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Abstract—This article presents a single-frequency planar
microwave sensor designed for characterizing solid and liq-
uid samples. The sensor operates in reflective-mode one-port
configuration utilizing a microstrip line with a series inductive
strip terminated with a transversely oriented dumbbell defect-
ground-structure (DB-DGS) resonator (etched in the ground
plane), the sensing element. The output variable is the phase
of the reflection (RX) coefficient at a specific (operating) fre-
quency. The device is modeled by a lumped circuit consisting
of a parallel resonator (accounting for the DB-DGS resonator)
series connected to an inductor and a parasitic capacitor.
This configuration enables the generation of a steep phase
slope in the RX coefficient at the operating frequency, which is essential for achieving high sensitivity. The sensor can
be applied to the detection of small variations in the permittivity of the environment surrounding the sensing element in
the vicinity of a reference (REF) value, where such REF value can be selected at wish by conveniently tuning the operating
frequency. To demonstrate the versatility of the proposed device, three different scenarios are considered: 1) dielectric
constant of solid samples measurement; 2) ethanol concentration in deionized (DI) water determination; and 3) detection
of water/detergent in wine. The maximum sensitivity achieved for the dielectric characterization of solids is –382.44◦

per unit of dielectric constant. For liquid sensing, the sensor exhibits sensitivities of 9◦/% for ethanol concentration in
water and 0.88◦/% for detecting water/detergent mixtures in wine. Despite the similar electromagnetic characteristics of
water/detergent and wine, the proposed sensor can resolve a volume fraction (percentage of water/detergent in wine) as
little as 2.5%, demonstrating high sensitivity. For the mixture of ethanol and DI water, the sensor is capable of detecting
a concentration of 1% of ethanol.

Index Terms— Dumbbell defect-ground-structure (DB-DGS) resonator, liquid sensor, microstrip technology, microwave
sensor, phase-variation sensor, reflective-mode sensor.
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I. INTRODUCTION

MANY efforts have been dedicated to the development
of cost-effective planar microwave sensors devoted

to solid and liquid detection and characterization. Essen-
tially, such sensors are sensitive to the complex permittivity
of the solid or liquid being analyzed, usually referred to
as the material under test (MUT). In applications where
broadband characterization of solid or liquid samples is
required, microwave spectroscopy, based either on nonreso-
nant sensors or on multiresonant sensors (covering a wide
spectral bandwidth), is a due [1], [2], [3], [4], [5], [6], [7].
However, in many applications, the primary objective is to
determine material composition or to detect the presence
of deformity or impurities in samples (e.g., an adulterant
element in a liquid). In this case, resonant sensors are
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preferred since they offer high accuracy and are typically
small.

Examples of resonant sensors devoted to liquid charac-
terization can be found in [8], [9], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21], [22], and [23].
Most of these sensors operate based on the variation in the
resonance frequency and notch (or peak) magnitude, caused
by variations in liquid composition. Other frequency-variation
sensors, devoted to both solids and liquids, can be found, e.g.,
in [24] and [25], Chapter 2, and references therein. Resonant
sensors have also been applied to biosensing (e.g., monitoring
the blood glucose level through the fingertip [26], [27]).

Differential sensing has also proven to be an effi-
cient approach for the implementation of highly sensitive
resonant-type sensors exhibiting good resolution [28], [29],
[30], [31], [32], [33], [34], [35], [36], [37], [38]. However,
it has been recently demonstrated that resonant sensors work-
ing at a single frequency and using the phase of either
the reflection (RX) (RX mode) or the transmission (TX)
(TX mode) coefficients as the output variable can provide
unprecedentedly high sensitivities and very good resolutions.
In such phase-variation sensors (the nomenclature that has
been coined to designate them), the determining factor to boost
the sensitivity is to achieve a steep phase slope in the TX or
RX coefficient at the operating frequency [39].

High phase slopes can be achieved by considering: 1)
cascaded inverters with alternating high and low impedance
to the sensing resonator [40], [41], [42], [43], [44], [45],
[46], [47]; 2) weakly coupled resonators [48], [49], [50],
[51], [52]; and 3) resonant elements exhibiting resonance and
antiresonance [53], [54]. Moreover, it has been verified that in
reflective-mode phase-variation sensors, with an appropriate
sensor design, losses (including ohmic losses in the sensor as
well as dielectric losses in both the sensor and the analyte) tend
to increase the sensitivity [44], [50], [55], [56], [57]. Indeed,
it has been recently proven that by deliberately introducing a
junction field effect transistor (JFET), an electronically tun-
able conductance device, in a reflective-mode phase-variation
sensor based on a step impedance resonator (SIR), a highly
sensitive device with tunable sensitivity results [56].

Sensitivity enhancement in phase-variation microwave sen-
sors relying on phase slope optimization has also been
applied to nonresonant structures, by using line meander-
ing [58], [59], slow wave TX lines [60], and artificial TX
lines [61], [62]. However, in these nonresonant sensors, sen-
sitivity optimization comes with a tradeoff of a larger sensor
size.

Most of the previous phase-variation sensors are intended
for the characterization of solid samples, or to the detection of
proximity depending on variations in the equivalent dielectric
constant detected by the sensor, when a dielectric piece is in
relative motion (other reflective-mode phase-variation sensors
devoted to proximity measurements can be found in [63],
[64], [65], [66], and [67]). Exceptions are the microstrip
liquid sensors reported in [45] and [51], both operating in RX
mode and based on defect-ground-structure (DGS) resonators,
i.e., a slot resonator in [45] and a pair of weakly coupled
dumbbell DGS (DB-DGS) resonators in [51]. The benefit of

DGS resonators (etched in the ground plane of the microstrip
sensing structure) over metallic resonators (e.g., SIRs, split
ring resonators, or quarter-/half-wavelength resonators, among
others) is the backside isolation provided by the ground plane.
Note that the analyte, i.e., the liquid under study, should be
positioned on top of the ground plane, in contact with or in
close proximity to the DGS sensing resonator, thereby being
isolated from the rest of the microwave circuitry (if it is
present) and/or the associated electronics. However, phase-
variation liquid sensors based on metallic resonators have also
been documented in [43] and [44].

In this article, we present a reflective-mode phase-variation
microwave sensor implemented using microstrip technology,
incorporating a DB-DGS resonator as the sensing element,
combined with a series-connected (narrow) inductive strip,
devoted to solid and liquid sensing. The sensitivity enhance-
ment strategy involves carefully engineering the dimensions
of the DB-DGS resonator and the inductive strip to reduce the
separation between resonance and antiresonance frequencies,
producing a high phase slope in the RX coefficient at antires-
onance (the operating frequency), hence resulting in a highly
sensitive sensor. Moreover, the phase slope at that frequency
is enhanced due to the effect of losses. In contrast the sensors
reported in [45] and [51], both employing DGS resonators
and operating in RX mode, achieved sensitivity optimization
through different approaches: the former by cascading invert-
ers with alternating high and low impedances coupled to the
sensing resonator, and the latter by employing a weak coupling
between a pair of DB-DGS resonators. Therefore, the proposed
device represents an optimized solution in terms of sensor
complexity and size (note that the sensor merely consists of a
transversely oriented DB-DGS resonator and a series inductive
strip on top of it, driven by a matched access microstrip line,
as it will be shown). Moreover, the sensor can characterize
both solids and liquids without requiring a redesign; simply
adjusting the frequency of the harmonic feeding signal is
sufficient. Consequently, the device functions as a versatile,
multipurpose sensor with inherent adaptability.

For liquid sensing, the considered DB-DGS resonator is
well suited for sensor implementation by means of a flu-
idic channel, a liquid holder, or a fluidic pipe. All such
liquid-driving elements should be placed on the rear side
of the substrate, ensuring direct contact with the slot. Other
liquid sensors based on such driving elements can be found
in [6], [7], [8], [9], [10], [13], [28], [29], [32], [33], [34],
[35], and [51] (fluidic and microfluidic channels), [12] and [45]
(liquid holders), and [68] (pipes). In the latter case, the fluidic
pipes can also be embedded in the substrate [69] or cross it,
a solution reported in [11] and [70]. In this article, the reported
prototype for liquid sensing uses a liquid holder, but utilizing
a fluidic channel or a pipe can also be envisaged. As reported
in a recent study [71], devoted to humidity measurements,
a DB-DGS resonator was combined with a series gap to
achieve also closely spaced resonance and antiresonance fre-
quencies in a TX-mode phase-variation sensor. In contrast,
the sensor proposed in this article operates in RX mode
and exhibits superior sensitivity. This improvement arises
because losses (unavoidable in practice) favor sensitivity in
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reflective-mode phase-variation sensors but degrade it in
TX-mode phase-variation sensors, as discussed in [46].

The remainder of this article is structured as follows.
Section II presents the proposed sensor, the working principle,
and the equivalent circuit model. This section also includes
model validation, achieved by electromagnetic simulations
and circuit simulations compared with extracted parameters.
Section III focuses on the application of the designed and
fabricated sensor to the characterization of dielectric slabs.
In Section IV, the sensor is equipped with a fluidic holder
for liquid characterization, including the solute concentration
measurement in binary liquid solutions (ethanol and deion-
ized (DI) water) and the detection of water with a small
percentage of detergent in commercial white wine (of potential
interest in industrial cleaning processes of bottling plants in
cellars). Section V compares the proposed sensor with other
phase-variation sensors designed for liquid sensing. Finally,
Section VI summarizes the main conclusion.

II. DB-DGS-RESONATOR-BASED SENSOR: DESIGN,
WORKING PRINCIPLE, AND EQUIVALENT

CIRCUIT MODEL

The proposed sensor is a planar microwave device that
essentially detects changes in the dielectric constant of the
medium surrounding its sensing element, a DB-DGS resonator.
Such a medium can be a solid or a liquid sample, but by
using functional films, gas sensing is also possible [72], [73],
[74], [75], [76], [77], [78]. Of course, for liquid sensing,
an element to drive the liquid under analysis in contact or
near the sensitive DB-DGS resonator is necessary. This section
focuses on the microwave sensing module of the device,
while the mechanical components related to liquid handling
are addressed in Section IV. Fig. 1 depicts the topology of
the microwave module. It consists of a one-port microstrip
structure with a matched (50 �) access line, a series-connected
inductive strip, and a transversely oriented DB-DGS resonator
etched in the ground plane beneath the inductive strip. The
termination of the narrow inductive strip is connected to
ground through a metallic via, effectively short-circuiting the
DB-DGS resonator to ground, in coherence with the cir-
cuit model of Fig. 1(a), to be described later. Variations in
the dielectric properties of the MUT—whether solid, liquid,
or gas—affect the sensor’s RX coefficient, particularly its
phase. These phase shifts are correlated with changes in the
permittivity of the MUT. Thus, the phase of the RX coefficient
at a specific frequency, designated as the operating frequency,
fop, can be used as an output variable. Let us call such
phase φρ .

The primary objective of this work is to optimize the
sensor’s sensitivity, i.e., to achieve the maximum possible
variation in the output variable, φρ , in response to variations
of the input variable, the dielectric constant of the MUT,
εMUT, in the vicinity of the REF value, εREF. We should
clarify that, in these sensors, and in most microwave sen-
sors, sensitivity optimization is achieved at the expense of
linearity degradation. Consequently, we must define for which
value of the input variable the sensitivity should be opti-
mized (such value is designated as εREF in this article).

Fig. 1. (a) Lumped element equivalent circuit model and (b) layout of
the proposed sensor. Z0 is the characteristic impedance of the access
lines, identical to the REF impedance of the ports. The upper metal level
is drawn in black color, while the ground plane is drawn in gray color.

Sensitivity optimization justifies the presence of the DB-DGS
resonator combined with the series inductive strip. With the
sole presence of the DB-DGS resonator (i.e., without the
series inductive strip), the phase of the RX coefficient at any
considered operating frequency should change with a variation
in the dielectric constant of the MUT, εMUT. Typically, the
frequency where the phase slope is a maximum is roughly
the resonance frequency of the resonant element. As pointed
out in various sources, see [39], a high phase slope at the
operating frequency is necessary to obtain high sensitivity.
However, it is not possible in practice to achieve a very high
phase slope (and hence sensitivity) by directly connecting
the sensing resonant element to the driving port (through the
access line). An extreme inductance-to-capacitance ratio, not
easily achievable, is required for that purpose. As pointed out
in various papers [79], [80], the circuit model of a transversally
oriented DB-DGS resonator is a series-connected parallel
resonant tank. By including an inductance (implemented with
the narrow strip) series connected with such a resonant tank,
an antiresonance frequency is also generated. Since the excur-
sion experienced by the phase of the RX coefficient between
the resonance frequency, f0, and the antiresonance frequency,
fz, is expected to be high (typically 180◦ if losses are small),
a high phase slope is achievable in between such frequencies,
provided they are closely spaced. Hence, a high sensitivity is
expected by setting the operating frequency, fop, to a value
within such frequency band. As will be demonstrated, the
optimal operating frequency corresponds to the antiresonance
frequency, where the phase slope is maximized, partly due to
the influence of losses.

According to the previous paragraph, the lumped element
equivalent circuit model of the proposed sensor is the one
depicted in Fig. 1(a), where Ls describes the series inductive
strip, L and C are the inductance and the capacitance, respec-
tively, of the DB-DGS, and G is a conductance that accounts
for losses. Finally, C p is a parasitic capacitance, necessary to
accurately model the microwave module of the sensor. Note
that potential inductive effects caused by the metallic via are
accounted for by the inductance Ls . To validate the model,
we should extract the reactive parameters, Ls, L , C , and Cp,
as well as the conductance G, from the electromagnetic
simulation of the structure under study. Parameter extraction
with such a high number (5) of circuit elements is not simple.
However, we can simplify the procedure by assuming that
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losses are small, so that we initially neglect G, and, once
the reactive parameters are extracted (with the method to be
discussed next), then we adjust G by curve fitting (and fine-
tune the reactive parameters if needed).

To determine the reactive elements of the model, four
conditions are needed. Neglecting the conductance G, the
angular frequency at which the input impedance becomes 0 is
given by

ωz = 2π fz = ω0

√
1 +

L
Ls

(1)

where ω0 is the DB-DGS resonator’s angular resonance
frequency

ω0 = 2π f0 =
1

√
LC

. (2)

Let us call ωz , the angular antiresonance frequency. Such
frequency can be easily identified, since by neglecting the
effects of the access line, the phase of the RX coefficient at that
frequency is ±180◦ (i.e., the phase of the RX coefficient of
a short-circuit). Let us next identify the angular frequencies
where the input admittance is null. Such input admittance
is given by the parallel connection of the admittance of the
parasitic capacitance, C p, and the admittance of the inductive
strip and DB-DGS resonator (which are series connected),
namely,

Yin = C pω j +

1
Lsω j

{
Cω j +

1
Lω j

}
1

Lsω j + Cω j +
1

Lω j

(3)

an expression that can be simplified to

Yin =

−CC pω
2
+

C p
Ls

+
C p
L +

C
Ls

−
1

L Lsω2

Cω j +
1
ω j

(
1
Ls

+
1
L

) . (4)

Forcing the numerator of (4) to be null (equivalent to
Yin = 0), the following biquadratic equation results:

L LsCC pω
4
−
(
C p L + C p Ls + C L

)
ω2

+ 1 = 0 (5)

with solutions given by

ω2
± =

C p L+C p Ls +C L±

√(
C p L+C p Ls +C L

)2
−4L LsCC p

2L LsCC p
(6)

where the term in the square root of the numerator can
be rewritten, giving (7), as shown at the bottom of the
next page.

Expression (7) is cumbersome. However, since C p is a
parasitic capacitance, we can assume that it is small, and hence
the terms in the square root of (7) where such capacitance
appears squared can be neglected. This gives

ω2
± ≈

C p L + C p Ls +C L ±

√
L2
(
C2 + 2CC p

)
−2L LsCC p

2L LsCC p

(8)

or

ω2
± ≈

C p L + C p Ls + C L ± C L
√

1 +
2C p(L−Ls )

C L

2L LsCC p
(9)

and the square root in the previous expression can be approx-
imated by the Taylor series expansion to the first order,
provided C p is small, and hence 2C p(L − Ls)/C L ≪ 1. This
gives

ω2
± ≈

C p L + C p Ls + C L ± C L
(

1 +
C p(L−Ls )

C L

)
2L LsCC p

(10)

i.e.,

ω2
± ≈

C p L + C p Ls + C L ± C L ± C p L ∓ C p Ls

2L LsCC p
(11)

and the two solutions, namely, the angular frequencies that
null the input admittance, are found to be

ω2
+ ≈

C + C p

LsCC p
(12a)

ω2
− ≈

1
LC

= ω2
0. (12b)

It should be mentioned that due to the parasitic capacitance
C p, the circuit exhibits two angular frequencies [that can be
approximated by expressions (12a) and (12b)] where the input
admittance is null, and, therefore, the phase of the RX coeffi-
cient is 0◦ (corresponding to an open circuit). Expressions (1),
(12a), and (12b) constitute three of the four conditions to
obtain the four reactive parameters. Such frequencies can be
identified from the electromagnetic simulation of the phase
response. Nevertheless, an additional condition is needed to
retrieve the four reactive parameters. For example, in the DC
limit, the impedances associated with the capacitances C p and
C become infinite (open circuits) and, in that limit, the input
reactance is simply χin = (L+ Ls)ω. Thus, the reactance slope
in the DC limit is

dχin

d
ω

∣∣∣∣
ω→0

= L + Ls (13)

and it can be inferred from electromagnetic simulation.
The specific procedure to extract the reactive parameters is

as follows. By identifying the frequencies fz and f0 from
the electromagnetic simulation of the phase response, (1)
provides the ratio L/Ls . Thus, by combining (1) and (13),
the inductances L and Ls can be obtained. Next, using (12b),
the capacitance C can be isolated. Finally, the capacitance C p
can be inferred by means of (12a). As mentioned before, the
conductance G is then tuned by curve fitting. The extracted
parameters are indicated in Table I.

The parameter extraction method has been applied to
the structure of Fig. 1(b) with dimensions and substrate
parameters indicated in the caption of Fig. 2. A comparison
between electromagnetic and circuit simulations is presented,
where the electromagnetic simulation was performed using
the Keysight ADS Momentum commercial software, and the
circuit response was obtained via the schematic simulator
within Keysight ADS. As evident, the agreement is satis-
factory. We have also repeated the parameter extraction by
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TABLE I
EXTRACTED REACTIVE PARAMETERS

TABLE II
RESONANCE AND ANTIRESONANCE FREQUENCIES

considering additional structures, where the difference is the
length of the narrow inductive strip. The results, also shown
in Fig. 2, demonstrate consistently good agreement across all
cases. As illustrated in Fig. 2, increasing the length of the
narrow inductive strip induces an overall downward shift in
the resonant frequencies, causing the response curves to shift
toward lower frequency values. The antiresonance frequency
decreases, as expected, due to the increase in the series
inductance Ls associated with the longer strip. Notably, the
first resonance frequency, defined by expression (12b), also
decreases. This behavior is attributed to the influence of
the strip length on the reactive elements of the DB-DGS
resonator, likely due to the proximity of the via to the resonator
structure. Table II shows the resonance and antiresonance fre-
quencies, as well as the distance between both frequencies for
different ls .

It should be noted that the electromagnetic simulations
presented in Fig. 2 assume the device is surrounded by air.
The impact of losses is evident in Fig. 2(a), as indicated by
the notches observed in the magnitude of the RX coefficient.
However, losses do also help to boost the phase slope at the
antiresonance frequency, an aspect discussed in [39]. Indeed,
in the limit of a perfect match, the phase slope at antiresonance
should be infinite. An inspection of the results of Fig. 2 reveals
that for the longer strip (ls = 12 mm), the matching is better
and, consequently, the phase slope is higher. However, we have
opted to fabricate the device with ls = 20 mm because it
exhibits an improved phase slope at antiresonance when it
is covered with a semi-infinite material of dielectric constant
3.55, the reference (REF) dielectric constant considered in
the application devoted to dielectric characterization, to be
discussed in Section III. Fig. 3 depicts the comparison of
the phase responses inferred from electromagnetic simulation
when the device is surrounded by air or covered with a
semi-infinite material with dielectric constant 3.55, for two

Fig. 2. Electromagnetic and circuit simulation (with extracted param-
eters) of the sensor of Fig. 1. (a) Magnitude of S11. (b) Phase of S11.
Dimensions are: ldb = 2, Wsl = Ws = 0.2, lsl = 40, lZ0 = 10, and
Wzo = 3.36. The varying dimension is the length of the narrow strip,
indicated in the inset. The substrate considered is the Isola I-Tera MT40
(RF/MW), with thickness h = 1.524 mm, dielectric constant εr = 3.55,
and loss tangent tan δ = 0.0031.

strip lengths, i.e., ls = 12 mm and ls = 20 mm. As it can be
appreciated, when the device is surrounded by air, the phase
slope at antiresonance is higher for ls = 12 mm. However,
under the condition of a surrounding medium with a dielectric
constant of 3.55, the device with ls = 20 mm exhibits a
superior phase slope. In Fig. 3, the unwrapped phase is shown
because it allows a better appreciation of the phase slope at
antiresonance.

III. DIELECTRIC CHARACTERIZATION OF SOLIDS

For the dielectric characterization of solid samples using the
sensor, the REF input variable has been set to εREF = 3.55.
This value corresponds to the dielectric constant of an avail-
able microwave substrate in our laboratory and lies within the
midrange of dielectric constants typical for many solids. The
objective of this study is to achieve high sensitivity near εREF,
the REF value. It should be noted that sensitivity optimization

ω2
± =

C p L + C p Ls + C L±

√
L2
(
C2 + 2CC p

)
+ C2

p
(
L2 + L2

s + 2L Ls
)
− 2L LsCC p

2L LsCC p
. (7)
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Fig. 3. Comparison of the electromagnetic simulation of the unwrapped
phase response of the sensor of Fig. 1 when it is surrounded by (a) air
or (b) coated with a material with a dielectric constant of 3.55. Note
that the REF material, with dielectric constant εREF, can be arbitrarily
chosen, since a change of it merely implies a modification of the
frequency of the feeding harmonic signal (operating frequency), which
must be tuned to the antiresonance frequency with the sensor coated
with such REF material. The reason for choosing εREF = 3.55 in the
application of the device to solid characterization is given next.

comes at the expense of sensor linearity. Nevertheless, we will
consider an input dynamic range between εMUT = 1 (air)
and εMUT = 10.2, which represents the maximum value of
available dielectric constant of the microwave substrates in
our laboratory, although with such high sensitivity (to be
shown next), the sensor is especially suited to detect slight
variations of the dielectric constant, or related variables, near
εREF = 3.55.

For the reasons explained before, the fabricated device is
the one with ls = 20 mm (a high phase slope at fop = fz , the
antiresonance frequency of the sensor coated with the REF
material, resulting with such strip length). The photograph
of the fabricated sensor is shown in Fig. 4, whereas Fig. 5
depicts the dependence of the phase of the RX coefficient
at fop = 1.75 GHz, the output variable, with εMUT, the
input variable, as inferred from electromagnetic simulation.
Specifically, we have obtained the phase responses (not shown)
for different values of εMUT in the considered input dynamic
range [1–10.2], with steps of 0.5, and we have retrieved the
phase value at fop. We have also included in Fig. 5 the
experimental datapoints, obtained from the measured phase
at fop for different measured phase responses, shown in
Fig. 6(a), corresponding to the considered samples, indicated
in the figure. Indeed, the experimental datapoints of Fig. 5
correspond to the average value after three independent mea-
surements (the error bars, given by the standard deviation, are
included). Let us clarify that the MUTs consist of stacks of
four uncladded substrates, with a thickness of roughly 6 mm,

Fig. 4. Photograph of the sensor. (a) Top view. (b) Bottom view.

Fig. 5. Dependence of the phase of the RX coefficient at fop with the
dielectric constant of the MUT inferred by electromagnetic simulation
and experimentally (for indicated MUTs), and sensitivity, as inferred
from the simulated datapoints. The depicted phase, ∆φρ, is actually the
difference between the measured value and the REF value.

except the polylactic acid (PLA) sample, fabricated with a
3-D printer (Ultimaker 3 Extended). With such thickness,
the samples can be considered to be semi-infinite, i.e., the
electromagnetic field generated by the DB-DGS resonator is
confined in their volume. Fig. 6(b) depicts the electric field
inferred by CST Microwave Studio at 2.05 GHz when the
DB-DGS is surrounded by air (corresponding to the phase
jump).

Since the number of available experimental datapoints in
Fig. 5 is very limited, we have obtained the sensitivity, defined
as

S =
dφρ

dεMUT
(14)

from the simulation. The result, also illustrated in Fig. 5,
reveals that the sensitivity exhibits a peak value of |Smax| =

382.4◦ at εMUT = εREF = 3.55. This maximum sensitivity is
competitive compared with that of similar sensors employing
a single resonant sensing element in a slot configuration (e.g.,
the sensors reported in [45] and [71]). The figure of merit
(FoM) is defined as the ratio between the maximum sensitivity
and the area of the sensing region expressed in squared wave-
lengths is FoM = 35 976◦/λ 2, also a competitive value. Let us
indicate that the operation frequency, fop, has been determined
as a tradeoff, i.e., not very high (to avoid excessive complex
and high-cost electronics in a real operational environment,
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Fig. 6. (a) Measured phase and magnitude responses of the sensor of
Fig. 4 for different considered MUTs and (b) electric field as inferred by
EM simulation at 2.05 GHz when the DB-DGS is surrounded by air.

i.e., without the use of a VNA) and not very low (to avoid
excessive sensor dimensions).

IV. LIQUID SENSING

One of the most important characteristics of the proposed
sensor is its capability to sense liquids, which can be imple-
mented by using a liquid holder (pool). The reason is that
the resonator is etched into the ground plane to serve as
the sensing element, and hence such mechanical accessory
(holder), containing the liquid under study, does not interfere
with the access line of the device, present at the opposite
substrate side (the ground plane provides backside isolation).
Thus, let us dedicate this section to validate the functionality
and performance of the device, i.e., the one of Fig. 4 equipped
with a liquid holder [see Fig. 7(a)], as a liquid sensor. The
holder, fabricated from PLA, acts as a small pool for the liquid

Fig. 7. (a) Photograph of the realized liquid sensor featuring the
mechanical liquid holder [only the back side is shown, since the upper
side is identical to that shown in Fig. 4(a)] and (b) electric field intensity
when holder is attached and DB-DGS is surrounded by the air.

under test and is attached to the back substrate side using glue.
The holder height (20 mm) is enough to consider the liquid
under analysis as semi-infinite. Fig. 7(b) shows that the holder
size is sufficient to confine the strong electric field intensity.
To prevent liquid absorption by the substrate, a dry film of
polyethylene terephthalate (PET) with a thickness of 0.05 mm
and dielectric constant of 2.9 was coated on the ground plane
before the liquid holder was attached. We have considered two
different scenarios for liquid sensing, to be analyzed separately
in Sections IV-A and IV-B.

A. Measurement of Small Concentrations of Ethanol in
DI Water

Due to the high sensitivity of the proposed sensor near the
REF input variable, detecting low concentrations of solute
in binary liquid solutions is possible. This is achieved by
tuning the operating frequency to the device’s antiresonance
frequency when the holder contains the solvent (the REF
material). To demonstrate this, let us consider a binary mixture
of DI water and ethanol where the solvent is DI water.
We have obtained for both liquids the real and imaginary
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Fig. 8. Measured real (ε′) and imaginary (ε′′) parts of the dielectric
constant of (a) ethanol and (b) DI water at room temperature (23 ◦C).

parts of the dielectric constant as a function of frequency
(dielectric dispersion) at room temperature by means of the
DAKS-3.5 R140B commercial electric probe.

The results, shown in Fig. 8, indicate that for the frequencies
between 0.5 and 1 GHz, the range of interest (as will be
shown), the real part of the dielectric constant for DI water
is comprised between 80 and 81, whereas for ethanol the
variation is more significant, but the values are substantially
smaller (i.e., between 13 and 20). However, the imaginary part
of the dielectric constant exhibits an opposite behavior, i.e.,
it is superior for ethanol, with a peak value of roughly 10.6 at
0.8 GHz (for DI water, the imaginary part of the dielectric
constant ranges from roughly 2.5 up to 4.5 in the considered
frequency range). With these values, we expect that an increase
in the concentration of ethanol generates an upward shift in the
frequency response due to the decrease in the real part of the
composite’s dielectric constant. By contrast, the loss factor of
the mixture should increase with the concentration of ethanol.

The measured frequency responses for concentrations of
ethanol varying from 0% to 100% in steps of 10% are depicted
in Fig. 9. It is confirmed that, as the concentration of ethanol
increases, the frequency response experiences an upward shift.
However, it can also be appreciated, specifically in the phase
responses, that there is a shift from the low-loss regime to
the high-loss regime for a concentration of ethanol comprised
between 40% and 50%. The reason is that within the low-loss
regime, the phase of the RX coefficient should experience a
sudden jump (±180◦) at the antiresonance frequency (similar
to low-loss solid samples, see Fig. 6), as occurs for an ethanol
concentration of 40%. In contrast, in the high-loss regime, the
phase slope becomes positive and the value of the phase is
null at that frequency (the case of an ethanol concentration
of 50% and above). It can also be appreciated in the mag-
nitude responses that the best matchings (with return losses

Fig. 9. Measured magnitude and phase responses of the liquid sensor
of Fig. 7 for the varying ethanol concentrations in DI water at room
temperature (23 ◦C). The simulated responses for three cases indicated
in the text are also included.

better than 20 dB at the antiresonance frequencies) occur for
ethanol concentrations of 40% and 50%, which means that
the optimum matching (with the power completely absorbed
by the sensor circuit and indicating the limit between both
regimes) should correspond to an ethanol concentration in
between 40% and 50%. Fig. 9 also includes the simulated
responses (in dashed lines) for pure ethanol, for pure DI water,
and for a percentage of ethanol in DI water of 50%. These
simulations were performed using the commercial software
CST Microwave Studio by introducing in the simulation the
real and imaginary parts of the dielectric constant depicted in
Fig. 8(a) and (b) for ethanol and DI water, respectively, and
the measured values for the considered mixture (not shown).

We have retrieved the phase for different ethanol con-
centrations at the antiresonance frequency (phase jump)
corresponding to the holder full of DI water, the REF sample,
i.e., fop = 0.702 GHz. The results, depicted in Fig. 10,
also show the measured frequency responses for varying
concentrations of ethanol in the range 0%–10% in steps of
1%, although not shown in Fig. 9. According to Fig. 10,
the device can detect ethanol concentration changes as low
as 1%, which corresponds to its resolution. The maximum
sensitivity (also included in Fig. 10) is found to be Smax =

9◦/%, a competitive value. It should be mentioned that the
main mechanism generating variations in the phase response
for the considered experimental campaign is the real part of
the dielectric constant (significantly different between water
and ethanol). In Section IV-B, we will consider a different
scenario, where changes in the imaginary part of the sample’s
dielectric constant constitute the main mechanism influencing
the phase response.

B. Detecting the Presence of Water/Detergent in
Commercial Wine

The interest in detecting the presence of water/detergent
in wine concerns the cleaning processes in bottling plants.
After a cleaning process in the bottling pipes (typically using
water with a detergent concentration of 0.5%), it is important
to ensure that the water/detergent content in the wine to be
bottled is below a certain threshold (the cleaning process is
typically carried out by dragging). Thus, a sensitive device able
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Fig. 10. Dependence of the RX coefficient phase at fop as determined
experimentally, along with the corresponding sensitivity. The depicted
phase, ∆φρ, is actually the difference between the measured value and
the REF value. Error bars (corresponding to the standard deviation after
three independent measurements) are shown.

Fig. 11. Measured real (ε′) and imaginary (ε′′) parts of the dielectric
constant of (a) wine and (b) water/detergent at room temperature
(25 ◦C). The wine considered is Don Simon white commercial wine.

to detect small concentrations of water/detergent in wine is
necessary in order to implement an automatic control system.
This represents a challenge since wine contains a significant
percentage of water and hence the electromagnetic properties,
specifically the complex dielectric constant, between wine
and water are similar. Fig. 11 depicts the dependence of the
complex dielectric constant of wine and water/detergent (with
a concentration of 0.5% Desocal, an acid descaler especially
suitable for automatic cleaning systems in the agrifood indus-
try). As anticipated, the real part of the dielectric constant is
similar in wine and water/Desocal. However, the imaginary
part is substantially different, in part caused by the significant
effects of the presence of detergent in water (despite the small
concentration, i.e., 0.5%).

We have measured the frequency response (magnitude
and phase) of the sensor by varying the concentration of

Fig. 12. Measured magnitude and phase responses of the liquid sensor
of Fig. 7 for the varying concentrations of water/detergent in wine at
room temperature (25 ◦C).

Fig. 13. Dependence of the phase of the RX coefficient at fop on the
concentration of water/detergent inferred experimentally and sensitivity.
The depicted phase, ∆φρ, is actually the deviation between the mea-
sured value and the REF value.

water/detergent in wine between 0% and 100% in steps
of 10%. The results, shown in Fig. 12, indicate a slight
downward shift in the response as the water/detergent con-
centration increases. However, the most notorious effect is the
decrease in the notch depth and phase slope at antiresonance,
attributable to the increase in the loss factor of the mixture
as the percentage of water/detergent increases. Note that the
imaginary part of the dielectric constant (related to losses) of
wine in the frequency region of interest is substantially smaller
than the one in water/detergent.

It should be noted that the slope in the phase response
is positive regardless of the relative concentration of
water/detergent in wine, indicating the sensor operates within
the high-loss regime. The key aspect to obtaining a high
sensitivity is the substantial change in the phase slope at
antiresonance, rather than a shift in the phase response,
generated by a variation in the water/detergent concentration.
Fig. 13 depicts the change in the phase of the RX coefficient
at antiresonance (when the sensor holder is filled with wine),
fop = 0.704 GHz, as a function of the water/detergent concen-
tration, as inferred from the measurements of Fig. 12. Fig. 13
shows the sensitivity, which is found to be −0.013◦/% in the
limit of small concentrations of water/detergent.

Though the fabricated sensor is useful in different scenarios,
the sensitivity at low concentrations of water/detergent in wine
is relatively small, making the detection of small quantities
challenging. Thus, we have designed an additional sensor,
where we have reduced the length of the narrow strip to
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enhance the sensitivity, specifically for low concentrations of
water/detergent (i.e., the sensor is specifically designed to
detect traces of water/detergent in wine). The decrease in
the length of the narrow strip, for sensitivity (and resolution)
enhancement, is justified by means of the following analysis.

For pure wine and for any concentration of water/detergent
in wine, the device operates in the high-loss regime, which is
not the optimum solution for sensitivity optimization. How-
ever, operation in such a regime is not only dictated by the
loss factor of the solution (variable with the water/detergent
content). The operation regime, and the change of regime, if it
occurs, depends also on the reactive parameters of the sensor.
To better understand this aspect, consider a general one-port
lossy sensor modeled as a series-type resonator (the case
of interest since the designed and fabricated sensor operates
at antiresonance, where the input impedance nulls). Let us
consider that the input impedance can be expressed as

Zin (ω) = R (ω) + jχ (ω) (15)

where R(ω) and χ(ω) are the frequency-dependent resistance
and reactance, respectively. As demonstrated in [39], the phase
slope at antiresonance, where χ(ω) = 0, is

dφρ

dω

∣∣∣∣
χ(ω)=0

=
2Z0

R2 (ωz) − Z2
0

·
dχ (ω)

dω

∣∣∣∣
χ(ω)=0

(16)

from which it follows that the maximum slope (change of
regime) occurs when R2(ωz) = Z2

0 , corresponding to a
perfect matching. However, R(ωz) is a function of the reactive
parameters of the considered one-port sensor. In our case, see
Fig. 1(b), obtaining Zin(ω) by including the presence of the
conductance G is not easy. However, since C p is a parasitic
capacitance, let us neglect it for the calculation of the input
impedance. Under this approximation, the real and imaginary
parts are found to be

R (ω) =
G

G2 + ω2C2
(

1 −
ω2

0
ω2

)2 (17a)

and

χ (ω) = ωLs −

ωC
(

1 −
ω2

0
ω2

)
G2 + ω2C2

(
1 −

ω2
0

ω2

)2 (17b)

respectively. Forcing χ(ω) = 0, the antiresonance angular
frequency is found to be

ωz = ω0

√√√√(1 +
L
Ls

)(
1 −

G2

ω2
0C2

)
(18)

which coincides with (1) when G → 0, as expected, and hence
we can approximate ωz by (1). Introducing (1) in (17a) gives

R (ωz) =
G

G2 +
1

ω2
0 Ls (L+Ls )

. (19)

Thus, the magnitude of R(ωz) can be controlled by Ls , and
hence, by reducing the length of the narrow inductive strip,

Fig. 14. Measured magnitude and phase responses of the liquid sensor
of Fig. 7 with ls = 12 mm for different concentrations of water/detergent
in wine. The simulated responses for three cases indicated in the text
are also included.

Fig. 15. Dependence of the phase of the RX coefficient at fop
with the concentration of water/detergent for the sensor of Fig. 7 with
ls = 12 mm inferred experimentally and sensitivity. The depicted phase,
∆φρ, is actually the difference between the measured value and the
REF value.

we do expect that the device will exhibit a negative phase slope
at ωz when the holder is filled with pure wine, provided such
length is small enough. Nevertheless, for sensitivity optimiza-
tion in the limit of small perturbations (low concentrations
of water/detergent), it is necessary to work at conditions near
the onset of the high-loss regime. Thus, we have fabricated
various devices and found that the optimum sensor is the one
with ls = 12 mm.

The measured magnitude and phase response of the new
sensor (with ls = 12 mm) for different concentrations of
water/detergent is illustrated in Fig. 14, whereas Fig. 15 shows
the dependence of the phase at the operating frequency (specif-
ically, the antiresonance frequency when the holder is full of
pure wine, i.e., fz = 0.751 GHz) as a function of the solute
concentration. In this case, the measured sensitivity for low
concentrations is found to be −0.88◦/%, substantially superior
to the one for the sensor with ls = 20 mm. With such sensi-
tivity, the device can detect water/detergent concentrations as
small as 2.5%, a reasonable result considering the similar elec-
tromagnetic properties of the considered commercial wine and
water/detergent. Note that Fig. 14 also includes the simulated
responses (inferred with CST Microwave Studio) correspond-
ing to pure wine, pure water/detergent, and a mixture of 50%
water/detergent in wine.
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V. COMPARATIVE ANALYSIS

For comparison purposes, we have included in Table III
various permittivity sensors that measure the phase of either
the RX or the TX coefficient at a single frequency. Nev-
ertheless, Table III also includes some sensors where the
working principle is phase variation, but the output variable
is a magnitude [59], [61], [62], i.e., in such sensors, phase-
to-magnitude conversion has been applied. Let us clarify that,
in Table III, the considered sensitivity refers to the variation
of the phase of either the TX or the RX coefficient with the
dielectric constant of the material under study, regardless of
whether it is a solid or a liquid. The maximum sensitivity
and FoM of the sensor of Fig. 4, devoted to solid samples,
are competitive, as the table reveals (the achieved maximum
sensitivity, according to Fig. 5, is 382.4◦). There are sensors
exhibiting superior performance, devoted to solid samples
(see [40], [47], [48], [49], [50]). However, in such sensors
the sensitivity is optimized by introducing impedance invert-
ers [40], [47] or coupled resonators [48], [49], [50]. It should
be mentioned that the sensitivity in phase-variation sensors
tends to decrease with the dielectric constant of the REF
material (or sample) [43]. Since the REF dielectric constant
is not the same in all the sensors reported in Table I, the
comparison should be considered as an orientator of device
performance, not as an absolute indicator.

Let us next focus the comparison of the sensor of Fig. 7
including the liquid holder (i.e., devoted to liquid sensing)
with other liquid sensors, not necessarily based on phase
measurements, dedicated to quantifying the volume fraction
in binary liquid mixtures (see Table IV) [8], [9], [11], [28],
[31], [43], [45], [51], [59], [86], [88], [89], [90], [91],
[92], [93], [94], [95]. The two last rows in Table IV (in
bold) correspond to the characterization of the percentage of
ethanol in DI water (inferred with the sensor of Fig. 4 with
ls = 20 mm) and to the measurement of the percentage of
water/detergent in white wine (inferred with the modified
sensor with ls = 12 mm). In this case, the resolution is the
most relevant performance indicator for comparison purposes.
Note that in the phase-variation sensors of Table IV, the
sensitivity is expressed as the variation of the phase at the
operating frequency with the volume fraction, the canonical
input variable. In such sensors, the sensitivity units are thus
◦/%. However, there are many other liquid sensors in Table IV,
where the operating principle is based on resonance frequency
variation or magnitude variation, rather than phase variation.
For such sensors, the sensitivity is given in GHz/% and dB/%,
respectively, as it can be appreciated in the table.

Sensitivity comparison among phase-variation, frequency-
variation, and magnitude-variation sensors is meaningless,
as each type relies on a different output variable. The main
subject of comparison is sensor resolution, as indicated,
defined as the minimum volume fraction from the REF value
that can be reliably measured. Sensor resolution is closely
linked to sensitivity. However, resolution is expressed in
consistent units (%) across all sensor types, regardless of their
specific operating principle, and hence it is the most conve-
nient indicator for sensor comparison when devices of different
natures are considered. According to Table IV, the sensor

TABLE III
COMPARISON OF PHASE-VARIATION PERMITTIVITY SENSORS

proposed in this article for determining the volume fraction
of ethanol in DI water achieves a resolution of 1%, a good
value. In addition, the sensor is highly competitive in terms of
the size of its sensing region, which is primarily defined by the
slot resonator. For the determination of the volume fraction of
water/detergent in wine, the achieved resolution is 2.5%, but
it should be mentioned that the electromagnetic properties of
wine and water/detergent are very similar, thereby being more
difficult the discrimination, as compared with that of other
sensors where the binary mixtures involve more dissimilar
liquids. Overall, the proposed liquid sensors demonstrate a
well-balanced combination of compact size, high resolution,
and adequate sensitivity. The FoM, not given in the table, can
be easily inferred by dividing the maximum sensitivity by the
size of the sensing region (note that the units are different,
depending on the working principle).

Regardless of the metrics that appear in Tables III and IV,
a competitive advantage of the proposed sensors, shared by all
phase-variation sensors based on resonance or antiresonance,
is its adaptability to changes in the REF input variable.
Note that if the REF sample changes (with the corresponding
variation in the REF dielectric constant), the result is a change
in the resonance and antiresonance frequencies (the latter
being the frequency of operation). Thus, for sensor operation,
we do not need to redesign the device. It suffices to set
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TABLE IV
COMPARISON OF LIQUID SENSORS FOR VOLUME FRACTION

DETERMINATION IN BINARY MIXTURES

the operating frequency to the new antiresonance frequency.
In contrast, in phase-variation sensors where sensitivity is
boosted up by using impedance inverters implemented by
means of quarter-wavelength line sections [40], it is apparent
that changing the REF sample implies redesigning the sensor
(since the inverters should be rescaled to operate at the
new frequency). Also, note that the indicated adaptability
of resonance/antiresonance-based phase-variation sensors also
applies to phase-variation sensors based on weakly coupled
resonators, where the absence of additional microwave cir-
cuitry (i.e., inverter stages) makes it possible to operate the
sensor independently of the considered REF sample (fre-
quency tuning suffices). Nevertheless, we should clarify that
changes in the REF sample (and hence in the operation
frequency) of the proposed sensor (as well as in other sensors
based on weakly coupled resonators or on closely spaced
resonance and antiresonance frequencies) modify the value of
the maximum sensitivity.

The designed and fabricated sensor devoted to the deter-
mination of volume fraction of water/detergent in wine (the
one with ls = 12 mm), exhibits high sensitivity and good
resolution. Consequently, a potential application of such a
sensor could be the control of the purity of wine in industrial
bottling processes, where water/detergent is typically used and
introduced in the bottling pipes for cleaning purposes. After
a cleaning process, it is necessary to ensure that the bottled
product is free of water (and detergent) traces, and this can be
achieved by means of a high-sensitivity/-resolution sensor like
the one presented in this work. Although this article reports
a sensor based on a liquid holder, ongoing work is focused
on developing a similar sensor that utilizes a plastic pipe to

channel the liquid under test to the sensing element. This
approach, which allows the pipe to be integrated directly into
the bottling line, offers a practical solution for seamless sensor
integration within industrial bottling plants.

VI. CONCLUSION

This article has proposed a single-frequency, reflective-
mode, phase-variation sensor that integrates a defected ground
structure (DB-DGS) resonator with a series inductive strip.
The sensor is compact and versatile, since it can be applied
to the dielectric characterization of solid and liquid samples.
The sensor also exhibits high sensitivity due to the steep
phase slope of the RX coefficient at the operating frequency,
achieved by virtue of the resonance and antiresonance frequen-
cies that the device exhibits. The operating frequency should
be set to antiresonance when the sensing region is loaded with
the REF material (solid or liquid), and sensor redesign is not
required if the REF material is changed. This is because the
device merely consists of the DB-DGS resonator and the series
inductive strip (excluding the associated electronics needed
for sensing in an operative environment). These elements are
sufficient to enhance sensitivity for small perturbations, which
is the primary focus of this work, unlike other sensors that
achieve high sensitivity by incorporating additional microwave
components (e.g., impedance inverters), whose sizes are fre-
quency dependent. Thus, in the proposed sensor, retuning
the frequency of operation suffices to adapt the sensor to
the required application. The designed and fabricated sensor
has been applied to the dielectric characterization of solids.
By considering as REF, a material exhibiting a dielectric
constant of εREF = 3.55, and the sensor demonstrating a
maximum sensitivity of 382.4◦ per unit of dielectric constant
variation. The sensor has also been successfully applied to
quantify low concentrations of ethanol in DI water, in addi-
tion to the detection of small traces of water/detergent in
commercial wine. In the former case, the sensor achieved a
maximum sensitivity of 9◦/% concentration and a resolution
of 1%, both of which are highly competitive values. In the
second case, we have slightly modified the device to optimize
the sensitivity, since wine and water/detergent exhibit similar
electromagnetic properties. Specifically, we reduced the length
of the narrow inductive strip, as this modification has been
analytically demonstrated to enhance sensitivity at low concen-
trations of water/detergent. The sensitivity and resolution are in
this case 0.88◦/% and 2.5%, respectively. With such values, the
device can be used to determine the purity of wines and other
agrifood liquid products, after cleaning processes in industrial
bottling plants, where water (or water and detergent) is used
for cleaning, and traces of it might adulterate the consumer
product (for such an application, further work in needed in
order to replace the liquid pool with a pipe that can be more
easily integrated into the bottling plant).
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