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A hollow coaxial cable Fabry—Pérot resonator for liquid dielectric
constant measurement

Chen Zhu, Yiyang Zhuang, Yizheng Chen, and Jie Huang®
Department of Electrical and Computer Engineering, Missouri University of Science and Technology, Rolla,
Missouri 65409, USA

(Received 7 January 2018; accepted 25 March 2018; published online 13 April 2018)

We report, for the first time, a low-cost and robust homemade hollow coaxial cable Fabry—Pérot
resonator (HCC-FPR) for measuring liquid dielectric constant. In the HCC design, the traditional
dielectric insulating layer is replaced by air. A metal disk is welded onto the end of the HCC serving as
a highly reflective reflector, and an open cavity is engineered on the HCC. After the open cavity is filled
with the liquid analyte (e.g., water), the air-liquid interface acts as a highly reflective reflector due to
large impedance mismatch. As a result, an HCC-FPR is formed by the two highly reflective reflectors,
i.e., the air-liquid interface and the metal disk. We measured the room temperature dielectric constant
for ethanol/water mixtures with different concentrations using this homemade HCC-FPR. Monitoring
the evaporation of ethanol in ethanol/water mixtures was also conducted to demonstrate the ability
of the sensor for continuously monitoring the change in dielectric constant. The results revealed that
the HCC-FPR could be a promising evaporation rate detection platform with high performance. Due
to its great advantages, such as high robustness, simple configuration, and ease of fabrication, the
novel HCC-FPR based liquid dielectric constant sensor is believed to be of high interest in various
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fields. Published by AIP Publishing. https://doi.org/10.1063/1.5021684

I. INTRODUCTION

Accurate and reliable measurement of the liquid dielec-
tric constant is of great interest and is important in many
chemical and biological applications.! In the past decades,
fiber optic refractive index (RI) sensors have attracted exten-
sive research interest owing to their well-known advantages
such as small size, high resolution, high sensitivity, and the
multiplexing capability.”> The principle of the most optical
fiber based RI sensors is based on the interactions between
the evanescent field and external medium of interest. Exam-
ples include long-period fiber gratings (LPFGs),%’ fiber Bragg
gratings (FBGs),%!? optical fiber surface plasmon resonance
(SPR) sensors, 12 bending structure based RI sensors, 1314
etc. However, the RI response of these sensors (i.e., evanescent
field interaction based) is not linear. Therefore, the calibrations
of these sensors become cumbersome when quantitative mea-
surements are required. Additionally, these RI sensors are very
sensitive to bending which produces unpredictable changes in
their characteristic spectra for RI measurements, making it
difficult to interpret the sensor signal.

Open cavity based Fabry—Pérot (FP) interferometer has
also been widely used for monitoring changes in the RI
of liquids and gases. An FP interferometer consists of two
reflecting surfaces, which are parallel and separated in space
(e.g., tens of microns). An open cavity is engineered on the
FP cavity to allow the analyte to fill in. The reflection spec-
trum of an FP interferometer can be directly affected by the
cavity length and the cavity medium refractive index. In com-
parison with other optical fiber RI sensors (e.g., evanescent
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field-based sensors), an open cavity based FP refractometer
achieves a constant RI sensitivity (i.e., linear response) and
covers a wide measurement range. Wei et al. reported an all-
fiber inline FP interferometer with an open micro-notch cavity
fabricated by an fs laser for highly sensitive R measurement. '
Tian et al. presented a microfluidic FP refractometer using
a concave-core photonic crystal fiber.'® However, the afore-
mentioned FP refractometers are fragile, and their fabrication
is costly and complicated. The two reflecting surfaces have
to be accurately manufactured to maintain a parallel relation-
ship. These drawbacks seriously hinder their way of practical
applications.

A coaxial cable is also a type of waveguide which con-
fines and transmits electromagnetic (EM) wave inside of it with
the same EM theory as an optical fiber. Generally, a coaxial
cable is formed by an inner conductor, an outer conductor,
and the sandwiched insulating layer. In the past decades, the
two waveguides, i.e., the optical fiber and the coaxial cable,
have developed in two distinct ways, and there are quite a lot
of unique technologies and devices of their own. When talk-
ing about mechanical strength, coaxial cables are much more
robust and can survive a relatively larger strain than optical
fibers. Some of the concepts established in fiber optic sens-
ing technologies have been adopted onto coaxial cables due to
the fact that the coaxial cables as sensors can provide a solu-
tion for some challenging issues (e.g., fragile, bend sensitive,
difficult to employ, etc.) faced by their fiber optic counter-
parts.'’?0 For instance, the Bragg grating has been perfectly
implemented on coaxial cables for sensing applications.!” The
idea is to engineer periodical discontinuities on a coaxial cable
to form a coaxial cable Bragg grating (CCBG), which has been
successfully demonstrated for large strain measurements.!”

Published by AIP Publishing.
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A problem is that the CCBG usually has a long grating length
due to the long wavelength of Radio Frequency (RF), which
limits its spatial resolution. Very recently, we presented a
concept of high-quality factor (Q-factor) coaxial cable Fabry—
Pérot resonator (CCFPR) with high measurement resolution,
which is believed to be a solution to the spatial resolution
problem of CCBG.?!

So far, most of the developed coaxial cable sensors are
used for measurements of various physical parameters such as
strain, temperature, crack, and pressure.!”->! As such, inspired
by the optical fiber chemical sensors, there is a need for
the development of chemical sensors (such as measurement
of liquid dielectric constant) using coaxial cables, and this
might address the issues faced by the aforementioned optical
fiber-based chemical sensors, such as limited dynamic range,
bend sensitive, nonlinear response, fragility, and stringent
requirements in fabrication.

In this paper, we report a low-cost and robust homemade
hollow coaxial cable Fabry—Pérot resonator (HCC-FPR) for
liquid dielectric constant sensing. To the best of our knowl-
edge, this is the first report of using a hollow coaxial cable for
chemical sensing applications. In our HCC design, the idea
is to use air to replace the traditional insulator. Inspired by
the open cavity based fiber FP interferometer sensor, an open
cavity is engineered on the HCC. After the cavity is filled
with the liquid analyte, an FPR will be formed by the two
highly reflective reflectors, i.e., the air-liquid interface and the
metal disk. When the HCC-FPR is exposed to surrounding
liquids with different dielectric constants, the resonant fre-
quencies of the FPR will shift, thus making the HCC-FPR act
as a liquid dielectric constant sensor. In our experiment, we
measured the dielectric constant of ethanol/water solutions
with various concentrations. Also, monitoring the evapora-
tion of ethanol in ethanol/water mixtures was conducted to
demonstrate the capability of the sensor for continuously mon-
itoring the dielectric constant change. The results show that
our HCC-FPR sensor has the potential to be a new and low-
cost platform for evaporation rate detection. Integrated on a
coaxial cable sensing platform, the HCC-FPR is a good sen-
sor head for remotely chemical sensing. Besides, the stringent
requirements in fabricating an optical fiber interferometer,
such as high manufacturing accuracy, micromachining, can
be significantly relieved to construct such an HCC-FPR.

Il. SENSOR DESIGN AND MEASUREMENT
PRINCIPLE

Figure 1 presents a schematic of the HCC-FPR. The HCC
is homemade, which consists of an inner conductor, an outer
conductor, and the air in-between served as the dielectric layer.
The diameter of the inner conductor is 6 mm; the inner diam-
eter and outer diameter of the outer conductor are 14 mm and
18 mm, respectively. Both the inner and outer conductors are
made of stainless steel. A metal disk is welded onto the end
of the HCC. The disk shorts the inner and outer conductors,
which serves as a highly reflective reflector. An opening groove
is engineered on the top of the outer conductor, forming an
open cavity and allowing the liquid analyte to enter the cav-
ity freely. A sealing ring is used to prevent the liquid analyte
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FIG. 1. A schematic drawing of the HCC-FPR for liquid dielectric constant
sensing. The HCC consists of an inner conductor, an outer conductor and the
air served as the dielectric layer. An FPR is formed by the two highly reflective
reflectors, i.e., the air-liquid interface and the metal disk.

from leaking out of the cavity. After filling with the liquid ana-
lyte in the open cavity, the air-liquid interface acts as a highly
reflective reflector due to large impedance mismatch, together
with the metal disk (i.e., a highly reflective reflector), forming
an FPR. The HCC-FPR can measure the dielectric constant
(g,) of the liquid filling in by tracking the shift in the reso-
nant spectra. Compared with an interferometer based sensor
such as an FP interferometer, the Q-factor of an FPR sensor
is much higher, meaning that the detection limit of an FPR
sensor can be improved. It should be noted that if the dielec-
tric constant difference between the air and liquid analyte is
not big enough to achieve large impedance mismatch, a highly
reflective reflector (e.g., copper reflector?!) can be engineered
on the HCC to serve as the first reflector.

The microwave signal propagating along the HCC is
mostly reflected by the first reflector, and the remaining signal
with a phase delay passes through and gets to the second reflec-
tor. Again, the most energy of the signal gets reflected by the
second reflector. Multiple reflections and multiple wave inter-
ference occur inside the resonator formed by the two reflectors.
The phase delay (0) between two waves reflected by the first
reflector is given by

5:#:—4’%’8_’, (1)
C

where A and f are the wavelength and frequency of the EM
wave, respectively; d is the resonant cavity length; &, is the
effective dielectric constant of the liquid analyte; c is the speed
of light in vacuum. When the phase delay is equal to 2m (m is
an integer, i.e., 1, 2, 3, .. .), a resonant pattern can be obtained
in the spectrum domain. The resonant frequency (f.s) in the
reflection spectrum can be written as
c

2d+Jg,
The spacing between two successive minima of the spectrum,
defined as the free spectral range (F'SR), can be expressed as

c
. 3
N 3)
When the spectrum shifts due to the change in dielectric con-
stant of the liquid analyte, the resonant frequency shift can be
calculated by

@
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Thus the dielectric constant change of the liquid analyte in the
open cavity of the HCC-FPR can be determined by monitoring
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the resonant frequency shift when the cavity length is fixed.
From Eq. (4), it concludes that the measurement sensitivity
of the liquid dielectric constant (Af/Ag,) for the developed

HCC-FPR is —mc/4dsr%, which is proportional to the har-
monic number m and inversely proportional to the physical
cavity length d and the absolute dielectric constant of the liquid
analyte &,. It should be noted that Eq. (4) is used for the mea-
surement of the change in dielectric constant Ag, rather than its
absolute value &,. The measurement sensitivity of the change
in dielectric constant can be considered linear if the change is
small. Equation (3) is used for the measurement of the abso-
lute value of the liquid dielectric constant by acquiring the F'SR
from the recorded reflection spectrum, where the physical cav-
ity length d and the speed of light in vacuum c are both mathe-
matical constants. According to Eq. (2), the thermal expansion
of the cavity length could lead to a resonant frequency shift,
leading to a temperature cross talk. The temperature sensitivity
can be calculated to be —mcacrg/2d+/€,, where acrg is the
coefficient of thermal expansion of stainless steel. Thus, the
dielectric constant-temperature cross-sensitivity can be deter-
mined by 2¢,acrg. In field applications, a thermocouple needs
to be used for temperature compensation.

lll. EXPERIMENTAL RESULTS AND DISCUSSIONS

The experimental setup for using the HCC-FPR to mea-
sure liquid dielectric constant is schematically illustrated in
Fig.2(a). An FPR was engineered on ahomemade HCC, which
was designed to be connected to a commercial coaxial cable
(e.g., RG-58/U) via an SMA (SubMiniature version A) to N
adapter. A vector network analyzer (VNA, Agilent 8753ES)
was employed to acquire the amplitude reflection spectrum
(S(1, 1)) of the HCC-FPR. The liquid analyte was stored in a
glass container. The VNA was set to measure the frequency
response over a range between 100 kHz and 1.2 GHz. The
sampling points and the intermediate frequency bandwidth

RG-58/U
coaxial cable

VNA  poRrT1 N
/
HCC <

PC =
FPR

SMA to N
adaptor

(b)

FIG. 2. (a) A schematic of the experimental setup. A vector network analyzer
(VNA, Agilent 8753ES) was employed to acquire S(1, 1) of the HCC-FPR.
The hollow coaxial cable was connected to the port 1 through an RG-58/U
coaxial cable. The FPR was immersed in the liquid analyte when measuring
the liquid dielectric constant. (b) A photograph of the HCC-FPR sensor. The
length of the open cavity is 4.60 cm.

Rev. Sci. Instrum. 89, 045003 (2018)

(IFBW) were configured to be 1601 and 300 Hz. Data record-
ing and processing were accomplished by a personal computer
(PC) connected to the VNA. A photograph of our HCC-FPR
sensor is presented in Fig. 2(b). The open cavity length of the
FPR is around 4.60 cm.

The HCC-FPR was first tested with dry air and tap water
filling in the cavity in a clean room at room temperature,
respectively. Figure 3 plots the amplitude reflection spectra
(8(1, 1)) of the HCC-FPR under two different conditions. It
is quite clear that a resonant pattern was obtained after the
open cavity was filled with water. Three resonant valleys in
the HCC-FPR spectrum filled with water can be clearly iden-
tified with a good contrast of 10 dB, indicating a high quality
microwave resonator was formed by the two highly reflec-
tive reflectors due to impedance mismatch, i.e., the air-water
interface and the metal disk as expected. The FSR of the res-
onant pattern was calculated to be 368.172 MHz. According
to Eq. (3), the dielectric constant of the tap water filled in the
cavity was calculated to be 78.44 around 0.2 GHz giving by
the physical length of the cavity to be 4.60 cm. The Q-factors
of the three valleys, which are mathematically defined by the
ratio of the center frequency to the full width at half maximum,
are calculated to be 16, 33, and 23, respectively. The large
Q-factors indicate that the HCC-FPR is a resonance device
rather than an interferometric device (e.g., an FP interferome-
ter with a Q-factor of 2).

To characterize the dielectric constant response of
the HCC-FPR, the sensor head was fully immersed in
ethanol/water solutions with different &, in a clean room at a
constant temperature of 20 °C (+1 °C). The &, was modified by
changing the ethanol mass ratio of ethanol/water solutions.??
Figure 4 plots a dip in reflection spectra as the ethanol con-
centration increases. The dip frequency shifted to the higher
frequency region, revealing the dielectric constant of the solu-
tions decreased as the ethanol concentration increased. Since
&, of the water at RF ranges (g, ~ 80.37) is greater than that of
the ethanol (&, ~ 25.07), it is expected that the effective dielec-
tric constant of the water/ethanol mixtures decreases with the
increment of the ethanol concentration. From Fig. 4, it can also
be observed that the contrast of the resonant valley increases as

5t

S(1,1) (dB)

-10f

—air
— water

0 200 400 600 800 1000 1200

Frequency (MHz)

FIG. 3. Amplitude reflection spectra of the HCC-FPR before and after filling
in the open cavity with tap water. A resonant pattern could be obtained after
the cavity was filled with water, meaning that an FPR was formed by the
air-water interface and the metal disk due to large impedance mismatch.
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FIG. 4. The change in reflection spectra with respect to ethanol concentration
in the ethanol/water solution. The dip frequency shifted to higher frequency
region as the ethanol mass concentration increases from 30% to 80%.

the ethanol concentration increases. This is because the atten-
uation of the RF waves propagating in the HCC decreases as
ethanol concentration increases.

Figure 5 plots the change in fundamental resonance
frequency with respect to the dielectric constant of the
ethanol/water solution. It can be seen that the relationship is
slightly nonlinear, and the slope or sensitivity decreases as the
dielectric constant increases, which is consistent with Eq. (4)
where the slope is inversely proportional to the absolute dielec-
tric constant of the liquid analyte. To evaluate the stability of
the HCC-FPR, the dielectric constant was measured as a func-
tion of time when the open cavity was filled with tap water. The
inset of Fig. 5 shows the deviation of the dielectric constant
(DC) measured every 10 s for 30 min. The standard deviation
of the measured data was found to be 0.0087, corresponding
to a relative measurement resolution of 1 x 1074,

The ability of the HCC-FPR sensor for continuously mon-
itoring the evaporation of ethanol/water mixtures with differ-
ent ethanol volume concentrations (i.e., 20%, 50%, and 80%)
was also demonstrated at room temperature. In the experiment,
the VNA was controlled by a PC to record the resonant reflec-
tion spectra every 11 s for 2 h. Figure 6 presents the dielectric

0.02
80 = o 1
I ootf, -
) wel
g 0
=
60 L] 5 -0.01f %+ 1
S B ook
o -0.02
2 40 - 0 10 20 30
= Time (Minutes)
=
N .
20 1
n
| |
|
of .

40 45 50 55 60 65
Dielectric constant (8r)

FIG. 5. Resonant frequency change with respect to dielectric constant. Inset:
Plot of the measured dielectric constant change as a function of time.
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FIG. 6. Measured dielectric constant (DC) change of ethanol/water mixtures
with different ethanol concentration (i.e., 20%, 50%, and 80%) as a function
of time.

constant change as a function of time for various ethanol vol-
ume concentrations. It can be found that the dielectric constant
of the mixtures increased over time. This is because that in this
case, ethanol, being more volatile than water, preferentially left
the ethanol/water mixtures, resulting in a decrease in ethanol
content. As shown in Fig. 6, the dielectric constant change rate
of the mixture with 50% ethanol was faster than those of the
mixtures with 20% and 80% ethanol, meaning that the con-
centration change rate of the mixture with 50% ethanol was
faster than those of the other two. Interestingly, there was little
difference in the dielectric constant change rate of the 20%
and 80% solutions. It is possible that the evaporation rates of
water and ethanol are different under different compositions.
In our future work, the detailed and quantitative investigation
will be done by using such an HCC-FPR. It should be noted
that the update rate of the reflection spectra can be as high
as several hundred hertz so that real-time dynamic monitoring
can be achieved for the proposed HCC-FPR device. Therefore,
the HCC-FPR has the potential to be a new and low-cost plat-
form for evaporation rate detection with high performance,
which may play a significant role in chemical engineering
society.

IV. CONCLUSION

To summarize, we propose and demonstrate a low-cost
and robust homemade HCC-FPR sensor for liquid dielectric
constant measurements. In the HCC design, the traditional
insulating layer between the inner conductor and outer con-
ductor is replaced by air. A metal disk was welded onto the
end of the HCC serving as a highly reflective reflector. An
opening groove was engineered on the top of the outer con-
ductor near the metal disk to form an open cavity. When the
open cavity is exposed to the liquid analyte (e.g., water), an
FPR will be constructed with two highly reflective reflectors,
i.e., the air-water interface and the metal disk. The reso-
nant frequency shifts with the dielectric constant variations
of the liquid analyte filling in the open cavity. The HCC-
FPR was demonstrated for measurements of the dielectric
constant of the ethanol/water solutions with different ethanol
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concentrations. Monitoring the evaporation of ethanol in
ethanol/water solutions was also conducted to verify its ability
for continuously monitoring dielectric constant change. The
experimental results showed that the HCC-FPR sensor has the
potential to be a new platform for evaporation rate detection.
More importantly, the unique accessible FP open cavity makes
it attractive for sensing applications in the various fields. The
concept of the HCC-FPR chemical sensor was inspired by
its optical counterpart, optical fiber based FP interferometer
family. As a result, it inherits the advantages of optical fiber
sensors, such as high measurement resolution, high sensitivity,
remote operation, and multiplexing capability. Meanwhile, by
monitoring the resonant spectrum in RF domain, the HCC-FPR
offers great advantages that are incomparable by conventional
optical fiber sensors, including ease of fabrication, robustness,
large dynamic range, bending resistance, and potentially low
cost in signal interrogation.
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