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ABSTRACT 

The thesis is comprised of two papers, the first paper presents the novel High-

Quality Factor Coaxial Cable Fabry-Perot Resonator for sensing applications. The 

sensor is fabricated by creating two highly reflective mirrors in a coaxial cable. The 

temperature response of the sensor was tested, by monitoring the frequency shift of the 

reflection spectra as the temperature increased linearly from 35 °C to 80 °C in steps of 

5 °C. The sensor exhibited high temperature sensitivity and good measurement 

resolution. A high Q factor of 133 was recorded. 

The second paper in the thesis presents a low cost, robust, homemade hollow 

coaxial cable Fabry-Perot resonator for high temperature sensing applications. In a 

hollow coaxial cable, the traditional dielectric polyethylene insulator is replaced by air. 

This sensor is also based upon the Fabry-Perot resonator, which is fabricated by making 

two highly reflective mirrors in the hollow coaxial cable. The temperature response of 

the sensor is tested, by monitoring the frequency shift of the reflection spectra as the 

temperature is increased from 100 °C to 600 °C and decreased back to 100 °C in steps 

of 50 °C. The proposed sensor exhibited good sensitivity, stability and repeatability. 

For demonstration, in this paper the hollow coaxial cable was fabricated using stainless 

steel, but it can also be fabricated with high temperature conductive materials like 

tungsten, nickel, cobalt alloys, conductive ceramics, which can operate in ultra-high 

temperatures (e.g., up to 1600 °C).  
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SECTION 

1. INTRODUCTION 

Complex civil infrastructures, such as buildings, bridges, dams, tunnels, pipelines 

and offshore platforms are often subjected to severe environmental conditions and 

anomalous loads, e.g. strong winds, heavy rains/snowfall, high humidity and huge 

temperature variations that cannot be easily anticipated during the design process. This 

can result in long-term structural deterioration that often is not detected by conventional 

visual inspection. Moreover, catastrophic disasters, such as hurricanes, earthquakes, 

storms, tornadoes and floods can severely affect the health of the structure in a small 

duration which can lead to life-threatening conditions. The factors that affect the 

integrity of these large and complex civil infrastructures cannot be precisely predicted. 

For this reason, in recent years Structural Health Monitoring (SHM) technologies have 

emerged to real time monitor the health status of these structures. Embedded sensors 

have the most desired capability for SHM. These sensors are used for monitoring 

several structural and environmental parameters such as temperature, strain, force, 

vibration, corrosion, cracks, and chemical properties under ambient and extreme 

conditions for assessing the health of the structures.  

In the past few decades, fiber optic sensors have attracted a lot of research interest 

in SHM applications due to their unique advantages over traditional sensors such as 

compactness, high resolution, remote monitoring capability, low attenuation and most 

significantly their immunity to electromagnetic interference. Several sensing concepts 

can be used to fabricate these sensors such as waveguide mode sensing, surface 

Plasmon resonance sensing, fiber Bragg grating (FBG) sensing, long period grating 

sensing and Fabry-Perot interferometric (FPI) sensing. FBG sensing is the most 

commonly used concept in fabrication of optic sensors for SHM due to its versatile 
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advantages like miniature size, great durability, long term stability and easy 

multiplexing. FBG consists of several reflection points that reflect a particular 

wavelength of incident light and transmit all others. When subjected to strain or 

temperature, the grating period changes and a different wavelength is reflected which 

enables us to determine the Bragg wavelength variation.  

With several unique advantages, fiber optic sensors face limitations too. They have 

small dynamic range (about 4000 µε or 0.4%) due to the limited deformability of silica 

glass. Even with rigorous packing, fiber optic sensors can easily break down when 

subjected to large strains (e.g. 1%) or a shear force, causing serious challenges for 

sensor installation and operation. Also, they cannot withstand temperatures higher than 

800 °C, which makes them difficult to be used in high temperature harsh environments 

(e.g., up to 1500 °C).  

Recently, people started migrating ideas from optical fibers to coaxial cables as they 

share the same electromagnetic theory. In comparison with optical fibers, coaxial cables 

can survive large strains (e.g. 4%) due to its large dimensions (~ 5 mm), also they are 

insensitive to lateral force or bending and most importantly they operate in TEM mode. 

The FBG concept has been successfully implemented on coaxial cables. Coaxial cable 

Bragg grating (CCBG) is fabricated by drilling open holes at periodic distance along 

the coaxial cable. The periodic impedance discontinuities result in resonant peaks in the 

reflection and transmission spectra at discrete frequencies. The spectrum shifts 

whenever the CCBG is subjected to any physical change or have change in their 

material properties, thereby acting as a sensor. The large dynamic range (50,000 µε or 

5%), robustness, compactness and low cost provides a very promising solution for 

SHM. However, due to long gauge length of the CCBG, the spatial resolution (~ 1 m) 

is limited. 
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A promising solution for the high spatial problem of CCBG is inspired by the 

coaxial cable Fabry-Perot Interferometer (CCFPI). CCFPI consists of two reflective 

mirrors separated by a few centimeters along the coaxial cable. EM waves reflected at 

the two reflectors have different time delays resulting in an interference signal. When 

subjected to strain or temperature, the physical length of the cavity, or the material 

properties, changes resulting in a shift of the interference pattern. The shift can be used 

to determine the change in temperature or strain. However, the detection limit of the 

CCFPI is low due to the low Q factor (~ 5) of the interferometer.  

To overcome the lower detection limit of the CCFPI, we have proposed a high-

quality factor coaxial cable Fabry-Perot resonator (CCFPR), which is presented in the 

first part of the thesis. CCFPR consists of two highly reflective mirrors (> 80%) with a 

separation of few centimeters. EM waves travelling inside the cable gets reflected at 

the mirrors, resulting in a resonating pattern. When subjected to physical change or 

change in material properties, the transmission and reflection spectra shifts, thereby 

acting as a sensor. CCFPR has several advantages which made it a good fit to be used 

for SHM. However, CCFPR was limited by the melting point of its dielectric (150 °C), 

which made it difficult to be used in high temperature environments. 

To address this challenge, we proposed a hollow coaxial cable Fabry-Perot 

resonator for high temperature sensing applications, which is presented in the second 

part of the thesis. In the HCC design, air is used to replace the traditional dielectric 

polyethylene. This resulted in eliminating the lower melting point of a traditional 

dielectric in the coaxial cable. Depending upon the material HCC is made up of, it can 

operate to temperatures as high as 1600 °C. HCC-FPR has similar working concept as 

CCFPR, which is based on the FPR. When subjected to physical change or change in 

material properties, the resonating pattern of HCC-FPR shifts, resulting in a sensor. The 
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robust HCC-FPR temperature sensor can be easily commercialized and has great 

potential for sensing applications in high temperature harsh environments, thereby a 

good fit for SHM. 
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Mohammed Farhan Ahmed1, Ting Xue2, Bin Wu3, and Jie Huang1* 

1Department of Electrical and Computer Engineering, Missouri University of Science 

and Technology, Rolla, MO 65401, USA  

2School of Electrical and Information Technology, Tianjin University, Tianjin 

300072, China 
3State Key Laboratory of Precision Measuring Technology and Instruments, Tianjin 

University, Tianjin 300072, China 

Email: {mn64c, jieh} @mst.edu 

 

ABSTRACT 

This paper describes a novel coaxial cable Fabry-Perot resonator for sensing 

applications. The sensor was fabricated by creating two highly reflective mirrors in a 

coaxial cable. The device physics was discussed. The temperature response of the 

sensor was tested. The temperature measurement was achieved by monitoring the 

frequency shift of the reflection and transmission spectra as the temperature was 

increased linearly in steps of 5 °C from 35 °C to 80 °C. This sensor exhibited high 

temperature sensitivity and measurement resolution. Highest Q factor of 133 was 

recorded. It has been derived that the Q factor decreases as the frequency increases.  

 

1. INTRODUCTION 

Optical fiber sensing has been attracting many research interests for their 

broadband applications in the fields of chemistry, biology, biochemistry, petroleum 

industry, environment and medical care [1]. Optical fiber sensors have many 

advantages over traditional electrical sensors such as compactness, high resolution, 

remote monitoring capability and most significantly their immunity to electromagnetic 

interference [2]. Waveguide mode sensing [3-5], surface Plasmon resonance sensing 

mailto:%7d@mst.edu
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[6,7], fiber Bragg grating (FBG) sensing [8,9], long period grating sensing [10] and 

Fabry-Perot Interferometric (FPI) sensing [11,12] are some optical sensing concepts. 

The most commonly used concept is FBG due to its versatile advantages like miniature 

size, great durability, long term stability and easy multiplexing [13]. FBG consists of 

many reflection points that reflect a particular wavelength of incident light and transmit 

all others. When subjected to strain or temperature the grating period changes and so a 

different wavelength is reflected which enables us to determine the Bragg wavelength 

variation [14]. Recently, there has been an increase of interest in using FBG’s in 

Structural Health Monitoring (SHM) [15].  

Although with such high merits, optical fiber sensors have some limitations. 

They have small dynamic range due (about 4000 µε or 0.4%) to the limited 

deformability of silica glass. Even with rigorous packing, fiber sensors can easily break 

down when subjected to large strains (e.g. 1%) or a shear force, causing serious 

challenges for sensor installation and operation [16]. Consequently, the applications of 

optical fiber sensors are limited in heavy duty or large strain measurements which 

makes it difficult to be used in SHM. 

In recent years, people have been migrating ideas of the optical fiber to coaxial 

cable as they share the same electromagnetic theory. In comparison with optical fibers, 

the main merit of using coaxial cable is its ability to survive large strains (more than 

2%) due to its large dimension (~ 5 mm). Likewise, coaxial cables are also insensitive 

to lateral force or bending. The FBG concept has been successfully implemented on 

coaxial cables. A coaxial cable Bragg grating (CCBG) was fabricated by drilling open 

holes at periodic distance along the coaxial cable. The periodic impedance 

discontinuities produce resonant peaks in both transmission and reflection spectra at 

discrete frequencies. This spectrum shifts whenever the CCBG is subjected to any 
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physical change or there is a change in their material properties. To demonstrate the 

ability to use a CCBG as a sensor, they also conducted strain measurements [17]. The 

large dynamic range (50,000 µε or 5%), robustness, compactness and low cost provides 

a very promising solution for SHM [18, 19]. However, due to the long wavelength of 

the radio frequency, the CCBGs usually have a long grating length (~ 1 m) in 

comparison with FBGs (~ 1 cm), thus, the spatial resolution of CCBG is limited. 

A promising solution for the spatial resolution problem of coaxial cable sensors 

is inspired by the optical Fabry-Perot resonator (FPR). FPRs typically have comparable 

sensitivity when compared to FBGs but for a much shorter length. FPR consists of two 

reflectors with a separation of hundreds of micrometers. Light waves reflected at the 

two reflectors have a different time delay, resulting in an interference signal. When 

subjected to strain or temperature the physical length, or material properties, change 

which lead to shifting in the interference pattern [20-23]. This shift can then be used to 

determine the change in temperature or strain. Finesse is a factor that is used to quantify 

the performance of a resonator [24, 25]. The finesse of a Fabry-Perot resonator is given 

by the ratio of the free spectral range to the full width at half maxima (FWHM). Finesse 

of Fabry-Perot varies with the reflectivity of the mirrors [26]. The smaller reflectivity 

of the mirror decreases the finesse whereas higher reflectivity increases the finesse. The 

higher the finesse, the higher the number of interfering beams which results in a more 

complex interference pattern and therefore high-resolution measurements [27]. The 

detection limit of a sensor depends on the Q factor of the resonator. Q factor is defined 

as the ratio of the resonance frequency to the FWHM. Higher finesse causes higher 

optical Q-factors, thereby increasing the detection limit of the sensor. In this paper, we 

proposed a high Quality factor (Q-factor) coaxial cable Fabry-Perot resonator (CCFPR) 

by imitating the concept of the optical Fabry-Perot resonator. Two highly reflective 
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reflectors (< 80%) were introduced in a coaxial cable functioning as two mirrors.  When 

the CCFPR is subjected to any physical change or it faces any change in its material 

properties, the reflection and transmission spectra shift from its initial position, thus 

making coaxial cable act as a sensor.  

 

2. THEORY 

CCFPR consists of two reflectors with very high reflectivity separated by a 

distance of centimeters. The EM wave traveling inside the cable gets mostly reflected 

at the first reflector while a small portion of the remaining energy with a phase shift 

gets transmitted and reaches the second reflector. At the second reflector, again a very 

small portion (~ 1%) of the waves gets transmitted and this repeats. The reflections are 

generated by impedance discontinuities because of interruption in material properties 

such as permittivity or permeability or in physical parameters like inductance, 

capacitance or resistance.  Even though there are two reflectors with very high 

reflectivity here, still the transmission at particular resonant wavelengths is 1. These 

wavelengths are those when the phase shift is equal to 2n . Then these partial waves 

travel back and forth in the cavity. The phase delay between two partial waves, which 

is attributed to one additional double trip is given by:      

 

4 cos4 cos rfdd

c

   







 

(1) 

where v is the phase velocity; f is the frequency of the EM wave travelling inside the 

cable;   is the angle between the transmitted and the incident wave; 
r is the relative 

permittivity of the inner dielectric material of the cable, d is the length of resonant cavity 

and c is the speed of light in vacuum. As coaxial cable is a transmission line,   can be 

considered as zero. 

The resonant transmission frequencies can be written as: 
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where m is an integer. For infinite reflections using geometric series, the reflection 

coefficient can be defined as: 
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For infinite transmissions using the geometric series, the transmission coefficient can 

be defined as: 

 (1 )

1 Re

j

j
T
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
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
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where R and T are the fractions of intensity reflected and transmitted at each mirror 

interface i.e. the mirror’s reflectance and transmittance. The amplitude of the reflected 

electric field and transmitted electric field using Euler’s formulae can be further 

reduced to: 

 2 2

2 2
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     
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 

 
(5) 

The theory of FPR is well known and can be found in many books [28-30]. In this 

paper, we have accounted total FPR losses only to mirrors and assumed no wave 

propagation loss due to complex refractive index. Therefore, phase delay accounts only 

for the delay between two partial waves, which can easily be calculated from Eq. 1. In 

Eq. 5, the only unknown parameter is R. A highly reflective reflector can be generated 

by introducing an impedance discontinuity in a coaxial cable. This impedance 

discontinuity can be formed using various methods. For instance, we can create copper 

reflectors. Copper is used to short the inner conductor of the coaxial cable with the outer 

conductor of the coaxial cable thereby achieving very high reflectivity. They can be of 
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different shapes like cylindrical, conical, cubical, spherical and rectangular. To choose 

the best reflector shape for our purpose, reflection coefficient of all these reflectors was 

simulated using HFSS. The plot of reflection and transmission coefficients as a function 

of frequency is shown in Fig. 1(a) and 1(b). It can be inferred from the plots that 

reflectivity is influenced by the different shape of reflectors. For all the reflectors, 

reflectivity decreases as the frequency increases.  Due to differences in dimensions, the 

results can only provide a qualitative comparison. A cubical shaped reflector has the 

lowest reflectivity and the rectangular mirror has the highest. The fundamental reason 

for these relations deserves a detailed investigation in the future, but we are not going 

to cover it in this paper.  

 

(a) Amplitude of Reflection Coefficient 

 

(b)  Amplitude of Transmission Coefficient 

Figure 1. Amplitude of Reflection and Transmission Coefficient for different shapes 

of reflectors. 
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In our research, a simple cylindrical hole was made from the outer conductor to 

the inner conductor of a coaxial cable and filled with copper so that a short circuit can 

take place and thereby creating a mirror with very high reflectivity. The coaxial cable 

was 15 cm long with a diameter of 0.7 cm and the cylindrical reflector was 0.8 cm in 

height and 0.15 cm in diameter. The reflection coefficient was numerically simulated 

using HFSS including the magnitude and the phase at discrete frequencies. A single 

cylindrical reflector with a diameter of 0.15 cm and height 0.8 cm was used to compute 

the reflection coefficient. Fig. 2 plots the amplitude of reflection coefficient of CCFPR 

as a function of frequency. 

To numerically calculate the amplitude of the reflected wave and transmitted 

wave of a CCFPR, the relative permittivity of the dielectric material was set to 2.25 and 

the frequency was from 0 to 6 GHz. The distance between the two reflectors was 9.3 

cm. By substituting the calculated reflection coefficient (R) of a single reflector, the 

reflection and transmission coefficient of a typical CCFPR were calculated based on 

Eq. 5 and plotted in Fig. 3. Within the observation bandwidth, five resonant dips can be 

seen with the fundamental frequency at 1.075GHz. 

 

 

Figure 2. Amplitude of Reflection coefficient as a function of frequency for a single 

cylindrical reflector. 
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The reflectivity decreases as the frequency increases. This can be qualitatively 

explained by looking at Fig 2. In the simulated reflection spectra, the resonant peak has 

an increasing strength (till the fourth harmonic) and then decreases slightly in the fifth 

harmonic. For each resonant peak and dip a Q factor has been indicated in Fig 3. (a) 

and (b). For simulation purpose, a lossy cable was assumed while plotting the reflection 

and transmission spectra. The attenuation constant was calculated as a function of 

frequency. The mirror’s reflectance was multiplied with the attenuation constant to 

incorporate the loss to the cable, and this value of R was substituted in Eq. 3, 4 and 5. 

 𝑅 = 𝑅. 𝑘  

 𝑘 = 𝑒−𝛼 (6) 

where k is the attenuation constant and α is the attenuation in Np/m (Nepers/meter). It 

can be seen that the Q factor decreases as the frequency increases (Fig 3 (a) and (b)). It 

is because of the higher loss cables incorporate at higher frequencies and also due to 

low reflectivity at higher frequencies. 

 

(a) Reflection Spectrum 

Figure 3. Amplitude of Calculated Reflection and Transmission Spectrum. 
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(b) Transmission Spectrum 

Figure 3. Amplitude of Calculated Reflection and Transmission Spectrum. (cont.) 

 

3. EXPERIMENTAL SECTION 

3.1 Fabrication of Sensor 

In order to create highly reflective mirrors, two holes were drilled into a coaxial 

cable (50Ω,) using a drilling machine (Black & Decker DR260B 5.2-Amp 3/8-Inch 

Drill/Driver). The distance between the two holes was 9.3 cm. A drilling bit of 0.25-

inch diameter was used. The drilling depth was 2.29 mm and the diameter of the cable 

was 4.94 mm. After the drilling was completed, copper powder (Sigma-Aldrich 

chemistry, copper powder, <425𝜇𝑚, 99.5% trace metals basis) was added into the holes 

to create a short circuit. By understanding the boundary conditions in electromagnetics, 

we can say that these two holes filled with copper powder will now act as very highly 

reflective mirrors. These holes were then sealed by heating the jacket, such that it can 

be molded in closing the holes.  A vector network analyzer (VNA HP8753ES) was used 

to monitor the reflection spectrum during the fabrication process. The VNA was 

configured for an observation bandwidth from 10 kHz to 6 GHz, a total of 1601 

sampling points and an intermediate frequency bandwidth of 300 Hz. All the machines 
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used in this experiment were controlled using a laptop. Figure 4 depicts the 

experimental setup.      

 

Figure 4. Experimental Setup of CCFPR. 

 

Figure 5 (a) and (b) indicates the plots of the measured reflection and transmission 

spectrum of a CCFPR. Multiple resonant frequencies can be observed including the 

fundamental and harmonics. The Q factors and resonant frequencies are indicated in 

the plot for each resonant dip and peak. Several ripples can be observed in Fig 5 (a) and 

(b). This is due to the multiple reflections incurred from the ports of VNA. The Q factor 

approximately matches with the calculated data indicating this drilling method does not 

add any extra loss to the cable. The resonant frequencies are also the same. 

3.2. Temperature Measurement 

To exhibit the capability of using CCFPR as a sensing device in SHM, 

temperature measurement was conducted. The CCFPR used for temperature 

measurement also had a distance of 9.3cm. The VNA was configured to acquire the 

resonant frequency of approximately 2.18 GHz with an observation bandwidth from 

2.13 GHz to 2.25 GHz. The resonant frequency with the highest Q factor wasn’t chosen 

due to its low fringe visibility. The CCFPR was immersed in a beaker of distilled 
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(a) Amplitude of Reflection Spectrum 

 

(b) Amplitude of Transmission Spectrum 

Figure 5. Experimental Results of Amplitude of Reflection and Transmission 

Spectrum. 

 

water and then placed on a ceramic heater. The temperature was increased from 35 C  

to 80 C  with an increasing step of5 C . For each temperature point, the reflection and 

transmission spectrum was measured.  

Figure 6 (a) and (c) indicates the shift in reflection and transmission spectra as 

the temperature increases whereas Figure 6 (b) and (d) indicates the change in resonant 

frequency as a function of temperature. The resonant frequency shift with temperature 

is the same for both the reflection and transmission spectra. This is advantageous as 

either one of them can be used for monitoring, during sensing operations. The frequency 
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shift of the spectra corresponding to a change in temperature can be explained by the 

following equation. 

 
( )CTE n

f
f

T
 


  


( / )Hz C  

(7) 

where ∆𝑓 is the change in frequency, ∆𝑇 is the change in temperature, 𝜎 is the 

temperature induced relative permittivity change, 𝛼𝐶𝑇𝐸 is the coefficient of thermal 

expansion of dielectric and  𝑓𝑛 is the nth resonant frequency. The spectra shift towards 

higher frequency regions indicating that the effective electrical length increases as the 

temperature increases. The effective electrical length is related to the physical length 

between the two reflectors and the relative permittivity of the inner dielectric layer. The 

coefficient of thermal expansion for polyethylene is -2x10-4 (m/(mK)). The temperature 

induced relative permittivity change decreases as the temperature increases, but it is 

still larger than the coefficient of thermal expansion. This indicates the dominance of 

temperature induced relative permittivity change when a CCFPR is subjected to 

temperature measurements. At high temperatures, the Q factor decreases due to the 

increase of propagation loss between the two highly reflective reflectors and also due 

to low reflectivity at higher frequencies. The resonant frequency increases non-linearly 

as the temperature increases. The higher the temperature, the larger the temperature 

sensitivity becomes. The average temperature sensitivity of the CCFPR was calculated 

to be 1.4 MHz/ºC, demonstrating that this developed CCFPR can be used as a high 

temperature sensor with good sensitivity. The stability of CCFPR was also 

characterized. The resonant frequency of the sensor was constantly recorded every 30 

seconds for an hour, which is shown in Figure 7. The standard deviation was calculated 

to be approximately ± 20 kHz or a relative measurement resolution of 4 ×10-6 around 

5.93 GHz. The results show the stability of the proposed sensor for temperature 

measurements. 
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(a) Change in Reflection spectra as the ambient temperature increases. (b) Resonant frequency 

shift of the reflection spectra as a function of temperature. 

 

(c) Change in transmission spectra as the ambient temperature increases. (d) Resonant Frequency shift 

of the transmission spectra as a function of temperature. 

 

Figure 6. Change in Reflection and Transmission spectra and their Resonant 

Frequencies as the temperature increases. 

 

 

Figure 7. Measurement Resolution test at Resonant Frequency. 

 



18 

 

4. CONCLUSION 

This paper presents a CCFPR, which was fabricated by drilling two holes in a 

coaxial cable and filling them with copper powder to create two highly reflective 

mirrors. These holes result in an impedance discontinuity and the short circuit due to 

the metallic powder results in very high reflections of the EM wave traveling inside the 

cable. The transmission is one at resonant frequencies though there are two highly 

reflective mirrors in the transmission line. The reflection coefficient of the holes was 

calculated using finite element method, and the device was modeled based on 

electromagnetic theory. All the theoretical calculations matched the experimental 

results well. The fabricated sensor had a Q factor of 133, and a measurement resolution 

of 4 ×10-6 was recorded. Temperature measurements of CCFPR were experimentally 

demonstrated. The average temperature sensitivity of the sensor was approximately 1.4 

MHz/ºC.   We have used cylindrical reflectors for fabrication of CCFPR in this 

experiment, different shapes and sizes of reflectors can also be used for fabrication of 

CCFPR. Though this paper was focused on using CCFPR for temperature sensing, it 

can also be used for strain and other types of sensing applications using different 

mechanical designs. CCFPR has many advantages like low cost, robustness, high 

sensitivity, high measurement resolution, high detection limit, and large strain 

capability. These unique features can make CCFPR of great use in SHM.   
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ABSTRACT 

This paper describes a low cost, robust, homemade hollow coaxial cable Fabry 

Perot resonator (HCC-FPR) for high-temperature sensing applications. In HCC, the 

traditional dielectric insulating layer is replaced by air. The sensor is fabricated by 

creating two highly reflective mirrors in the proposed HCC. A metal post shorting inner 

and outer conductor and a metal disk welded onto the end of HCC serve as two highly 

reflective mirrors. The device physics was discussed. The temperature response of the 

sensor was tested. The temperature measurement is achieved by monitoring the 

frequency shift of the reflection spectra as the temperature increases linearly in steps of 

50 °C from 100 °C to 600 °C and decreases back to 100 °C. This sensor exhibited good 

sensitivity, repeatability, and stability. It should be noted that, although stainless steel 

was used in our initial sensor prototype, the sensor materials can be flexibly changed to 

other high-temperature conductive materials such as tungsten, nickel and cobalt alloy 

metals, or conductive ceramics, which we believe can survive ultrahigh temperatures 

(e.g., up to 1600 °C). The robust and easy to fabricate HCC-FPR temperature sensor 

can be easily commercialized and has great potential for sensing applications in high-

temperature harsh environments. 
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1. INTRODUCTION 

In the past few decades, numerous optical fiber high-temperature sensors have 

been developed due to their miniature design, immunity to electromagnetic 

interference, excellent stability, and durability. [1], [2] Waveguide mode sensing [3]- 

[5], surface Plasmon resonance sensing [6], [7], fiber Bragg grating (FBG) sensing [8], 

[9], long period grating sensing [10]- [12] and Fabry-Perot interferometric (FPI) 

sensing [13]- [15] are some of the optical sensing concepts . The advantages of fiber 

optic sensors over electronic sensors, particularly in environments where the electronic 

sensing materials cannot withstand the rigors of the harsh conditions, are well known 

[16]. Typically, advanced power generation systems operate at higher temperatures 

(e.g., up to 1300 °C) and pressures than traditional power plants. Traditional sensor 

technology for measuring temperature, pressure, flow, and strain will not survive the 

harsh conditions anticipated in these plants. Furthermore, these plants will require more 

extensive process monitoring and condition assessment to maintain optimum 

performance and minimize maintenance costs. Although silica glass optical fiber has 

several advantages, it cannot survive at temperatures above 800 °C due to the migration 

of dopants in a fiber core at high temperatures. 

A possible solution for silica’s low melting point (i.e. 600 °C) is a sapphire fiber. 

They have better stability and can survive at very high temperatures (~ 1800 °C) [17] - 

[20]. However, previous efforts to utilize sapphire fiber sensors that can theoretically 

operate above 1650 °C have been limited because of the difficulty in implementing a 

sensor in an unclad and highly multimode fiber. Even with rigorous packing, fiber 

sensors can easily break down when subjected to large strains (e.g. 1%) or a shear force, 

causing serious challenges for sensor installation and operation [21]. Consequently, the 
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applications of the optical fiber sensors are limited in heavy duty or large strain 

measurements which makes it difficult to be used in power plants. 

In recent years, people have been migrating ideas of optical fiber to coaxial 

cable as they share the same electromagnetic theory. In comparison with optical fibers, 

main merit of using coaxial cable is its ability to survive large strains (more than 2%) 

due to its large dimension. Likewise, coaxial cables are also insensitive to lateral force 

or bending. Most of the optical sensing concept can be easily implemented on coaxial 

cables. The FBG concept has been successfully implemented on coaxial cables in 2011 

[22]. A coaxial cable Bragg grating (CCBG) was fabricated by drilling open holes at a 

periodic distance along the coaxial cable. The periodic impedance discontinuities 

produce resonant peaks in both transmission and reflection spectra at discrete 

frequencies. This spectrum shifts whenever the CCBG is subjected to any physical 

change or change in their material properties. To demonstrate the ability to use CCBG 

as a sensor, they also conducted strain measurements. The large dynamic range, 

robustness and high resolution of coaxial cable Bragg grating (CCBG) sensor provide 

a very promising solution for structural health monitoring (SHM) [23, 24]. However, 

due to the long wavelength of the radio frequency, the CCBGs usually have a long 

grating length (~1 m) in comparison with FBGs (~1 cm), as a result, the spatial 

resolution of CCBG is limited.  

Very recently, we presented a concept of high quality factor (Q-factor) coaxial 

cable Fabry-Perot resonator (CCFPR) with high measurement resolution, which is a 

promising solution for the spatial resolution problem of CCBG [22]. CCFPR consists 

of two highly reflective mirrors separated by a distance of centimeters. EM waves 

travelling inside the cable gets reflected from these two reflectors, resulting in a 

resonating pattern. When subjected to strain or temperature the physical length or 
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material properties change, leading to a shift in the reflection spectrum[25] –[27]. This 

shift can then be used to determine the change in temperature or strain.  

Although, CCFPR had several advantages, coaxial cables capability of 

operating at higher temperatures is limited by the melting point of dielectric, i.e. about 

150 °C. To address this challenge, we, for the first time, report in this paper a hollow 

coaxial cable Fabry-Perot resonator (HCC-FPR) for high temperature sensing. In our 

HCC design, we have used air to replace the traditional insulator, as air is also a good 

dielectric insulator. A metal post, shorting the inner and outer conductor served as one 

of the reflector. A metal disk welded onto the end of the HCC served as the second 

reflector, thereby creating a resonating Fabry-Perot cavity leading to a resonating 

pattern. When the HCC-FPR is subjected to any physical change, e.g., thermal 

expansion, the reflection spectra shifts from its initial position, thus making HCC act 

as a sensor. The sensor structure, sensing principle, and calibration results are presented 

in the following sections. 

 

2. THEORY 

A schematic drawing of an HCC-FPR is shown in Fig. 1(a). A cross-sectional 

view of the HCC-FPR is also shown in Fig. 1(b). The HCC is homemade, which 

consists of an inner conductor, an outer conductor, and air in between serving as the 

dielectric layer. An HCC-FPR consists of two reflectors with very high reflectivity        

(> 80 %) separated by a distance of centimeters. A cylindrical metal post and a metal 

disk are used as the highly reflective mirrors by shorting the inner and outer conductor 

as shown in Fig. 1(a). The EM wave traveling inside the cable gets mostly reflected at 

the first reflector while a small portion (e.g. 1%) of the remaining energy with a phase 

shift gets transmitted and reaches the second reflector. At the second reflector, again 
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most energy of the signal gets reflected and this repeats. The device physics was 

discussed in detail in our previous work [21].  Even though we have two reflectors with 

very high reflectivity here, still the transmission at particular resonant 

wavelengths/frequencies is 100%. These wavelengths/frequencies are those when the 

phase shift is equal to 2n . Then these partial waves travel back and forth in the cavity. 

The phase delay between two partial waves, which is attributed to one additional double 

trip is given by 

 4 cos4 cos rfdd

c

   





  

(1) 

where λ is the wavelength; f is the frequency of the EM wave traveling inside the cable; 

  is the angle between the transmitted and the incident wave; 
r is the relative 

permittivity of the inner dielectric material of the cable and c is the speed of light in 

vacuum. As a coaxial cable is a transmission line supporting fundemental TEM waves, 

  can be considered as zero. 

The resonant reflection frequencies can be written as 
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p

m
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d
  

(2) 

where m is an integer and d is the length of the resonant cavity. 

The spacing between two successive minima of the spectrum is defined as the free 

spectral range (FSR), can be expressed as 

 

2

pv
FSR

d
  

(3) 

 When the spectrum shifts due to change in temperature, the resonant 

frequency shift can be given by 
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 ( )m CTE mf f T       ( / )Hz C  (4) 

where ∆𝑓𝑚 is the change in frequency, ∆𝑇 is the change in temperature, 𝜎 is the 

temperature induced relative permittivity change of the air dielectric, 𝛼𝐶𝑇𝐸 is the 

coefficient of thermal expansion of the stainless steel and  𝑓𝑚 is the mth resonant 

frequency. The temperature measurement sensitivity for the developed sensor is 

( ( )) / 2p CTEm v d      , which is proportional to the harmonic number m and inversely 

proportional to the physical cavity length d. Thus, the shift in temperature can be 

determined by monitoring the change in resonant frequency. 

 

(a) Schematic Drawing of HCC-FPR 

 

(b) Cross-sectional view of HCC-FPR. 

Figure 1. Illustration of HCC-FPR. 
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3. EXPERIMENTAL SECTION 

3.1 Fabrication of Sensor 

The experimental setup of HCC-FPR for high-temperature sensing is 

schematically illustrated in Fig. 2. HCC is a homemade stainless steel coaxial cable, 

with air in between acting as the dielectric. The total length of the HCC is 1 meter. The 

diameter of the inner conductor is 6 mm. The outer and inner surface diameters of the 

outer conductor is 14 mm and 20 mm respectively. An FPR was engineered on the 

homemade HCC, by placing a metal post 100 mm away from the end of HCC and 

welding a metal disk onto the end of HCC, which was then designed to be connected to 

a commercial coaxial cable via an SMA to N-type connector. The diameter of the metal 

post and the thickness of the circular disk was 2 mm. The distance between the two 

reflectors was 100 mm. A vector network analyzer (VNA HP8753ES) was used to 

monitor the reflection spectrum during the temperature measurements. The VNA was 

configured for an observation bandwidth from 10 kHz to 4 GHz, a total of 1601 

sampling points, and an intermediate frequency bandwidth (IFBW) of 300 Hz. All the 

machines used in this experiment was controlled using a laptop.  

 

 

  

Figure 2. Experimental Setup of HCC-FPR. 
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Fig. 3 plots the measured reflection spectrum of a HCC-FPR. The fundamental 

frequency is observed at 1.42 GHz, followed by the first harmonic at 2.84 GHz. This 

experimental data matches the theoretical calculations of the fundamental and the 

expected harmonics from Eq. 2. The strength of the two resonant frequencies are 

approximately 7 dB and 4.5 dB. The first resonant dip has a higher strength (-7 dB) 

than second (-4.5 dB). One possible reason is that as frequency increases, the 

reflectivity of the first mirror decreases rapidly, whereas the reflectivity of the second 

mirror decreases gradually. The Quality-factors (Q-factors) are indicated in the plot for 

each resonant dip. Several ripples can be observed in Fig. 3. This is due to the multiple 

reflections incurred from the connector, coaxial cable, and port of the VNA.  

 

Figure 3. Experimental Results of Reflection Spectrum. 

 

3.2 Temperature Measurement 

To exhibit the capability of using HCC-FPR as a high-temperature sensing 

device, temperature measurement was conducted. The VNA was configured to acquire 

the resonant frequency of approximately 1.42 GHz with an observation bandwidth from 

1.38 GHz to 1.44 GHz. The HCC-FPR was then placed in programmable tubular 



30 

 

electric furnace for characterization of its capability for high temperature sensing (Fig. 

2). 

 

(a) Change in Reflection spectra as the ambient temperature increases 

 

(b) Change in transmission spectra as the ambient temperature increases 

Figure 4. Change in Reflection and Transmission spectra as the temperature increases.  

 

Temperature was increased from 100°C to 600°C and then decreased back to 100°C at 

an incrementing/decrementing step of 50°C.  For each temperature point, the reflection 

spectra was measured. Fig. 4 (a) and (b) indicates the shift in reflection spectra as the 

temperature increases and decreases. The spectra shift towards lower/higher frequency 

region as the temperature increases/decreases, indicating the effective electrical length 

of the cavity decreases/increases, correspondingly. The effective electrical length is 
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related to the physical length between the two reflectors and the relative permittivity of 

the inner dielectric layer (air). The coefficient of thermal expansion for stainless steel 

is 10-5/°C. The coefficient of thermal expansion for stainless steel is higher than the 

temperature induced relative permittivity change of the dielectric air, thereby 

dominating HCC-FPR response to temperature variations. At high temperatures, the Q 

factor decreases due to the increase of propagation loss between the two highly 

reflective reflectors and also due to low reflectivity at higher frequencies. Fig. 5 plots 

the change in resonant frequency as a function of temperature. Observed response was 

slightly non-linear.  

 

 

Figure 5. Resonant Frequency shift of the Reflection spectra as the temperature 

increases and then decreases. 

 

The resonant frequency decreases as the temperature increases. The higher the 

temperature, the larger the temperature sensitivity becomes. The average temperature 

sensitivity of the HCC-FPR sensor was calculated to be -25 kHz/°C, demonstrating that 

this developed HCC-FPR can be used as a high temperature sensor with very good 

sensitivity. The temperature responses at the increasing and decreasing cycles also 

agreed well and showed no obvious hysteresis, indicating a good repeatability of the 
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sensor. The stability of HCC-FPR was also characterized. The sensor was immersed 

inside a water filled beaker, and the resonant frequency was constantly recorded every 

10 seconds for 40 minutes, which is shown in Fig. 6. The standard deviation was 

calculated to be approximately ±35 kHz, or a relative measurement resolution of 

4.9×10-5 around 1.42 GHz. The results show great stability of the proposed sensor for 

temperature measurements. 

 

Figure 6. Measurement Resolution test at Resonant Frequency. 

 

To further characterize the response of HCC-FPR sensor to temperature 

variation, the sensor was placed in the tubular furnace. The temperature was first 

increased in steps of 100°C from 100°C to 600°C and then decreased back to 100°C. 

Resonant frequency was recorded every 30 seconds for 30 minutes at each temperature 

point. Fig. 7 plots the recorded data. The proposed sensor demonstrated good stability 

at every temperature point and indicated good reversibility. The standard deviation at a 

constant temperature (e.g. 100°C) was calculated to be ±250 kHz, which is much higher 

than the standard deviation observed at ambient temperature in water (±35 kHz). A 

possible reason could be the drifting nature of the tubular furnace, tubular furnace can 

drift ±5°C at any given temperature. We can also notice that the response at each 
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temperature step is a curve. One possible reason is the slow heating rate of the tubular 

furnace. Also, while decreasing temperature, it is difficult for the tubular furnace to 

keep the temperature constant at one point. 

 

Figure 7. Resonant Frequency shift monitored at every temperature point. 

 

4. CONCLUSION 

This paper represents a low cost, robust HCC-FPR sensor for high temperature 

measurements. HCC was fabricated by replacing the traditional polyethylene dielectric 

insulator with air. A cylindrical metal post and a metal disk serves as two highly 

reflective mirrors. These reflectors result in an impedance discontinuity and the short 

circuit between inner and outer conductors results in very high reflections of the EM 

wave, thereby leading to a resonating pattern. When the cavity is subjected to 

temperature changes, the reflection pattern shifts. The sensor was tested from 100°C to 

600°C showing great sensitivity, repeatability and stability for high temperature 

sensing. Though this paper was focused on using hollow HCC-FPR for high 

temperature sensing, it can also be used for strain and other types of sensing 

applications using different mechanical designs. HCC-FPR has many advantages like 

robustness, high spatial resolution, high finesse and large strain capability. These 
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unique features can make HCC-FPR of great use in measurements of various 

parameters in high temperature harsh environments.   
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SECTION 

2. CONCLUSION 

To summarize, this thesis proposes two sensors: CCFPR, HCC-FPR for 

structural health monitoring applications. CCFPR is fabricated using low cost 

commercial coaxial cables, whereas HCC-FPR is fabricated using home-made hollow 

coaxial cable. In HCC, air replaces traditional dielectric polyethylene. Both CCFPR 

and HCC-FPR uses the same sensing concept i.e. FPR. Two highly reflective mirrors 

were introduced in the coaxial cables. EM waves travelling inside the cable gets 

reflected at the two mirrors resulting in a resonating pattern. When subjected to physical 

change or change in material properties, the resonating pattern shifts, thereby causing 

CCFPR, HCC-FPR to act as a sensor. The reflection coefficient of the different types 

of highly reflective mirror was calculated using finite element method. All theoretical 

results matched the experimental ones.  

CCFPR was tested from 30 °C to 80 °C, showing great sensitivity and stability 

for temperature measurements. HCC-FPR was tested from 100 ° to 600 °C, showing 

great sensitivity, stability and reversibility for temperature measurements. Both CCFPR 

and HCC-FPR provided similar advantages like robustness, high spatial resolution, 

high finesse, high detection limit and large strain capability. CCFPR has very easy, low 

cost fabrication and installation. HCC-FPR can be used for ultra-high temperature harsh 

environments.  

  A high Q factor of 133 was recorded with a measurement resolution of 4 x 10-6 

for CCFPR. CCFPR had several advantages like robustness, high spatial resolution, 

high finesse, high detection limit, large strain capability and can operate in temperatures 

as high as 150 °C. Also, CCFPR can be easily fabricated using the commercial coaxial 

cables, which results in easy installation and high cost reduction. HCC-FPR was 
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fabricated using stainless steel HCC. However, we can also use high conductive metals 

like tungsten, nickel alloys, or conductive ceramics for fabrication HCC-FPR can 

operate in ultra-high temperatures as high as 1600 °C. 
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