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Multifrequency Coupled-Resonator Sensor for
Dielectric Characterization of Liquids

Lyda Vanessa Herrera Sepulveda , Jose Luis Olvera Cervantes , and Carlos E. Saavedra

Abstract— A six-band microstrip sensor, based on a pair of
electrically coupled resonators (ECRs), is proposed to perform
multifrequency dielectric characterization of liquids. A pocket is
milled through the substrate bottom of the sensor to contain the
fluid sample, avoiding the need for a sample holder. The pocket
has been designed to achieve a higher electric field magnitude in
the sensing region and a mechanism to separate the resonant
frequencies, which helps to ensure a high span between the
first and the last resonant frequency. The microstrip sensor is
implemented on a 1.905-mm-thick substrate with ε�

r = 12.2 and
tan δ = 0.0019. The sensor’s six resonance frequencies span the
range between 1 and 3.5 GHz. Experimental tests show that the
sensor can measure a wide range of ε�

r values between 2 and 79
resulting in close similarities to the dielectric constants published
in previous works.

Index Terms— Coupled resonators, dielectric constant, liquid
characterization, microwave sensor, multiband sensor, relative
permittivity.

I. INTRODUCTION

PERMITTIVITY characterization of liquids is a subject of
wide research interest at radio frequency (RF) and the

microwave frequency range [1]–[7]. RF and microwave liquid
sensors for determining the real part of the relative permittivity,
or dielectric constant (ε�

r ), have been widely proposed for
different applications, such as quality control on industrial
liquids [8]–[10], detection or adulteration in liquids [11], and
medical applications [12], [13].

Some well-known advantages of microstrip-based sensors
are low cost, easy fabrication, and real-time operation [1],
[2], [14], [15]. Different microstrip resonators have been
presented in the literature to determine the liquid’s permittivity
[3], [5]–[8], [11], [14]–[19]. For example, in [6], [8], [11],
and [18], complementary split-ring resonators (CSRRs) are
used; in [3], a symmetric splitter-combiner configuration
loaded with a pair of identical SRRs is presented; or a
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modified SRR configuration based on multiple SRRs [14]
have also been used. Other sensors using an open-loop
resonator (OLR) [17] and an OLR based on a stepped-
impedance-resonator [7] have been reported. Coupled struc-
tures have also been employed as permittivity sensors for
liquids, using a resonant perturbation technique or the curve
fitting technique [1], [2], [15], [19].

Moreover, planar microstrip sensors have been implemented
to work in multiple frequency bands. In [16], a square ring
resonator was used to determine ε�

r for the liquid samples over
the three frequencies, 1, 2, and 3 GHz. In addition, the liquid’s
sample was held inside a glass capillary. In [17], ε�

r liquid
measurements were performed at three resonant frequencies
using three different OLRs and their corresponding dielectric
liquid holders. Another multiresonator sensor working at 2.5,
3.5, and 4.5 GHz is presented in [20], where a microfluidic
channel was used.

In [21], a nonidentical double-SRRs (NID-SRRs) sensor
was used to determine ε�

r of liquids at two resonant fre-
quencies, 5.76 GHz and 7.85 GHz, where two measurements
were required to obtain the two resonance frequencies. Other
dual-band sensors for liquid characterization are presented
in [6] and [7], where a CSRR and a microstrip OLR symmet-
rically fed, respectively, have been proposed as liquid sensors
operating at 2.45 and 5.80 GHz. In both cases, a microfluidic
glass tube was used as a liquid sample holder.

On the other hand, electrically coupled resonators (ECR)
have been used as filters [22], and in some cases as dielectric
constant sensors for planar and liquid samples [23], [24].
In the case of liquid samples [23], a container is placed over
the ECR sensor and the measurements are performed in a
single-frequency band.

It is well known that the permittivity is a function of
frequency and that significant changes are present at low fre-
quencies [1], [25]; however, the microstrip sensors reported in
the literature operate in single-, two-, or three-frequency bands
using sample holders or microfluidic channels [7], [16]–[21].

In this article, a six-band microstrip sensor for liquid
characterization is proposed. The microstrip sensor is based on
a pair of OLRs fed by T-shaped input–output (I/O) networks,
and the dielectric of the substrate is modified to have a pocket,
where the ground (GND) plane is restored with a segment of
adhesive-backed copper foil. When two OLR are coupled two
resonant frequencies, electric ( fe) and magnetic ( fm), occur
around the fundamental resonance of the uncoupled single
resonator ( fn , where n = 0, 1, 2, . . . ,). In this work, it has
been exploited the resonant frequencies fe0 and fm0 around
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Fig. 1. Six-band ECR proposed sensor. (a) Top view dimensions. (b) Rec-
tangular Pocket dimensions. (c) 3-D view. (d) ECR model.

f0, fe1 and fm1 around f1, and fe2 and fm2 around f2 to
ensure the measurements at six resonant frequencies. For the
dielectric constant measurements, both fen and fmn should be
well separated; however, this is not a trivial task. Therefore,
a pocket has been included as a sample holder avoiding the
use of an external liquid holder, as well as a mechanism to
separate fen and fmn, and also to ensure a high span between
the first and the last resonant frequency. The loss tangent
is not considered because it does not produce a significant
enough change over the resonant frequencies [26]. All of
the above-mentioned sensor characteristics are explained in
Section II. The sensing principle and the methodology are
presented in Section III, and the experimental results are
shown in Section IV. Finally, Section V summarizes the main
conclusions.

II. PROPOSED SENSOR

The proposed six-band microstrip sensor for liquid dielectric
constant sensing is shown in Fig. 1. The sensor is formed by
a pair of ECR and T-shaped I/O networks on a TMM® ther-
moset microwave material laminate, TMM13i substrate [27],
with a dielectric material thickness hd = 1.905 mm, dielectric
constant ε�

rd = 12.2, and a loss tangent of 0.0019, operating
at 1 GHz. In Fig. 1(b) is shown that the pocket’s shape and
sizes which have been optimized to achieve a higher electric
field magnitude in the sensing region and a mechanism to

separate the resonant frequencies (coupling coefficient), which
helps to ensure a high span between the first and the last
resonant frequency. The pocket sizes are 6 mm in width (wp),
12 mm in length (l p), and 1.67 mm in height (h p), allowing for
a sample volume at 120 μL. The TMM13i substrate is used
because its electrical properties allow for a narrow microstrip
transmission line (TL) at a low resonance frequency (around
1 GHz), and its mechanical properties allow for a stiff sensor
where the liquid sample can be placed directly in the pocket.

A. Microstrip Six-Band ECR Sensor

In Fig. 1(a), the six-band ECR sensor sizes are shown, and
they were obtained from the basic ECR microstrip theory,
as presented in [28]. All microstrip TL have 50 � as the
characteristic impedance. The resonators are separated from
each other by a gap distance of g = 0.3 mm. The width of
each resonator is w = 1.38 mm, and the total length is LT =
52 mm, where L1 = 6.68 mm and L2 = L3 = 12.42 mm. The
resonators are arranged as open loops with endings separated
by the distance a = 1.8 mm. Two-square ECR’s bends are
modified to minimize the reactance due to the discontinuity
between the ECR and the I/O coupling TL. The chamfered
bend’s value can be expressed as (2)1/2 w in two of the four
ECR bends, as shown in Fig. 1(a). They were chamfered using
one of the discontinuity techniques presented in [29].

The I/O networks are two T-shaped microstrip TLs placed
at each side of the square ECR and at the opposite side of the
ECR, as shown in 1(a). The opposite side is selected such that
the phase response indicates electrically coupled resonance
(S21 phase = 180◦), as a result, the sensor is out-of-phase and
can be called an ECR sensor. Other configurations cannot be
selected because it is a magnetically coupled case (S21 phase =
0◦). The I/O network lengths are L4 = L5 = 6.4 mm, and L6 =
14.1 mm corresponding to a quarter-wavelength, and the width
is w = 1.38 mm. Additionally, a TL with one chamfered edge
is used. The separation between the I/O T-shaped microstrip
networks and the square ECR is given by s = 0.3 mm. The
position, shape, and sizes of the I/O networks are designed
so that the sensor reaches multiple frequency bands in the
frequency response.

B. Sensing Pocket

As noted earlier, the dielectric of the substrate has a
pocket milled out, centered below the gap g between the
two resonators, that holds the liquid sample inside. Fig. 2
shows the S21-parameter responses of the ECR sensor for
simulation and experimental results, with an air-filled pocket
and without the pocket, and their resonant frequencies are
summarized in Table I. The deviations between the simulation
and experimental resonant frequencies, for the ECR sensor
with an air-filled pocket, are mainly due to the fabrication
errors and possible variations in the permittivity value of the
substrate. In Fig. 2, it can be noticed that the span between f1

and f6 is wider in the ECR sensor with the presence of the
pocket response (2.374 GHz) than without it (2.073 GHz).

Considering the wider span between the first ( f1) and the
sixth ( f6) resonant frequency from the simulations, the shape
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Fig. 2. Frequency response of the multifrequency ECR sensor. Comparison
between the ECR simulated sensor with and without the pocket, and the ECR
experimental sensor.

TABLE I

RESONANT FREQUENCIES VALUES

Fig. 3. Fundamental harmonic’s E-field magnitude. (a) First resonance
frequency due to the presence of the electric wall, f1 ( fe). (b) Second
resonance frequency due to the presence of the magnetic wall, f2 ( fm ).

and the dimensions of the pocket were chosen. As a result,
the achieved electric field (E-field) magnitudes in the pocket
of the sensor at the fundamental harmonic, f1( fe) and f2( fm),
are as high as 6.25 × 104 V/m, as shown in Fig. 3.

III. SENSING PRINCIPLE AND METHODOLOGY

A lossless equivalent circuit for the ECR sensor with the
pocket is shown in Fig. 1(c), where L is the resonator’s
inductance, Cm is the mutual capacitance, and C � represents
the total capacitance. They are related to the electric and
magnetic resonant frequencies, fe and fm (at the first harmonic
f1 and f2, respectively), as [22]

fe = 1

2π
√

L(C � + Cm)
(1)

Fig. 4. Fabricated six-band ECR sensor with a pocket. (a) Top and (b) bottom
views.

fm = 1

2π
√

L(C � − Cm)
. (2)

The total capacitance is formed by the resonator and
pocket’s capacitances (C and Cp, respectively), given by

C � =
�

1

C
+ 1

Cp

� −1

. (3)

The liquids permittivity as a function of resonant frequency,
using the curve fitting method, assumes a nonlinear relation
between the independent variable and the dielectric con-
stant [7], [30]. The relation between each resonance frequency
and ε�

r of a liquid can be expressed by

ε�
rn

= ρ1n f
ρ2n

n + ρ3n (4)

where ρ1n , ρ2n , and ρ3n are fitting constants, and n represents
the resonance frequency number, from 1 to 6.

In Fig. 4, the fabricated six-band ECR sensor with a pocket
is shown. It is worth mentioning that the ECR sensor can be
designed to work at other frequencies while using the proposed
sensing principle for liquid characterization. To pattern the
ECR sensor and to mill out the pocket, an LPKF ProtoMat E44
circuit plotter was used. The experimental sensing methodol-
ogy consists of the following steps:

1) The S-parameters of the empty sensor are obtained,
and the experimental S21-parameter is the measurement
reference.

2) The pocket is filled with the liquid sample, and the
S-parameters are measured.

3) The pocket is cleaned using isopropyl alcohol as a first
clean step to remove excess liquid from the pocket wall.
In the second clean step, DI water was used to remove
any other liquid or particle remaining.

4) Finally, the empty sensor is measured again, and its
S21-parameter is compared with the measured reference
in step 1 to ensure the pocket is clean. We highlight that
the pocket is open at each measurement.

In this work, the methodology in [24] is used for liq-
uid samples. The proposed (7) is solved to find the fitting
constants ρ1n , ρ2n , and ρ3n at each resonance frequency,
using three known calibration liquids (KCL1, KCL2, and
KCL3). The sensor is filled with each KCL and restored with
a segment of adhesive-backed copper foil, and the experi-
mental single-ended S-parameters are obtained. Subsequently,
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Fig. 5. Measured frequency response of the ECR sensor without liquid
samples (i.e., empty). Differential-mode (SDD11) and common-mode (SCC11).

the differential-mode (SDD11) and common-mode (SCC11) are
obtained using the following [31]:

SDD11 = 0.5 (S11 − S21 − S12 + S22) (5)

SCC11 = 0.5 (S11 + S21 + S12 + S22) (6)

where S11, S12, S21, and S22 are the single-ended S-parameters.
The transformation allows finding the precise resonant fre-
quency, as shown in Fig. 5.

The corresponding dielectric constant relation for each
liquid is

ε�
rn −KCL1

= ρ1n f
ρ2n
n−KCL1 + ρ3n

ε�
rn −KCL2

= ρ1n f
ρ2n
n−KCL2 + ρ3n

ε�
rn −KCL3

= ρ1n f
ρ2n
n−KCL3 + ρ3n (7)

where ε�
rn −KCL1

, ε�
rn −KCL2

, and ε�
rn −KCL3

are the KCL dielectric con-
stants, and fn−KCL1 , fn−KCL2 , and fn−KCL3 are the KCL obtained
resonance frequencies; n represents the resonance frequency
number, from 1 to 6.

IV. EXPERIMENTAL RESULTS

Measurements to determine the liquid’s permittivity were
performed using the proposed six-band ECR and methodol-
ogy. During the experiments, the laboratory environment was
maintained at stable 23 ◦C with a heat exchanger system.
The measurements were made in a short period of time,
avoiding temperature fluctuations. Several liquids were used
in experiments, as follows: 1) DI water (H2O); 2) acetonitrile
(C2D3N); 3) methyl hydrate (CH3OH); 4) acetone (C3H6O);
5) Isopropyl alcohol (C3H8O); 6) chloroform (CHCl3); 7) cas-
tor oil (C57H104O9); 8) mineral oil (liquid paraffin); 9) toluene
(C7H8); 10) benzene (C6H6); and 11) air. The volume of the
liquid (120 μL) was obtained using a micropipette (with a
systematic error of ±0.6%) to ensure repeatability in the liquid
measurements, and a segment of adhesive-backed copper foil
was used to restore the GND plane. Each measurement was
repeated five times using the same measuring instruments (the
Anritsu MS4644B vector network analyzer calibrated with the

TABLE II

EXPERIMENTAL RESONANCE FREQUENCIES

TABLE III

DIELECTRIC CONSTANT OF THE KNOWN CALIBRATION LIQUIDS

TABLE IV

FITTING CONSTANT VALUES

SOLT technique using the 3652A-K calibration kit), under the
same room environmental conditions, and with only one oper-
ator doing the measurements. This process was implemented
in order to reduce the errors deriving from the liquid volume,
the temperature (room temperate), the measuring instruments,
and the ground plane restoration. The measurements revealed
a frequency shifting of around ±6.19 MHz. Considering the
resonant frequencies span as follows: 243 MHz between f1

and f2, 713 MHz between f2 and f3, 510 MHz between f3

and f4, 503 MHz between f4 and f5, and 466 MHz between
f5 and f6, then the frequency shifting error is lower, around
1.27%. Therefore, the average of the measurements was used.
An example of the averaged measurements at the first and
second resonance frequencies, f1 and f2, for each liquid is
shown in Fig. 6(a) and (b), respectively.
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TABLE V

RESULTS OF THE DIELECTRIC CONSTANT VALUES

Fig. 6. Experimental frequency responses of liquids at (a) f1 and (b) f2.

A photo of the six-band ECR sensor bottom view and the
micropipette is inserted in Fig. 6(a). In addition, Table II
summarizes the experimental resonance frequencies of the

Fig. 7. Fit curves using the known calibration liquids, DI water (liquid 1),
acetone (liquid 4), and mineral oil (liquid 8) at each resonance frequency.

KCLs at six resonance frequencies, fn−K CL , where n represents
each resonant frequency. DI water, acetone, and mineral oil
(liquids 1, 4, and 8) were used as known calibration liquids
(KCL1, KCL2, and KCL3) to determine the fitting constants
ρ1n , ρ2n , and ρ3n . The dielectric constants (ε�

r∗) of the KCLs
were obtained from the Keysight N1501A dielectric probe kit
and they are reported in [25] and those values are shown
in Table III. The equation system in (7) is solved using
MATLAB’s Curve Fitting Toolbox at each resonant frequency
and the results are summarized in Table IV. In addition, the
curves fit and the KCLs at each resonance frequency are shown
in Fig. 7.

In order to validate the fitting constants (ρ1n , ρ2n , and
ρ3n ), the experimental resonance frequencies of the liquids 2,
3, 5–7, 9, and 10 in Table II, were used in (4) to obtain
the experimental dielectric constants (ε�

rexp
), these results are
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TABLE VI

COMPARISON BETWEEN THE SIX-BAND ECR SENSOR AND OTHER WORKS

presented in Table V. The close agreement between the dielec-
tric constants measured with the coaxial probe or reported in
other works (ε�

r∗) and the dielectric constants obtained in this
work (ε�

rexp
), by mean of the relative error (%ε�

r ), is given by

�E = 100 − %ε�
r

= 100 −
� | ε�

r∗ − ε�
rexp

|
ε�

r∗
× 100

�

. (8)

In Table V, it can be observed that the close agreement
at the first resonance frequency ( f1) is over 97.85% except
for liquid 3. At the second resonance frequency ( f2), %ε�

r
is more than 93.38% for all liquids. Similarly at f1, other
liquids show the �E over 94.80%, 94.50%, 90.31%, and
94.22% at f3, f4, f5, and f6, respectively, except for liquid 3,
where the �E values are between 80.81% and 93.97%.
In addition, liquid 7 shows a value over 80% at f4. In terms of
average, the result is higher than 94%, including the last two
mentioned liquids. Thus, these results show highly competitive
multifrequency sensor.

The relative sensitivity (S) of the six-band ECR sensor is
given by [21], [30], [33]

S = | fempty − fSCL|
fempty · �ε�

r

× 100 (%) (9)

where fempty is the empty sensor resonance frequency, fSCL

is the standard comparison liquid (SCL) resonance frequency,
and �ε�

r = ε�
r(SCL) − 1 is the dielectric constant variation.

Table VI presents a comparison between this work and others
previously presented, considering different characteristics, also
shows the relative sensitivity of the six-band ECR sensor using
DI water as the SCL. It is noticed that the proposed sensor is
able to work at six resonant frequencies simultaneously, and
it has been validated with several liquids.

V. CONCLUSION

A new six-band microstrip ECR sensor for liquid charac-
terization has been presented. The sensor has been designed
to have a pocket milled through the dielectric of the substrate

to contain the liquid sample. The single-ended S-parameter
transformation to differential and common modes was used to
find the precise resonant frequencies. These frequencies were
related to the real part of the permittivity, or dielectric constant,
using the curve fitting method. A sensing methodology was
implemented in a wide range of liquid’s dielectric constant
(from 2 to 79). The experimental results show close similarities
to the dielectric constants reported in other works, and the
sensitivity of the sensor is between 0.08 and 0.30.
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