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Abstract— A microfluidic sensor based on a microstrip line loaded with a composite resonator is reported in this
paper. The composite resonator combines a shunt connected step impedance resonator (SIR) and a complementary
split ring resonator (CSRR) etched in the ground plane. By etching the CSRR beneath the patch of the SIR, the
composite CSRR-loaded SIR resonator exhibits two transmission zeros and a pole in between. The operating principle
of the sensor is the variation of the transmission coefficient at the pole frequency of the bare resonator, when a
material or liquid under test (LUT) is in contact with the CSRR (the sensitive element). By designing the CSRR-loaded
SIR resonator with closely spaced pole and transmission zeros, highly sensitive sensors are obtained. Despite the
fact that the proposed sensor can also operate as a frequency variation sensor, using it as a single-frequency sensor
based on the variation of the transmission coefficient (caused by the LUT) at a specific frequency reduces sensor
costs. The reason is that a harmonic signal injected to the input port of the microstrip-based sensor plus a simple
amplitude modulation (AM) detector (connected to the output port) suffices for measuring purposes. The proposed
microfluidic sensor is applied to the characterization of volume fraction of solutions of isopropanol in deionized (DI)
water. The sensor is able to resolve volume fractions as small as 5%, and the maximum measured sensitivity is as
good as 4 mV/%.

Index Terms— Complementary split ring resonator (CSRR), microfluidics, microstrip technology, microwave sensors,
permittivity measurements, step impedance resonator (SIR).

optical/photonic sensors). Nevertheless, the research in the
field of microwave sensors has experienced a significant
growth in recent years, particularly in the area of material
characterization and analysis. The main reason is related to the
fact that microwaves are very sensitive to the properties of the
materials to which they interact. Additionally, microwave
technology exhibits interesting properties for sensing,
including low-cost generation and detection systems,
interaction to the materials at different scales (i.e., through the
near-field or the far-field), compatibility with planar
technology, wireless connectivity, and robustness against
harsh environments, among others. These properties are useful
for the implementation of highly sensitive, low-cost, small
size, low-profile, and robust microwave sensors and wireless
sensors, which can compete against their optical counterparts,

I. Introduction

IN MODERN life, within the paradigm of the internet of things
(IoT), or internet of everything (IoE), there is an increasing
demand for sensors and sensor networks. Applications include
the measurement of variables of interest (e.g., related to
environmental phenomena), the assistance to elderly and
disabled people, the control and monitoring of industrial
processes, and the improvement of the quality of life and
energy management in the so-called smart home, among
others. Most currently available sensors are based on optical
and photonic technologies (image sensors, optical fiber
sensors, wearable chemical and biological sensors, laser-based
sensors, and nanophotonic biosensors, are some examples of
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in a number of specific areas (such as material sensing).
Within the area of material sensing (including solids and
liquids), planar microwave resonant sensors have attracted the
interest of many researchers. On one hand, as compared to
bulk sensors (e.g., cavity sensors or waveguide-based sensors
[1],[2], among others), planar sensors exhibit low profile and
low cost, necessary attributes in many applications (e.g.,
conformal sensors [3], wearable sensors [4], submersible
sensors [5], integrated sensors [6], lab-on-a-chip sensors [7],
microfluidic sensors [8]-[11], etc.). On the other hand, the
resonance frequency, phase and quality factor of electrically
small planar resonators are, in general, very sensitive to the
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properties of their surrounding medium. Such high sensitivity
and their small size make these resonators very interesting for
material sensing and material composition determination.
Nevertheless, planar sensors based on electrically small
resonators have also been applied to the measurement of
spatial variables [12]-[27]. It should also be mentioned that
non-resonant  planar  sensors devoted to  material
characterization have been reported [28]-[30]. The working
principle of most of these sensors, based on meander [30] or
artificial lines [28], is phase variation caused by a change in
the permittivity of the material under test. Although the
reported phase variation sensors exhibit high sensitivities, the
main limitation of these sensors is their size (note that the
phase of an ordinary or artificial line incurs a stronger
variation as its length increases).

Most reported planar microwave resonant sensors can be
divided into four main categories, i.e., frequency variation
sensors [12],[31]-[46], frequency splitting sensors [21],[47]-
[55], coupling modulation sensors [13]-[24],[56], and
differential-mode sensors [28],[30],[57]-[69]. In frequency
variation sensors, sensing is based on the variation of the
resonance frequency and peak (or notch) magnitude of the
frequency response of a transmission line loaded with the
sensing resonant element, caused by the variation in the
permittivity of the material under test. Frequency variation
sensors are very simple, small, and cost effective, since a
single resonant element suffices for sensing. However, these
sensors are subjected to cross sensitivities related to potential
changes in environmental factors (e.g., temperature and
humidity). To alleviate the effects of ambient conditions,
symmetry based sensors [70],[71] constitute a good solution,
as far as symmetry is invariant under environmental changes,
at least at the typical scale of the sensors.

Among symmetry based sensors, coupling modulation
sensors are implemented by symmetrically loading a line with
a symmetric resonator. A necessary condition for sensing
using this approach is that the symmetry planes of the
considered line and resonator should be of different
electromagnetic sort, i.e., one a magnetic wall and the other
one an electric wall [70]. Thus, perfect symmetry prevents
line-to-resonator coupling, and the line is transparent. By
contrast, by disrupting symmetry, e.g., by means of an
asymmetric loading of the resonant element, or by means of a
relative displacement between the resonator and the line, the
coupling is activated, resulting in a notched response with
magnitude intimately related to the level of asymmetry.

Frequency splitting sensors are also based on symmetry
disruption. However, in these sensors, a transmission line is
symmetrically loaded with a pair of (not necessarily
symmetric) resonators. Under perfect symmetry, a single
notch in the transmission coefficient arises, but such notch
splits into two notches by symmetry truncation [70]. The
differences in the notch frequencies and notch magnitudes are
related to the level of asymmetry, typically caused by a
different loading in the resonant elements (one loaded with the
so-called reference sample, and the other one loaded with the
sample under test).

Although frequency splitting sensors are conceptually
similar to differential sensors, the latter use two independent
sensing elements. The typical output variable in transmission
line based differential sensors is the differential transmission
coefficient, proportional to the so-called cross-mode
transmission coefficient. The input variable in such sensors
depends on the specific application. For material
characterization and analysis, the typical input variable is the
differential permittivity (between the reference sample and the
sample under test), or the differential volume fraction (in
measurements devoted to determine the solute content in
liquid solutions).

One of the main limitations of frequency variation and
frequency splitting sensors is the need to use a wideband
interrogation signal for sensing, which increases the cost of
the associated circuitry. By contrast, in coupling modulation
and differential sensors, a single frequency suffices for sensing
(unless two input variables, e.g. the real and the imaginary part
of the permittivity, should be measured). For instance, in a
recent paper [65], it was demonstrated that single frequency
and two-port measurements in a differential microfluidic
sensor are possible. Nevertheless, the measurement is
restricted to obtaining the transmission coefficient at the
operating frequency. The typical output variable in coupling
modulation sensors is also the transmission coefficient
measured at a certain frequency (usually the resonance
frequency of the unloaded resonator).

In this paper, the main objective is to implement a single
frequency sensor with a transmission coefficient highly
sensitive to the dielectric constant of the material under test.
For that purpose, a resonator-loaded line exhibiting at least
one pole and one transmission zero closely spaced to the pole
is needed. As it will be shown, these characteristics can be
satisfied by using a composite resonator consisting of a step
impedance resonator (SIR) combined with a complementary
split ring resonator (CSRR) [72]. However, it is also our
objective in the present paper to add an amplitude modulator
(AM) detector to the output port of the transmission line based
sensor, in order to consider the voltage amplitude of the output
signal as the output variable of the sensor. By this means, a
vector network analyzer generating a sweeping signal over a
wide band is not needed for sensing, and sensor costs are
reduced. Note that a simple harmonic oscillator, necessary to
feed the transmission line based sensor, suffices for sensing,
although its design is out of the scope of this paper (i.e., sensor
feeding is carried out by means of a commercial instrument).
It is important to highlight that in order to obtain high
sensitivity, it is necessary to achieve a significant excursion of
the transmission coefficient (at the operating frequency) when
the dielectric constant of the material under test varies.
However, it is also necessary that the maximum level of the
transmission coefficient is close to 0 dB in order to obtain
measurable voltage levels (without the need to use amplifier
stages). For this main reason, the presence of a pole in the
resonator-loaded line is convenient. By tuning the operating
frequency of the sensor to the pole frequency of the bare
sensor (or sensor loaded with a reference material), both
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requirements (a significant excursion of the transmission
coefficient and maximum value near 0 dB) are achieved, as it
will be demonstrated. As a proof of concept demonstrator, the
designed sensor is devoted to the characterization of volume
fraction in solutions of isopropanol in DI water, and for that
purpose, the sensor is equipped with a microfluidic channel
and the necessary accessories (nevertheless, application to the
characterization of solid samples is also considered in the
paper).

The work is organized as follows. In section II, the typical
topology of the sensor is presented, and its equivalent circuit
model is reported and validated by parameter extraction and
comparison between circuit and electromagnetic simulations.
The working principle of the proposed sensor, based on the
amplitude modulation of the feeding harmonic signal caused
by changes in the dielectric constant of the material under test,
is detailed in Section IIl. Section IV is devoted to the
experimental validation, where first the sensor is devoted to
the characterization of solid samples, and then it is equipped
with a microfluidic channel in order to demonstrate its
potential for the characterization of liquid samples
(particularly, for the measurement of the volume fraction of
isopropanol in solutions of DI water). A comparison to other
approaches is included in Section V, where the advantages and
limitations of the reported sensor are discussed. Finally, the
main conclusions are highlighted in Section VI.

[I. TOPOLOGY AND CIRCUIT MODEL OF THE PROPOSED
SENSOR

The typical topology of the proposed sensor, excluding the
necessary electronics for harmonic feeding and for obtaining
the envelope function (AM detector), is depicted in Fig. 1(a),
whereas Fig. 1(b) shows the equivalent circuit model (losses
are neglected). The sensor consists of a microstrip line loaded
with a shunt connected SIR (also known as step impedance
shunt stub-SISS [73]), in turn loaded with a CSRR (etched in
the ground plane). The combination of the SIR and CSRR
behaves as a shunt composite resonator, described by the
lumped reactive elements of Fig. 1(b). The SIR is modelled by
the inductance L and the capacitance C, whereas L. and C.
account for the CSRR. It should be mentioned that for the
accurate description of the SIR by means of a lumped element
circuit model consisting of a series LC resonator, as indicated
in Fig. 1(b), it is necessary to have a high impedance contrast
of the line sections forming the SIR resonator. For this reason,
the inductive strip is very narrow, whereas the capacitive
patch is wide. Note that, according to this model, the patch
capacitance of the SIR should be entirely circumscribed within
the inner metallic region of the CSRR, as illustrated in Fig.
1(a). The transmission line sections at both sides of the CSRR-
loaded SIR are described by the characteristic impedance, Z,
and by the electrical length k/, where k and / are the phase
constant and physical length, respectively, of such line
sections.

a (b)
Fig. 1. Typical topolo(gg of the considered sensor based on a microstrip
line loaded with a CSRR-loaded SIR resonator (a), and equivalent
circuit model (b). Dimensions (in mm) are: I sir = 4.6, Icsir = Wesir = 5.1,
Wisir = 02, ICSRR = 86, Wesrr = 106, Cc= 02, d= 05, JdcsrrR = 08, LTL =
18, and Wy, = 3.4 (giving Z, = 50 Q).
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Fig. 2. Simulated frequency response of the transmission line loaded
with the CSRR-loaded SIR resonator inferred from electromagnetic
and circuit simulation by excluding losses. (a) Magnitude of the
transmission, Sj¢, and reflection, Si;, coefficient; (b) phase of the
transmission and reflection coefficient by excluding the access lines.
The extracted lumped element values are L = 6.07 nH, C = 0.85 pF, L.
=2.45nH, and C. = 1.92 pF.

By considering the dimensions indicated in the caption of
Fig. 1 and the characteristics of the Rogers 4003C substrate
with dielectric constant ¢, = 3.55 and thickness # = 1.524 mm,
the frequency response of the structure of Fig. 1(a), inferred
with Keysight Momentum by excluding losses, is the one
depicted in Fig. 2. As it can be seen, the device exhibits two
transmission zeros and a reflection zero (or pole) in between,
as dictated by the Foster reactance theorem [74] (the second
pole is at the origin, where the reactance of the shunt resonator
opens). With the considered substrate parameters, the width of
the microstrip line provides a characteristic impedance of
Zy=50 Q.

For model validation, a parameter extraction procedure is
necessary. Since the CSRR-loaded SIR resonator is described
by four reactive elements, four conditions are needed to
univocally determine such elements. The first condition is the
pole (angular) frequency, given by

ey

and directly inferred from the frequency response (at this
frequency the shunt branch opens and the structure exhibits a
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reflection zero where S;; is a minimum). Two additional
conditions are given by the transmission zero (angular)
frequencies, which are the two positive solutions of

2LCL.C, @

Finally, the susceptance slope at the angular frequency of

the pole, w,, provides the fourth condition. The susceptance

slope is identical to the one of the L.C. parallel resonant tank,
namely,

ch + LoCo + L.C +[(LC + L.C. + L.C)? — 4LCL,C,
@, =

dB
Zal,, = 2 ®)
In order to obtain the susceptance slope, the admittance of the
resonator (Y = jB = Z') is inferred from the simulated S-
parameters of the composite resonator with the ports directly
connected to it (i.e., by excluding the access lines), according
to [75]

2YyS11

(4

where Y, = 1/Z,.

The reactive element values of the considered resonator of
Fig. 1(a) have been inferred from the indicated parameter
extraction method (see the values in the caption of Fig 2).
Figure 2 also includes the circuit response inferred from
Keysight ADS using the extracted element values. The
excellent agreement between the circuit and electromagnetic
simulation responses for both the magnitude and the phase of
the transmission and reflection coefficients validates the
proposed circuit model and the parameter extraction
procedure.

IIl. WORKING PRINCIPLE FOR SENSING AND ANALYSIS

The sensing principle of the proposed sensor is the variation
of the transmission coefficient caused by the presence of a
material under test (either solid or liquid) in contact with the
CSRR, the sensitive element. As compared to the response of
the bare sensor, the frequency response shifts down when a
material is in contact with the CSRR (obviously, the
susceptance slope at the pole frequency also changes, due to
the variation of the CSRR capacitance, C,). Thus, the device
can operate as a frequency variation sensor, where the output
variable may be, e.g., the upper transmission zero frequency,
or the pole frequency (the first transmission zero has been
found to be less sensitive to the effects of the MUT, see
Appendix A). However, as anticipated in the introduction, a
wideband interrogation signal is necessary for sensing under
this mode of operation.

Alternatively, the output variable may be the magnitude of
the transmission coefficient at a certain frequency, fo. In
particular, by choosing fy = f, s, the pole frequency of the
bare sensor (f, pare = @) pare/2T), the transmission coefficient is
expected to experience a significant variation by loading the
CSRR with a MUT. Moreover, the transmission coefficient
will be close to 0 dB for the bare sensor, and it progressively
will decrease by increasing the dielectric constant of the MUT.

: Envelope :

7 1 detector |

9 ' V@ :

/'[ 1 - 1
.’-"9 V.@f, 1 RS 0O
i iy
= —= 1

The isolator (implemented by means of a circulator), cascaded
between the output port of the sensor and the envelope detector,
prevents from mismatching reflections from the diode.

Under these conditions, rather than the transmission
coefficient, it is reasonable to consider the amplitude of the
harmonic signal at the output port (in response to a harmonic
interrogation signal) as the output signal of the sensor. Such
signal can be inferred by means of an envelope detector,
following a similar scheme to the one reported in [26], [27] for
the determination of the envelope function in microwave
rotary encoders. The sketch of the whole sensor is depicted in
Fig. 3. From the sensor design point of view, in order to
enhance the sensitivity, it is convenient to bring the upper
transmission zero (the most sensitive to variations in the
dielectric constant of the MUT) close to the pole.

By doing this, the variation experienced by the transmission
coefficient at f;, with a change in the dielectric constant of the
MUT, is expected to be stronger. That is, by approaching the
upper transmission zero to the pole in the bare sensor
structure, the excursion of the transmission coefficient at the
operating frequency caused by the effects of the MUT is
expected to be higher, thereby enhancing the sensitivity.
Nevertheless, it should be mentioned that optimization of the
sensitivity can be done at the expense of the reduction of the
input dynamic range. To gain insight on this aspect, it suffices
to consider the equivalent circuit model and two different
cases. The difference in both cases concerns the position of the
second transmission zero, the pole being located at roughly the
same frequency.

In case (i), the second transmission zero is closer to the
pole, thereby providing better sensitivity. This is corroborated
in Fig. 4, where the responses achieved by modifying
(increasing) the capacitance of the CSRR (equivalent to
increase the dielectric constant of the MUT) are depicted. The
variation of the transmission coefficient at f, = f, with the
capacitance of the CSRR is stronger for case (i), but saturation
(minimum value of transmission coefficient) is achieved for a
smaller variation of such capacitance [corresponding to a
smaller dynamic range as compared to case (ii)].

For a proper sensor design (including sensitivity
optimization), it is convenient to know the approximate range
of variation of the dielectric constants of the considered
MUTs. Let us consider that the input dynamic range is in the
range between the dielectric constant of air (the minimum
possible one, i.e., &yurmi» = 1) and a certain maximum value
EmuTmax- Sensitivity optimization for such a dynamic range is
achieved when the upper transmission zero of the sensor
loaded with the MUT with &7 = €yurmar coincides with the
pole of the bare sensor, that is,
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Fig. 4. Frequency responses inferred by circuit simulation of the circuit
model by considering variations in the capacitance C; of the CSRR. (a)
L=154nH, C=200pF, Lc =19 nH; (b) L = 3.1 nH, C=10.0 pF,
L. =5.1nH. In both cases, Z, =50 Q and k/ = 85° at f, = 1 GHz.
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LC + L.CooF + L.C + J (LC + LCoF + L.C)" — 4LCL.C oF

@p pare =

2LCL.C.oF
= wZ'EMUT,max (5)
where C,., is the capacitance of the unloaded CSRR. To
clarify: if for the maximum value of the dielectric constant of
the MUT in the considered input dynamic range, the
transmission zero is translated to the pole of the bare sensor,
where the operation frequency is tuned, this means that the
excursion of the magnitude of the transmission coefficient is
the maximum possible, therefore optimizing the sensitivity.

When the CSRR is loaded with a MUT (with dielectric
constant &,,y7), its capacitance changes to

& + enur
C.=Coo————— 6
c c,0 & +1 ( )
However, for simplification purposes, the following
dimensionless factor has been used in (5)
— &r + EMUT,max (7)

& +1

1.e., Coamvurmar = CeoF is the CSRR capacitance when this
element is loaded with a MUT with &yur = Eyurma- It should
be mentioned that the validity of (6) is subjected to the
presence of MUTs with sufficient thickness, i.e., to guarantee
that the electric field generated in the slots of the CSRR does
not reach the MUT air interface (i.e., semi-infinite in the
vertical direction). In addition, the area of the MUT should be
enough to completely cover the region occupied by the CSRR,
the sensitive element.

From (5), F can be isolated and expressed in terms of the
reactive parameters as

L.C

F=1+4+—15"— 8
TIc—L.C, ®

(@

P P,

“

fixing holes

(c

Fig. 5. Layout (a) and photograph of the top (b) and bottom (c) views of
the fabricated sensor. Dimensions (in mm), in reference to Fig. 1(a),

are: ILSIR= 182, ICSIR= WCSIR = 25, WLSIR = 02, ICSRR = 86, Wcsrr = 246,

c=0.2, d=15, gcsrr =124, L1, =50, and W7 =1.28 (50 Q). The
Rogers RO3010 substrate with thickness h =1.27 mm and dielectric
constant & = 10.2 has been used for sensor implementation. Teflon
screws are used in order to put pressure in the MUT against the
CSRR, thereby minimizing the effects of the air gap present between
the sensor and the MUT.

Thus, from the design point of view, given &7 ma the factor
F should be calculated by means of (7), and the reactive
parameters should be chosen in order to satisfy (8). Note that,
according to (8), it is necessary that LC > L.C,,. Otherwise,
F <1, and this is not possible since &,,7> 1. In other words, if
LC > L.C,,is not satisfied, then the upper transmission zero
cannot reach the pole of the bare sensor, even for
Evurmex—> . In addition, according to (8), for enhancing the
input dynamic range, it is necessary that LC does not differ
excessively from L.C.. .

The specific sensor designs of this paper (devoted to the
characterization of both solid and liquid MUT samples, and
left for the next section), have been carried out by considering
the previous design guidelines, which are considered to be a
relevant contribution of this paper.

IV. EXPERIMENTAL VALIDATION

The main objective of the proposed approach is to
demonstrate the potential of the sensor for liquid
characterization. Nevertheless, let us first report the
implementation of a prototype able to provide the dielectric
constant of low-loss solid materials.

A. Measurement of the Dielectric Constant of Solid
Samples

The first designed prototype sensor is devoted to the
dielectric characterization of solid samples, where the
maximum dielectric constant iS &yyrme =10.2 (corresponding
to the microwave substrate with higher dielectric constant
among those available in our laboratory). Thus, we have
designed the sensor in order to optimize the sensitivity and
simultaneously achieve an input dynamic range of roughly [1-
10.2]. For that purpose, the pole of the bare sensor, f,are,
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should roughly coincide with the upper transmission zero of
the response of the sensor loaded with the MUT with
euur = Equrmax = 10.2, as indicated before.

The layout and photograph of the designed sensor are
depicted in Fig. 5, where the relevant dimensions are
indicated. With such dimensions and the considered substrate
(the Rogers RO3010 substrate with thickness 2 =1.27 mm and
dielectric constant & = 10.2) the reactive element values are
L=12.79nH, C=1.68 pF, L.=1.58 nH, and C, o = 12.25 pF.
Such element values roughly satisfy expression (8), with
F =1.82 [such value of F is obtained by means of (7) from the
considered ¢, and &yurme values]. The small discrepancy is
attributed to the fact that the dimensions have been adjusted in
order to obtain f, e = fmurma but the considered MUTs
actually exhibit a thickness of roughly 1.5 mm, i.e., below the
required value for considering the MUTs semi-infinite in the
vertical direction. Nevertheless, final dimensions tuning in
order to optimize the sensitivity for the given input dynamic
range (i.e, to force fy.pare = f-purmax) 1S necessary. The reason
is that, even though there are analytical expressions linking
dimensions and reactive parameters for both the SIR [75] and
the CSRR [76], such elements are not isolated in the reported
structures. On the contrary, both elements constitute the so-
called CSRR-loaded SIR composite resonator, and their
proximity and interaction force us to determine the final
dimensions by tuning.

It should be mentioned that the relatively high dielectric
constant of the considered substrate provides small sensor
size. However, in general, increasing the dielectric constant of
the substrate penalizes sensor sensitivity. Nevertheless, in this
paper, the main aim has been to demonstrate the potential of
the reported approach for the implementation of small sized
single-frequency sensors, and the considered substrate has
been arbitrarily chosen among those available in our
laboratory. Despite this fact, the obtained sensitivities are
reasonable, as it will be shown later.

The simulated and measured responses for different
materials are shown in Fig. 6, where it can be appreciated that
Jobare 18 very close to the upper transmission zero of the
response with g,ur = 10.2, i.e., £, yurma The figure includes
the lossless electromagnetic and circuit simulation responses
[Fig. 6(a)], where it can be appreciated that the model
describes the lossless electromagnetically simulated responses
to a good approximation. Nevertheless, it should be mentioned
that for the responses corresponding to the MUTs with higher
dielectric constant (Rogers RO3010 and MT-copper), an
additional transmission zero in the response inferred from the
electromagnetic simulator is visible. Such zero is due to
higher-order resonances of the composite resonator, and it is
not accounted for by the circuit model, as far as it is
considered to be a parasitic, i.e., out of interest and far enough
from the operating frequency at fo = f,, sar. It can be also seen
that the excursion experienced by the transmission coefficient
at fo = f,pare» When gyyr varies between 1 (air) and 10.2 (the
higher dielectric constant substrate), is roughly 17 dB, with the
maximum value (for g,,r=1) at 0.8 dB.
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Fig. 6. Response of the sensor for different MUTs. (a) Circuit response
of Fig. 1(b) inferred from the schematic simulator of Keysight ADS
compared to the lossless electromagnetic simulation obtained by
means of the Ansys HFSS electromagnetic solver; (b) Measured
responses compared with the lossy electromagnetic simulations (also
inferred by means of Ansys HFSS). In the circuit responses inferred
from the Keysight ADS schematic simulator, the reactive parameters
are those given in the text, and C. given by (6) for the different values
Of EMUT-

It should be mentioned that operation of the sensor in the
considered frequency obeys a tradeoff between sensor size
(smaller as frequency increases) and simplicity of the
associated electronics (including the generation of the
harmonic signal) and post processing in a real scenario.

The next step has been to implement the whole sensor,
including the feeding harmonic signal, tuned to
Jo=tppare = 1.125 GHz, plus the envelope (AM) detector and
the isolator. The feeding signal has been injected by means of
a vector network analyzer (model PNA N52214).

The envelope detector has been implemented by means of
the high detection sensitivity Avago HSMS-2860 Schottky
diode (with threshold voltage Vi . =150 mV and operating
frequency range between 0.91 GHz and 5.8 GHz) and the
Agilent N27954 active probe (with capacitance and resistance
C =1 pF and R = 1 MQ, respectively). Such active prove acts
as the low pass filter needed to obtain the envelope function,
and avoids the use of further lumped elements. Finally, the
isolator has been implemented by means of the ATM PNR
ATc4-8 circulator.
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Fig. 7. Photograph of the experimental setup.
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Fig. 8. Variation of the output signal of the sensor (amplitude level of
the harmonic signal at the output port) as a function of the dielectric
constant of the MUT, ayur.

The potential mismatch caused by the detector circuitry
does not affect the core of the sensor (the line loaded with the
composite resonator), due to the effects of the circulator. Such
component operates as an isolator, and thereby prevents from
any potential mismatching reflection caused by the diode. The
photograph of the whole experimental setup is shown in
Fig. 7. Fig. 8 depicts the amplitude of the output signal,
visualized in an oscilloscope (model Agilent MSO-X 31044),
as a function of the dielectric constant of the MUT.

From this data, a calibration curve can be inferred (included
in Fig. 8), and used to determine the dielectric constant of any
unknown MUT from the measurement of the amplitude
voltage level. The maximum sensitivity, defined as the
absolute value of the derivative of the output voltage with the
dielectric constant of the MUT, is found to be 116.36 mV. It is
interesting to highlight that sensing involves a simple
measurement of the amplitude of the output signal by means
of an envelope detector, and the interrogation signal for
sensing is a single tone (harmonic) signal. It should be
mentioned that three measurements for each sample have been
carried out in order to ensure that the results are repetitive.
The averaged value as well as the obtained error bars are
included in Fig. 8.

B. Microfluidic sensor for liquid characterization

The second prototype is devoted to the characterization of
liquid samples, particularly, to the determination of the solute
content in solutions of isopropanol in DI water. The interest is
the determination of the volume fraction of isopropanol in
diluted solutions of DI water. Therefore, in this case, the
sensor design procedure is slightly different from the previous

case (solid samples). Let us consider that the input dynamic
range is roughly 0-40% of volume fraction. Since the
dielectric constant of water (= 80) is much larger than that of
isopropanol (= 18), it follows that by increasing the volume
fraction of isopropanol, the frequency response of the sensor
should shift upwards. Thus, from the design viewpoint, the
objective has been to force the second transmission zero of the
response with pure DI water to coincide with the pole
frequency of the response with a solution of 40% isopropanol.

The designed device (perspective views and photographs) is
depicted in Fig. 9, whereas Fig. 10 depicts the electromagnetic
simulations corresponding to pure DI water and considering a
solution of 40% of isopropanol. As it can be seen, the above
design criterion is satisfied, i.e., the second transmission zero
of the response with pure DI water coincides to a good
approximation with the pole of the response with a solution of
40% isopropanol. The experimental validation has been
carried out by including a microfluidic channel on top of the
CSRR, and the necessary mechanical accessories (including
the capillaries for liquid injection by means of a syringe). The
details of the fluidic part are given in [54] and summarized in
the caption of Fig. 9. The measured responses of the sensor for
pure DI water and a mixture of 40% of isopropanol in DI
water, as well as for intermediate values of the isopropanol
concentration are also included in Fig. 10. The agreement with
the simulated curves (for pure DI water and 40% of
isopropanol concentration, the simulated cases) is reasonable.

The next step has been to feed the sensor with a harmonic
signal tuned to the frequency of the second transmission zero
of the response with pure DI water. The amplitude voltage
levels at the output port for different concentrations of
isopropanol, inferred by means of the experimental setup
depicted in Fig. 7, are depicted in Fig. 11 (the calibration
curve is included in the figure). The maximum sensitivity is
found to be 4 mV/%, and the device is able to resolve volume
fractions as small as 5 %, a very competitive value. Similar to
the characterization of solid samples, the fluidic measurements
have been performed three times to verify the repeatability of
the results (error bars are also included in Fig. 11).

V. COMPARISON TO OTHER APPROACHES AND DISCUSSION

There are several proposals of sensors devoted to the
measurement of volume fraction of various components (i.e.,
methanol, ethanol or isopropanol) in DI water. These sensors
and their main features are included in Table I (F, in the table
is the sensor resolution in volume fraction). Comparing such
sensors is not easy, as far as they are based on different
principles. It should be mentioned, however, that most sensors
require wideband interrogation signals for measuring
purposes, contrary to the sensor reported in this paper. This
feature is also present in the sensor reported in [65], a
differential-mode sensor based on a pair of meandered lines
(the sensitive part) and a pair of rat-race hybrid couplers.

The couplers are used to transform the phase information to
magnitude information. Nevertheless, the output variable in
the sensor reported in [65] is the magnitude of the
transmission coefficient between the input and the output
ports.
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© (d)
Fig. 9. Top (a) and bottom (b) perspective views and photographs of
the top (c) and bottom (d) views of the fabricated sensor for liquid
characterization. Dimensions (in mm), in reference to Fig. 1(a), are:
ILSIR= 220, ICSIR= 19, WCSIR = 54, WLS!R = 02, ICSRR = 44, Wcesrr = 186,
c=0.2, d=0.5, gesrr=4.3, Ly =60, and Wy, =128 (50 Q). The
Rogers RO3010 substrate with thickness h =1.27 mm and dielectric
constant & = 10.2 has been used. Channel dimensions are: length 26
mm, height 1.5 mm and width 4.6 mm, and the channels have been
fabricated with polydimethylsiloxane (PDMS).
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Fig. 10. Simulated transmission coefficient (using the Ansys HFSS
electromagnetic solver) and measured responses of the sensor for the
indicated volume fractions of isopropanol in DI water (the complex
dielectric constants of the solutions with the extreme concentrations of
isopropanol, i.e., 0% and 40%, are indicated).
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Fig. 11. Variation of the output signal of the sensor (amplitude level of
the harmonic signal at the output port) as a function of the volume
fraction of isopropanol.

TABLE |
COMPARISON OF VARIOUS MICROWAVE FLUIDIC SENSORS FOR VOLUME
FRACTION MEASUREMENT IN LIQUID SOLUTIONS
A
[9] NO 5 98 MHz/% 0.0023 20.0
[32] NO 20 4 MHz/% - 1.9
[37] NO 10 1.5 MHz/% 2.56 1.9
[38] NO 10 2.2 MHz/% 8.91 4.7
[54] NO 10 0.5 MHz/% 53.32 0.95
[44] NO 0.005 120 MHz/% 6.80 2.6
[59]* YES 5 0.8 dB/% 35.06 0.9
[77] NO 0.1 1 MHz/% - 5.7
[78] NO 10 1.75 MHz/% 7.75 2.4
[79]* YES 20 0.02 dB/% 9.70 1.0
[80] NO 10 0.54MHz/% 0.0026 0.64
[81] YES 20 0.023dB/mg/mL 4.5 19.3
[82] NO 13MHz 3.97
[83] YES 0.025dB/mg/mL 1.91
[84] YES 0.18dB/mg/mL 10.5 1.65
[85] YES 0.01dB/mg/mL 23.04 3.41
[617* YES 5 0.33 dB/% 50.00 0.95
[65] YES 1 11.52 dB/% 182.11 1.97
This 4 mV/%
work* YES 5 0.33 dB/% 15.78 1.125

*These sensors can also operate as frequency-variation sensors, but
the reported sensitivity corresponds to their mode of operation as
single-frequency sensors.

By contrast, in the sensor reported in this paper, the output
variable is the amplitude of the signal present at the output
port of the sensor, and inferred by means of an envelope
detector. The resolution of the sensor of [65] is very good, but
sensor dimensions are by far superior to those of the sensor
reported in this paper. Concerning the sensitivity of the fluidic
sensor reported in this paper, it is intimately related to the
level of the feeding signal (1 mW in our case).

In order to compare the sensitivity of the sensor of Fig. 9
with the one of other single-frequency sensors where the
output variable is the magnitude of the transmission
coefficient, we have expressed the sensitivity from the
variation experienced by the transmission coefficient with the
percentage of isopropanol at f; (see Table I).

This sensitivity is an indicator of the capability of the sensor
for detecting small changes in the magnitude of the input
variable (volume fraction in our case). For sensitivity
optimization, both the transmission coefficient span, as well as
the maximum value should be high, a characteristic of the
proposed sensor. In the sensor reported in [65], the excursion
of the transmission coefficient at the operating frequency is
roughly 50 dB, a very high value. However, the maximum
value is small (roughly —20 dB). For the sensors reported in
[59], [61], the output variable is the cross-mode transmission
coefficient, and it exhibits an excursion of 22 dB and 25 dB,
respectively, at the design frequency, with maximum values of
—13 dB and -5 dB.

In the fluidic sensor of Fig. 9, the excursion of the
transmission coefficient at the operating frequency is roughly
15 dB, with a maximum value close to 0 dB by virtue of the
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pole. This combination of transmission coefficient excursion
and maximum value is very interesting for sensitivity
optimization in terms of V/%, and is achieved thanks to the
unique features of the proposed sensor, with the presence of a
transmission zero and a pole at closely spaced (and
controllable) frequencies. Nevertheless, the sensitivity in V/%
can be further enhanced by increasing the power of the input
harmonic signal. Interestingly, the sensor response of Fig. 11
is roughly linear over the considered input dynamic range.
Additionally, the size of the proposed sensor is very
competitive.

It should be mentioned that the sensor of [80] exhibits also
a very good combination of size and sensitivity, but it does not
operate at a single frequency. Nevertheless, an excellent size
was achieved in that sensor, which allows for nanodroplet
detection. The sensor in [81] operates at a single frequency,
and it measures the magnitude of the reflection coefficient,
this being an interesting feature of this sensor. Nevertheless, in
this sensor, the sensitivity is given in dB/mg/mL by the
authors. Other sensors where the output variable is the
magnitude of the transmission coefficient of a resonator-based
structure are found in [83]-[85]. In such sensors, like in the
device presented in [81] the input variable is the solute content
(glucose) in mg/mL, therefore the comparison in terms of the
sensitivity with other sensors where the solute materials are
different types of alcohols, and where the input is expressed as
volume fraction, is not simple.

Let us emphasize that by working at a single frequency, the
reported sensor benefits from the low cost of the associated
electronics necessary for the generation of the interrogation
signal. In a real scenario, a fixed-frequency oscillator suffices
for that purpose, and this represents a simple and low-cost
solution, in comparison to the complexity and high cost of the
wideband voltage controlled oscillators (VCOs) that are
necessary in sensors based on frequency variation. It should be
also mentioned that, for demonstration purposes, the output
signal in the reported sensors has been visualized in an
oscilloscope. Nevertheless, a simple and low-cost digital post-
processing stage can replace the oscilloscope in a real
scenario, thereby contributing to the competitiveness of the
reported sensors in terms of cost. The envelope detector, based
on discrete components, can also be replaced with an
integrated demodulator module, inexpensive and with better
performance. Nevertheless, these aspects are out of the scope
of this paper, mainly devoted to the analysis and design of the
microwave/microfluidic part of the sensor.

If necessary, the sensor can also operate as a frequency
variation sensor, as far as the second transmission zero
(frequency position and depth) is quite sensitive to the
characteristics of the liquid sample. Under this mode of
operation, determination of the dielectric constant and loss
factor of the material under test is possible, similar to other
sensors reported in the literature (e.g., [39]). However, the
main purpose of this paper, as emphasized before, has been to
demonstrate the possibility of implementing a single-
frequency sensor able to monitor a material variable (volume
fraction of a liquid mixture in our case) by means of a simple

voltage-amplitude measurement. Other sensors that use
wideband interrogation signals, based on non-resonant
structures, and devoted to dielectric spectroscopy, have been
reported in the literature (see, e.g., [86]-[90]). As compared to
these sensors, the proposed sensors in this paper are simple,
operate at a single frequency, and can be designed in order to
optimize the sensitivity, given a certain input dynamic range.
Indeed, these advantages are related to the fact that the
proposed sensors are based on a resonant-type approach.

To end this section, let us mention that, in general,
frequency modulation or phase modulation systems are more
robust against noise or interference effects than amplitude
modulation systems. However, measuring the amplitude of a
voltage, the output variable of the proposed sensors, is simpler
than measuring, e.g., a phase (there are single frequency
sensors based on the measurement of the phase). Moreover,
measuring the voltage amplitude at the operating frequency is
even simpler than measuring the transmission coefficient. For
that main reason, the proposed sensors, where voltage
amplitude is obtained from an envelope detector system, are
proposed. The results of Figs. 8 and 11 reveal that the sensors
are useful for the measurement of the dielectric constant of
solid samples, and for the determination of liquid composition
in mixtures, with reasonable sensitivity. Moreover, the
wideband responses in the vicinity of the pole frequency make
the system tolerant against potential effects of detuning
caused, e.g., by fabrication related tolerances, or by variations
in temperature.

VI. CONCLUSION

In summary, a planar microwave sensor based on a
composite resonator, i.e., a CSRR-loaded SIR, has been
reported in this paper. The sensor is useful for microfluidic
applications and for dielectric characterization of solid
samples. Contrary to most sensors based on a single resonant
element (based on frequency variation), the principle of
operation of the proposed sensor is the variation of the
transmission coefficient at a specific frequency. This is an
important characteristic of the proposed sensor, since a
wideband interrogation signal is not required for measuring
purposes. Contrarily, it has been demonstrated that by feeding
the sensor with a single-tone (harmonic) signal conveniently
tuned, the amplitude of the output signal is dictated by the
characteristics (dielectric constant) of the MUT, which should
be in contact with the CSRR (the sensitive element).
Therefore, the voltage amplitude of the output signal, obtained
by means of a simple envelope (AM) detector, has been
considered to be the output variable. Since the involved
electronics necessary for sensing are simple, (mainly a
harmonic oscillator in a real scenario and an envelope
detector), the proposed sensor is competitive in terms of cost.
Also, by virtue of the presence of a controllable pole and two
transmission zeros in the CSRR-loaded SIR based line (the
sensing structure), the achieved sensitivity and resolution is
good. Particularly, the proposed microfluidic sensor is able to
discriminate volume fractions of 5 % isopropanol in DI water,
with a maximum measured sensitivity of 4 mV/%, i.e., very
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competitive values. Application of the proposed sensor to
industrial processes, such as the determination of percentage
of alcohol in wine fermentation processes, is envisaged.

APPENDIX

SENSITIVITY OF THE TRANSMISSION ZERO FREQUENCIES
WITH &yur

This appendix demonstrates analytically that the upper
transmission zero experiences a stronger variation with the
dielectric constant of the MUT (guur) than the lower
transmission zero. Since the single reactive parameter of the
sensor depending on &y is the capacitance of the CSRR, C.,
the derivative of expression (2) with C, should be calculated in
order to determine which transmission zero is more sensitive
to C,, and consequently to &,yr. Nevertheless, it is simpler to
calculate the derivative of the square of the transmission zeros
with C.. Therefore, we have calculated such derivative, and
the result, after some calculation, is found to be:

daf
ac,
iwﬁQG¢C+QQ+LJM%—ﬁ0@—L@ﬁiL&M% Al
212C212C2 A1
In (A.1), 4 is the square root in the numerator of (2), i.e.,
A= (LC+L,C.+L.C)? —4LCL.C, (A.2)

and is used for simplification purposes. Moreover, the
derivative of the square of the upper transmission zero is the
one given by the upper sign, whereas the lower sign provides
the derivative of the square of the lower transmission zero.
Note that both derivatives in (A.1) should be negative, since
the overall sensor response shifts down by increasing C,, or
Emur-

A simple analysis of (A.1) reveals that the magnitude of the
derivative of the square of the transmission zero is higher for
the upper transmission zero if the following condition is
satisfied:

1 1
LCL.AZ > LCI2C.(—LC + L.C. + L.C)A™2 (A.3)

Expression (A.3) can be simplified to:

C(L+L)%+ L.Co(L,—L)>0 (A.4)
which is typically satisfied for reasonable values of the
reactive parameters. Indeed, expression (A.4) can be rewritten
as:
L(LC — LcC,) + CL% + 2LCL, + C.L2 > 0 (A.5)
Since it is necessary that LC > L.C,, as justified before, it is
clear that (A.5) is positive. Thus, the derivative is larger for
the square of the upper transmission zero. It can be then
concluded that such transmission zero frequency is more
sensitive to the effects of C,, or &7
Despite the fact that the proposed sensor is a single
frequency device, and therefore the sensitivity of the

transmission zeros with &,y is not the relevant one, such
sensitivity can be easily calculated as

do, do, dC, 1 def dC, 1 de? Ce A6
deyyr dC.deyyr 2w, dC. deyyr 20, dC, & +1 (A-6)
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