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Abstract— This paper presents three low-cost microwave per-
mittivity sensors for dielectric characterization of liquids. The
sensors are based on a differential design concept to achieve
robust performance in relation to fluctuations of the environ-
mental parameters (humidity and temperature). The three cir-
cuits are implemented on substrate integrated waveguide tech-
nology loaded with two complementary split ring resonators
(CSRRs). By incorporating three plated via-holes between them,
the CSRRs can be effectively decoupled while maintaining a
compact design. The sensors, operating in C band, are man-
ufactured by laser etching on a standard printed circuit board
process using an RO4003C substrate. They have two ports and
do not require surface-mount soldering of discrete components.
Sensors with different CSRR geometries (rectangular double
ring, circular double ring and circular triple ring) are analyzed
by electromagnetic simulations and measurements. The measured results show good agreement in comparison to
the simulations. Furthermore, the sensing performance is experimentally assessed by applying them to the dielectric
characterization of deionized water and ethanol solutions with different concentrations, using capillary glass tubes as
sample containers. The highest average measured frequency sensitivity achieved is 12.24 MHz per unit change in real
permittivity with the sensor based on circular double ring CSRRs, and it is obtained with a very small liquid sample
volume of about 1.5pL.

Index Terms— Complementary Split Ring Resonator (CSRR), dielectric characterization of liquids, differential microwave
sensor, Substrate Integrated Waveguide (SIW).

[. INTRODUCTION to chemical procedures, microwave based sensing offers the
advantage of real-time monitoring. For example, [6] shows that
the microwave sensor proposed for fermentation monitoring
is capable of real-time operation without interruption in the
process, whereas other alternative techniques such as CO2
production measurement would require a considerable amount
of time to analyze samples. The sensing principle is based on
the relationship between the dielectric constant of the liquid

under test (LUT) and its composition. A variation in the

ICROWAVE sensing to determine liquid composition
is receiving increasing attention in different application
areas, such as food quality assessment [1], detection of water
pollution [2], the biological, biomedical and pharmaceutical
fields [3], [4], and the chemical industry [5]. In comparison
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sample dielectric permittivity affects the electromagnetic (EM)
response of the sensor and can be used to detect the compo-
sition. For instance, since water has higher permittivity than
ethanol, binary mixtures of water and ethanol will exhibit a
reduction in permittivity as the ethanol concentration increases
[7].

Different microwave methods and technologies have been
proposed to measure the dielectric permittivity of liquids
[8]. An initial classification can distinguish between two
broad categories: non-planar versus planar. In comparison to
non-planar technologies, such as open-ended coaxial probes,
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waveguide cavities or free-space measurements, planar sensors
have the advantage of their compact size, low-cost and ease of
fabrication. In addition, they are easier to integrate with other
circuit components. [9] is a recent comprehensive review on
planar microwave sensors. Also, microwave sensors can be
classified according to their resonant or non-resonant opera-
tion. The resonant technique is narrowband and it is based on
the change of the resonant parameters due to the interaction
of the sensor with the LUT. Its main advantages are high
accuracy and sensitivity. In this context, frequency-variation
approaches have been proposed based on several common
sensing elements, such as split ring resonators (SRRs) [10],
[11], complementary SRRs (CSRRs) [12], [13], [14], [15],
complementary electric-LC resonators [14], or spoof surface
plasmon polaritons [16], among others. Other operating princi-
ples of resonant sensors are amplitude variation [17] or phase-
variation [18]. Most of the planar resonant sensors presented
in the scientific literature are implemented using microstrip
technology. However, substrate integrated waveguide (SIW)
is a convenient alternative for this purpose due to its high
unloaded quality factor and low losses [19], [20], [21]. This
technology can be combined with metamaterial-inspired unit
cells etched on the top surface of the SIW to obtain high
sensitivity sensors with a very compact size [22].

A common limitation of many of the proposed permittiv-
ity sensors for liquid characterization is cross-sensitivity to
environmental conditions (temperature, humidity, etc.) which
may lead to sensor miscalibration. In [23], the authors explain
that the resonance frequency of a microwave planar sensor
is dependent not only on the measurand, but also on the
permittivity of the substrate, which leads to potential cross-
sensitivities in the case of environmental fluctuations. Robust-
ness against these environmental variations can be enhanced
through the use of differential sensors. This approach is
generally based on two elements, one of which operates as the
sensing component whereas the other is regarded as the refer-
ence. In the previously cited work [23], the authors proposed
a differential sensor design concept based on transmission,
implemented in microstrip technology loaded with stepped-
impedance resonators. Another example is the differential
sensor presented in [24], which was based on frequency
splitting. It used a splitter/combiner configuration loaded with
a pair of identical SRRs. Some of the published differential
sensors offer high accuracy and sensitivity based on structures
with three [25] or four ports [26], [27], which require compli-
cated measurement set-ups. Other examples include discrete
surface-mounted elements, such as the sensors proposed in
[28], [29] and [30]. In some cases, there is some coupling
between resonators that may have a negative impact on the
performance [31]. To avoid these limitations, some proposals
have been presented in the scientific literature. Recently, two-
port differential designs have been reported that are based on
circular spiral resonators (CSRs) [32] and stepped-impedance
resonators [33], in microstrip technology. One of the scientific
challenges to face in this research line is to increase sensitivity
using the minimum amount of LUT volume. Hence, the main
objective of this work was to explore new design approaches
that demonstrate improved sensitivity per unit volume with
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respect to the state-of-the-art, under conditions of low-cost
manufacturing and simple test.

The three sensors for liquid characterization presented in
this article are based on a SIW structure loaded with two
CSRRs that are uncoupled through the use of three plated
via-holes. The sensing performance, that is based on the
reflection operation, uses the difference between S1; and So,.
To the authors’ best knowledge, this design approach has not
been previously published. Manufacturing is based on standard
printed circuit board (PCB) technology, and it does not require
surface-mounting of discrete components, so it is low-cost
and simple. Furthermore, the two-port configuration allows for
easy testing.

The structure of the paper is as follows. Section II presents
the operation principle and design approach. Three different
geometries for the implementation of the CSRRs have been
optimized and tested by numerical simulations with CST
Microwave Studio. These geometries are the following: rect-
angular double ring, circular double ring and circular triple
ring. The three sensors have been manufactured and the exper-
imental results are presented in section III. Validation of the
EM simulation methodology is addressed through tolerance
analyses performed with CST on the three bare designs, taking
the main manufacturing uncertainties into account (subsec-
tion III-A). Next, the circuits have been tested by loading
them with mixtures of deionized (DI) water and ethanol. A
comparison with the state-of-the-art is included based on the
most commonly used quantitative metrics (subsection III-B).
This comparison highlights the performance advantages of the
proposed design concept in terms of frequency sensitivity per
unit volume of LUT. Finally, section IV draws the conclusion.

II. OPERATION PRINCIPLE AND SENSOR DESIGN

The design concept is based on a SIW transmission line
loaded with two uncoupled CSRRs to achieve differential
detection. Fig. 1 shows the top views of the 3D models.
The difference among the three sensors is the geometry of
the CSRRs: rectangular double-ring, circular double-ring and
circular triple-ring. In the three cases, one of the resonators is
loaded with the LUT placed in a capillary tube and serves as
the sensing element, whereas the other one acts as the refer-
ence. The LUT container is placed through a hole etched in the
center of the resonator. This region provides a strong electric
field, which is necessary to achieve a high sensitivity, and a
non-critical position for the tube in terms of manufacturing tol-
erances. The reference resonator is used to increase robustness
against fluctuations in the environmental parameters, such as
temperature and humidity, which might introduce errors. The
effect of a change in the liquid composition is related to the
difference of the two resonant frequencies observed in S1; and
Saa.

The design of the sensors has been performed by EM
simulations in CST Microwave Studio, by using the frequency
domain solver. The substrate material is Rogers RO4003C,
with a substrate thickness of 20 mil (0.508 m) and 35 pm-thick
copper layers. Its permittivity and dielectric loss tangent are
specified by the manufacturer as 3.38 £ 0.05 (process value)
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Fig. 1: Top views of the sensor models based on: double
rectangular CSRRs (a), double circular CSRRs (b) and triple
circular CSRRs (¢).

and 0.0027, respectively, at 10 GHz. In CST, this dielectric
substrate was simulated by using the available predefined ma-
terial model. Using this model, CST calculates the dispersion
characteristics of the substrate.

The feed structure consists of a microstrip taper and a
50 Ohm microstrip line section. The sensors are designed to
operate in C-band, with resonance frequencies between 6 and
7 GHz for S1; without the liquid holder. The operation band
has been selected to achieve a good compromise between com-
pact size and manipulation ease in the lab, taking also layout
restrictions into account. The specific geometrical parameter
values are provided in Tables I to III. They were obtained by

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

performing extensive parameter sweeps.

TABLE |: Geometrical dimensions of the sensor with double
rectangular CSRR

Parameter | Lgrw | Wsrw | d p1 | p2 wy | wa
Value (mm) | 12.40 | 13.57 |[1.40[2.70[2.50| 0.25 | 0.44

Parameter g 1 a1 |wso | I50 | Weap | ltap
Value (mm) | 0.45 0.805 [3.60[1.05[3.50] 9.90 |3.20

TABLE Il: Geometrical dimensions of the sensor with double
circular CSRR

Parameter | Lsiw (Wsiw | d | p1 | p2 | w1 | w2
Value (mm) | 12.40 13.57 | 1.40 |2.20(2.40| 0.24 | 0.45

Parameter g 1 T2 | wso | I50 | Weap | ltap
Value (mm) | 0.35 4.10 |0.805|1.05|3.00| 6.50 |4.50

TABLE lll: Geometrical dimensions of the sensor with triple
circular CSRR

Parameter | Lsrw | Wsrw d p1 | p2 | w1 | w2 | w3
Value (mm) | 14.00 | 13.57 | 1.40 [2.40[2.70| 0.15 [0.20 | 0.25
Parameter g 1 o | wso | I50 | Weap | ltap
Value (mm) | 0.50 3.70 [0.805|1.05[3.50| 9.00 |4.60

To investigate the sensitivity of the sensors, 3D models
including the sensor structures together with capillary tubes
containing samples, have been simulated in CST. The avail-
able capillaries were made of borosilicate glass, the interior
diameter was specified between 1.1 and 1.2 mm, and the
exterior diameter between 1.5 and 1.6 mm. For this material,
a predefined model (named Schott Borofloat 33) available in
CST was used. According to this model, between 6 and 7 GHz
the real part of the permittivity is approximately 4.4 and the
dielectric loss tangent ranges between 0.0066 and 0.0060.

Fig. 2 shows the results of the EM numerical simulations
for different values of the LUT complex dielectric constant.
In all the simulated cases, the reference tube is loaded with a
liquid model, based on the water Debye model in CST. It can
be seen that the real part of the LUT dielectric constant has
a clear effect both on the resonant frequency and the notch
depth. However, the dielectric loss mainly impacts the notch
depth, having a negligible impact on Si; resonant frequency.
It can also be observed that the LUT permittivity only has an
impact on S11, while Sys is not affected, because the reference
liquid is the same and both CSRRs are uncoupled.

If environmental fluctuations were to produce a variation
in the substrate relative permittivity, shifts of the resonant
frequencies would be observed both in S;; and Sgo, but
the differential design would ensure robust operation. This is
illustrated by an example in Fig. 3. In this case, the simulations
have been performed using the water Debye model in the
reference tube and a lossless LUT with a relative permittivity
value of 30 in the other tube. It can be seen that the difference
of S11 and So5 resonant frequencies remains constant.

Fig. 4 shows the top view of the sensor based on double
circular CSRRs in CST, with the electric field distribution
calculated at S1; and Soo resonant frequencies. It can be ob-
served that the sensitivity of the circuit is based on the electric
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Fig. 2: Simulated S-parameters of the sensors for LUTs with
different complex dielectric constants using the water Debye
model in CST as the reference sample. The CSRR geometries
are: double rectangular (a), double circular (b) and triple
circular (c).

field concentration into a small area. The EM simulations also
allowed to determine the minimum required volume of LUT.
Taking into account the tube section and the height (protruding
above and below the substrate) for which the electric field
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Fig. 3: Simulated S-parameters of the circular double-ring
CSRR-based sensor for two different substrate permittivities.
The simulated case corresponds to a lossless LUT, with €, =
30, and the reference sample is the water Debye model in
CST.

strength is reduced by 30 dB with respect to the maximum, it
has been determined that the sensors are able to operate with a
minimum liquid volume of about 1.5uL. The significant tube
lengths are estimated by the EM simulations in 1.43, 1.37 and
1.28 mm for the sensors based on double rectangular CSRRs,
double circular CSRRs and triple circular CSRRs, respectively.
These values, used in the calculation of the minimum liquid
volume, consider the field around the tube. Inside the tube,
the lengths for an electric field strength reduction of 30 dB
are lower in the three cases and have not been used in the
calculation. The volume values obtained have been rounded
up to the next integer multiple of 0.5uL resulting in 1.5uL.

[1l. EXPERIMENTAL RESULTS

Three sensor prototypes have been manufactured and ex-
perimentally tested. First, the unloaded performance has been
experimentally characterized to validate the numerical simu-
lations, as explained in subsection III-A. After this validation,
the sensors have been loaded with mixtures of DI-water and
96% medical ethanol to determine their average sensitivities.
The results are described in subsection III-B.

A. Manufacturing and experimental validation of
unloaded performances

The three sensors, including the via-holes, have been manu-
factured using an LPKF Protolaser S4 milling machine in stan-
dard PCB technology. Via-hole metalization was performed
by inserting cylindrical copper rivets, that were crimped using
a Bungard Favorit press tool. Fig. 5 shows the photograph
of the three sensors, with the necessary connector footprints.
The sensors were fed by solderless connectors (Rosenberg
model 03K722-40MS3) and S-parameter measurements were
obtained by using an N9918A Keysight Fieldfox Vector Net-
work Analyzer (VNA).
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Fig. 4: Simulated electric field distribution of the circular
CSRR-based SIW sensor at the resonance frequencies of Sq;
(upper plot) and Sy2 (lower plot).

First, the unloaded performance has been measured. Addi-
tional simulations were performed with CST after the pro-
totypes had been realized to take the effect of the SMA
connectors and the main tolerances into account. Some of
the uncertainties come from the substrate tolerances. The
considered substrate thickness was 0.508+0.038 mm and the
relative permittivity was 3.384+0.05. Other factors that may
lead to inaccuracies are related to the manufacturing process.
In particular, the central holes in which the capillary tubes
are inserted have been simulated using slightly tapered shapes
instead of ideal cylinders to consider the laser defocusing
effect across the substrate thickness. As for the plated via-
holes, the impact of the tapered shape was proven to be neg-
ligible (0.045% change in S;; and So5 resonant frequencies),
thus they were simulated as ideal cylinders. Finally, rounding
effects have been considered in the worst-case analysis in the
case of rectangular CSRRs taking the laser spot radius (10
pm) into account.

Fig. 6 shows the measured scattering parameters of the
unloaded sensors with no liquid samples or containers in
comparison to the simulated performances. The results of
the worst-case analysis taking the parameter deviations into
account are shown as grey areas in the three plots. As is
clearly visible, the resonances in S1; and Sgo parameters lie
within the tolerance range. The slight asymmetries observed
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Fig. 5: Photograph of the three prototypes.

in the comparison of Sq; and Sy, parameters in this unloaded
condition are attributed to manufacturing issues that may result
in non-identical CSRRs.

B. Experimental tests with binary liquid mixtures

In line with the scientific literature [34], mixtures of DI
water and 96% ethanol have been used to test the sensitivity
of the proposed sensors. The measurement set-up is shown
in Fig. 7. The relative permittivity versus frequency of the
liquid samples was previously measured using an open-ended
coaxial probe from the N1501A Keysight Technologies kit and
the VNA. The results are shown in Fig. 8, where e; and e;/
represent the real and imaginary parts of the complex dielectric
constant, respectively. Fig. 9 shows the measurements of the
sensors based on rectangular, double circular and triple circular
CSRRs, respectively, when they were tested with DI water-
ethanol mixtures with ethanol composition ranging from 0
to 100%. In the case of the triple-ring circular CSRR-based
sensor, the prototype exhibited a reduced resonance depth
and its performance, when loaded with the different mixtures,
showed more fluctuations in the measurements and less stable
resonance peaks than the other two sensors, based on double
ring CSRRs. With a narrower distance between etched rings,
and between the center hole and the first ring, we consider its
manufacture more critical than the double circular geometry
for this low-cost technology in this operation frequency band.

Different metrics have been used in the literature to charac-
terize the sensitivity of liquid sensors. It is common that they
are based on average values over the measured points, and
usually they consider variations with respect to the unloaded
case. Since the proposed design concept is differential, the fre-
quency sensitivity is defined as the variation of the difference
between the two notch frequencies (considering S1; and So2)
when the sensor is loaded with the LUT, with respect to the
unloaded case (air), divided by the variation of the permittivity
real part. Mathematically, this is expressed as:

LUT _ pLUT LUT
fd - f522 —JSn ()]
empty __ pempty empty
d =Jsp  —Jsi )
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Fig. 6: Measured S-parameters of unloaded (no LUT/no tube)
SIW sensors based on double rectangular CSRRs (a), double
circular CSRRs (b) and triple circular CSRRs (c), versus
simulated tolerance analysis (grey area).

LUT _ pempty
g = Afa _Jd — d 3)
, TUT _
Ac, €, 1
where f&UT and f&UT denote the resonance frequencies

of Soo and Sjp1, respectively, when the sensor is loaded with
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Fig. 7: Experimental setup consisting of a sensor with the
sample holder connected to the VNA.
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Fig. 8: Measured dielectric constant of ethanol-DI water
mixtures performed with the open-ended coaxial probe.

the LUT in one tube and DI water in the second tube, and
fan? " and P " denote the resonance frequencies when
the tube dedicated to the LUT is empty whereas the reference
tube contains DI water. Since it is a differential design,
the reference tube contains DI water in both measurements.
Therefore, f&U7 and f&""" are practically equal. €, is the
real part of the relative permittivity of the LUT, determined
by the open ended coaxial probe.

Dividing by fg"" ' a relative sensitivity value is calculated,

which can be expressed as a percentage as follows:

LUT _ fjmpty

S, =4

x 1 4
I | R

Table IV is a summary of the state-of-the-art regarding
differential sensors based on frequency variation for liquid
characterization. Let’s denote by S, (M Hz/Ae¢,) the aver-
age frequency sensitivity and Sg, (%) the average relative
frequency sensitivity. The measured values of Sg, (%) are

0.11, 0.18 and 0.09, for the sensors based on the double rectan-
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Fig. 9: Measured reflection coefficients of the rectangular (a),
double circular (b), triple circular (¢) CSRR-based sensor with
ethanol-DI water mixtures. The sample in the reference tube
is always DI water.

gular, double circular and triple circular CSRRs, respectively.
Regarding S,, (M Hz/Ac¢,), the measured values are 7.09,
12.24 and 6.10, respectively.

Comparison of the different sensors for liquid characteriza-
tion presented in the scientific literature is not straightforward.
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The reason is that the experimental tests are not conducted
under identical conditions. One of the factors is that the range
of measured permittivity real part influences the calculation
of the average sensitivity. For this reason, some authors [33]
differentiate between permittivity regions with fast and slow
sensitivities. The use of DI water-ethanol mixtures allows
to cover a wide range of permittivity values and has be-
come widespread. Another parameter that greatly affects the
achieved sensitivity is the volume of liquid required. Both the
range of measured permittivity real part and the minimum
liquid volume required have been included in Table IV, in
which fy denotes the resonance frequency of the sensor with
air.

The best average sensitivity is obtained with the SIW
sensor based on double circular CSRRs. The circular shape
is considered more straighforward than the rectangular one
because it matches the cross-section of the capillary tubes.
Table IV shows that this sensor overcomes previous results ob-
tained with differential designs in terms of S,, (M Hz/A€,).
To demonstrate this sensitivity value, the sensor requires a
very low sample volume. We have verified that the minimum
sample volume (1.5pL) determined by EM simulations is ex-
perimentally valid by placing the capillary tube in positions for
which only the significant heights, previously estimated with
CST, protruded above or below the sensor. We checked that
the measured performance was not modified with respect to a
position of the tube more centered with respect to the substrate.
Considering the sensitivity per unit volume of LUT as a figure-
of-merit, the circuit demonstrates 8.2 MHz/(Ae¢,.uL).

The measurements performed on DI water-ethanol mixtures
allow to develop a mathematical sensing model to determine
the percentage of ethanol in water from the sensor response.
Using bivariate linear regression over the six measurement
points, with A f; and the minimum Sy level (dBs) as the two
variables, the coefficients of determination R? take values of
0.987, 0.974 and 0.960 for the sensors based on double rectan-
gular, double circular and triple circular CSRRs, respectively,
which represent a good linear fit.

IV. CONCLUSION

A novel design concept for planar microwave sensors imple-
mented through three different layouts is proposed for liquid
permittivity characterization. The circuits are based on SIW
technology loaded with two CSRRs, with rectangular double
ring, circular double ring and circular triple ring geometries.
Under experimental tests based on DI water-ethanol mixtures,
the best performance is achieved with the sensor based on
circular double ring CSRRs. The main advantages are the
high sensitivity per volume, robust operation based on a
differential approach, and simple manufacturing and testing
achieved through the use of two ports, PCB technology and
no need of additional discrete surface-mounted componentes.

Future work can consider replacing the capillary tubes by
microfluidic channels to obtain compact sensors with opti-
mized performance based on the same design concept. The
design of low-cost read-out circuits that avoid the need of the
VNA is also an interesting task to address, which would open
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TABLE IV: Comparison of differential sensors based on frequency variation for liquid characterization

Ref Technology fo (GHz) | Sau, (%) | Sav(MHz/Ac,.) | Vol. (uL) EIT range | Size (mm?) | No. ports | Discrete elements
[26] OCSRRT, microstrip 0.90 1.86 1.80 N.A. 25-80 26.0x70.0 4 No
[29] CSRR, microstrip 1.62 0.63 10.14 N.A. 9-80 82.3x52.8 2 Yes
[35] CSRR, microstrip 2.23 0.74 16.44 N.A. 1-80 90.0x60.0 2 Yes?
[28] OCSRR, microstrip 2.35 0.88 20.73 0.91 10-80 20.0x52.0 2 Yes
[32] CSRs, microstrip 1.02 0.28 2.86 1.56 15-80 30.0x30.0 2 No
Stepped-impedance, 245 0.05/0.02 1.11/0.51
[33] microstrip 580 | 0.04/0.02 2.35/1.18 40 11-30/30-80 | 40.0x30.0 | 2 No
This work |, CORR loaded SIW 16 69| 1 7.00 15 670 | 17.8x258 | 2 No
(double rectangular ring)
This work | SRR loaded SIW ) 55 0.18 1224 15 670 | 178x277 | 2 No
(double circular ring)
This work | (kK loaded SIW ¢ 0.09 6.10 15 670 | 17.8x302 | 2 No
(triple circular ring)

L OCSRR stands for open CSRR.

2 Discrete mounted elements for temperature compensation.

up the possibility of using this type of sensors autonomously [14] W.-J. Wu, W.-S. Zhao, D.-W. Wang, B. Yuan, and G. Wang, “Ultrahigh-
in an internet-of-things context. Future research should also sensitivity microwave microfluidic sensors based on modified comple-
. .. . . mentary electric-LC and split-ring resonator structures,” IEEE Sensors

consider the realization of experiments focused on different Jowrnal, vol. 21, no. 17, pp. 18756-18763, 2021.
SpeCiﬁC applications. [15] D. Prakash and N. Gupta, “High-sensitivity grooved CSRR-based sensor
for liquid chemical characterization,” IEEE Sensors Journal, vol. 22,

no. 19, pp. 18463-18470, 2022.
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