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ABSTRACT This paper presents a broadband, simple, re-useable and low-cost approach for noninvasive
sweat monitoring using a passive microwave circuit and a cellulose filter paper as a superstrate. The proposed
sensor is composed of filter paper with the ability to absorb the sample liquid under test (LUT) placed on
top of a coplanar waveguide (CPW) transmission line. Various samples of sodium chloride (NaCl) solutions
with concentrations in the range of 0.01-2 mol/L and models of artificial sweat are used to test the proposed
sensor. The difference in transmission coefficient (S21) between dry and wet states is used to determine
the concentrations of tested solutions in the band of 1-6 GHz. The sensor detects concentrations as low
as 0.01 mol/L (0.58 g/L) and quantities as low as 137 µL with a maximum sensitivity of 46.7 dB/g/L. The
proposed sensor presents a simple approach to sample and characterize liquids with enhanced sensitivity and
consistent performance using microwave signals.

INDEX TERMS Microwave bio-sensing, paper superstrate, hydration sensor, cystic fibrosis diagnosis, liquid
characterization, re-useable sensor, sweat monitoring.

I. INTRODUCTION
With the increasing interest in early diagnosis and thera-
peutic technologies, there is a growing interest in analyzing
biofluids. Biofluids including urine, blood, tears and sweat
carry physiological biomarkers that can reflect health status.
Normally, blood carries highly accurate information on the
human body. With a composition of sweat that is osmotically
related to blood, sweat is an excellent candidate for easy, fast
and non-invasive monitoring. This will allow the diagnosis
of diseases such as Cystic fibrosis (CF) and dehydration via
sweat monitoring.

Cystic fibrosis (CF) is a genetic disorder disease that
affects the production of mucus in the respiratory, digestive
and reproduction systems and causes fatal lung infections [1].
In the United States and the United Kingdom, the average life
expectancy for a CF patient is 35 to 40 years old whereas in
countries such as India, El Salvador, and Bulgaria, the life
expectancy drops to below 15 years [2]. The standard test for
CF is a sweat test. Patients with CF have excess salt (NaCl) in
their sweat with concentrations of 60 mmol/L or higher [3].
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However, CF is not the only medical condition that may
contribute to an increased concentration of NaCl in sweat.
Dehydration can also contribute to an increased concentration
of NaCl in the sweat. Dehydration occurs when the body
losses a large amount of water without replacement [4]. The
most common reasons for dehydration are vigorous exercise,
diarrhea, vomiting, fever, and hot weather [4]. In addition
to affecting the cognitive and physical abilities, dehydration
can increase the likelihood of developing deep vein throm-
bus (DVT) and pulmonary embolism (PE) which has a high
morbidity rate if not caught early [5]–[7]. In the U.S., It is
estimated that 100,000 people die each year due to PE [7].
This is caused by amobile DVT going into the lungs, and 25%
of those who are affected by a PE die without a warning [7].
COVID-19 has been linked to an increased risk of throm-
bosis [8], [9]. Moreover, the accompanying lock down, has
decreased the activity of individuals significantly and thus,
there is a much higher risk to develop DVTs [5]–[7].

Human sweat is mainly composed of sodium, chloride,
potassium, magnesium, zinc, iron, calcium, copper phos-
phate, uric acid, urea, lactic acid as well as amino acids [10].
Among major sweat components, tracking sodium (Na+),
chloride (Cl-) and potassium (K+) can provide information
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on the water-salt balance in human tissues, hydration levels,
and the presence of cystic fibrosis [3].

Moreover, sweat collection does not require needles or
induce pain which makes it suitable even for infants who are
just a few days old [3]. The cystic fibrosis foundation had
issued some guidelines [3] for a well-performed and inter-
preted sweat test. Those guidelines include recommended
collection methods, inducing the sweat by pilocarpine ion-
tophoresis, the amount of sweat sample which should be at
least 75 mL and the lower limit of detection should be at least
10 mmol/L for NaCl concentration. For a positive test, the
sweat chloride concentration should be at least 60mmol/L for
several consecutive tests [3]. Generally, the concentration of
sodium ions (Na+) varies from 20-70 mmol/L [11] in healthy
individuals, although it can be affected by other factors such
as fitness level and acclimation.

Several sensors have been reported in literature that mon-
itor electrolytes in sweat [11]–[13]. This includes using
skin potentiometric sensors [11], impedimetric sensors [12],
and multi-biomarker selective patches [13]. However, these
devices require continuous contact with the skin during mea-
surements. This increases the complexity of sensing and
requires extensive testing to understand the effect of other
variables related to skin tissues such as age and gender.

Recently microwave-based sensors offer a non-invasive
solution to characterize biofluids [14]–[24]. Body fluids
with different electrolytic concentrations can result in differ-
ent losses and hence attenuation of electromagnetic waves.
The detected reflected or transmitted signals carry informa-
tion on electrolytic concentrations, motivating the develop-
ment of non-invasivemicrowave-based sensors. This includes
tracking concentrations of NaCl [14], [15], [21]–[23],
glucose [16]–[21], KCl and CaCl [22]. The distinctive
dielectric properties of biofluids could help in monitor-
ing kidneys status through urine [22], diabetes through
glucose levels [17]–[20], [25], [26], dehydration through
sweat [23], [24], [27] and blood [28]. Among different
sensors reported for tracking electrolytes [11]–[27], sodium
chloride (NaCl) results in the largest recorded variations with
changing hydration states [23], [24].

In [23], our group presented a resonator-based conformal
and disposable sensor to track the concentrations of NaCl in
sweat in the band of 2-4 GHz. The sensor is composed of a
microstrip patch antenna with filter paper acting as substrate.
The filter paper is meant to absorb the liquid under test
(sweat). Using reflection-based measurements, NaCl con-
centrations in the range of 8.5–200 mmol/L, representing
different hydration states are detected. On the other side,
reflection-based sensors provide narrow-band sensing and
they are less feasible than transmission-based sensors in inte-
gration with real world applications. For such systems, it is
necessary to use Vector Network Analyzer (VNA) to separate
and measure the incident and the reflected waves.

In this paper, a broadband transmission-based non-
invasive, and low-cost sensor to track NaCl concentration in
sweat is presented. This work aims to elevate the concept

of using filter papers as a substrate for a microwave-based
sensor presented in [23]. Instead of disposing both paper
substrate and microwave circuit in [23], only the filter paper
used as a superstrate to a CPW line will be disposed after each
sample. The proposed sensor will be re-useable instead of
being disposable with more structural integrity and an overall
lower cost. The proposed sensor is transmission-based with
minimal requirements for complementing devices. The filter
paper is meant to sample the liquid under test (sweat) and the
changes in the electrolytes concentrations is inferred from the
transmission levels.

The rest of the paper is organized as follows, section II
explains the design of the sensor, section III explains the sens-
ing approach in terms of the interface technique, section IV
explains the experimental measurement procedures including
sample preparation, section V showcases the simulation and
measurement results, section VI discusses the results by com-
paring it to similar work in literature and finally the work is
concluded in section VII.

II. SENSOR DESIGN
CPW lines have demonstrated higher sensitivity in dielectric
properties extraction and material characterization compared
to microstrip and slot lines [12], [18], [22], [24], [29]–[32].
Normally, microstrip-based structures are used in resonance-
based sensors due to the sensitivity of the microstrip
gap. On the other side, CPW modes are associated
with fringing fields that are less confined in the sub-
strate compared to microstrips. Although slot-lines also
acquire fringing fields as CPW, they are not compati-
ble with a standard SMA connector and the radiation
losses might impact the sensing results. Therefore, slot-lines
may not be suitable for direct transmission-based sensors
as CPWs.

CPWs have been used as material sensors in the litera-
ture [33]–[37]. In [33]–[36], a resonator itched on the central
conductor was used to detect wetness [33], and characterize
liquids such as oils [34], [36], and biological samples [35].
Moreover, CPWs are frequently used in different circuits
including filters, couplers and power dividers which can be
adapted into high sensitivity sensors. In [37], 4 CPW lines
used as input ports for a directional coupler were used to
measure the complex permittivity of a solid sample.

In the proposed sensor, the CPW line is implemented on
FR4 substrate with dielectric constant εr of 4.4, losses (tan δ)
of 0.02 and height h of 1.6 mm. The substrate has width
(wt) of 40 mm, and length L of 50 mm. The dimensions
of the CPW line shown in Fig.1 are strip width (ws) of
2 mm, gap width (g) of 2 mm and conductor thickness t
of 50 µm. These dimensions correspond to a characteristic
impedance of 100 �. This impedance was chosen to increase
the size of the gap width to 2 mm compared to 0.3 mm for
50 � line. The chosen line impedance of 100 � is a tradeoff
between fabrication tolerance, acquiring sturdy soldering and
low insertion loss of −2.13 dB across the operating band
(illustrated in Fig.3).
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FIGURE 1. Top view of the manufactured CPW-based sensor.

FIGURE 2. Simulation model of CPW-based sensor showing the CPW line,
the two connectors and the layer representing paper superstrate or liquid
under test (shown in green).

FIGURE 3. Measured and simulated S-parameters of the CPW-based
sensor versus frequency without paper superstrate.

The CPW transmission line is simulated using HFSSv15.0
in the range of 1-6 GHz. The simulation model is shown in
Fig. 2. It is composed of the CPW line and the two connectors
inside an air box with radiation boundary. A layer of height
180 µm (shown in green in Fig.2) represents the filter paper
and is placed on top of the CPW line. The dielectric properties
of this layer will be equivalent to tested saline solutions
with NaCl concentrations in the range of 0.01-2 mol/L. The
excitation port is placed at the end of the SMA connectors
from which S-parameters are recorded. Thus, the simulations
mimic real prototype with connectors added to the sensor
model.

The sensor was fabricated and measured using Anritsu
(MS4647A) Vector Network Analyzer (VNA). Fig 3 shows
the measured and simulated reflection coefficient (S11)
and transmission coefficient (S21) of the structure.

The measurements were in good agreement with simulation
with three transmission (| S21|) peaks of 0 dB at 2, 4,
and 6 GHz.

III. SENSING APPROACH
The key idea in the proposed sensing approach is to place
the filter paper on top of the CPW line. The paper will be
used to sample the intended liquid under test (LUT) using
a pipette, or through direct absorption from a surface such
as the skin for sweat collection. The paper superstrate is
Whatman Grade 1 (WHA1001090) filter paper and has a
thickness of 180 µm. The dielectric properties of the paper
were characterized previously by our group in [23] with
dielectric constant εr of 1.9, and losses (tan δ) of 0.025.

Different approaches for sample placement were reported
in literature in [14], [18]–[22], [31], [34], [36], [38]–[41].
These approaches include using containers either placed on
the sensor [20], [34]–[36], [40] or in proximity to the sen-
sor [38]. Although the container approach allows using big
sample size, it usually wastes a large portion of the sensitive
surface of the sensor due to the thick walls of the containers.
Moreover, most of this volume was added in the vertical
direction away from the circuit where the fringing fields are
almost absent. Thus, the sensitivity is not improved as most
of the liquid is not sampled by the field. In [40], A method
to increase the sampled volume by adding two aluminum
blocks on top of a resonator was proposed. However, this
is not applicable to most sensor designs. Other approaches
such as fluidic channels [14], [19], [21], [22], [39], and
capillary tubes [18], [31], [41] also exist. However, a major
drawback with capillary tubes and fluidic channels is that
they usually require extra amount of liquid to ensure that the
capillary or channel is full where it gets in contact with the
sensor. Moreover, the cylindrical shape of capillaries limits
its contactability to the flat surface of the circuit. Those
approaches also require complementary mechanical systems
such as pumps or syringes to fill or empty the liquid. These
mechanical systems will contribute to the cost of the final
system.

Another reported approach is to apply drops of the liq-
uid directly on top of the circuit [30], [33]. However, this
technique requires precision in the exact location on which
the drops land. This is because any error in the location
of the drops will contribute to the instability of the results.
Moreover, those techniques are unpractical for sampling and
collection of some biofluids such as sweat which usually
limited in quantity.

In the proposed sensor, the filter paper damped with
intended LUT is placed on the sensor. Being in full contact
with the sensing surface and the homogenous distribution
of the sample is expected to boost the sensitivity of the
proposed sensor. The LUT will alter the electrical proper-
ties of paper superstrate. Thus, the fringing fields of the
CPW line will interact with new dielectric properties and
consequently, differences in measurements for transmission
coefficients (S21) will occur. The differences between dry and
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FIGURE 4. Calculated conductivity versus frequency for NaCl solutions at
concentrations 0.01-2 mol/L used in simulations.

FIGURE 5. Calculated relative permittivity versus frequency for NaCl
solutions at concentrations 0.01-2 mol/L used in simulations.

wet states should provide an indication about the electrical
properties of the LUT. This could be used to generally char-
acterize liquids and track concentrations of different bioflu-
ids. Specifically, with the proposed approach, electrolytes
in sweat could be monitored. This could help in diagnosis
of dehydration and CF through sweat. Among major sweat
electrolytes [14], [23], [24], NaCl has been proved to have
the dominant effect in changing electrical properties of sweat
over the other components [23], [24].

In order to validate the operation of the proposed approach,
the sensor will be tested with solutions of different concen-
trations of NaCl in both simulations and measurements. The
set of concentrations used in simulations were in the range
0.01-2 mol/L. These values match concentration of the sam-
ples prepared for measurements and representing different
hydration states. Usually, the concentrations of NaCl in sweat
for normal and dehydration states are 0.01 and 0.1 mol/L
respectively [23], [24]. Moreover, a concentration higher than
0.06 mol/L is an indication that cystic fibrosis is a likely
diagnosis [3].

The expected range for the measurements is much smaller
than our proposed range. Yet, it was necessary to explore
larger dynamic range of the sensor in order to avoid mis-
leading results at higher concentrations. Furthermore, it can
indicate whether the sensor is viable with other biofluids
such as urine, or other industrial applications with higher
concentrations of NaCl.

TABLE 1. Measured dielectric properties of distilled water (DW), and
different NaCl Solutions at 2 GHz.

The CPW line is simulated with a layer of thickness
180 µm on top of it. This thickness is equivalent to the paper
superstrate that will be placed in the experiment. The electri-
cal properties of this layer will be equivalent to the intended
liquid under test. The calculated conductivity and relative per-
mittivity of the NaCl solutions versus frequency are shown in
Fig.4, and Fig.5 respectively. These properties were obtained
using the equations described in [42], calculated using GNU
Octave v5.1.0 for each individual concentration and imported
into HFSSv15.0 for simulation. Table 1 shows the permit-
tivity and conductivity of distilled water (DW) and different
saline solutions at 2 GHz (frequency of interest). The given
properties in Table 1 were measured experimentally by our
group using a dielectric probe (87050E, Keysight Technolo-
gies) and reported in [24]. These measured values are within
2-5% from the calculated values shown in Fig.4 and Fig.5.
All materials used in the proposed sensing system including
Air (εr = 1, tan δ = 0), FR4 (substrate of sensor), Pure DW
and NaCl solutions do not acquire magnetic properties. Thus,
they all have relative permeability µr of 1. The results of the
simulations are presented and compared to measurements in
section V.

IV. TEST SOLUTIONS & EXPERIMENTAL SET UP
In order to start measurements, six samples of NaCl solu-
tions with concentrations 0.01, 0.1, 0.2, 0.5, 1, and 2 mol/L
were prepared. These concentrations are similar to those used
in simulations. The preparation process was as following:
A commercial grade table salt was weighted using a scale
of 0.0001 grams precision. 1 mol of NaCl is equivalent to
58.44 grams. Therefore, 0.5844, 5.844, 11.688, 29.22, 58.44
and 116.88 grams were prepared and stored separately in
an air-tight container to avoid any exposure to moisture.
On the day of measurement, the salt samples were each added
to 1 liter of Distilled Water (DW) in a clean glass graded
cylinder. Then it was stirred rigorously using a clean glass
stirring rod till no trace of solid salt crystal was visible.

The samples were then placed inside clean sealed cups to
prevent evaporation. The cups were medical grade disposable
collection cups which grantees that no reaction to saline
solutions would take place. The samples were then left to rest
for at least an hour in a temperature-controlled environment
to remove any air that might have been trapped during the
preparation process. This makes sure that all the solutions
have reached an equilibrium ambient temperature. In order
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FIGURE 6. Measurement setup showing the Vector Network Analyzer
(VNA) connected to the CPW-based sensor loaded by a dry filter paper.
Inset figure shows zoom-in for a wet filter paper after applying drops of
LUT using pipette.

to apply the LUT samples on the filter paper, disposable
pipettes were used. All from the same batch, the drop weight
is calibrated through 60 rounds of measurements using a high
precision scale. The average volume of one drop from the
calibrated pipette is 34.4 µL.

The measurement setup used with the proposed sensor is
shown in Fig.6. It is composed of the CPW transmission line
and paper superstrate connected to the VNA. Fig.6 shows a
zoom in for filter paper cut using scissors into a rectangular
shape of size 40 mm x18 mm and after applying LUT using
pipette. This length is equal to the whole length of the trans-
mission line (λ/2 at 2 GHz) till the edges of the two SMA
connectors. The width of the paper superstrate covers both
gaps of the CPW where most of the field exists.

The measured S-Parameters were acquired using Anritsu
MS4647A vector network analyzer (VNA) with measure-
ment range up to 70 GHz. Both ports of the VNA were
calibrated before each measurement session. The calibrated
range was from 1 GHz to 6 GHz with 1001 points per
sweep. The measurements are divided into two categories;
dry and wet measurements. The dry measurements include
the unloaded CPW, the CPW loaded by dry filter paper,
and the CPW which has been wiped dry by lint free wipes
after each measurement. The purpose of the dry measure-
ments is to investigate whether there is a loading effect
from the filter paper and whether the sensor would have a
memory effect from previous measurements. The results of
the dry measurements are shown in Fig. 7. It is apparent
that the dry filter paper has a minimal loading effect on the
CPW’s response. Moreover, the CPW-based sensor retains its
response when dried post measurement with LUT as shown
in Fig.7. Thus, the sensor is reusable and retains its response
post measurement.

The wet measurements are conducted using the CPW line
and paper superstrate damped with the saline solutions. Wet
measurements with saline solutions were divided into three

FIGURE 7. S-parameters versus frequency for the unloaded CPW, the CPW
loaded with dry filter paper, and the CPW wiped out dry post
measurement.

separate rounds. The rounds were at least one day apart.
This was intended to investigate the effect of day to day
unintentional variations such as temperature, filter paper size,
filter paper positioning, the exact quantity of the solution,
cable connections, and VNA calibration on the accuracy of
measurements and detection. In each round, each concentra-
tion was measured six times at two different liquid quantities
(4 drops and 6 drops). For each quantity, three rounds of
measurements were recorded. First, a quantity of 4 drops
(137 µL) is added to the paper superstrate. This is followed
by adding another 2 drops, so the total amount of liquid under
test is 6 drops (206 µL). The results of three measurement
rounds were averaged and compared in section V. The effect
of changing the quantity and concentration of LUT on the
measurements will be also discussed. The total quantity of the
solution absorbed by filter paper is 6 drops corresponding to
206µL. Although this quantity of sweat is significantly lower
than the recommendation of the CFF (75 mL) [3], it should
provide sufficient accuracy due to the high sensitivity of the
proposed sensing approach.

During measurements, accidental air gaps could form
when applying the wet filter paper to the flat surface of CPW
line as shown in Fig.8(a). These air gaps can contribute to
a significant error up to 15% in the measured values of S21.
Therefore, any visible air gaps should be removed by tapping
the filter paper with a smooth rounded object to avoid tearing
the paper. Fig.8(a) shows an air gap after applying LUTwhile
Fig.8(b) shows the same filter paper after the air gap was
removed using the smooth backside of the pipette. Once the
air gap is removed, measurement error is eliminated.

V. RESULTS
Starting from almost 0 dB transmission, increasing the
NaCl concentration increases conductivity and consequently
losses. Fig. 9(a) shows the simulated transmission (S21) while
Fig. 9(b), 9(c) show the measured S21 for 4 and 6 drops
respectively at different concentrations. In order to explain
the recorded data, a comparison is performed at a single
frequency of 2 GHz. This corresponds to the first half wave-
length resonance of the original structure with reference level
of almost 0 dB. Table 2 summaries the transmission values
at 2 GHz for the EM simulations as well as the measurements
of 4 and 6 drops for each concentration.
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FIGURE 8. Top view of the CPW line with the wet filter paper (a) with an
air gap (inside the red circle). (b) after the air gap was removed using the
smooth back side of the pipette.

TABLE 2. Simulated and Measured Transmission results at 2 GHz.

From Table 2, the simulation results show similar behavior
to the measurements. However, it was lower than the 4 drops
in the 0.01-0.2 mol/L range, whereas it became higher
than 4 drops in the 0.5-2 mol/L range. On the other hand, the
measurements of the 6 drops quantity remained significantly
higher than simulation across the whole range of samples.

Since the sensor would be used in a biomedical application,
it is essential to investigate some measurement uncertainties
that can affect the results. One of which is the location where
the drops are applied. Although the filter paper would absorb
the LUT and distribute it across the sensor’s surface, there is
no guarantee that the distribution is completely homogenous.
In order to investigate this effect, the drops of a saline solution
with NaCl concentration of 0.1 mol/L are applied to the filter
paper at three different positions; the center (nominal case),

FIGURE 9. S21 (dB) versus frequency for CPW based sensor loaded with
filter paper sampling NaCl solution with concentrations in the range of
0.01-2 mol/L (a) simulations, (b) 4 drops measurements, (c) 6 drops
measurements.

FIGURE 10. Percentage of change in magnitude of S21 versus frequency
at different positions of dropping LUT to the filter paper. The values are
normalized to the nominal case of dropping LUT at the center of the filter
paper and shown as a 100% line.

the corner and the edge. The experiment was repeated 3 times
and variations inmagnitude of S21 due to changing position of
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FIGURE 11. Simulated S21 (dB) versus frequency for CPW-based sensor
using models for artificial sweat representing dehydrated and
diluted (normal) states.

dropping LUT are recorded and averaged. Fig. 10 shows the
percentage of change in S21 at different locations compared
to the nominal case at center. From Fig. 10, position of the
drops can introduce variations of 2-6% to magnitude of S21
across the band of 2-6 GHz.

To further validate the operation of the proposed sensor
to monitor sweat, the electrical properties of artificial sweat
characterized in [24] representing normal and dehydrated
states will be used in simulations. Artificial sweat recipe
in [24] follow the European standard (EN1811:2011) pre-
sented in [23], [24]. The electrical properties were measured
using a dielectric probe (87050E, Keysight Technologies)
and imported to EM simulator HFSSv15.0. Using the mea-
sured dielectric properties, simulation results with samples
of dehydrated (DHS) and diluted (DS) are shown in Fig. 11.
At 2 GHz, the diluted sweat had a transmission coefficient
(S21) of−2.37 dB and for dehydrated sweat, the transmission
coefficient was −4.61 dB. As expected, the results for the
diluted sweat was slightly higher than the 0.01 mol/L con-
centration of NaCl. Moreover, the dehydrated sweat had a
result in the range 0.1-0.2 mol/L. This could be attributed to
differences in dielectric constant and conductivity of solution
composed of solely NaCl and artificial sweat with other
components (KCl, Urea and Lactic acid).

VI. DISCUSSION
This work proposes a simple, low cost and reusable
microwave-based sensor for hydration monitoring and cystic
fibrosis diagnosis. The proposed sensor is composed of a
standard structure of a CPW line with a filter paper as a
superstrate. Various simulations and experiments had been
conducted with solutions of NaCl with concentrations in the
range of 0.01-2 mol/L and with quantities of 134-206 µL.
Moreover, the sensor is tested with models of artificial sweat
representing normal and dehydrated states.

The proposed sensor demonstrates the ability to track elec-
trolytes with different concentration across broad bandwidth
in the range of 1-6 GHz. The proposed sensor success-
fully detected concentrations of NaCl solutions as low as
0.01 mol/L (0.58 g/L) through transmission measurements
(S21). Also, it successfully differentiates normal and dehy-
drated states at 0.01 mol/L and 0.1 mol/L respectively with

TABLE 3. Comparison with other Electrolyte Microwave sensors.

difference of 2.24 dB. This proves the feasibility of the pro-
posed structure, and interface technique.

A quantitative comparison with other microwave-based
sensors tracking electrolytes in literature is presented in
Table 3. The figures of merit shown in Table 3 including
resolution, maximum sensitivity, and dynamic range are used
to evaluate performance of sensors in [21], [22]. The resolu-
tion is defined as the minimum concentration a sensor was
able to detect. In our case, the least concentration tested was
0.01 mol/L which corresponds to 0.5844 g/L. This represents
concentration of NaCl in diluted or normal sweat for sweat
monitoring applications. Concentrations below 0.01 mol/L
were not investigated as it is not relevant to targeted appli-
cations for sweat monitoring.

The sensitivity is defined as the change in dB from
the reference level divided by the corresponding concen-
tration. In our case, the reference level was 0 dB, and the
magnitude of S21 at 2 GHz was 3.925 dB at 0.5844 g/L.
This corresponds to sensitivity of 6.716 dB/g/L (maximum
sensitivity at 2 GHz across the range of concentrations).
In terms of quantity of LUT, the sensitivity of the 4 drops
quantity (max. 4.295 dB/g/L) is lower than the sensitivity of
the 6 drops (max. 6.716 dB/g/L).

Finally, the dynamic range is defined as the maximum
tested and detectable concentration. In our case, the maxi-
mum tested concentration was 2 mol/L (116.88 g/L). In this
work it was decided to stop testing at 2 mol/L as the highest
concentration. This corresponds to 116 g/L which is beyond
any concentration that is physiologically possible in sweat.

The proposed sensing approach acquire the highest sensi-
tivity except for the work in [22]. Despite its higher sensitiv-
ity, the sensor in [22] has a reduced dynamic range of 60 g/L
compared to 116 g/L in this work. Also, the sensor in [22]
is insensitive to increasing concentration beyond 60 g/L at
0.9 GHz. Moreover, by increasing the operating frequency of
the proposed sensor to 6 GHz, a significant boost in sensitiv-
ity to 46.71 dB/g/L could be realized. The increased sensi-
tivity at 6 GHz, can be explained by the significant increase
in the conductivity for all the investigated concentrations
as shown in Fig.4. The sensor could resolve concentration
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of 1 mol/L and 2 mol/L with a difference of 3 dB at 6 GHz
compared to 8.5 dB at 2 GHz. This makes the higher fre-
quencies a great candidate for detecting solutions with lower
concentration. Furthermore, compared to the other NaCl sen-
sors, this work achieved the highest dynamic range at 2 GHz.
Moreover, Table 3 shows that the proposed sensing technique
is comparable in performance to much more complex sens-
ing structures presented through [14]–[22]. Compared to the
other NaCl sensors, this work achieved the highest dynamic
range (above 100g/L) at 2 GHz.

One of the challenges in designing a sensor is the large
dataset required in the calibration process in order to create
a robust model of the sensor’s behavior under various stim-
uli. This dataset requires a lot of time and effort to gather
experimentally. Therefore, it is favorable to develop a model
either through curve fitting [14], [22], principle component
analysis (PCA) [43], [44], or machine learning [45] to pre-
dict concentrations that were not used in the creation of
the model. The complexity of the method will depend on
the complexity and dimensionality involved in the sensing
process. Since the proposed sensor is used to characterize
mainly one independent variable which is the concentration
of electrolytes, simple curve fitting techniques should provide
adequate accuracy. The fitting technique used was 3rd order
polynomial. The concentration can be calculated from the
magnitude of S21 in dB at 2 GHz using (1), this expression
has a correlation coefficient R2

= 0.9997.

NaCl(mol/L) = 6× 10−5 |S21|3+8× 10−4 |S21|2

+ 0.0516 |S21| −0.194 (1)

In order to test the ability of the developed fitting equation
to predict concentrations. An additional three saline solutions
with concentrations 0.05, 0.35, and 0.7 mol/L corresponding
to 2.92, 20.45, and 40.9 g/L were prepared andmeasured. The
given new concentrations have not been used in the model
creation. These three solutions were tested with the proposed
sensor. The correspondingmeasured transmission levels were
−4.6, −10.9, and −16.2 dB respectively. Equation (1) pre-
dicted the concentrations as 0.0323, 0.351, and 0.687 mol/L
which corresponds to an absolute error of 0.0177, 0.001, and
0.013 mol/L and a relative error of 35.4, 0.29, and 1.8%
respectively. The significant relative error in the 0.05 mol/L
concentration prediction may be due to insufficient samples
in the 0.01-0.1 mol/L range which consisted of 2 points
per decade only whereas the 0.1-1 mol/L range consisted
of 4 points per decade. Thus, the curve may be under sampled
in this region. Fig 12. shows the fitting function relative to the
original measurements and the test samples.

The proposed sensor is capable of distinguishing the
sodium chloride concentrations in the range 0.01-0.1 mol/L.
This includes the threshold for cystic fibrosis diagnosis
(0.06 mol/L). At 2 GHz, S21 changes from −3.925 dB for
0.01 mol/L to −4.6 dB at 0.05 mol/L and −5.95 dB at
0.1 mol/L. Thus, the proposed sensor can be used in the
diagnosis of CF.

FIGURE 12. Fitted curve for Concentration of LUT (mol/L) versus
magnitude of transmission S21 in dB using Eq. (1) at 2 GHz. Original
measurements are in black and Test samples are in red.

The proposed sensor relies on sampling liquids/sweat with
paper superstrate with an overall size of 40 mm × 18 mm.
The paper has overall thickness of 180 µm which is highly
conformal to sample sweat at any position on human body.
One round of measurement involves processing 1001 points
with detection time less than 2 minutes. With the proposed
sensor, detection decision does not include any conditioning
phases or additional circuits. For testing biofluids, the pro-
posed approach is not influenced by contact with the skin
or tissues and does not require proximity to the human body
for a sensing decision. The proposed sensor acquires broad-
band spectrum as transmission-based systems. This allows
characterization of liquid under test at different frequencies
in single measurement round. Compared to the work in [23],
themicrowave circuit is fixed and only the paper superstrate is
disposed with each new LUT. This can reduce the overall cost
of sensing system to the price of the paper itself around 5-10
cents. This price point place the proposed sensor in reusable
category which is highly appealing in clinical practices and
daily monitoring.

VII. CONCLUSION
This work proposed a low-cost, re-usable microwave-based
liquid sensor in the band of 1-6 GHz. The proposed sensor
could be used to monitor hydration status and to diagnose
cystic fibrosis through tracking concentration of NaCl in
sweat. The sensor was able to detect concentrations of NaCl
as low as 0.01 mol/L with quantities as low as 137 µL. The
sensor had a maximum sensitivity of 6.716 dB/g/L at 2 GHz
and 46.7 dB/g/L at 6 GHz with dynamic range of 2 mol/L.
Using models of artificial sweat, the sensor was able to
distinguish between normal and dehydrated states. Compared
to other sensors presented in literature, the proposed sensor
has a simpler structure, simpler sampling mechanism for
liquids, excelling performance, enhanced sensitivity as well
as lower operating costs. The proposed sensor is not limited
to sweat monitoring but could also fit in several agriculture
and industrial applications that require fast response liquid
characterization.
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