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Abstract— This presents an
embroidered textile frequency-splitting
microwave sensor based on a pair of identical
stepped-impedance resonators (SIRs) loading a
microstrip transmission line. The sensor is
implemented by means of conductive threads.
The sensing region of the proposed structure is
the capacitive square patch of one of the SIRs. If
such region is kept unaltered, the structure is
symmetric, and the frequency response
(transmission coefficient) exhibits a single
transmission zero. However, if symmetry is
broken (e.g., through liquid absorption in the
sensing region), the frequency response of the
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proposed sensor exhibits two transmission zeros (frequency splitting). The difference (in frequency and magnitude)
between such zeros (or notches) is intimately related to the dielectric properties of the absorbed liquids to be
sensed/detected. The proposed sensing structure is applied to the detection of deionized (DI) water absorption, and to
the quantification of the number of DI water drops. The maximum measured sensitivity is found to be 2.70 MHz/ul and
0.03 dB/ul for the incremental frequency and incremental magnitude of the notches.

Index Terms— Absorption, conductive yarn, dielectric constant, drops, embroidered sensor, frequency splitting,

microstrip, microwave sensors.

I.  INTRODUCTION

EARABLE celectronics and electronic textiles (e-

textiles) areas are attracting the attention of researchers
in the last years. One of the most important aspects that offer
these two technological areas resides in the possibility to
integrate the electronic components and complete systems
directly into the textile substrate. This fact has allowed the
printing of passive electronic components [1-3] and
embroidering directly on textile substrates by means of
conductive threads [4-6]. This fact has opened a new door in
the design of microwave circuits, more specifically in the
design of wearable textile RF/microwave components (e.g.
filters and antennas) and sensors [7-14]. Today, wearable e-
textile technologies are experiencing a massive growth due to
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the properties they provide, especially in the field of sensors,
such as wash ability, and full direct implementation on the
clothes [15-16]. On the other hand, planar microwave sensors
can potentially satisfy many demanding requirements and
provide technical solutions to several challenging aspects due
to their low cost, small size and low profile. Also, microwave
planar sensors can be implemented in many different types of
substrates, including flexible and textile substrates.

In the recent literature, various strategies have been
proposed for the optimization of the sensitivity (one of the
most important performance parameters in sensors) in planar
microwave sensors implemented on rigid substrates. Most of
these works are based on the use of non-resonant [17, 18] and
resonant [19-22] structures. In the latter case, the most
extended working principle exploits the resonance frequency
variation due to the dielectric properties of the materials
(solids and liquids) under test (MUT). However, there are also
resonant sensors where frequency splitting is the sensing
mechanism [23]. Planar microwave sensors, either non-
resonant or resonant, can be implemented by considering
reflective-mode [24, 25] or transmission-mode [18, 22, 23]
structures, and using single-ended [19-22] or differential
measurement techniques [26-28]. Many reported sensors to
date exhibit very good performance (high sensitivity, high
resolution, low cost and easy fabrication process), and have
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been applied to the dielectric characterization of solids [18],
liquids [23], liquid composition detection [29], or defect
detection in samples [27], among others.

Frequency-splitting sensors (the subject of interest in this
paper) can be implemented following several strategies, but
the simplest one utilizes two identical sensing resonant
elements, symmetrically loading a host transmission line.
Sensing is based on the splitting in the resonance frequency
that result by symmetry perturbation. The most usual
procedure for symmetry truncation in pairs of resonant
elements is by placing asymmetric dielectric loads on top of
such resonators. Consequently, most reported frequency-
splitting sensors have been applied to the dielectric
characterization of solids and liquids. Such sensors are able to
detect differences between the so-called reference (REF)
sample, placed on top of one of the resonant elements of the
pair, and the sample (or material) under test (MUT), situated
on top of the other resonator.

This paper demonstrates, for the first time, the symmetry
properties of  frequency-splitting microwave  sensors
implemented in textile substrates. The proposed topology is
based on the work presented in [30], where frequency-splitting
sensors based on stepped impedance resonators (SIRs) [31]
and implemented in rigid substrates were proposed. The
frequency of operation of the textile sensor presented in this
paper is set to 3 GHz, and the sensor is applied to the
characterization of liquid absorption and drop detection. High
sensitivities and good repetitively in the measurements of
different prototypes are obtained, as it will be shown.

The paper is organized as follows. Section II presents the
sensor topology (including the equivalent circuit model), the
layout design of the proposed sensor, and the principle of
operation, considering the electric properties of textile
commercial materials (substrate and conductive threads [32,
33]). In Section III, the fabrication process of the presented
textile microwave sensor is detailed and validated trough
simulation and measurement of the bare sensor. The results
derived from this work concerning the characterization of the
amount of deionized (DI) water absorbed by the textile
substrate of the sensor, as well as the detection of drops of
small volume, are presented in Section IV. A comparison with
other  textile  microwave sensors for  absorption
characterization is carried out in Section V. Finally, Section
VI summarizes the relevant conclusions of the presented work.

Il. SENSOR TOPOLOGY AND PRINCIPLE OF OPERATION

The proposed frequency-splitting sensing structure, first
reported in [30], is based on a microstrip transmission line
loaded with a pair of mirrored stepped-impedance resonators
(SIRs) magnetically coupled (such magnetic coupling is
consequence of the proximity between the narrow inductive
strips of the SIRs). The layout and the equivalent circuit model
(including dielectric losses) are shown in Fig. 1. The host
microstrip line is described by the transmission line sections at
both sides of the SIRs, with characteristic impedance Z, and
electrical length &/, where k and / are the phase constant and

physical length, respectively. In reference to the SIRs, the
narrow strip and the rectangular patch are modeled by the
inductance L; and capacitance Cy, respectively, where i = 1, 2
denote the specific SIR. The dielectric losses are taken into
account by means of the resistance R, parallel connected to
the SIR capacitance, and the magnetic coupling between
resonators is described by the mutual inductance M (with
negative sign due to the opposite directions of the current lines
through the SIRs [see Fig.1(b)].

Note that the equivalent circuit model is not symmetric. The
reason is the disruption of symmetry caused by the presence of
a dielectric load (with complex permittivity ¢*=¢&’- je’’) in
the sensing region. The sensing region is the textile substrate
zone corresponding to the capacitive patch of the SIR
designated as 1 in Fig. 1. Thus, varying C,; and R.; can model
any change in the complex dielectric constant (real and
imaginary parts respectively) of the solid/liquid under test. If
the structure is symmetric, corresponding to an absence of
dielectric load in the sensing region, then Ly = Ly,. Cs = Cy,.
R, =R, and the transmission coefficient exhibits a single
transmission zero at the resonance frequency given by [30]

1
wy = 27fy = D

Lz = D

By contrast, if symmetry is disrupted (caused by a dielectric
material in contact with the sensing region or by changes in
the substrate in that region), a split in frequency appears,
causing the appearance of an additional resonance.
Considering L,; = Ly, = L, (the inductances are not affected by
the presence of absorbed liquid in the considered volume
range), the two resonance (angular) frequencies are given by

Ly(Cs1 + Cs3) + [ [Ls(Csy — Cs2)]? + 4C, C, M?
2ClesZ (Lg - Mz)

(2)
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Fig.1. 2D Layout (a), electric field distribution at the resonance
frequency (fo) of the coupled SIRs (b), 3D HFSS layout view (c), and
equivalent circuit model (d) of the proposed differential microwave
sensor. The ground plane is depicted in soft grey color. The relevant
dimensions are indicated.
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In Fig. 2, the resonance frequencies are designated as f; and
/>, and are related to the angular resonances of expression (2)
by fi = @./2n and f; = w,/2n. In such figure, circuit responses
corresponding to the symmetric case and two asymmetric
cases are depicted. Note that for the asymmetric responses,
only the capacitor C;; changes (the other electrical parameters
are kept unaltered).

To illustrate the electromagnetic behavior of the proposed
differential sensor, let us consider the topology shown in Fig.
1(c). Fig. 3 shows the full 3D electromagnetic simulation
(using the Ansys HFSS simulator) of the transmission
coefficient of the layout of Fig. 1(c), considering different
substrate dielectric conditions. The sensitive region (see Fig.
Ic) has been defined with a hypothetical material that
emulates the textile substrate conditions when liquid
absorption occurs. It is assumed that the liquid does not reach
the line region (a reasonable hypothesis for moderate
absorption in the sensitive region). The real and the imaginary
part of the complex dielectric constant (¢, ¢”’) of this material
has been linearly increased from the initial value of the textile
substrate, i.e., ¢’ = 1.30 and &= 0.00585, up to ¢’ =2.75 and
e =0.0123. As it can be expected, when the dielectric
constant of the sensitive region coincides with the nominal one
(symmetric configuration), the transmission coefficient
exhibits only a single notch in the vicinity 3 GHz. If the
symmetry is truncated by changes in the conditions of the
substrate in one of the SIR with respect to the other, frequency
splitting arises (Fig. 3). Under these conditions, the difference
in frequency (Af,) and magnitude (AS,;) between the two
generated transmission zeros can be related to the differential
complex dielectric constant of the MUT, with real and
imaginary parts designated by Ae’ and Ae"’.
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Fig.2. Typical frequency response of the transmission coefficient
(excluding losses and the transmission lines sections) of the equivalent
circuit of Fig. 1(d). The considered circuit parameters are:
La12,=2.00nH, Cs= 1.85pF, M= -049, and C=1.85pF,
Cs1 = 2.30 pF and Cg; = 1.50 pF for the three considered cases.

Due to the quasi-linear dependence of the complex
dielectric constant with Af, and AS,; (see Fig. 4), the changes
in both the real and the imaginary parts of the complex
dielectric constant can by expressed as [34, 35]:

Ag, = kIIAE + k12A521 (3a)

AS” = kz]_A]cZ + k22A521 (3b)

where k; (with j = 1,2 and i = 1,2) are coefficients that can be
deduced from the simulated data points of Fig. 4.
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Fig.3. Simulated frequency response of the transmission coefficient of
the sensor of Fig. 1(c) considering different complex dielectric
constants. The geometrical parameters in reference to Fig. 1(a) are:

wr=5.89mm, lk.=15mm, Ic=125 mm, w,=145mm, |,=3 mm,
w; =3 mm.
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Fig.4. Representation of simulated Af,= f, — f; and AS;1 = Soiminge —
Saminsn @S @ function of the dielectric properties of the considered
textile substrate for the implementation of real differential sensor. Note
that the horizontal axis corresponds to the real part of the complex
dielectric constant of the MUT. The corresponding values of the
imaginary part can be deduced from the insets of Fig. 3.

The following section describes the sensor fabrication
process to implement the textile frequency-splitting
microwave sensor prototype and the validation of the proper
definition of the different materials in the 3D simulator
software. The equivalent circuit model of Fig. 2(d) is also
validated.

I1l. SENSOR FABRICATION AND VALIDATION

To obtain a textile frequency-splitting microwave sensor
operating at f,=3 GHz, a two layer of non-woven 100%
polyester (PES) textile material (each one of 0.80 mm
thickness) with permittivity e,=1.30 is considered. The
dielectric loss tangent is tan & = 0.0045. The considered textile
substrate has advantages, such as a high resistance to breakage
by penetration and lightweight (weight of 211 g/m?. One
layer of textile substrate has been covered with an adhesive
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copper of 35 um thickness and conductivity 5.8-10" S/m to act
as the ground plane of the structure. The embroidered metallic
conductor (that includes the 50-Q host microstrip transmission
line and the SIRs) in layer 2 has implemented by means of a
Singer Futura XL550 sewing machine, considering
conductive thread (commercial Shieldex 117/17 2-ply with
99% pure silver-plated nylon yarn 140/17 dtex) [36]. The
embroidery technique for the sensor has been done by means
of a satin fill pattern creating rows of stitches. Regarding the
embroidery setup, a weave fill pattern with stitch spacing
(distance between two consecutive stitches) and stitch length
of 0.45 mm and 5 mm, respectively, has been considered (the
linear resistance is less than 30Q/cm [36]).

After soldering the 50-Q 3.5-mm connectors to the ground
plane, the signal path has been fixed interlacing it with the
conductive fibers of the yarn. A photograph of the fabricated
sensor prototype is depicted in Fig. 5. Note that the two textile
dielectric layers have been glued with a specific spray and
finally sealed with insulating tape in order to avoid air gap
effects. With the considered substrate parameters, the width of
the microstrip line provides a characteristic impedance of
Zo= 50 Q (matched to the reference impedance of the ports).

The measured transmission coefficient (magnitude and
phase) of the prototype of Fig. 5 is plotted in Fig. 6. The
frequency response inferred by the layout of Fig. 1(c)
(considering the geometrical parameters of the figure caption
in Fig. 3), and the response of the circuit of Fig. 1(d), are
included in order to validate the proper definition of the
different materials in the 3D Simulator. The electrical
parameter extraction has been done by considering a single
SIR loading a microstrip line, and using the scattering
parameters [37] obtained from the HFSS electromagnetic
simulator. Finally, the inductive coupling coefficient M has
been obtained by curve fitting. The agreement between the
three curves is good in the considered frequency range. The
measured frequency and magnitude of the transmission zero is
3.09 GHz (2.2% of variation respect to the simulated one) and
—24.937 dB (0.1% of variation respect to the simulated one). It
should be noted that a high level of symmetry has been
obtained (essential for the correct operation of the
sensor/comparator), since the fabricated prototype exhibits
only one transmission zero.

Once the prototype has been fabricated, the next step is to
validate the electromagnetic sensor performance through
absorption of DI water, that produces a variation in the
complex dielectric constant (¢*) of the textile substrate in the
sensitive region (the area below the capacitive patch of SIR).

Fig.5. Top (a) and bottom (b) views of the fabricated textile microwave
frequency-splitting sensor. The sensing region is indicated.
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Fig.6. Transmission coefficient magnitude (a) and phase (b)
corresponding to the sensor of Fig. 5 (symmetric case). The electrical
parameters in reference to the equivalent circuit model of Fig. 1(d) are:
Lsi2=2.00 nH, Cg12= 1.85pF, Ra2= 184 Q, Zo =50 Q, kl = 61° and
M = -0.49.

IV. EXPERIMENTAL RESULTS

To experimentally validating the proposed microwave
frequency-splitting sensor, i.e., its capability to detect
permittivity-related changes in the sensing region, absorption
tests have been carried out. Note that this is the interest of this
work, rather than determining the complex dielectric constant
of a certain liquid under test (for that purpose, sensors based
on low-loss microwave substrates are preferred). The
considered liquid to be absorbed is DI water, with a complex
dielectric constant of ¢*=78.11 — j12.81 at 3 GHz. Both the
real and the imaginary parts of the complex dielectric constant
of DI water are significantly higher than those of the
considered textile substrate (with ¢’ =1.30 and ¢’ = 0.00585).
Therefore, the effective dielectric constant of the sensing zone
should increase when DI water is absorbed. Because of that,
frequency splitting is expected, and two resonances should
appear. Indeed, the two resonances, or notches, should be
situated to the left of f,, the resonance frequency for the
symmetric case (where absorption is absent). The different
transmission coefficients (obtained by means of a handheld 2-
port Keysight N9923A Fieldfox RF vector network analyzer)
of the sensor of Fig. 5, considering absorption of DI water in
the volume range between 50 pl and 200 pl, are shown in Fig.
7. The different measurements have been made with a
precision pipette with an operating range between 1 pl — 1000
pl.

As expected, frequency splitting increases with the amount
of absorbed liquid. The difference between the notch
frequency position (Af,= f, — f;) and notch magnitude
(AS21=Somingz  — Samin) increases and  decreases,
respectively, as the amount of absorbed DI water increases, in
coherence with the results of Fig. 4. The measured (average)
sensitivity is 2.56 MHz/ul and 0.027 dB/ul for the differential
frequency and differential notch depth, the output variables.
Due to the reasonable good linearity (see Fig. 8) of the sensor
response (for both Af, and AS,), the amount of absorbed DI
water in the sensitive region (the square patch capacitor
indicated in Fig. 5) can be calculated as follows

Absorption (ul) = —244.59 + 0.39(Af,) (4a)
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Absorption (ul) = 490.90 — 37.02(AS,,) (4b)

with a square correlation coefficient of R?=0.986 and
R? = 0.981 respectively.

To ensure that the sensor does not experience any potential
memory effect between the different measurements, the
sensing region has been dried after each measurement. For
that purpose, an air dryer has been used. The measured curves
are plotted in Fig. 9, where it can be seen that such curves are
roughly undistinguishable and exhibit a single transmission
zero at f,, indicative of sensor symmetry. Nevertheless, the
measured curves (indicative of the recovery state for the
frequency-splitting sensor) exhibit a variability in frequency
and magnitude of 1.8% and 4.1% respectively, at f,, i.c.,
perfectly acceptable.

In order to evaluate the repeatability of the measurements,
two additional textile frequency-splitting microwave sensors
(A and B) have been fabricated using an identical process to
that of the sensor of Fig. 5 (see Fig. 10). For these new
sensors, the same measurements carried out with the sensor of
Fig. 5 have been performed. However, in sensor A, the
different measurements have been done by gradually
increasing the amount of DI water from 50 pl up to 200 pl. By
contrast, in sensor B, the measurements have been made
randomly. In view of the results, plotted in Fig. 11, the
differential frequency seems to be less dispersive than the
differential notch magnitude. This may be due to tolerances in
the fabrication process (embroidery pattern, ground plane
fabrication and assembly of the two textile layers), that affects
directly the losses of the structure. In any case, the
repeatability in the measured range is very acceptable. Using
equation (4a), the obtained relative dispersion in all the
measurements is less than 11%.

Additionally, the fabricated textile frequency-splitting
sensor of Fig. 5 has been applied to drop detection. For this
experimental measurement setup, drops of 50 pl (the
minimum quantity of DI water that the proposed sensor is able
to detect, or sensor resolution) have been deposited in the
sensitive region of the sensor. After the textile sensing region
absorbs the drop, a split in frequency occurs. The different
curves for the transmission coefficient, considering 1 drop, 2
drops and 3 drops are plotted in Fig. 12. Since each drop has
the same quantity of liquid (50 pl), it can be expected that the
frequency response obtained for each measurement agree with
the results of 50 pl, 100 pl and 150 pl shown in Fig. 7, as it
occurs to a good approximation. In this set of experiments
(considering 3 drops as the dynamic range of the sensor), the
measured average sensitivity of the proposed microwave
frequency-splitting sensor is found to be 135 MHz/drop =2.7
MHz/ul (similar to the sensitivity inferred in the
measurements of Fig. 8). The data points for the output
variables corresponding to the different number of drops are
depicted in Fig. 13.
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Fig.7. Measured transmission coefficient (magnitude) for different
quantities of absorbed DI water in the sensing region of the proposed
sensor.
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Fig.9. Measured transmission coefficient (magnitude) of the proposed
microwave frequency-splitting sensor after each measurement plotted
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Fig.10. Fabricated textile frequency-splitting microwave sensors to
evaluate the repeatability of the absorption measurements.
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Fig.12. Measured transmission coefficient (magnitude) for different DI
water droplets absorbed in the sensing region of the sensor in Fig.5.
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Fig.13. Representation of measured Af, = f, — f; and AS;1 = Soiminge —
Soiminsr @S @ function of the number of absorbed DI water drops in the
sensing region of the fabricated textile frequency-splitting microwave
sensor.

V. COMPARISON WITH OTHER WEARABLE MICROWAVE
SENSORS FOR DIELECTRIC CHARACTERIZATION

Let us now compare the proposed sensor with other textile
microwave sensors considering absorption of liquids. It is
difficult to find in the available literature other reported
sensors based on the same technology (in this case, a full

embroidered textile sensor), working with the same output
variable (frequency splitting), and considering the same input
variable (absorption of DI water). Thus, in the comparative
Table I, the authors have also included works where the
sensors are implemented on rigid substrates [23],[30], but the
working principle is based on the same approach. The
proposed embroidered microwave sensor has shown a good
compromise between maximum sensitivity, Spax, defined as
the variation of the split resonance frequency with the
dielectric constant (expressed in MHz), or with the absorbed
volume of liquid (expressed in MHz/ul), resolution, operating
frequency (fy) and full compatibility with embroidered
wearable electronic systems. In [38], a flexible printed
microwave sensor is demonstrated to be able to detect DI
water with a resolution and sensitivity (in MHz/ul)
comparable to the one of the presented approach, but such
sensor is not based on embroidered techniques. In [39], a
circular-ring monopole textile antenna based-sensor for the
determination of salinity and sugar concentration through
absorption is presented. The reported sensitivity (in MHz/ul)
and resolution is of the same order, but worse, as compared to
the one of the sensor proposed in this paper. Moreover, in
[39], a single-ended measurement technique was considered.
By contrast, in this work, a quasi-differential technique has
been used, and the sensor exhibits robustness against cross-
sensitivities caused by environmental factors (as far as they
are seen as common-mode stimuli).

In Table I, references [23] and [30] have been included
since the operation mode is the same to the one in this work
(frequency splitting), as indicated, but such sensors were
implemented on rigid (conventional) microwave substrates.
The input variable in these sensors is the dielectric constant of
the MUT. Thus the sensitivity is expressed in units of MHz.
Smax N [30] is very high, but such sensor operates at very high
frequency. Thus, for a faithful comparison, the relative
sensitivity, i.e., Spax/fo = Smaxfo Should be considered (it is

included in Table I). In view of the values of Spaf., it can be
appreciated that the sensor presented in this work is the one
exhibiting the highest relative sensitivity. Indeed, in [30], the
dielectric material (MUT) was positioned on top of the
resonant sensing element (also a SIR), thereby keeping the
complex dielectric constant of the substrate (where the sensor
is implemented) unaltered. By contrast, in the present work,
the liquid modifies the dielectric properties of the textile
substrate (where most of the electromagnetic field lines are
confined), resulting in an enhancement of the relative
sensitivity.

TABLE |
COMPARISON OF VARIOUS MICROWAVE SENSORS FOR
DIELECTRIC CHARACTERITZATION

Ref. fo Stax Smaxfo | RResolution Textile
(GHz) | (MHz/ul)/ (%) (uh) Substrate /
Smax (MHZ2) Conductive
thread
[23] 0.98 - /3.60 0.36 - No / No
[30] 60.00 - 14722 7.87 - No / No
[39] 2.40 0.80/ - - 80 Yes/ Yes
[38] 2.43 2.20/ - - 50 No / No
This 3.00 2.70/280 9.3 50 Yes/ Yes
work
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VI. CONCLUSIONS

In this work, a frequency-splitting microwave sensor based
on stepped-impedance resonators (SIRs) implemented in
textile substrate, using a embroider technique, is presented for
the first time. The sensor structure is based on a non-woven
100% polyester (PES) textile substrate and conductive thread
(Shieldex 117/17 2-ply with 99% pure silver-plated nylon yarn
140/17 dtex). The sensing principle is based on the
asymmetric loading (in one SIR with respect to the other) that
the absorption of DI water generates. This affects the effective
complex dielectric constant of the textile substrate and
therefore produces changes in the frequency response of the
transmission coefficient (resonance frequency and magnitude).
The proposed textile microwave sensor demonstrates an
average sensitivity of 2.51 MHz/ul and 0.03 dB/pl in
frequency and magnitude, respectively (with a resolution of
50 ul). The presented sensor can also be applied in
applications where the detection of small (=50 pl) drops is
needed, and the measurements covered the dynamic range
between 50-200 ul. It is worth mentioning that in a real
scenario, the high-cost vector network analyzer (VNA) can be
replaced by a voltage controlled oscillator (VCO) covering the
whole frequency span, or output dynamic range (or
alternatively a set of VCOs able to cover the desired frequency
span of operation). Repeatability in the fabrication process of
the proposed sensor has been verified by additional fabrication
of two prototypes. The presented textile frequency-splitting
microwave sensor exhibits the following advantages: high
sensitivity and resolution, good dynamic range, easy
fabrication process and wearability. The results derived from
this work validate the possibility of implementing textile-
based sensors based on frequency splitting, and devoted to
absorption measurements. Different topologies, aimed to
further enhancing the sensitivity (e.g. by uncoupling the
resonant elements), combined with textile substrates, and
using embroidery techniques, can be envisaged.
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