY COEFFICIENTS K, AND K4 OBTAINED FROM
SIMULATIONS
g K, (MHz) K,
20 3.7 3.6x107
24 -1.9 3.6x107
32 2.1 3.6x107
36 2.3 3.5x107
40 2.4 3.5x107

<K,>=-2.5 MHz <K,>=3.56x10"

6,=0.7 MHz 64=0.055%x107

Both series are characterized by a weak standard deviation
o. Consequently, the model for resonant frequency shifts can
be defined in terms of mean values for the sensitivity
coefficients. Thus, it comes:

AFr = K;Ae' + K;Ae” = —63.1A¢" — 2.5A¢"" (MHZ, (5)

A|S21]| = —0.10x1073Ae’ + 3.56x1073Ae". (6)

Equations (5) and (6) linearly link the complex permittivity
contrast between two liquids with the measured shift of the
resonator’s electrical characteristics. It is consequently
possible to deduce liquid’s properties from S-parameters
measurements in a very simple and efficient manner and
assuming:

(1) the use of liquids featuring both real and imaginary part
of the permittivity in the range of [20 ; 40],

(2) a known reference liquid from which contrasts will be
evaluated.

The next paragraph proposes a simplification of the
previously presented model, for DI water/ethanol mixtures
investigation with an ethanol volume fraction up to 20%.

C. Model simplification for DI water/ethanol mixtures

The motivation to propose a simplified model is based on
the relative comparison of coefficients in equations (5) and
(6). It may indeed be emphasized that the influence of €” on
the resonant frequency is approximately 25 times higher than
the influence of &”. Conversely, the impact of &’ on the
maximum insertion loss is 35 times larger than the influence
of e’

In order to fully evaluate the relative values of terms in (5)
and (6), values of complex permittivity for DI water/ethanol
mixtures are determined by means of a broadband
measurement technique [5]. This technique provides reliable
values of complex permittivity and stands for our reference in
this study. Table II gives the permittivity values of two
liquids: pure DI water and a second one with 20% of ethanol
volume fraction (fy) at 20 GHz.

TABLE I
COMPLEX PERMITTIVITY OF DI WATER AND DI
WATER/ETHANOL MIXTURE (F,=20%) AT 20 GHZ

Mixture €' (20 GHz) ¢" (20 GHz) Ag' Ag"
DI water 40.6 33.7

DI water/Eth. 209 10.5
(V=20 %) 19.7 23.2

Table II shows that it is not possible to keep constant either
the real part or the imaginary part of the complex permittivity
of a DI water/ethanol mixture when the ethanol volume
fraction is modified. As a consequence, measured shifts will
be due to simultaneous variations of both €” and &” parameters.
Besides, Table II shows that the permittivity values for both
pure DI water and binary liquid mixture (water/ethanol with a
volume fraction of ethanol up to 20%) are including the range
of model validity presented in the last paragraph (see
equations (1) to (6)).

As previously outlined, we can assume:

<K1>z25 7)
<K, >

K
SR> 35 ®)

< K; >



and, restricting to the investigation of ethanol in aqueous
solution with ethanol content up to 20 %,

As” "~ 10.5
It comes:
K,Ag" K;Ae' (10)
— =20%; |=——| = 64 %
K A€ ° K4A£”| °

Equations (10) point out that the contribution of €” on the
resonant frequency shift and the one of & on the peak
attenuation contrast are negligible. Thus, in the case of DI
water/ethanol mixtures - with ethanol volume fraction up to
20% - the simulation-derived model, which links the
resonator’s electrical characteristics (stopband frequency and
associated attenuation) with the fluid complex permittivity, is
reduced to the sensitivity coefficients K; and K.

To validate the proposed technique to characterize the
complex permittivity of liquid, the measurements of various
binary liquid mixture of DI water/ethanol are performed on the
fabricated prototype and are presented in the next paragraph.

V. EXPERIMENTAL RESULTS

Measurements of the microwave fluid sensor are performed
on wafer with a probe station equipped with two 150 um pitch
GSG picoprobes connected to an ANRITSU 37369C vector
network analyzer (VNA). A thermal chuck system is used to
assure a stable liquid temperature of 20°C+0.1°C. A miniature
thermocouple is used to verify the thermal stability of the
liquid under investigation. Moreover, we have determined
that, under 0 dBm VNA’s power level, the temperature
increase due to microwave heating is lower than 0.1°C.
Concerning the liquid filling through the structure, the
microfluidic channel is connected to a 50 pl syringe via a
teflon tubing as short as possible to minimize the dead liquid
volume. The precise control of the fluidic infusion is realized
thanks to a syringe pump from Harvard Apparatus. Flow rate
and duration of operation sequences are optimized to
efficiently (a few tens of seconds) fill the dead volume and to
smoothly fill the microchannel and stabilize the liquid inside
(a few tens seconds) before to empty the channel for the next
measurement (a few tens of seconds). The probe system is
equipped with a microscope allowing the visual inspection of
the liquid filling and stabilization inside the channel.

Prior to the measurements, a full-two-port SOLT (Short
Open Load Thru) calibration procedure is applied using SUSS
MicroTec |Z| probe CSR 8 calibration standards. The
frequency range extends from 16 to 21 GHz and the VNA’s
power level is fixed to -10 dBm, which avoids any microwave
heating. A computerized post-treatment routine is applied in
order to extract the resonant frequency and the peak
attenuation from the measured S-parameters.

The fabricated stopband resonator is firstly characterized
without any injected liquid. Table III summarizes the resonant
frequency, loaded and unloaded quality factor and peak
attenuation  extracted from experiments and from
electromagnetic simulations. A good agreement is observed

between predicted and measured values, which validate the
good operation of the microfabricated structure.

TABLE III
DEVICE CHARACTERISTICS WITHOUT ANY FLUID

Fr(GHz)  2H@F) g oL

(dB)
Simulations 22.69 -17.77 9.6 1.2
Measurements 22.62 -16.58 8.8 1.3

DI water/ethanol mixtures are used as fluids under test, as
the complex permittivity of such mixtures is easily changeable
by varying the ethanol volume fraction fv [21], [22]. Five
different mixtures are measured: pure DI water, mixture M1
with ethanol volume fraction fv = 1/20, mixture M2 with fv =
1/10, mixture M3 with fv = 1/7 and mixture M4 with fv = 1/5.
The five fluids are prepared and injected into the microfluidic
channel followed by the measurement of the scattering
parameters.

Fig. 5 depicts the modulus of the S21-parameters obtained
for the five DI water/ethanol mixtures under measurement.
This figure clearly shows that the resonant frequency drifts
towards high frequencies, when the ethanol volume fraction
increases. It also indicates that the peak attenuation increases,
when the ethanol concentration rises.

Increasing ethanol
volume fraction

S21] (dB)

16 16,5 17 17,5 18 18,5 19

Frequency (GHz)

Fig. 5.|S21| (dB) for 5 ethanol/DI water mixtures at volume fractions fv : 1/5 ;
1/7; 1/10 ; 1/20 ; O (pure DI water).

19,5 20 20,5 21

Both resonant frequencies and peak attenuation
corresponding to the five curves are extracted by means of a
computerized post-treatment routine and are listed in Table
IV. Moreover, for each mixture, the values of the complex
permittivity are determined by means of the already
mentioned broadband measurement technique [5] and are
listed in the same table.



TABLE IV
DI WATER/ETHANOL MIXTURES COMPLEX PERMITTIVITY AT
THEIR MEASURED RESONANT FREQUENCIES

Mixture fv Fr(GHz) |S21|(@Fr) €' g"

DI water 0O 17.90 0.3638 447  33.8
M1 0.05 18.39 0.3561 37.1 334
M2 0.1 18.69 0.3495 30.5 295
M3 0.14 18.98 0.3409 260 274
M4 0.2 19.34 0.3286 20.6 237

Fig. 6.a and Fig. 6.b indicate (red boxes), respectively as
functions of the real and imaginary part of the fluid
permittivity, the measured electrical characteristics shifts
calculated from values in Table IV and defined with:

AFry; = Fryy — FTHZO (1D
AlS21 i = |S21 i — |S21]|p,0 (12)

where Fryg;, Frio, [S21|v; and [S21];0 refer to the measured
resonant frequency and rejection of the mixture Mi (i =1 to 4)
and pure DI water respectively.

Similarly, real and imaginary parts of the relative
permittivity variations are defined as follows:

’ o !
AgMi_gMi_gHZO

(13.2)

A"y = "yi — €' uy0 (13.b)
where €‘y; and &“y; are the real and imaginary parts of the
relative permittivity of the mixture Mi at Fry; and g‘gpo and
€“mo correspond to the real and imaginary part of the relative
permittivity of DI water at Fryo.

In this study, pure DI water can thus be seen as the
reference fluid from which all variations and shifts are
derived. Consequently, the origin of the graph depicted in Fig.
6.a and 6.b corresponds to pure DI water.

For comparison purpose, simplified model-based resonant
frequency shifts and peak attenuation contrasts are calculated
as follows:

AEMOP = K XAy,

(14)

A|S21|MP = K, xAe)y; (15)
where AFMOP and AS21y7P are respectively the resonant
frequency shifts and peak attenuation contrasts (relative to
water) that can be predicted thanks to the model presented in
IV.B and IV.C. These two electrical characteristics are
presented in Fig. 6.a and Fig. 6.b (solid lines) respectively as
functions of the real and imaginary part of the fluid
permittivity.
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Fig. 6. (a) Modeled (line) and measured (dots) resonant frequency shifts and
(b) modeled (line) and measured (dots) maximum rejection attenuation, due to
relative permittivity variations. Origin (0;0) corresponds to DI water.

Fig. 6 demonstrates the good experimental validity of the
simplified simulation-derived model at least over the given
range of permittivity (which roughly extends from 20 to 44).
As an example, resonant frequency shifts obtained for the four
mixtures are in good agreement with those predicted by the
model. Measured shifts for mixtures M1 to M4 are indeed
0.46 GHz, 0.86 GHz, 1.13 GHz and 1.46 GHz respectively,
while the proposed model predicts 0.48 GHz, 0.90 GHz, 1.18
GHz and 1.52 GHz for the same mixtures.

To quantify the discrepancies between the measured and
theoretical values, the standard-deviation ’std’ are defined as
follows :



(16)

T™i

std(AFr) = \/%Z;Ll(AFrMi — AEMOD)2

std(1521D) = [EEE,(A1S211 — A2 (17)
where AFry; and AEYOP refer to (11) and (14) respectively

and A|S21|y; and A|S21|M9P refer to (12) and (15)
respectively.

A numerical estimation of the standard deviation std(Fr)
gives std(Fr)=0.083 GHz. The relative uncertainty 6Fr/Fr (in
case of mixture M1 — worst case) is thus :

6Fr  std(Fr) 0.083
Fr  Fr 184

= 0.5 % (18)

and the relative uncertainty on the real part of the relative
permittivity (in case of mixture M4 — worst case) is :

Ser_ std(Fr)/<Ki;> _ 0.083/0.0631

= = 0
20.6 6.4 %

(19)

&r &r

The same analysis is performed on the peak attenuation and
the imaginary part of the relative fluid’s permittivity. The
standard deviation of the peak attenuation is estimated at
std(A|S21)=0.0032 dB, which translates, in the worst case, to
an accuracy of the predicted model of §|S21|/|S21]| of around 1
% and then to a maximum relative uncertainty on the
imaginary part of the relative permittivity of':

Serr_ std(4|S21])/<K4> _ 0.0032/0.00356
23.7

= 3.8 %(20)

&rn gn

As already mentioned, pure DI water sets the reference fluid
from which all contrasts are derived. The reported accuracies
consequently correspond to parameter (permittivity for
instance) contrasts with respect to DI water and not to the
absolute values of these parameters.

The reached accuracy values combined to the results
presented in this paragraph illustrate the concept of an
accurate and efficient resonant-based device for complex
permittivity characterization of aqueous solutions. Other
techniques available in the literature enable a permittivity
characterization with relative uncertainty of few percent [12],
[23], [24]. The presented results show that accurate liquid’s
permittivity characterization can be achieved with a fully
integrable resonant-based sensor operating in K-band.

VI. CONCLUSION

The microwave and microfluidic sensor presented in this
paper meets the specifications to develop an integrated
platform workable to perform efficient and accurate complex
permittivity characterization of aqueous solutions. The
compactness of the device is due to the convergence between
microtechnology for microwave circuits and microfluidic,
which is, suited to a lab-on-a-chip approach. Microfluidic
structures make it possible to carry out measurements on
nanolitter range fluids in a predictable and repeatable manner.

As far as the efficiency of the methodology is concerned, a
resonant-based device is chosen as the complex permittivity
characterization simply relies on the measurement of the
resonant frequency and associated attenuation. A simple and
linear model for resonant frequency and peak attenuation
shifts due to complex permittivity variations is derived from
simulations. The measurements of the fabricated prototype
with DI water/ethanol mixtures confirm the validity of the
model over a range of relative permittivity, which extends
from 20 to 40. A good accuracy is reached, as the relative
uncertainty on the permittivity never exceeds 6.5 % over the
above-cited range. As a result, the presented microwave and
microfluidic sensor opens a way towards the design and
fabrication of a fully integrated platform dedicated to bio or
chemical sensing.
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