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a b s t r a c t
Here we demonstrate the proof-of-principle of a coaxial stub resonator to assess the dielectric properties
of ﬂuids. This radio-frequency spectroscopy method is based on coaxial stub technology and comprises
quarter wave length open-ended resonators that are ﬁlled with a liquid sample as dielectric between
inner and outer conductor. Changes in the dielectric properties of the liquid sample result in changes
in the electric properties of the resonator, e.g., its resonance frequency and quality factor. In addition
to a batch resonator, results obtained with a ﬂow-through resonator indicate that the concept can be
further developed into a cost-efﬁcient and low-maintenance sensor for the on-line ﬁngerprinting of the
dielectric properties of ﬂuids, such as drinking or waste water, ethanol and glycerol.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
In drinking water, surface water, waste water and industrial
process ﬂuids, a large number of toxic or otherwise undesired components can be present at a wide range of concentration levels. In
order to safeguard water quality, the early detection of pollutants
in water is mandatory. However, currently existing (bio) chemical
detection methods are labor-intensive and by implication expensive. Even more important, all these methods are off-line providing
a momentary signature only. The aim of the present study was
to develop a ﬁngerprinting sensing device that operates on-line
instead and that is based on recording a physical rather than a (bio)
chemical parameter representative for water quality.
Examples of physical parameters to monitor and track the composition of a ﬂuid are those related to its dielectric properties, e.g.,
dielectric permittivity and loss tangent. This can be achieved by
using high or microwave frequency techniques with capacitors or
(coaxial) resonators as sensitive elements [1–10]. Both techniques
will now be discussed brieﬂy.
In a capacitance-based measurement, the capacitance (as a sensing element) can be connected to an inductor to create a resonant
circuit with a characteristic resonant frequency. However, due to
the high impedance of the capacitive element, the resonant frequency of the circuit is rather sensitive to errors caused not only by
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the ﬁnite resistance of the monitored liquid, but also, for instance,
by the parasitic capacity of all elements forming the measuring
circuit. As a result, the total capacitance of the system can be of
the same order of magnitude as the parasitic capacitance of the
measuring circuit, especially at high frequencies [11,12].
Microwave technology to determine the dielectric permittivity
of a ﬂuid is based on measuring the reﬂection coefﬁcient at a deﬁned
reference plane, usually the one at the interface of the dielectric to
be investigated. Advantages of these microwave based systems are
a high resolution resulting from the high frequencies applied and a
high absolute sensitivity [13,14].
Apart from these advantages, there are some disadvantages
such as the complicated and, consequently, high construction costs,
off-line sample analysis and, since the measurements are based
upon reﬂection, the prerequisite that at the micro scale the test
solution can be considered homogeneous [15,16]. Other studies
assess dielectric properties of ﬂuids in stub resonators through socalled scattering or S-parameter measurements requiring relatively
expensive equipment [17–22]. Additionally, the interpretation of Sparameter models is less straight forward which complicates the
analysis [23].
The present contribution deals with the feasibility of a quarter
wave length open ended coaxial stub resonator as a ﬂow-through
and on-line sensing element for tracking changes in the dielectric properties of a ﬂuid. The ﬂuid is present as the dielectric
between the inner and outer conductor of the resonator. This technique is less sensitive to errors as compared to the previously
mentioned reﬂection techniques. On-line analysis is realized by
pumping the sample continuously through the resonator using
an inlet and outlet for the ﬂuid to be investigated. Since the

N.A. Hoog-Antonyuk et al. / Sensors and Actuators B 163 (2012) 90–96

Fig. 1. Basic principle of the coaxial stub resonator sensing system consisting of
a function generator (FG), a spectrum analyzer (SA) and the coaxial resonator (RE).
The dotted structures indicate the inlet and the outlet of the ﬂow-through resonator.
Apart from lacking the in- and outlet, the design of the batch resonator is essentially
the same.

sensor system can be designed such that the ﬂuid volume between
inner and outer conductor is relatively large, it is envisaged that
the sensor can also be applied for analysis of heterogeneous mixtures. In principle, the concept outlined here creates the possibility
for on-line complex dielectric permittivity measurements in resonant circuits at high frequencies with a high quality factor, i.e., at
radio frequencies between 3 and 30 MHz (HF), at frequencies in the
range of 30–300 MHz (VHF) and at frequencies in the microwave
range between 300 MHz and 300 GHz (both UHF and EHF) [24].
The on-line ﬂow-through system enables fast, cost-efﬁcient sample
analyses.
2. Sensing technique
Fig. 1 gives a schematic overview of the coaxial resonator
described in this study and its connection to the coaxial transmission line between the function generator (FG) and the spectrum
analyzer (SA).
The sensing system comprises a function generator (FG), with
an internal output resistance of Zs = 50 , connected to a spectrum analyzer (SA), with an internal input resistance of ZSA = 50 ,
both connected by a coaxial transmission line with a characteristic impedance of 50 . To this coaxial transmission line, a quarter
wave length open ended coaxial stub resonator (RE) is connected.
The advantage of an open ended coaxial stub resonator over a closed
ended one is that its base resonant frequency is a factor of 2 lower.
As a result, the required length of the resonator can be reduced
without compromising the frequency range of the response. The
resonator consists of an inner conductor positioned in the center of
a hollow outer conductor. The sample to be analyzed is present as
dielectric between inner and outer conductor.
In addition to Fig. 1, Fig. 2 gives a detailed schematic overview
of the coaxial stub resonator itself.
Fig. 3 shows the electrical equivalent circuit of the device shown
in Figs. 1 and 2, with the quarter wave length coaxial stub resonator
represented as a lumped element series resonant circuit. As shown
and discussed later on, Fig. 3 presents an adequate circuit analog
of our device for frequencies close to the base frequency of the
resonator [25].
It is noted that a lumped element circuit as shown in Fig. 3
predicts one resonant frequency only, whether that is the ﬁrst or
one of the higher harmonics. In contrast, the coaxial sensing element records all harmonics within a deﬁned frequency range. Even
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Fig. 2. The schematic representation of the open ended coaxial stub resonator of
length l and its connection to the transmission line between function generator FG
and spectrum analyzer SA. Z0 is the characteristic impedance of the transmission
line and of the coaxial stub. Note that the inner and outer conductors at the end of
the coaxial stub are not connected. The inset shows a top view of the coaxial stub.

though the model used can be extended to account for these odd
harmonics, using the Telegrapher’s equations [26–30], such aim
was considered beyond the scope of the present study.
The propagation velocity of electromagnetic waves is affected
by the dielectric between the inner and outer conductor of the resonator [26–30]. Therefore, the resonant frequency (fres ) of a quarter
wave length open ended coaxial resonator with effective length l is
given by (1):
fres =

c · (2n − 1)
√
4l εr r

(1)

where fres , resonance frequency (Hz); c, speed of light in free space
(m/s); l, length of coaxial resonator (m); r , relative magnetic permeability; εr , relative dielectric permittivity; n, harmonic number.
By ﬁlling the resonator of Fig. 1 with a ﬂuid sample, and making an amplitude versus frequency or A–f plot using the frequency
generator and spectrum analyzer, the base resonant frequency as
well its odd harmonics can be determined from the minimums in
the plot. Substitution of the experimentally determined value of
fres and the stub resonator length l in Eq. (1) enables the calculation
of the relative dielectric permittivity of the ﬂuid sample assuming
r = 1.

Fig. 3. The electrical equivalent circuit of the sensor system of Figs. 1 and 2. Parameters Leq , Ceq , Geq and Req represent the lumped element inductance of the resonator,
the lumped element capacitance of the resonator, the conductivity of the dielectric
and losses due to the skin effect in the inner and outer conductors of the coaxial
resonator, respectively.

92

N.A. Hoog-Antonyuk et al. / Sensors and Actuators B 163 (2012) 90–96

Besides the resonant frequency, the shape of the amplitude –
versus – frequency (A–f) plot also provides information on the
dielectric losses in the ﬂuid between inner and outer conductor
Geq and on the skin effect in the inner and outer conductors Req . In
order to quantify the values of Geq and Req near the base resonant
frequency of the stub resonator, the transfer function Vout /Vin needs
to be derived.
The inductance (L ), series resistance (R ), capacitance (C ) and
dielectric conductance (G ) of a coaxial transmission line (all
expressed per unit length) are give by [26,31]:

D

0 r
ln
L =
2
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(2)

Fig. 4. Representation of the electrical equivalent circuit in Fig. 3 at resonance as a
simple resistive voltage divider.

(3)

ﬁrst step in the analysis to obtain the relative dielectric constant
of the ﬂuid is the determination of the resonant frequency of the
A–f plot using Eq. (1). The experimentally observed shape of the
A–f plot can be compared to model simulations using Eqs. (3)–(11).
Since the A–f plot renders the value of the dielectric constant the
only remaining unknown parameters in Eqs. (3)–(11) are the values
of Geq and Req .
According to the lumped element circuit in Fig. 3, the total
impedance Ztot of the coaxial stub resonator is given by (12):

R =

Rs
2

C =

2ε0 εr
ln(D/d)

(4)

G =

2
ln(D/d)

(5)

D

+

1
d

where 0 , magnetic permeability of free space (vacuum permeability) (H m−1 ): 0 = 4 × 10−7 ; ε0 , dielectric permittivity of free
space (vacuum permittivity) (F m−1 ): ε0 = 1/(0 ·c)−1/2 ; D, diameter of outer conductor (m); d, diameter of inner conductor (m); Rs ,
surface resistivity (); ω, angular frequency, ω = 2f (rad/s); , speciﬁc resistance of the metal ( m); , conductance of the dielectric
between inner conductor and outer conductor (S/m).For frequencies applied in this study (f > 5 MHz), the contribution of internal
inductance to L is negligible [26]. Hence, starting from Eq. (2), the
following approximation holds (6):
L ≈

0 r
ln
2

D
d

l
2

(7)

8l
=C · 2


(8)

Geq = G ·

8l
2

(9)

Req = R ·

l
2

Ceq



1
+ Req
jωCeq + Geq

(12)

For the imaginary part of Ztot , i.e., Im(Ztot ) the following expression can be derived (13):
Im(Ztot ) =

Geq (Geq ωLeq + ωCeq Req ) − ωCeq (1 − ω2 Leq Ceq + Req Geq )
2 + ω2 C 2
Geq
eq

(13)

(6)

Note that this approximation turns L into a frequency-independent
parameter. The distributed parameters in Eqs. (3)–(6) can be related
to the lumped element values Leq , Ceq , Geq and Req by comparing the
general solution of the Telegrapher’s equation for a quarter wavelength open ended coaxial stub with the solution for the lumped
element model near the base resonant frequency fres (7)–(10) [25]:
Leq = L ·

Ztot = jωLeq +

(10)

At resonance, with ω = ωres and Im(Ztot ) = 0, ωres can be expressed
in terms of Leq , Ceq and Geq (14):
ωres =





1
Leq Ceq

2
1 − Geq

Leq
Ceq

(14)

For Re(Ztot ), the following expression can be derived (15):
Re(Ztot ) =

Geq (1 − ω2 Leq Ceq + Req Geq ) + ω2 Ceq (Geq Leq + Ceq Req )
2 + ω2 C 2
Geq
eq

(15)

Substitution of Eq. (14) into Eq. (15) provides the following
expression for Rtot at resonance (16):
Rtot = Req +

Geq Leq
Ceq

(16)

It is noted that the base resonant frequency of the quarter wave
length coaxial stub can be derived directly from Eqs. (4), (6), (7) and
(8) and the resonance criterion LC = 1/(ω2 ), which results from Eq.
(1) for n = 1.
For the transfer function, relating the voltage of the input signal
supplied by the function generator Vin to the voltage of the output signal recorded by the spectrum analyzer Vout , the following
relation is obtained (11):

At resonance, the electrical equivalent circuit of Fig. 3 is reduced
to a simple resistive voltage divider (Fig. 4). Since the internal
impedance of both the function generator and the spectrum analyzer equals 50 , the value of Rtot can be calculated from Vout and
Vin at resonance by the use of Eq. (17).

1/((1/jωLeq + (1/(jωCeq + Geq )) + Req ) + (1/ZSA ))
Vout (ω)
=
Vin (ω) (Zs + (1/(1/(jωLeq + (1/(jωCeq + Geq )) + Req )) + (1/ZSA )))
(11)

Req in Eq. (16) represents the series resistance in the resonant
circuit caused, predominantly, by the skin effect in inner and outer
conductor. The value of Req can be determined using Eq. (18) after
constructing a second coaxial stub resonator but ﬁlled with air as
dielectric and resonating at the same resonant frequency as the one
ﬁlled with ﬂuid sample. It is noted that the coaxial stub resonator
ﬁlled with air is longer than the one ﬁlled with ﬂuid since the relative dielectric constant of the ﬂuid is larger than that of air.Since

where Vin , voltage of the input signal supplied by FG (V); Vout , voltage of the output signal recorded by SA (V); Zs , internal resistance
of the frequency generator (); ZSA , internal resistance of the spectrum analyzer (). For our ﬂuid-ﬁlled coaxial stub resonator, the

Rtot =

50 · Vout
Vin − 2 · Vout

(17)

N.A. Hoog-Antonyuk et al. / Sensors and Actuators B 163 (2012) 90–96
Table 1
The parameters of the ﬂow-through and the batch resonators.
Parameters
Length, l
Inner conductor diameter, d
Inner diameter of the outer conductor, D
Diameters of the ﬂuid inlet and outlet

of the system should have the same characteristic impedance. The
characteristic impedance of the coaxial stub resonator equals (20):

Flow-through
resonator

Batch
resonator

101.0 (cm)
0.5 (mm)
22.0 (mm)
7.0 (mm)

34.0 (cm)
0.5 (mm)
22.0 (mm)

the dielectric losses in air are negligible, i.e., Geq = 0, the total resistance Rtot = Req . The skin effect is proportional to the length of inner
and outer conductor of the resonator. Since the two resonators,
one ﬁlled with air, the other with ﬂuid, resonate at the same frequency but have different length, Req(ﬂuid) needs to be corrected for
the resonator length according to:
Req(fluid) = Req(air) ·

l(fluid)
l(air)

(18)

Once the value of Req(ﬂuid) has been determined, the single
unknown parameter left in Eq. (16) is the conductance Geq , representing dielectric losses in the ﬂuid between the inner and outer
conductor of the stub resonator. The value of Geq can now be determined from the A–f plot obtained with the resonator ﬁlled with
ﬂuid and using Eqs. (16)–(18).
Finally, the dielectric loss tangent at resonance, describing the
phase angle between the lumped element capacitor voltage and
capacitor current is given by Eq. (19):
tan ı =

Geq
ω · Ceq
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(19)

Once the values of Req and Geq have been determined, all parameters in Eqs. (2)–(11) are known. As a result, the A–f plot can be
simulated and compared to the one experimentally obtained.
3. Experimental
The experiments were performed with a HAMEG HMS3010
3 GHz Spectrum Analyzer with Tracking Generator, both with an
internal resistance Zs of 50 . In order to check the internal resistance of the function generator, its output amplitude was measured
with a high impedance oscilloscope to amount 1.34 V. Subsequently, the output was loaded with a 50  resistor, resulting in
output amplitude of 0.67 V. This result proves that the internal
resistance of the internal frequency generator of the spectrum analyzer is indeed very close to 50 . The interconnecting transmission
lines have characteristic impedance Z0 of 50 .
For the experiments, two types of coaxial resonators were
designed: a batch resonator and a ﬂow-through resonator. Apart
from the (in) ability of ﬂowing through the measured solutions,
both coaxial resonators are essentially of the same design but with
different dimensions, as summarized in Table 1. When ﬁlled with
the same dielectric solution and according to Eq. (1), both types of
resonators have a different resonant frequency.
Both inner and outer conductors are made of copper. The transmission lines were connected to the resonator by using SMA
(SubMiniature version A) connectors with a total length of 6 mm.
To investigate the performance of both types of resonators,
the following solutions were tested as dielectric between inner
and outer conductor: demineralized water with a conductivity of
1 × 10−4 S/m, ethanol (100% denatured with 2-propanol 2.5%) supplied by BOOM B.V., glycerol (100%) supplied by VNR.
In order to prevent undesired reﬂections of electromagnetic
waves at the transmission line interfaces, ideally all components

Z0 =

1
2



0 r
ln
ε0 εr

D
d

(20)

The characteristic impedance of both resonators as calculated
with Eq. (20) was 39.8  for water, 72.3  for ethanol and 55.5 
for glycerol. An inevitable consequence, and hence accepted compromise, of the range of characteristic impedance of the different
solutions used (39.8–72.3 ) is that the resonator was not perfectly matched to the function generator, spectrum analyzer and
transmission lines, all with an impedance of 50 .
Experiments were performed at 20 ◦ C and repeated 11 times.
From the base frequency obtained for each experiment, the relative
dielectric permittivity εr was calculated using Eq. (1). Subsequently,
the mean value of εr was calculated for the set of 11 experiments.
The experiments in the ﬂow-through resonator were executed at
recycling conditions, i.e., by pumping the liquid under investigation
from a 5 l container through the vertically positioned resonator in
bottom-to-top direction and with the outﬂow returning into the
feed container. In order to deal with the relatively high viscosity of
glycerol, a Master ﬂex peristaltic pump, model 77200-60 was used
for this purpose.
It is noted that over time and depending on the dielectric and the
process conditions, both the inner conductor and the outer conductor of the ﬂow-through resonator may be covered by a thin layer of
metal oxide. This effect was observed when the ﬂow-through resonator was operated continuously with a copper inner conductor
for a period of 1 month when ﬁlled with drinking water. In that particular case the resonator can be considered to be constructed with
two concentric dielectrics: one dielectric of metal oxide around the
inner conductor and the dielectric under investigation. It appears
that, in this particular case, the small layer of metal oxide dielectric around the inner conductor may have a signiﬁcant inﬂuence on
the effective dielectric permittivity, i.e., on the resonant frequency
of the coaxial resonator. This problem can be solved by isolating
the inner conductor with a thin inert coating and by correcting for
the inﬂuence of this coating on the resonant frequency. Prior to
all experiments reported in this contribution, both inner and outer
conductors of the coaxial resonators were inspected to ensure that
neither of them was coated by a small layer of metal oxide.
In order to check whether the measurements are inﬂuenced by
coupling or radiation effects, the experimental set-up was placed in
a Faraday cage with a characteristic size of 70.0 cm and a wall thickness of 3.0 mm. Based on a coaxial stub of 34.0 cm length, ﬁlled with
demineralized water as dielectric, results were compared to those
obtained without using a Faraday cage. It was found that, within
experimental error, application of a Faraday cage did not result in
a frequency shift whereas the difference in amplitude at the base
frequency amounted to less than 4%. We therefore concluded that
under the laboratory conditions applied measurements were free
of environmental interferences.
4. Results and discussion
Fig. 5 shows the A–f plot for water, ethanol and glycerol as
obtained with the batch resonator and the experimental set-up in
Fig. 1.
Substitution of the obtained base resonant frequencies
(24.8 MHz for water, 44.1 MHz for ethanol and 33.9 MHz
for glycerol) into Eq. (1) results in dielectric permittivity
values of re: εwater = 80.2 ± 0.9 (78.76 (79.5) according to
[32]), εethanol = 25.4 ± 0.3 (24.35 (25.13) according to [32]) and
εglycerol = 41.8 ± 0.8 (42.49) according to [32], with reported literature values given in between brackets. These results thus reveal
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Fig. 5. Amplitude versus frequency plot for demineralized water (1), glycerol (2)
and ethanol (3) as obtained with the batch resonator and the experimental set-up
in Fig. 1. All experiments were executed at 20 ◦ C.

that the batch resonator performs well with water, ethanol and
glycerol as dielectrics. Resonance in all A–f plots showed up as a
minimum at a frequency predicted by reported values obtained
with different experimental methods. We, therefore, conclude that
it is technically feasible to determine the dielectric permittivity of
a liquid by using this batch resonator.
As mentioned in the sensing technique section, the shape of the
A–f plots in Fig. 5 are mainly determined by the skin effect in inner
and outer conductors of the coaxial stub resonator and by dielectric losses in the ﬂuid between them. The A–f plot of ethanol will
further be investigated using the lumped element model described
in Section 2. In order to quantify the skin effect, i.e., the value of Req ,
a coaxial stub resonator with a length of 1.70 m was constructed.
The other characteristic dimensions of the stub resonator, such as
construction material, diameter of the inner and outer conductors were identical to those listed in Table 1. Air was applied as
dielectric between inner and outer conductor. The length of the
coaxial stub resonator was chosen as such that its resonant frequency with air as dielectric was about 44 MHz, i.e., approximately
the same as the resonant frequency of the smaller stub resonator
ﬁlled with ethanol. Since the 1.70 m coaxial stub was ﬁlled with dry
air, the dielectric losses in the stub were negligible so that Geq = 0.
The values for the voltage input of the function generator Vin and
the recorded voltage by the spectrum analyzer Vout at the resonant
frequency of the 1.70 m coaxial stub resonator were measured to
amount 66.83 mV and 2.51 mV respectively, see also Table 2. Substitution of these values in Eq. (18) provides a Req value of 0.98 . Since
the coaxial stub resonator applied for the experiments with ethanol
has a length of 34 cm, see also Table 2, its value of Req , i.e., Req(ﬂuid) ,
is smaller than that of the 1.70 m stub resonator ﬁlled with air. Substitution of these values in Eq. (17) results in Req(ﬂuid) = 0.20  at the
resonant frequency of 44 MHz. Since Req(ﬂuid) is known, the value of
Geq , representing the dielectric loss in the ﬂuid, can now be calculated from the attenuation at the resonant frequency of 44 MHz for
the 0.34 m coaxial stub resonator ﬁlled with ethanol. The values for
the voltage input of the function generator Vin and the recorded
voltage by the spectrum analyzer Vout at the resonant frequency
of the 0.34 m coaxial stub resonator ﬁlled with ethanol were measured to amount 60.74 mV and 3.55 mV respectively. Substitution
of the determined values for Vin , Vout and Req in Eqs. (16)–(18) provides the value for Geq = 1.07 × 10−3 S. Substitution of this value into
Eq. (19) provides the dielectric loss tangent: tan ı = 0.04.
Once all parameters deﬁning the A–f plot with the use of Eqs.
(3)–(11) have been determined, an A–f plot for the lumped element

Fig. 6. Amplitude versus frequency plot for experimental data of ethanol (blue)
and modeling (red) for the batch resonator using Eqs. (3)–(13) and the parameters
in Table 2. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of the article.)

circuit in Fig. 3 can be calculated and compared to the experimentally determined one. The result is show in Fig. 6. The simulations
were executed by the use of MATLAB 7.9.0 (R2009b) software.
Fig. 6 reveals a good agreement between the simulated and
experimentally determined A–f plots. Hence, it is concluded that
the open ended quarter wave length batch coaxial stub resonator
performs as expected and that the lumped element circuit in Fig. 3
describes the behavior of the coaxial stub resonator well near its
base resonant frequency.
Fig. 7 shows an A–f plot for water as obtained with the batch
resonator but now over a broader frequency range as compared to
Fig. 5, i.e., for a frequency range from 10 to 150 MHz.
Fig. 7 shows that apart from the base frequency (or 1st harmonic); the batch resonator detects the higher harmonics also.
The dielectric permittivity of demineralized water as calculated
from the ﬁrst, second and third harmonic in Fig. 7 are 80.2 ± 0.89,
79.4 ± 0.51 and 78.9 ± 0.54, respectively. The decline in amplitude
of the signal with increasing frequency can be explained by an
increase of energy loss mainly as a result of the decreasing penetration depth of the current in the inner and outer conductors due
to an increased skin effect with increasing frequency.We also tested
the ﬂow-through resonator and Fig. 8 shows amplitude versus frequency plot for water, ethanol and glycerol.

Fig. 7. Amplitude versus frequency plot for demineralized water obtained with
the batch resonator at 20 ◦ C. Resonant frequencies for the ﬁrst, second and third
harmonics are 24.8 MHz, 74.3 MHz and 124.7 MHz respectively.
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Table 2
Measurements with a 1.70 m quarter wavelength coaxial stub resonator with air as dielectric and with a 0.34 m quarter wavelength coaxial stub resonator ﬁlled with ethanol
in order to asses the values for Req and Geq representing losses as a result of the skin effect and dielectric losses respectively.
Dielectric

Input amplitude
(dBm)

Resonance
amplitude (dBm)

Vin (mV)

Vout (mV)

Rtot ()

Req ()

Leq (H)

Ceq (F)

Geq (S)

tgı

Air
Ethanol

10.5
11.33

39
36

66.83
60.74

2.51
3.55

0.98
1.55

0.98
0.20

6.43E−07
1.29E−07

2.02E−11
1.01E−10

0
1.07E−03

0.04

Fig. 8. Amplitude versus frequency plot for demineralized water (1), glycerol (2)
and ethanol (3) as obtained with the ﬂow-through resonator and the experimental
set-up in Fig. 1. All experiments were executed at 20 ◦ C.

Compared to Fig. 5, obtained with the batch resonator,
results are very similar. Substitution of the resonant frequencies determined from Fig. 8 in Eq. (1) results in the
following dielectric permittivity values of water, ethanol
and of glycerol: εwater = 79.9 ± 0.86 (78.76 (79.5) according to
[32]), εethanol = 24.2 ± 0.50 (24.35 (25.13) according to [32]) and
εglycerol = 42.9 ± 0.56 (42.49) according to [32]). We conclude that
the ﬂow-through resonator performs well with the solutions
tested because obtained values are close to reported experimental
values by others (given in between brackets).
Fig. 9 shows an A–f plot for water as obtained with the ﬂow
through resonator but now over a broader frequency range as compared to Fig. 8, i.e., for a frequency range from about 5 to 150 MHz.
As observed with the batch resonator, the ﬂow through resonator is also able to reveal the higher harmonics. When calculating

the dielectric permittivity of demineralized water from the ﬁrst,
second and third harmonic, we render values of 79.9 ± 0.86,
78.7 ± 1.5 and 78.9 ± 1.2, respectively.
An important characteristic of our coaxial stub is that resonance
occurs at relative low frequencies. By implication, the use of commercially available but relatively expensive spectrum or network
analyzers to delineate responses in the high frequency range is no
longer required. Obviously, this reduces the investment costs for
application substantially.
As was remarked already, not only the resonant frequencies but
also the shape of the amplitude versus frequency curves contains
information on the dielectric properties of the samples. In case
dielectric losses in the sample are high, the quality factor of the
coaxial resonator will decrease. In addition, the amplitude versus
frequency plot will be affected by imperfections in the experimental set-up. It is expected that more detailed modeling of the
resonator will guide us to gain more understanding of the system
described here as well as the dielectric properties of ﬂuids under
investigation.
5. Conclusions
• The concept of a quarter wave length open-ended coaxial stub
resonator as sensing device was successfully applied to measure
the dielectric permittivity of water, ethanol and glycerol.
• The coaxial resonator presented in this study performs well both
in the batch as in the ﬂow-through mode of operation.
• The ﬂow-through mode of operation allows the continuously online monitoring of ﬂuid samples.
• It is expected that the coaxial resonator concept can be developed further into a cost-efﬁcient and low maintenance sensor for
dielectric spectroscopy in a broad ﬁeld of speciﬁc applications.
6. Future steps
Based on the results presented in this study, we expect that the
concept of the coaxial stub resonator as sensing device proves useful in a wide range of applications. Examples include the detection
of (very early) corrosion or biofouling on the inner conductor surface of the coaxial stub, quality control in the food industry (e.g.,
milk, soft and alcoholic drinks) and measuring the load and/or saturation level of ion exchange resins and activated carbon applied
as dielectrics in a coaxial stub-based device.
In addition, miniaturization of the coaxial stub sensor allows the
application of much higher frequencies, i.e., frequencies in the GHz
range. This, in turn, broadens the application range signiﬁcantly
as it gives way to complex dielectric radio-frequency spectroscopy
for the detection of, for instance, molecular structures, micelles or
micro organisms in liquid samples.
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