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Microwave Device Inspired by Fiber-Optic Extrinsic
Fabry-Perot Interferometer: A Novel Ultra-Sensitive
Sensing Platform

Chen Zhu

Abstract—The fiber-optic extrinsic Fabry-Perot interferometer
(EFPI) is one of the simplest sensing configurations and is widely
used in various applications. Inspired by the EFPI, we report a
novel and universal ultra-sensitive microwave sensing platform
based on an open-ended hollow coaxial cable resonator. Two highly-
reflective microwave reflectors were fabricated in a coaxial cable
to form a microwave Fabry—Perot etalon. Although the operating
wavelength of the proposed device is increased by five orders of
magnitude compared to the fiber-optic EFPI (e.g., from 1500 nm
to 150 mm), the resolution regarding the “pseudo cavity length”
of the proposed device is as high as 0.6 nanometer, which is
comparable to that of the EFPL. The resolution can be further
increased by high-precision machining of the device. Due to its low
cost, high sensitivity, all-metal structure, robustness, and ease of
signal demodulation, it is envisioned that the proposed device will
revolutionize the sensing field and enable many important sensing
applications that take place in harsh environments.

Index Terms—Displacement, extrinsic Fabry-Perot
interferometer, fiber-optic sensor, microwave device, open-ended
coaxial cable resonator.

1. INTRODUCTION

IBER-OPTIC extrinsic Fabry-Perot interferometers (EF-

PIs) have been used for sensing a myriad of mea-
surable variables, including displacement [1], acoustic fre-
quency/pressure [2], static pressure [3], strain [4], sliding and
debonding [5], acceleration [6], and inclination [7]. A typical
EFPI is constructed using an unmodified telecommunication
single-mode fiber (SMF) and an external reflector that is placed
acertain distance (e.g., tens of micrometers to a few millimeters)
away from the cleaved end facet of the fiber. A Fabry-Perot cavity
is formed between the optical fiber endface and the external
reflector. When broadband probing light is used to illuminate the
Fabry-Perot cavity, the two reflected light beams from the two
reflectors interfere and generate a fringe pattern in the spectral
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domain. The fringe pattern is defined by the phase delay of
the cavity, which is determined by the cavity length and the
refractive index of the cavity medium [8]. Therefore, in general,
physical or chemical measurable variables that can be correlated
to either the cavity length or the refractive index of the cavity
medium can be measured using the EFPI configuration. Com-
pared with other fiber-optic interferometric sensors, the EFPI
offers unique advantages, including ease of fabrication, high
sensitivity, high resolution, compactness, and high structural
flexibility. However, to ensure a stable and high-quality inter-
ference signal, SMFs are typically employed to construct EFPI
sensors, which essentially limits the application scope of EFPI
sensors [9]. For instance, SMFs are made of fused silica, which
is not stable at extremely high temperatures (e.g., >1000 °C).
Therefore, high-temperature applications of EFPI sensors are
hindered. Additionally, accurate interrogation and demodulation
of an EFPI sensor are relatively difficult to achieve, requiring
a broadband light source, a high-precision spectrometer, and
sophisticated algorithms.

A coaxial cable is also a type of single-mode transmission
line, operating in radiofrequency (RF) regime, that has been
commonly used for communication applications. Governed by
the same fundamental physics, researchers strived in recent
years to translate several fiber-optic sensing configurations to
coaxial cables, including the fiber Bragg grating [10] and the
Fabry-Perot interferometer [11]. The resultant coaxial cable
Bragg grating and the coaxial cable Fabry-Perot interferometer
were demonstrated for sensing strain up to 5% [12], which is ap-
proximately five times larger than the maximum strain measured
by traditional fiber-optic sensors. Very recently, we proposed and
demonstrated a new sensing structure, the hollow coaxial cable
Fabry-Perot resonator (HCC-FRP), inspired by the Fabry-Perot
etalon [13]-[17]. The all-metal design of the HCC-FPR greatly
improves its thermal stability and tolerance, which is expected to
provide an alternative to fiber-optic counterparts for extremely
high-temperature sensing applications. However, the existing
coaxial cable in-line sensor devices suffered from low mea-
surement resolution due to the long interrogation wavelength,
approximately two orders of magnitude lower resolution than
that typically encountered for fiber-optic sensors. Additionally,
the structural design flexibility of HCC-FRP devices is limited
due to the in-line structure.

In this paper, we report our innovative work on a novel
microwave device, a universal ultra-sensitive sensing platform,
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Fig. 1. Structural comparison between the fiber-optic EFPI and the “coaxial
cable EFPI” or OE-HCCR. (a) Schematic of a typical fiber-optic EFPI. (b)
Schematic of the proposed OE-HCCR. L denotes the length of the Fabry-Perot
cavity. (c) Cross-section views of the two microwave reflectors used in the
OE-HCCR. Figures of the fiber-optic EFPI and the OE-HCCR device are not
drawn to scale.

which was motivated by the fiber-optic EFPI. The fundamental
physics of the device, named the open-ended hollow coaxial
cable resonator (OE-HCCR), is discussed. Numerical calcula-
tions were performed to predict the performance of the novel
device. A prototype device was fabricated and tested to verify
the proposed technique.

II. PRINCIPLE OF OE-HCCR

Schematic drawings of a fiber-optic EFPI and the proposed
OE-HCCR with air cavities are shown in Fig. 1. The Fabry-
Perot cavity of the EFPI is formed between the endface of the
optical fiber and the external reflector. According to two-beam
interference theory, the phase-matching condition of the fiber-
optic EFPI where destructive interference occurs is given by
(18]

4dmd
- + m=2mm + T,

ey

where A is the wavelength; d is the Fabry-Perot (FP) cavity length
indicated in Fig. 1(a); and, m is an integer denoting the resonance
order. The resonance wavelengths are then given by

2
A= —d.
m

2

Therefore, by tracking the shifts of the resonance wavelength,
changes in the cavity length of the EFPI sensor caused by
changes in measurands (e.g., displacement, pressure, etc.) can
be determined. The wavelength-tracking method provides high
measurement resolution and accuracy, while the dynamic range
is limited due to the periodic interference pattern. Mimicking
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the fiber-optic EFPI, we propose a “coaxial cable EFPI” (i.e.,
OE-HCCR) that can be used as a novel ultra-sensitive sensing
platform. Fig. 1(b) presents a schematic of the proposed con-
figuration. Different from the fiber-optic EFPI, the Fabry-Perot
cavity is formed by the metal post reflector and the endface
reflector of the coaxial cable. The metal post connects the
concentric conductors, creating a short circuit, thus serving as
the first microwave reflector. The endface of the coaxial cable
is an open circuit, acting as the second microwave reflector.
Fig. 1(c) shows the cross-section views of the two reflectors.
The reflection spectrum of the cavity resonator is given by [15]

S = \/ 1% = 2rirg cos(4mL /A — 1 — pa) + 122

, 3
1—2rirocos(dnL/x — o1 — @2) + 112192 )
where 1 and (o represent the phase terms of the two microwave
reflectors; r; and ry represent the magnitude terms of the two
microwave reflectors; and, L is the length of the Fabry-Perot
cavity. The phase-matching condition of the OE-HCCR is given
by
4L

7 _ =9
Y ©1— P2 mm,

Thus, the resonance frequencies of the cavity are given by

“)

c(2mm + o1 + @2)
I= AL ' )

Note that the pseudo cavity of the OE-HCCR device with
a length of d indicated in Fig. 1(b), i.e., the gap between the
endface of the coaxial cable and the external reflector, is not
the Fabry-Perot cavity, which is the major difference between the
fiber-optic EFPI and OE-HCCR device. However, the operating
principle for the EFPI and OE-HCCR as a sensor device is
the same, where measurands of interest are encoded into the
movement (deflection) of the external reflector, as discussed
below.

Importantly, the phase term associated with the second re-
flector of the OE-HCCR device (i.e., @2, the endface) strongly
depends on the pseudo cavity length d, which is the fundamental
basis of the proposed configuration as a sensing platform. Ac-
cording to transmission line theory, the complex reflectivity of
the endface reflector is given by

TgejLPz _ Z — ZO o 1/]27Tf0 - Z()

Z+7Zy 1)2nfC+ Zy’

where Z and Z; denote the impedance of the endface reflector and
the characteristic impedance of the coaxial cable, respectively;
and, Cis the total capacitance over the enface aperture of the OE-
HCCR. As the pseudo cavity length d decreases, the capacitance
C of the cavity increases exponentially [19], [20]. According to
Eq. (6), the increase in the capacitance decreases the phase term
associates with the endface reflector, thus reducing the resonance
frequency of the device (see Eq. (5)). The external reflector of the
OE-HCCR should be made of conducting material such as metal
to obtain the greatest dependency of the resonance frequency
on the length of the pseudo cavity. The surface of the external
reflector can be rough and not optically-reflective, which differs
from the reflector for the fiber-optic EFPI.

(6)
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Fig. 2. Numerical investigations of the proposed OE-HCCR device. (a) Sim-
ulated phase term of the metal post as a function of frequency. (b) Calculated
phase term of the endface reflector as a function of frequency for different
settings of the pseudo cavity length. (c) An example of the reflection spectrum,
where the fundamental resonance frequency of the OE-HCCR is approximately
3 GHz. (d) Theoretically-predicted dependence of the fundamental resonance
frequency of the OE-HCCR device on the pseudo cavity length. The inset is
a plot of the predicted sensitivity (the derivative of the fundamental resonance
frequency with respect to the pseudo cavity length, on a log scale) as a function
of the pseudo cavity length.

The size dimensions of the coaxial cable should be carefully
determined to avoid an impedance mismatch at the signal input
end of the device and to ensure a high-quality resonance pattern
from the OE-HCCR. The characteristic impedance of the hollow
coaxial cable is given by [21]

b

where a and b are the radii of the inner and outer conductors,
respectively. The prototype OE-HCCR was designed with a
and b equal to 1.10 mm and 2.50 mm, respectively, so that
the characteristic impedance of the hollow coaxial cable would
be approximately 50 Ohms, a typical value for commonly
used commercial coaxial cables. Additionally, the selected size
dimensions also enable the hollow coaxial cable to be easily
connected to a standard SubMiniature version A (SMA) female
connector. Numerical calculations were first performed to inves-
tigate the response of the OE-HCCR to variations of the pseudo
cavity length. The numerical results are presented in Fig. 2. Note
that both the phase terms of the two microwave reflectors are a
function of frequency, and thereby Eq. (5) has no analytical
solution. We first employed full-wave simulations (ANSYS
HESS) to obtain the reflection coefficient of the metal post (i.e.,
r1 and 7). The reflection coefficient of the endface reflector
(i.e., ro and ¢9) was calculated based on Eq. (6), where the
capacitance C was determined via static analyses [19]. Figs. 2(a)
and (b) show the calculated phase terms of the two microwave
reflectors. The phase term associated with the endface reflector
decreased as the pseudo cavity length decreased. Plugging in the
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Fig. 3. Photograph of a prototype OE-HCCR device.

solved reflection coefficients of the two reflectors into Eq. (3),
the spectrum of the cavity resonator can be obtained, through
which the resonance frequency of the cavity can be determined.
The reflection spectrum of the device where the pseudo cavity
length was set to 2 mm is plotted in Fig. 2(c). The diameter of
the metal post and the distance between the metal post and the
endface were set to 1.50 mm and 20.0 mm in the calculation,
respectively. In the frequency observation bandwidth from O to
6 GHz, only one resonance dip was observed, corresponding to
the fundamental resonance frequency. Note that the frequency
can be tuned by adjusting the length of the Fabry-Perot cavity
L, according to Eq. (5). The dependence of the fundamental
resonance frequency on the pseudo cavity length d is shown
in Fig. 2(d). The resonance frequency decreased exponentially
as the pseudo cavity length decreased, demonstrating the high
sensitivity of the OE-HCCR device to variations of the pseudo
cavity length. More importantly, the sensitivity of the resonance
frequency to the pseudo cavity length increased exponentially
as the pseudo cavity length decreased, as shown in the inset of
Fig. 2(d). As the pseudo cavity length decreased to 0.30 mm,
the sensitivity increased to 1 GHz/mm; as the pseudo cavity
length further decreased to 0.05 mm, the sensitivity reached
11 GHz/mm.

III. RESULT

A prototype device was fabricated using stainless steel, as
shown in Fig. 3. Note that fabrication of the prototype OE-HCCR
device only involved traditional metal welding and cutting pro-
cedures, which are low-cost processes. The all-metal structure
also provides high mechanical robustness and improves the
high-temperature tolerance of the device. The OE-HCCR device
works in a convenient reflection mode. An SMA female con-
nector was connected to the back end of the OE-HCCR device
and used as the RF signal input connector. A portable vector
network analyzer (VNA, Anritsu 46121B) was employed to
make reflection measurements, serving as the microwave source
and the detector. A conducting plate (made of stainless steel) was
mounted on a translation stage, and carefully positioned to adjust
the pseudo cavity length (i.e., the gap distance) of the OE-HCCR
device.

Fig. 4 presents the experimental results used to character-
ize the performance of the prototype OE-HCCR device. The
measured reflection spectrum of the OE-HCCR device, when
the pseudo cavity length was approximately 2 mm (measured
using a caliper), is plotted in Fig. 4(a). A resonance dip at
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Fig. 4. Experimental results used to characterize the performance of the

prototype OE-HCCR device. (a) Measured reflection spectrum of the OE-HCCR
device. The inset shows the deviation of the measured resonance frequency of
the device over a time period of 10 min when the pseudo cavity length was
kept constant. (b) Experimental setup used to test the response of the OE-HCCR
device at various settings of the pseudo cavity length. (c) Measured reflection
spectra of the OE-HCCR device for different settings of the pseudo cavity
lengths. (d) Measured and theoretically-predicted relationships between the
resonance frequency of the OE-HCCR device and the pseudo cavity length.
The inset shows the measured and theoretically-predicted sensitivity of the
OE-HCCR device as a function of the pseudo cavity length.

around 2.964 GHz was obtained, which is close to the theoretical
prediction of 3.043 GHz (see Fig. 2(c)). Fig. 4(b) illustrates the
experimental setup used to characterize the performance of the
OE-HCCR device. As the translation stage moved away from
the endface of the OE-HCCR device, the pseudo cavity length
increased. The measured reflection spectra of the OE-HCCR
device for different settings of the pseudo cavity lengths are
shown in Fig. 4(c). Note that the initial pseudo cavity length was
set to be as small as possible through visual inspection. However,
due to machining errors, the endfaces of the inner conductor
and the outer conductor were offset by approximately 0.10 mm
(measured using a caliper). Therefore, the initial pseudo cavity
length was estimated to be 0.10 mm. As the pseudo cavity length
increased, the resonance dip shifted to the high-frequency re-
gion, as expected. Note that the evolution of the resonance depth
of the reflection spectrum is a result of the frequency-dependence
of the reflectivity of the metal post. Fig. 4(d) shows the measured
resonance frequency of the OE-HCCR device as a function of the
pseudo cavity length. The inset shows the measured sensitivity
of the OE-HCCR device (change in resonance frequency/change
in the pseudo cavity length) as a function of the pseudo cavity
length. The theoretical predictions shown in the inset of Fig. 2(d)
are also included in Fig. 4(d) for comparison. The resonance
frequency of the OE-HCCR device increased as the pseudo
cavity length increased; the sensitivity decreased exponentially
as the pseudo cavity length increased. The overall trends of the
measurement and theoretical prediction results matched well.
The measured sensitivity reached 1 GHz/mm when the pseudo
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cavity length was set to 0.3 mm. The experimentally achieved
highest sensitivity using the prototype OE-HCCR device was
7 GHz/mm. The stability of the device was experimentally
quantified by continuously recording the reflection spectrum
for 10 min when the pseudo cavity length was set to 2 mm.
The standard deviation (SD) of the resonance frequency was
determined to be 4 kHz, as shown in the inset of Fig. 4(a).
Therefore, the resolution of the OE-HCCR device was estimated
to be 4 nm over a range of 0-0.3 mm and 0.6 nm over a range of
0-0.11 mm. Note that as reported in our previous work [15], the
displacement resolution of a traditional HCC-FPR was approx-
imately 10 pm over a sub-meter dynamic range. The obtained
resolution of the OE-HCCR is at least three orders of magni-
tude greater than that of the traditional HCC-FPR, although
the dynamic range is sacrificed. This significant improvement
in measurement resolution is fundamentally due to the novel
sensing scheme of the OE-HCCR, where the phase term (o
associated with the endface reflector exhibits an exponential
dependence on the pseudo cavity length (i.e., displacement of the
external conducting plate). A fundamental comparison between
the HCC-FPR and the OE-HCCR is shown in the subsequent
Discussion section.

IV. DISCUSSION

Both the theoretical predictions and experimental results
demonstrate the ultra-high sensitivity of the OE-HCCR device to
variations of the pseudo cavity length. Compared to a fiber-optic
EFPI, the resolution of the OE-HCCR device is of the same order
of magnitude, namely 4 nm over a small dynamic range (0-0.3
mm). However, the discrete resonance pattern of the OE-HCCR
device makes it easier to monitor parameters of interest (e.g.,
displacement) by simply tracking the resonance frequency. The
system cost of the OE-HCCR device is much lower than a
fiber-optic EFPI system, including sensor fabrication and the
interrogation unit. Note that although a VNA was employed in
the demonstration, a less expensive scalar network analyzer can
be used to interrogate the OE-HCCR device. The ruggedized
all-metal structure of the OE-HCCR device offers high mechan-
ical stability, robustness, and drastically enhanced temperature
tolerances, making the OE-HCCR device an excellent candidate
for high-temperature applications. Conducting materials with
higher melting points (e.g., tungsten, graphite) can be used to
construct the OE-HCCR device for applications at extremely
high temperatures. Although the size of the first prototype
OE-HCCR device was approximately 50 times larger than a bare
optical fiber with a cladding diameter of 125 pm, the dimensional
size of the OE-HCCR device can be further reduced to the
micrometer scale according to transmission line theory. One
major limitation of the OE-HCCR device is its susceptibility
to electromagnetic interference (EMI). The device should be
carefully packaged in a metal container (Faraday cage) to avoid
EMI in harsh environments. However, the packaging could
increase the size and weight of the OE-HCCR device. Therefore,
itis preferable to use the proposed OE-HCCR device in EMI-free
harsh environments that experience high temperatures, high
pressures, and that involve heavy-duty circumstances.
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In previously reported HCC-FPR sensing devices, variations
of the measurand of interest (e.g., displacement, liquid level,
etc.) were encoded into changes in the cavity length of the cavity
resonator (i.e., L) [14], [15], leading to changes in the phase
delay of the resonator. The resultant variations of the phase delay
were linearly proportional to variations of the cavity length L.
In the present work, the proposed OE-HCCR operates based
on a novel sensing scheme, where variations of the measurand
of interest (e.g., displacement) are correlated to changes in the
pseudo cavity length of the OE-HCCR, i.e., changes in the phase
term (o associated with the endface reflector of the resonator.
The changes in (o modify the total phase delay of the cavity
resonator (see Eqgs. (4) and (5)) and manifest as shifts in the
resonance frequency. Importantly, the phase term (o exhibits
an exponential dependence on the pseudo cavity length of the
OE-HCCR due to the significantly concentrated fringing electric
field in the gap between the endface of the coaxial cable and the
external conducting plate. As the pseudo cavity length decreases,
the capacitance associated with the endface aperture increases
exponentially, resulting in an exponential decrease in the phase
term 5. Anintuitive explanation of this exponential dependence
is the transition of the endface reflector from an open circuit to
a short circuit as the conducting plate approaches the endface
of the coaxial cable and eventually contacts the endface. As a
result, compared to the HCC-FPR, the measurement sensitivity
of the OE-HCCR was significantly improved by three orders
of magnitude. Moreover, the extrinsic configuration of the OE-
HCCR opens up new avenues for developing a new generation
of ultra-sensitive microwave sensor devices with unique features
and comparable sensitivities to fiber-optic counterparts.

We envision that couplings of the metal conductor to the
open end of the OE-HCCR device, using judicious mechanical
designs, will produce flexibly-designed sensor devices capable
of measurements of a variety of physical parameters, such as
temperature, acoustic pressure, static pressure, vibration, accel-
eration, and tilt with high sensitivity. Fig. 5 includes schematic
diagrams of several examples of sensors that can be fabricated
using the OE-HCCR device platform, mimicking the well-
known fiber-optic EFPI sensors. For example, an OE-HCCR
device configured as a pressure sensor can be fabricated by
replacing the metal plate with a metal diaphragm that deflects
when it is subject to variations of static or dynamic pressures,
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as illustrated in Fig. 5(a). Alternatively, a metal cantilever can
be fabricated on the enface of the OE-HCCR device so that it
can be used for acoustic sensing, as shown in Fig. 5(b). Fig. 5(c)
illustrates an OE-HCCR device vibration sensor or accelerom-
eter, where an inertial mass block is employed as part of the
vibration responsive element. Note that all these sensors can be
used at elevated temperatures due to the all-metal structures.
On the other hand, the OE-HCCR device is also sensitive to the
permittivity of the medium in the pseudo cavity (the gap between
the endface and the external reflector), similar to the fiber-optic
EFPI. The permittivity sensitivity also increases as the pseudo
cavity length decreases. Therefore, the proposed OE-HCCR
device is also a chemical sensing platform. By including func-
tional materials (e.g., metal-organic framework, zeolite, etc.)
in the gap between the open end and the metal reflector, the
OE-HCCR device can be configured as various ultra-sensitive
chemical sensors [22]. Another unique and striking feature of the
OE-HCCR device is that the phase information of the device can
be directly measured in the microwave domain. By combining
a phase-shift amplification technique, it is possible to resolve
changes in the pseudo cavity length of the OE-HCCR device
with picometer resolution [23].

V. CONCLUSION

To summarize, we invented, fabricated, and tested a novel
sensing platform that is based on a microwave resonator. The
idea of the OE-HCCR device originates from the well-known
fiber-optic EFPI. The resonance frequency of the OE-HCCR
device strongly depends on the pseudo cavity length of the device
(i.e., the air gap in front of the open end), exhibiting a resolution
of as high as 0.6 nm. The OE-HCCR device can be used as a sen-
sor with ultrahigh sensitivity by encoding measurands of interest
into the pseudo cavity length. We envision that the proposed gen-
eral OE-HCCR device platform will provide an uncharted route
to a novel generation of low-cost and ultra-sensitive sensors that
operate at alow frequency (sub-gigahertz and gigahertz regimes)
for measuring a variety of physical quantities required by many
applications.
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