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Abstract: Distributed strain sensing is a powerful tool for in situ structural health moni-
toring for a wide range of critical engineering infrastructures. Strain information from a
single sensing device can be captured from multiple locations simultaneously, offering a
reduction in hardware, wiring, installation costs, and signal analysis complexity. Fiber optic
distributed strain sensors have been the widely adopted approach in this field, but their
use is limited to lower strain applications due to the fragile nature of silica fiber. Coaxial
cable sensors offer a robust structure that can be adapted into a distributed strain sensor.
They can withstand greater strain events and offer greater resilience in harsh environments.
This paper presents the developments in methodology for coaxial cable distributed strain
sensors. It explores the two main approaches of coaxial cable distributed strain sensing
such as time domain reflectometry and frequency domain reflectometry with applications.
Furthermore, this paper highlights further areas of research challenges in this field, such as
the deconvolution of strain and temperature effects from coaxial cable distributed strain
sensor measurements, mitigating the effect of dielectric permittivity on the accuracy of
strain measurements, addressing manufacturing challenges with the partial reflectors for
a robust coaxial cable sensor, and the adoption of data-driven analysis techniques for
interrogating the interferogram to eliminate concomitant measurement effects with respect
to temperature, dielectric permittivity, and signal-to-noise ratio, amongst others

Keywords: distributed sensing; structural health monitoring; coaxial cable Fabry—Perot
interferometry; time domain reflectometry; coaxial cable Bragg grating

1. Introduction

Data on parameters such as strain provide reassurance that structural assets are work-
ing within their design limits and provide an early warning if safe levels are exceeded [1].
This information enables structural failure avoidance, which can prevent heavy human and
financial costs [2]. Structural health monitoring (SHM) plays a critical role across a breadth
of industries, such as civil infrastructure, energy production, aerospace, and automotive, in
the management of existing and future structures [3]. Growth industries such as offshore
wind present new challenges for SHM due to the range of operating environments and
structural requirements on the various turbine components [4]. Information gathered by
the Caithness Windfarm Information Forum 2014 [5] reported that there is a clear trend in
the number of accidents increasing as more wind turbines are being built. Blade failure
and structural failure were cited as two of the main causes of accidents.

As well as avoiding accidents by pre-empting failures, in situ condition monitoring
decreases the volume of routine manual inspection work that is often carried out in exposed
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environments with awkward access. Reducing the regularity of human interaction with
the structure would be a secondary route to lowering accident rates. Remotely tracking
the operation and health of assets can feed into scheduling risk-based inspections where
inspections and maintenance efforts are focused on areas deemed to carry the highest risk.
This optimizes the time and cost efficiency of operation and maintenance (O&M) labor,
which is vital for remote, difficult-to-access assets exposed to challenging environmental
conditions [6].

Furthermore, real-time, in situ condition monitoring can be used to optimize the
operation of the assets, ensuring that the system is not driven beyond limits which could
incite structural ‘wear and tear’. This extends the lifetime of the structures and ultimately
reduces the need to prematurely dispose of components, minimizing costs, and material
waste detrimental to the planet.

Structural health monitoring is an extensive field of research and technology de-
velopment. In the context of trains sensing, there are several incumbent and emerging
technologies summarized in Table 1. This summarized information provides a broader per-
spective to set the scene for how optical fiber and coaxial cable strain sensing technologies,
the key focus of this paper, compare with other strain sensing techniques.

Table 1. A summarized comparison of existing and emerging strain sensing technologies for structural
health monitoring.

In Situ Strain Sensor

Basic Principle of Operation, Key Attributes, and Quantified Performance

Technology Limitations Values Reference
e  Optical time domain reflectometry. Based on
time-of-flight methodology, reflections of light
propagating along the fiber are analyzed for
components of higher or lower wavelengths than the g1 g range up to 10 s
source light that provide information on changes to of km
the optical fiber such as strain or temperature. Spatial resolution down
DOFSs (Brillouin or e  Distributed senging over many kilome’.rer.s duetolow = 4 (trade-off
Rayleigh scattering) power lf)ss. Re51stant. to elec.tromagnetlc mterf(?rence. between sensing range [7-9]
Small diameter and lightweight. Broad bandwidth and spatial resolution).
enables high-speed data transmission and high spatial = o o000
resolution, and the signal can contain significantly capability < 1%
more information than is possible with metallic
conductors.
e  Fragile optical fibers limit maximum strain to <1%.
Sensitive to strain and temperature.
e  Periodic modifications in the refractive index of the
optical fiber are manufactured. This creates
narrow-band reflections and discrete resonant
frequencies. Changes in environmental conditions
such as strain or temperature cause the distance
between the periodic refractive index modifications to
change, shifting the resonant frequencies. This shift is Sensing range up to 10 s
analyzed to infer the change in environmental of km.
FBG conditions that has occurred. Spatial resolution of [2,10-12]
e  Many of the same attributes as DOF technology are ~2 mm. Maximum strain
still based on optical fibers. Can be embedded into capability < 1%.

composite fiber structures. Capable of single-point or
multi-point sensing. Approximately 13-14 sensors can
be multiplexed on a single fiber.

e  Quasi-distributed as multiplexed Bragg gratings are
spaced out along a fiber optic length. Fragile optical
fibers limit maximum strain to <1%. Sensitive to strain
and temperature.
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Table 1. Cont.

In Situ Strain Sensor
Technology

Basic Principle of Operation, Key Attributes, and
Limitations

Quantified Performance
Values

Reference

CCTDR

Time domain reflectometry. A time-of-flight
measurement based on reflected signals from a coaxial
cable. Defects along the line create new reflections.
Coaxial cables are robust structures that can withstand
rough environments.

Only relatively large-scale deformation/defects will
generate a new reflection that can be deflected. Lower
strain events cannot be monitored. Coaxial cable
heavier compared to fiber optics.

Sensing range
~10s-100 s m

CCFPI

A pair of partial reflectors created by a change in cable
impedance are manufactured on the cable. Reflections
interfere to create a series of resonant frequencies that
can be tracked. If the distance between the pair of
partial reflectors changes due to strain or thermal
expansion, the frequency of the resonances shift.
Option for single-zone or fully distributed sensing.
Coaxial cable is a robust structure.

Further work to be carried out on the longevity and
reliability before employed in the field. Coaxial cable
heavier compared to fiber optics.

Maximum reported
sensing range ~1m.
Spatial resolution
reported ~order of cm’s.
Large strain capability
(>50/o).

[14-16]

Electrical resistance
strain gauges

The resistance of a wire is dependent on the length and
cross-sectional area. When a strain is applied to a wire,
these dimensions change, altering the resistance which
can be measured.

Very established technology, low cost, and can be
wired for temperature compensation in a bridge
configuration.

Point sensors. Installing many strain gauges results in
complex wiring arrays. Impractical for measuring long
distance structures.

3-5% maximum strain

[17]

RFID antenna

A rectangular micro-strip patch antenna constructed of
a metallic patch on a substrate with a ground plane
has a resonant frequency. If strain is applied to patch,
changing the length of the structure, the resonant
frequency shifts. A handheld stand-alone RFID reader
is used to measure this change from which the change
in strain can be inferred.

Wireless, low-cost. Each RFID tag has a unique
identifier so strain measurements can easily be linked
to an exact location.

Must be accessible for a reader to interrogate the
device. Point sensors. Does not provide

continuous monitoring.

Maximum strains of up
to 10 s of %.

[18-20]

It becomes impractical to use arrays of discrete sensors to measure strains over large or

extensive structures due to the costs of installation, wiring, and analysis of a multitude of

sensor devices [7]. Also, discrete sensors measure localized events and can miss important

behaviors occurring on non-instrumented sections of the structure [10].

Fiber optic technology can provide distributed strain data, where a single device (the

fiber optic cable) can report on the conditions at continuous locations over an entire length.

Due to the relatively low strain limit of the silica in fiber optics, there is a limit on the mag-

nitude of strain this technology can monitor [15,21]. Fiber optic technology is therefore not
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capable of capturing high-strain events. There is also a challenge around the installation of
fiber optics. The fragile fibers must be handled carefully, which presents challenges during
installation procedures and operation in exposed or extreme conditions [10]. However,
there are techniques used in fiber optic sensing that can be applied to other media such as
coaxial cables [15,21-23].

Coaxial cables are more robust than fiber optics and can also provide distributed
strain information. There has been significant interest and development in the field of
coaxial cable distributed sensing in recent years [16]. This paper outlines the development
of coaxial cable distributed sensing for strain applications, from the origins of fiber optic
sensing techniques through to time domain and frequency domain methods employed
on coaxial cables, and reviews the latest developments in coaxial cables as distributed
strain sensors.

The development of coaxial cable distributed sensing is, to some extent, analogous to
the development of fiber optic distributed sensing. Figure 1 illustrates the similarities in
the two fields and shows the structure of this paper.

Distributed Strain Sensing Techniques

I
[ 1

Fiber Optic Coaxial Cable
Sensors Sensors
I I
[ ] I ]
Time Domain . Time Domain .
Reflectometry Frequency Domain Reflectometry Frequency Domain
(TDR) Reflectometry (FDR) (TDR) Reflectometry (FDR)
1 l—l—l
I ] ]
Rayleigh Scattering-Based Grating-Based Interferometric Unmodified Interferometric Grating Based
Scattering Techniques Techniques Techniques Coaxial Cables Techniques Techniques
. |_ Rayleigh Fiber Bragg Surveillance Modified Coaxial |_ L Fiber Bragg
Raman Scattering Scattering Grating || d’Ouvrages par Cables Fabry-Perot Gating
Fibers Optiques
(SOFO)
|| Brillouin | | Long-Period
Scattering Grating
— Fabry-Perot
| | Tilted Fiber
Bragg Grating
— Mach-Zehnder
— Sagnac

Figure 1. Overview of techniques employed in distributed strain sensing.

This paper provides an overview of the research progress in the development and
application of distributed strain sensing with a specific focus on coaxial cable sensors. To
enable the reader to navigate this paper efficiently, it has been split into the following sections:
e  Section 2. Background on fiber optical distributed sensing:

O Section 2.1. Time domain reflectometry in fiber optical sensing;

O Section 2.2. Frequency domain reflectometry in fiber optical sensing.
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e  Section 3. Coaxial cable distributed strain sensing:

O Section 3.1. Time domain reflectometry in coaxial cable distributed strain sensing;

O Section 3.2. Frequency domain reflectometry in coaxial cable distributed sensing.

e  Section 4. Future research challenges in frequency domain coaxial cable strain sensing.

2. Background on Fiber Optical Distributed Sensing

The development of extremely low-loss optical fibers in the late 1970s opened up
the field of optical fiber sensors (OFSs). By 1982, a range of sensing applications were
under research and development, including magnetic, acoustic, temperature, and strain,
among others [10]. The applications are wide-ranging, including seismology [24], biome-
chanics [25], shape sensing [26], and structural health monitoring (SHM) [2]. Details on
the working principles and applications of fiber optic sensors are well documented [27].
There are three main branches of OFSs: grating-based sensors, interferometric sensors, and
distributed sensors, as described in Figure 2.

Surveillance d'Ouvrages par
i Fibres Optiques (SOFO)
Fibre Bragg
Grating \ /
Fabry-Perot
Long Period i -
Grating — Grating-based Interferometric
sensors sensors — Mach-Zehnder
Tilted Fibre .~ Fibre Optic Sensors AN
Bragg Grating Sagnac
Scattering-
based sensors
Rayleigh | Brillouin
Raman

Figure 2. Types of fiber optic sensors (adapted from [10]).

As a very basic description, time and frequency domain reflectometry-based fiber
optical sensing works by sending a pulse of light along a fiber and collecting the reflected
light signal. An image of a distributed fiber optic sensor is shown in Figure 3. Optical
fibers are bonded to, or embedded in, the structure of interest. A change in strain in the
structure transfers to the optical fiber, altering the way in which the light is reflected. By
studying the reflected light, it is therefore possible to infer the change in strain [10]. Some
of these techniques utilize time domain reflectometry (TDR), whereby the arrival times of
the reflected light are analyzed. The alternative is frequency domain reflectometry (FDR),
whereby the frequencies of the reflected light are used to interpret strain events in the
structure. Figure 1 describes the classification of the different fiber optical sensors into time
domain or frequency domain techniques [8].
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Figure 3. A distributed optical fiber sensor (DOFS) manufacture by LUNA technologies [8].

2.1. Time Domain Reflectometry in Fiber Optical Sensing

Scattering-based techniques (Rayleigh scattering, Raman scattering, and Brillouin scat-
tering) are used for time domain reflectometry in optical fibers [28]. The entire continuous
length of the fiber optic cable is turned into a sensor, achieving truly distributed sensing
down to approximately 1 mm spatial resolution [8]. Scattering is the process by which the
directional energy in a propagating wave is transferred to other directions. Light under-
going linear scattering has no change in frequency, whereas light experiencing nonlinear
scattering will undergo a frequency shift.

Optical time domain reflectometry (OTDR) is a technique that was developed in
the 1980s to test optical telecommunication fibers. Essentially, a short optical pulse is
transmitted down the fiber, and the backscatter is monitored, which provides information
on the condition of the fiber from which environmental conditions external to the fiber, but
acting on it, can be inferred. This method was developed for all three types of scattering
(Raman, Rayleigh, Brillouin), with each providing different advantages and disadvantages.

e Rayleigh scattering describes the elastic scattering of light by inhomogeneities much
smaller than the wavelength of the incident light [29,30]. Under normal conditions in
a fiber optic, as light interacts with the fiber, scattered light remains at an angle that
supports forwards propagation. On interaction with a discontinuity, some of the light
will be scattered at an angle which does not support forwards propagation, or scattered
backwards, towards the light source, which is the principle behind OTDR. Rayleigh
scattering is used to analyze attenuation associated with breaks, splices, connectors,
and the general health of a fiber [2,31]. Other applications explored include measuring
landslide activity [32] and detecting cracks in concrete structures [33]. This technique
offers the highest spatial resolution of the three scattering methods [8], but it is highly
sensitive to vibrations [34], so it also finds applications in acoustic sensing. The sensing
range of Rayleigh scattering is limited to around 70 m.

e Raman scattering is nonlinear and arises from the interaction between light and the
vibrational and rotational transitions of the atoms within the fiber material structure.
Depending on the exact transitions, the scattered light will shift in frequency to
two discrete bands; anti-Stokes transmission describes the shift to a higher frequency,
and Stokes transmission describes the shift to a lower frequency. The ratio of the
magnitude of these peaks provides data on the temperature of the fiber [2]. This
technique provides temperature information independent of strain, but it does have a
poor signal-to-noise-ratio [35].

e  Brillouin scattering is nonlinear and associated with electrostriction, which couples
electromagnetic waves with material structure-scale waves and phonons. Incident
electromagnetic energy interacts with the optical fiber material to create backscat-
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tered electromagnetic energy of a lower frequency and a phonon of a low-frequency
vibrational energy. The thermal energy within the fiber will influence the Brillouin
scattering [29,30]. This technique is used for temperature sensing and also strain
sensing (if a separate temperature measurement independent of strain can be taken,
enabling strain to be inferred). One notable advantage, in the context of this paper, is
the development of Brillouin optical time domain reflectometry (BOTDR), through
which monitoring could be achieved from one end of the fiber. Single-ended sensing
is an attractive practical advantage when considering the deployment of distributed
sensors in engineering structures [10]. This has led to Brillouin scattering being the
most common technique used in civil applications of structural health monitoring [36].
This method enables a long measurement range (kilometers (kms)) but with limitations
on the spatial resolution to around 1 m [8].

The trade-off between spatial resolution and range drove the development of the tech-
niques and then led to Optical Frequency Domain Reflectometry (OFDR). The equipment
required to obtain high spatial resolutions with OTDR techniques is complex and therefore
expensive; a narrow light pulse is necessary, but this generates a poor signal-to-noise ratio,
which necessitates a receiver with an increased bandwidth for any signal detection [10].
Huang et al. [23] also cites the poor signal-to-noise ratio (SNR) as a limitation of OTDR. In
order to address these disadvantages, frequency domain reflectometry was developed for
fiber optical sensing.

2.2. Frequency Domain Reflectometry in Fiber Optical Sensing

In OFDR, the backscatter is monitored in the frequency domain; the interference
fringes of the backscattered signals are monitored, and a shift in the interference pattern
infers an environmental change that can be located through the phase information of the
frequency signal. This technique is employed for grating-based sensors, interferometric
sensors, and some scattering-based sensors.

2.2.1. Scattering-Based Sensors

The natural impurities in the silica of the fiber optic give rise to an inherent variation
in the refractive index along the length of the fiber. Rayleigh scattering occurs at each
variation in the refractive index and gives each optical fiber a unique ‘fingerprint’ from
which changes can be monitored. Raman scattering is a result of incident light interacting
with the rotational and vibrational atomic transitions within the fiber optic material. Bril-
louin scattering is the interaction of incident light with the larger-scale material structure
vibrational modes of the fiber.

The three scattering mechanisms (Raman, Rayleigh, Brillouin) all offer different ad-
vantages and disadvantages, as outlined in Section 2.1. Recent work has explored the
possibility of combining all three techniques for an optimized solution [37].

2.2.2. Grating-Based Sensors

Grating-based sensors such as Fiber Bragg Gratings (FBGs) enable parameters such as
strain to be measured along fiber optic cables. Periodic modifications in the refractive index
of the fiber in the axial direction create narrow-band reflections at discrete resonant frequen-
cies [21]. The exact resonant frequencies can be monitored. A change in environmental
conditions will change the optical length of the grating features, shifting the resonances.

FBGs can either be used as point sensors or quasi-distributed sensors through the
ability to multiplex gratings along the fiber length; several gratings of different periods can
be inscribed on a single fiber [2,11]. The strain sensing capability of FBGs has made them
suitable for a wide range of applications: strain analysis of power transmission lines [38],
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soil strain sensing [39], corrosion sensor based on strain measurements [40], and leakage
monitoring via hoop strain sensing [41].

2.2.3. Interferometric Sensors

Optical interferometric techniques (Fabry-Perot, Mach—Zehnder, Sagnac) all work on
the principle of recombining two optical signals that have experienced different optical
paths and analyzing the resultant interference pattern [42]. Each technique uses a differ-
ent arrangement to generate the two optical beams [43,44]. Fabry—Perot interferometry
holds the advantage that it is an in-line arrangement, so it can be employed on a single
cable. Other interferometric techniques utilize two cables: one experiencing environmen-
tal change, the other remaining in steady-state acting as a reference. The Surveillance
d’Ouvrages par Fibres Optiques technique is one of the more successful approaches to
obtaining integrated measurements; a single elongation value is determined from the
integration of behavior along the length of the fiber [2].

Whilst the OFDR methods are more cost-effective and achieve higher spatial resolution
than the OTDR techniques, the sensing range is more limited. Table 2 summarizes the
advantages and disadvantages of the various distributed optical fiber sensors techniques.

Table 2. Performance of distributed and quasi-distributed fiber optic sensing techniques (adapted
from [10]).

Tesc:rliillz) ggy Transducer Type Sensing Range Spatial Resolution Main Measurands sﬁ(gnllei;ggiegd
Ig,l{rgg Distributed 3171;121 1;2 Temperature NO
Brillouin Distributed 20-50 km “1m Temperature and YES
e L T e
Fﬂéi;ﬁ;zgg Quasi-distributed ~100 channels 2 I?gé?;?gg T;ﬁpgzzéli;i;iz?’ YES

Fiber optics distributed sensing finds applications in monitoring buildings, bridges,
tunnels and roads, crack growth in concrete structures, strain measurements in wind turbine
blades and pile foundations, monitoring land slope stability, soil and rock deformations
and monitoring the stability of ground anchors, oil and gas pipeline degradation, and the
detection of failure in hydraulic engineering structures, amongst others, as illustrated in
Figure 4 [8,10].

However, fiber optics distributed strain sensing presents the following challenges:

e  The inherent weakness of the fiber optic material limits its application to lower strain
events. In order to realize a wider range of measurable strain and monitor structures
up to failure, a more robust ‘carrier’ would be necessary [10,45].

e  There are several references quoting the strain limits of optical fibers:
O 10,000 pe (1%) [7,91;
©) 4000 pe (0.4%) [21,46].

o  The fragility of the fiber optics makes installation difficult, and great care must be taken
not to damage the sensor itself. Bending stresses should be avoided during installation
as this can impact the weakly scattered signals necessary for monitoring [10].

e  There is concern that the fragility implies a strong limitation on the long-term exposure
to harsh environments [10,21,45].
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e The expense of fiber optic systems can limit their use to applications only where
reliability is critical [2,47]. A more cost-effective solution could see SHM techniques
applied where reliability or safety is less critical but nonetheless would benefit from
the economic advantages in targeted O&M activities, or the optimization of system

operating parameters.

Figure 4. Photographs of distributed optical fiber sensor applications: (a) monitoring bridge integrity,
(b) tracking the stability of ground anchors, and (c) measuring strains in a wind turbine pile [8].

3. Coaxial Cable Distributed Strain Sensing

Coaxial cables and optical fibers follow similar principles of electromagnetic theory
and signal propagation, albeit at different frequencies of the electromagnetic spectrum.
Similar techniques developed for DOFSs can be applied to the medium of coaxial cables.
However, coaxial cables are advantageous as they are more robust, can withstand larger
strain, and present a lower cost [15,21,45,46]. The coaxial configuration of the conductors
also provides shielding from electromagnetic interference [48,49].
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The background of the development of coaxial cables as distributed strain sensors
follows an analogous path to that already outlined for fiber optics, and this is presented in
the following Sections 3.1 and 3.2.

3.1. Coaxial Cable Time Domain Reflectometry

Time domain reflectometry for fault location is a well-established technique [50]. A
short pulse signal propagating along a waveguide will create a reflection at an impedance
discontinuity (change in cross-sectional area) caused by a physical fault [51,52]. The arrival
time of this reflection identifies the location of the fault. The principle of this technique is
depicted in Figure 5.

Coaxial Cable

Tension Compression

/ \ «_ Outer
\ / conductor
Z z Z, z Z,
° ! 2 ? 0 ~~ Dielectric

/ \ Inner
\ [ conductor

Representative TDR signal /\\

\

\V

Figure 5. Illustration of the principles of coaxial cable time domain reflectometry (CCTDR) adapted

Reflected Voltage
e

Time

from [48,53], showing a cross-section of a coaxial cable experiencing tension and compression and
the associated time domain reflectometry signal.

For a lossless transmission line, the characteristic impedance Z is described as follows:

L 1 [uor Do
Zy =1\ == 7=4/ In{ — |, 1
0 C 2m E0&r n Di ( )
where Z is the characteristic impedance of the cable, L is the inductance per unit length,
and C is the capacitance per unit length. The properties of the dielectric are given by ¢ the
permittivity of free space, ¢, the relative permittivity of the dielectric in the coaxial cable,

no the permeability of free space, and |, the permeability of the dielectric in the coaxial
cable. The cable dimensions are D; the outer diameter of the inner conductor and D, the

inner diameter of the outer conductor.
Varying any of these parameters will change the impedance Zy. Where there is an
impedance discontinuity, a reflection will occur in accordance with the below equation:

Ly —7

— , 2
= 7o+ 74 @

where p is the reflection coefficient, Zy is the impedance before the discontinuity, and Z; is
the impedance after the discontinuity. If Z, is different to Z; (in a region where the material
properties or physical geometries differ), then a reflection will occur.

This technique has been used to monitor the health of cables themselves and identify
wiring faults [13,52,54]. The ability of TDR to locate geological discontinuities has been
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reported, where changes and fractures in rock following a sub-terranean nuclear explosion
were monitored by way of monitoring the change in unbroken cable length [55]. Initially,
coaxial cable TDR could only monitor events and not provide measurements due to chal-
lenges relating the TDR reflections to the true deformation. Work has been undertaken
to quantify the relationships between shear deformation and change in impedance, axial
and transverse loads and impedance change, and axial strain and reflected voltage, as well
as assess the accuracy of using TDR to measure impedance [48,56-59]. This work means
that the TDR method could be extended to infer environmental conditions external to, but
impacting on, the cable, giving rise to localized impedance variations [56]. Monitoring the
reflections provides information on the location of damage or environmental change acting
on the cable, such as strain [60]. In this way, coaxial cables can become distributed sensors
using TDR to interrogate the cable.

A number of papers cite the use of coaxial cables as distributed structural health
sensors using TDR in applications such as monitoring the integrity of large-diameter wire
rope [61], rock and soil movement in mining activities [22,61], the prediction of slope failure
in open-cast mines [51], landslide monitoring [62], bridge scour monitoring [63,64], and
crack detection in reinforced concrete structures such as bridges and buildings [7,47,65].

A challenge associated with using TDR for distributed strain sensing includes the lack
of sensitivity of the technique [47,56,65]. There is also an associated difficulty in ascertaining
the relationship between the voltage of reflected signals and the associated impedance
change when the impedance has changed gradually over a length of cable and is not a sharp
discontinuity [56]. The short pulse required for TDR spectrally spreads with transmitted
distance, reducing the accuracy of the technique over long distances [52,54,66—68].

Coaxial cable time domain reflectometry is a single-ended technique that can be
employed on any coaxial cable without the need for modifications to that cable. It can
therefore be used to analyze an existing, in situ cable from any point in the cable’s lifetime
without prior requirement to anticipate future TDR measurements. The potential of the
technique has been pursued since 1971 [55]. A summary of published work reporting the
most recent advances in TDR for strain sensing/mechanical movement monitoring using
unmodified coaxial cables is provided in Section 3.1.1.

3.1.1. TDR Using Unmodified Coaxial Cables

Guidelines to optimize TDR for landslide monitoring were deduced in an effort to
encourage the adoption of this technique to geological applications [62]. The scenario
under investigation is illustrated in Figure 6. Three types of coaxial cable were tested: RG-8,
P3-500CA, and P3-500 JCASS in a custom-built shear box designed to simulate landslide
events. Various soil types and cable grout arrangements were tested. Removal of the
cable jacket is advised to avoid slippage, which reduces the sensitivity of the technique,
but the increased exposure to corrosion was noted. A standardized grout mixture was
recommended to simplify installation and also aid signal interpretation as the known grout
interaction could be accounted for via signal analysis.

This study built on work published in where TDR was investigated to predict slope
failure in open-cast mines [51]. This research involved testing two different coaxial cable
types, RG-6 and RG-213, first in lab-based equipment and then in a 5-month field trial at
the Manganese Ore India Limited Dongri Buzurg mines. The experimental tests related
the reflection coefficient of the TDR signal to the shear deformation of the cable. For RG-6,
the average highest deformity by shear failure was 11 mm, and for RG213, it was 14 mm.
There was insufficient ground movement in the field trials to register a notable change in
the reflection coefficient of the TDR response. RG-6 was recommended due to its increased
sensitivity and cost-effectiveness.
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T X-extended section of AN
coaxial cable ,' )

Shear

Coaxial ,/

N Grout cable ,'

Figure 6. Modeling of shear displacement time domain reflectometry sensing (adapted from [69]).

Recent work has shown that random reflections intrinsic to an unmodified coaxial
cable can be tracked to monitor more subtle changes in environmental conditions [22,70].
Whilst this work focused on tracking changes in temperature using random reflections on
an unmodified coaxial cable, the principle is analogous when applied to tracking changes
in strain. Essentially, a change in temperature causes a change in physical distance between
sites of random reflections due to the coefficient of the thermal expansion of the materials in
the cable. The electrical path length would also change with temperature due to the change
in dielectric permittivity. Similarly, a change in strain would cause a change in physical
distance between sites of random reflections, and it would also cause a change in the
electrical path length due to the photoelastic effect altering the permittivity of the dielectric
with strain [46]. A novel method using the random reflections of a coaxial cable to enable
temperature monitoring in this way is presented in [22]. A cross-correlation analysis of TDR
511 signals before and after heating was applied to establish the location and magnitude
of a temperature change along a 14 m length of the RG58 cable. The cross-correlation
identifies a shift in the S11 signal using the random reflections as position markers to align
the S11 signals before and after heating. A misalignment in the signals indicates a change in
temperature through a change in the arrival time of the random reflections. An analogous
result could be achieved through the application of strain instead of temperature.

Fundamental research into using a coaxial cable as a distributed strain sensor using
TDR was conducted using the standard RG-174 coaxial cable. A standard RG-174 coaxial
cable was subjected to a localized lateral compression at a fixed distance. The TDR signal
of the uncompressed cable was first baselined so that the impact of the application of
the lateral force could clearly be observed. This loading condition resulted in a sharp
impedance change at the location of the applied force. The cable was also subjected to
axial tension tests with a fixed section of the cable being stretched in controlled increments.
The increased tensile strain reduced the cross-sectional area of the cable, decreasing the
impedance of the stretched cable section and increasing the reflected voltage level. A
prototype sensor, similar in geometry and size to RG-174 but with a rubber dielectric, was
tested alongside the RG-174 cable for comparison. The prototype sensor (diagram shown
in Figure 7) demonstrated the greater sensitivity of the applied loads compared with the
RG-174 cable due to the more compliant dielectric material [48]. The level of random noise
in the TDR measurements was noted and, whilst the load levels tested were clearly visible
above the noise level, could be problematic when monitoring lower levels of strain.

These practical works build on an analytical study that was conducted to assess
the theoretical possibility of using TDR to purpose a coaxial cable as a distributed strain
sensor [56]. The purpose of the analysis was to ascertain a relationship between reflected
voltage measured through TDR and axial strain. Without this type of investigation, and
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other similar work conducted on deducing direct relationships between TDR response and

shear and tensile deformations, coaxial cable TDR could only monitor events, not provide

direct measurements of strain or loading conditions [48,57,58].

Polyolefin outer
/ jacket

Rubber dielectric

Outer conductor -
Braided tinned
copper

Inner conductor -
strand tinner copper

Figure 7. Diagram of a prototype coaxial cable designed for enhanced TDR capability through

inclusion of a compliant rubber dielectric.

3.1.2. TDR Using Modified Coaxial Cables

There are several ways in which coaxial cables have been modified in the pursuit of

coaxial cable strain/mechanical movement sensing using TDR. The intended purpose of

the

Air

Spiral

wra ppeV

copper
tape

tube

different modifications varies and is summarized in Table 3.

Lack of sensitivity using coaxial cable for strain sensing remains a challenge using
TDR [47,56,65]. As described earlier in this paper, reviewing the progress of the
unmodified coaxial cable, Lin et al. [48] explored the use of a more compliant rubber
as the dielectric in a coaxial cable structure by way of increasing the sensitivity to
strain. The sensitivity of a prototype rubber-based dielectric cable was shown, through
experiments, to be approximately five to ten times that of the standard RG-174 coaxial
cable. This approach still relies on a geometric change with strain, whereas a change
in the topology of the outer coaxial cable conductor with strain could inherently offer
increased sensitivity.

Several published reports describe the use of helical wound outer conductors as a
technique to induce a change in outer conductor topology with strain [7,9,47,71,72].
A lot of this work focused on crack detection in reinforced concrete beams. In 2004,
Chen et al. tested a prototype coaxial cable sensor constructed with helically wound
adhesive copper tape forming the outer conductor (Figure 8) [7].

Inner
conductor

Rubber

Applied strain causes
spiral to separate

A
L L]

Figure 8. Diagram showing helically wound outer conductor topology.
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Table 3. Summary of work on modified coaxial cables to enhance TDR capabilities.

Type of Modification Purpose of Modification Citation

Dielectric material selection Increased sensitivity to strain [48]

Topology of outer conductor Increased sensitivity to strain [7,9,47,71,72]
Intentional creation of Tracking point to measure distance [61]

impedance changes changes/act as ‘location tags’
Inclusion of small in-line sensors Increase sensitivity to strain, or [53,73]

increase functionality of cable

When compared with the coaxial cable with a regular copper braided outer conductor,
it was found that the prototype sensors were 15-80 times more sensitive than sensors based
on an off-the-shelf coaxial cable and could offer a spatial resolution of 50 mm. This work
verified that the change in the topology of the outer conductor has a greater impact on
sensitivity to strain than relying on a geometric change. Subsequent developments to
improve consistency in the sensor performance of this approach included the inclusion of a
Teflon dielectric with a commercial steel spiral wrapper covered with a thin solder layer to
improve electrical continuity between adjacent spirals [71]; the replacement of the solder
layer with a plasma-sprayed coating to create a more uniform, reproducible sensor [47];
performance validation of the copper tape spiral and Teflon/steel spiral devices through
field trials in a highway bridge over a 5-year period [72] (Figure 9) and replacement of
the spiral-wound outer conductor with a solid outer conductor inscribed with a shallow
helical groove [9]; and with the purpose of maintaining the topographic contribution to
strain sensitivity but avoiding the problem of poor electrical continuity seen in spiral-wrap
configurations. This impacted signal attenuation and limited the length of the sensors. The
results from this work suggested that this sensor design could detect cracks of 0.02 mm and
identify multiple cracks with a minimum of 3 mm spatial resolution, although further work
was noted regarding the assessment of the improved signal attenuation of spiral-wound
topologies [9].

Spiral Rubber Spiral Teflon
wrapped dielectric wrapped dielectric (0.36
copper foil (1mm thick) steel mm thick)
< \ \ Inner conductor|
/ // // // m Solderlayer/Pv T‘ // wire 2.8mm
. - (outer — - diameter
3mm Inner conductor 3mm
r— conductor)
diameter

Figure 9. Schematic of a rubber dielectric coaxial cable structure and a Teflon dielectric coaxial cable,
both with spiral-wound outer conductors for increased TDR sensitivity [72].

Through winding two parallel conductors helically around a central silicone core, a
different approach to harnessing the change in topology to increase the TDR coaxial cable’s
sensitivity to strain was researched [60,74]. This alternative configuration is illustrated in
Figure 10. The work concluded that this different ‘coaxial” design could be used for the
distributed monitoring of deformation.

e  The techniques described above rely on the creation of a new reflection point being
generated, alerting the user to a source of increased strain or mechanical movement.
A different approach, whereby a coaxial cable is crimped prior to installation, is
referred to in [61]. The crimps create reflections at known distances along the cable,
so they act as location reference points to improve the spatial accuracy of CCTDR.
Crimping coaxial cables to improve the location tracking of ground movements are
also mentioned in the 2020 research into investigating TDR as a means of predicting
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slope failure in open-cast mines [51]. ‘Denting’ the coaxial cable to increase the SNR of
reflected signals, making it easier to track with changing conditions, was mentioned
in [70] but dismissed due to the impact on the mechanical strength of the cable.

e  More extreme modifications of cables to enhance the distributed strain sensing using
TDR have involved the inclusion of discreet sensors along the cable. Novel sensing el-
ements created from piezoresistive multi-walled carbon nanotubes were incorporated
along the standard speaker cable. Separate lengths of the speaker wire were joined via
one or more sensing elements, with a reflection in the time domain occurring at these
inclusions (Figure 11). The nanocomposite exhibits an increased response to strain,
which could enhance the sensitivity of the technique. Challenges were faced with
multiple sensing elements where signal attenuation and reflections at prior sensing
elements resulted in very small signal levels in the sensing elements at the end of the
cable [53].

parallel copper wires

‘x TTTTTTTTITTTTTT
silicone protective
N |||115|k|3e|V|e||11|

central silica
gel strip

Figure 10. Two parallel conductors helically wound around a central core for TDR tensile deformation
monitoring [74].

Epoxy sensing elements
comprising piezoresistive
multi-walled carbon
nanotubtes

\H/ o

Parallel wire (speaker
cable) sections

Figure 11. Schematic of novel piezoresistive multi-walled carbon nanotube sensing elements placed
in-line with a cable to create a distributed strain sensor [53].

A similar idea was evaluated in the context of incorporating capacitive tilt sensors
along a coaxial cable for TDR measurements to monitor ‘crosslevel” or difference in height
between adjacent train tracks. The device tested is shown in Figure 12, with a single
in-line sensor present. This was scaled up to test up to three in-line sensors. Ground
movements can cause the top surface of the tracks to come out of alignment, causing
derailments. Testing validated the operation of the tilt sensors themselves and confirmed
that TDR accurately measured the physical location of the tilt sensors. TDR could be used
to analyze in-line tilt sensors, but again challenges were faced with multiple sensors and
signal degradation with additional sensors [73].

There are some remaining challenges with the TDR method for distributed sensing
that could not be fully addressed by modifying the design of the coaxial cable.

e  Poor SNR and low sensitivity limit the technique [9,56,75].

e  Multiple discontinuities give rise to secondary reflections, complicating signal decon-
struction for analysis [58].

e  Cable attenuation and energy lost through partial reflection at each impedance change
result in the degradation of signal clarity for additional faults along the cable [76].

e  Spatial resolution degenerates along the cable as the excitation signal distorts due to
frequency-dependent cable attenuation [52,54,58,66,76].
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Figure 12. A tilt sensor placed in-line with RG-6 coaxial cables to form distributed sensing [73].

To overcome the shortcomings of TDR, a multitude of signal analysis techniques have
been developed. These aim to refine the TDR technique beyond the advances previously
described, which were achieved through a modification of the physical cable design.

A reconstruction method, developed to overcome the limitation of inaccuracies when
multiple discontinuities are present on a TDR system, was proposed [77]. The impedance of
a transmission line was reconstructed from the waveshape of a reflected signal by dividing
the reflected wave into equal subintervals for analysis. This model did not account for
dispersion or loss.

State-of-the-art signal analysis techniques include spread spectrum time domain re-
flectometry, noise domain reflectometry, and their derivatives. An overview of these
is explained well in [52,54,78]. State-of-the-art systems such as Viper Innovations prod-
ucts [79] utilize some of these methods. The key objective of these techniques is to enable
monitoring on live cables and in high-noise environments. Joint time—frequency analysis
(JTFA) or time—frequency domain reflectometry (TFDR) bring an added advantage to ana-
lyzing multiple faults along a cable [76]. Conventional TDR struggles to detect multiple
faults due to the inherent frequency-dependent attenuation of coaxial cables, distorting
the signals of more distant faults. The partial reflection of energy at each fault also means
that the clarity of the discontinuity recedes along a sequence of faults. JTFA utilizes an
excitation signal carefully characterized by time and frequency content to address this
challenge [13,76,80]. Applications of JTFA in nuclear power plant cables, high-temperature
superconductor cables, and in high-voltage direct-current submarine cables have been
explored [75]. Pure FDR is another variation in this field, forming a large body of work.
Working in the frequency domain, strain sensing at multiple locations along a cable and
greater resolution on strain measurements could be achieved. This is apparent on a com-
parison of specifications of TDR analysis equipment and FDR analysis equipment (Vector
Network Analyzer (VNA)) [81,82]. The sampling rate of the TDR instruments limit res-
olution and the TDR electronics are more complex and expensive than the equipment
needed for FDR [52,76]. The technique of frequency domain coaxial cable strain sensing is
described in the next section along with a review of the work conducted in this field and
state-of-the-art results.

3.2. Coaxial Cable Frequency Domain Reflectometry

Traditionally, FDR was developed for fault diagnosis in electrical systems. A trans-
mitted sine wave is used as a reference against which reflected sine waves, arising from
reflectors caused by impedance changes along the cable, are compared and analyzed.
A fault, caused by strain or mechanical movement creating a localized change in cable
impedance, can be identified and located by analyzing a shift in frequency or phase be-
tween the input signal and reflected signal [52,54]. This technique could be susceptible to a
high error rate due to the sensitivity of phase to noise [76]. Interferometric techniques, first
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developed for fiber optic cable distributed sensing, can be applied to coaxial cables, utiliz-
ing a different part of the electromagnetic spectrum [15,21]. These methods use artificially
created partial reflectors to track changes in the cable and infer environmental conditions
such as strain or temperature. By placing partial reflectors along the cable, the magnitude
of the partially reflected signals can be controlled through manufacturing and therefore the
SNR can be improved, optimizing the FDR technique for condition sensing.

In this report, coaxial cable frequency domain reflectometry is split into two types
of sensors, interferometric sensors and grating-based sensors, as outlined in Figure 1. An
introduction is given to each technique, followed by a review of the work in that field.

3.2.1. Interferometric Coaxial Cable Frequency Domain Reflectometry

A Fabry—Perot interferometer is an optical instrument constructed from two parallel,
partially reflective surfaces or reflectors as shown in Figure 13 [83]. Reflections from each
surface interfere, creating a fringed pattern of maxima (at constructive interference) and
minima (at destructive interference), as illustrated in Figure 14. The frequency location of
these maxima and minima is determined by the electromagnetic path length difference
between the reflection from the first partial reflector and the reflection from the second
partial reflector. The technique is not constrained to optical frequencies but can work across
the electromagnetic spectrum. A Fabry-Perot interferometer is created on a coaxial cable by
making a pair of partial reflectors through a localized change in impedance from either a
variation in geometry, as illustrated in Figure 13, or material property, such as permittivity
or permeability. The theory of using a coaxial cable Fabry—Perot interferometer (CCFPI) as
a strain sensor is well documented [14,16,45,46] and outlined here.

Partial reflectors

e

Dielectric —, .\ \ / Inner conductor

U, / u, / ™ Outer conductor

Figure 13. Schematic of coaxial cable Fabry—Perot interferometry.
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Figure 14. Example interference pattern (interferogram) from a CCFPI.
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The interferogram is created by the superposition of the two reflected waves U; and
U,, described as follows [46]:

Uy =T(f)e *cos(2mft), 3)
Uy =T(f)e *cos[2mf(t + 7)), (4)
T= % (5)

The addition of U; and U, creates an interference pattern of the following form, as
illustrated in Figure 14:

U =2I(f)e “*cos(2mfT)cos[2mf (t + T)], (6)

where I' is the reflection coefficient of the partial reflectors, f is the frequency of the
electromagnetic wave, « is the attenuation of the cable, z is the axial cable direction, ¢ is the
arrival time at the first partial reflector, T is the time delay between the two reflected waves,
€, is the relative permittivity of the dielectric in the coaxial cable, d is the distance between
the two partial reflectors, and c is the speed of light.

The fundamental frequency is given by (1/ 7) and is dependent on the spacing of the
two partial reflectors, as shown below:

Cc
2d. /%,

where c is the speed of light, d is the distance between the two partial reflectors, and ¢, is
the relative permittivity of the dielectric in the coaxial cable.
With increased strain, d will increase through elongation and ¢, will vary due to the

fundamental frequency =

)

photoelastic effect of dielectrics [46]. This will change the fundamental frequency, shifting
the interferogram pattern. The frequency location of key features such as the minima or
maxima is tracked to infer the change in strain.

The principle of using a CCFPI in a strain sensing application was reported in [46].
Two partial reflectors, with 70 mm spacing, were manufactured onto an RG58 coaxial
cable by a hole-drilling method. The reflection spectrum was captured by a VNA, and
the frequency of the dips of the interferogram was tracked. As strain was applied, the
distance between the two partial reflectors changed and so the resonant frequency changed.
A total strain of ~34,000 pe was applied to the cable in 18 steps of 2000 microstrains
(0.2%). The frequency demonstrated a quasi-linear response to strain with a relationship of
approximately —3.3 kHz/ pe, suggesting that a CCFPI had sufficient sensitivity for use as a
strain sensor and demonstrating the superior maximum strain capability over fiber optics.
The results are shown in Figure 15a. The spatial resolution of the CCFPI is determined by
the distance between the partial reflectors, which is 70 mm in this study.

Cheng [14] also studied the application of CCFPI as a strain sensor. The coaxial
cable type used in this testing was not stated, but the applied strain was between 0 and
1000 microstrains over 14 steps, and the tracked frequency minima was around 1.91 GHz.
The data presented in [46] demonstrate a decrease in resonant frequency as strain increases,
implying that the physical elongation with the applied axial strain dominated the response,
as illustrated in Figure 15a. Conversely, data presented in [14] demonstrated an increase
in resonant frequency with increasing strain, as shown in Figure 15b. The reasons for the
conflicting reported results could be due to the differing responses of the cable dielectric
permittivity to strain. The variation in the results highlights that the response to strain is
complex, and greater research is needed in order to achieve a single-valued, repeatable
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response to strain that will be required for a successful manifestation of a CCFPI as a
distributed strain sensor in industrial applications.
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Figure 15. Response of a CCFPI to strain from two different sets of published data showing that the
impact of strain on a CCFPI resonant frequency can produce different results. (a) Resonant frequency
shift as a function of strain with inset showing shift in reflection spectra as strain increases [46];
(b) interference resonant frequency shift as a function of applied strain [14].

Through different topological configurations of the coaxial cable, the potential of
using RG58 as a torsion sensor based on cascaded CCFPIs (Figure 16) [84] and beam shape
sensors through strain sensing was demonstrated [85]. For both of these references, testing
occurred in the GHz region [14].
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Figure 16. Schematic of using an RG58 CCFPI as a torsion sensor [14].

A large strain-tolerated Fabry—Perot interferometer smart steel strand has been devel-
oped [45], making a CCFPI on SF047 coaxial cable and embedding it into glass fiber-reinforced
polymer (GFRP) before replacing the core wire of a steel strand with this GRFP-CCFP], as
depicted in Figure 17. The intention was that this sensor could replace a steel strand in a
structural component such as a bridge cable or anchor rod for continuous health monitoring.

GFRP-CCFPIbar

CCFPI Centralcore
replaced with
GFRP-CCFPlbar
Figure 17. Schematic of the CCFPI SF407 cable embedded in GFRP and replacing the core wire of a
steel strand (adapted from [86]).
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The bare SF047 CCFPI demonstrated a measuring range up to 140,000 pe. When
embedded in GRFP, the dynamic range was shown to be 16,000 pe. The partial reflectors
for this work were created by crimping metal ferrules onto the SF047 cable at two specific
locations 200 mm apart. A resonant frequency near 3 GHz was tracked during the strain
tests and a strain sensitivity of —3.7 kHz/pe was recorded. This work concluded that the
GRFP-CCFPI could replace a previously developed optical fiber sensor-based smart steel
strand, offering a much larger measurement range as it can withstand a greater maximum
strain. The GRFP-CCEFPI sensor response to strain also demonstrated good sensitivity and
linearity. Further work in this field was reported in 2024 [87], where a coaxial cable Bragg
grating (CCBG) structure was integrated with GFRP into a steel strand. SF047 cable with a
diameter of 1.19 mm was used to create a sensing structure comprising 41 discontinuities
spaced at 20 mm intervals (total sensing section 800 mm). The increased number of partial
reflectors, created by crimping metal ferrules to generate an impedance change, ensured
that the SNR was sufficient. The CCBG was then embedded within GRFP before being
incorporated into a steel strand. As well as testing to ensure that the CCBG did not
compromise the mechanical strength of the GFRP or the steel strand, the strain sensing
performance was compared with linear variable differential transformer measurements.
The results suggested the CCBG embedded in GFRP could measure strains up to the
ultimate limit of GFRP, 20,000 pe. Similar work looking at embedding FBG could only
monitor strains up to 6000 pe. The embedded CCBG in GFRP in the steel strand only
slightly reduced the mechanical properties of the steel strand, with the tensile strength at
87.9% and elastic modulus at 88.7%. The CCBG structure was reported to demonstrate
strain resolution of at least 100 pe and a range of 150,000 pie.

A series of partial reflectors could be manufactured along the entire length of a coaxial
cable. Any two consecutive partial reflectors create a Fabry-Perot interferometer (FPI), as
illustrated in Figure 18.
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Figure 18. Diagram to illustrate the principles of multiplexing FPIs along entire cable length, forming
a distributed sensor.

In this way, a coaxial cable could become a distributed sensor. Cascading a series of
FPIs is possible due to the way in which the VNA captures the S11 reflection spectrum [23].
The entire frequency information, including magnitude and phase, is recorded, which en-
ables the interferogram of each FPI to be uniquely associated with a physical location along
the cable [14]. The value of this feature is apparent considering a CCFPI in a monitoring
application; this means that the part of the structure experiencing a significant strain event
can be identified, and remedial effort can be focused on the area of concern, optimizing
efficiency of any maintenance work required.

Several signal processing methods are cited to analyze the CCFPI interferogram signal.
The technique that appears to be employed in a lot of the references cited in this paper uses
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a form of JTFA [14,23,46]. The method of JTFA used in the CCFPI analysis is detailed in the
following signal processing steps.

1.

$11 amplitude (dB)

A VNA is used to send a frequency swept signal and capture the S11 signal amplitude
and phase information from the entire CCFPI cable length.

In the time domain, the gating function on the VNA is applied to a single pair
of partial reflectors, creating an individual CCFPL The time span of this gate is
designed to encompass the two reflections but must be wide enough to avoid breach
of the minimum time gate span rules specified in the VNA documentation, which is
dependent on the bandwidth of the swept frequency signal. Applying the time gate
to a single CCFPI sulfficiently isolates it from the rest of the cable features for analysis.
With reference to Figure 18, the red dashed line indicates the principle of time domain
gating, isolating a single CCFPI.

Fourier transform is used to convert the gated time domain signal of a single CCFPI
into the frequency domain; this feature is often built in to the VNA functionality. In
the frequency domain, the interferogram of the isolated CCFPI under analysis will be

apparent, such as the interferogram given in Figure 19.
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Figure 19. Example interference pattern of a CCFPI sensor varying with applied strain. The zoomed-

in section illustrates how strain can be inferred from tracking the frequency of the interferogram

minima [45].

4.

This action is repeated for all pairs of reflectors along the cable, sliding the time
domain gating window along the cable, isolating each individual CCPFI in turn for
analysis. This is a method of short-form Fourier transform and enables each CCFPI
to be monitored and, crucially, the physical location of each CCFPI on the cable is
known, through the time gate, allowing parameters such as strain along the cable to
be monitored and mapped along the cable length.

Using this technique, different features of the interferogram can be tracked, although

the main feature to be tracked appears to be the resonant frequencies or interferogram

minima, illustrated below in Figure 19. In their development of a CCFPI for sensing

applications, Huang et al. report tracking the dips in the interferogram and also observe

that the Q-factor of the dips decreased as strain increased, which could indicate an increase

in the propagation loss between the two reflectors [46]. A similar approach was taken in

the development of a smart steel strand with built-in CCFP]I, illustrated below in Figure 19.

The sharpness of the dips compared to the peaks could provide greater resolution.
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A different joint time—frequency analysis method, time—frequency domain reflectome-
try (TFDR), was proposed by Song et al. [76]. This was presented as a method of overcoming
the challenges of TDR and FDR on unmodified coaxial cables. The argument was that
for accurate TDR, a sharp rise in the time pulse is required, but this incurs distortions.
Conversely, FDR is very sensitive to noise and so carries a high error rate. By performing
the analysis jointly in the time and the frequency domains, this method aims to overcome
the challenges incurred when analyzing in a single domain. This is linked to the uncer-
tainty principle, giving rise to the trade-off between the time duration and the frequency
bandwidth of the same signal. In order to analyze both the time and frequency domains
simultaneously, the reference signal launched down the cable was chosen to be a Gaussian
waveform envelope (frequency domain) and a chirp signal (time domain), as illustrated in

Figure 20.
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Figure 20. The design of a reference signal for TFDR method (modified from [13,76]).

The reflected signal is then cross-correlated with the reference signal to reveal the
location of faults along the cable. This method was shown to offer improved fault location
accuracy on unmodified coaxial cables, but the inherent attenuation of the coaxial cable
resulted in decreasing accuracy and sensitivity with increased fault distance [76]. This
reference does not document the sensitivity of this technique to lower strain events and only
considers identifying the location of significant cable damage (absence of outer conductor
material) on an otherwise unmodified coaxial cable.

A novel signal processing technique of using a sliding time gate and cross-correlating
spectral data is well described in [88], where a series of cascaded partial reflectors formed
the sensing region of a coaxial cable. Time domain plots of the technique demonstrate the
limited measurement resolution and clarify the need to perform frequency domain analysis.
The correlation technique is interesting in this context and is combined with a structure
comprising a series of 100 randomly spaced weakly reflecting holes to create a 2 m long
strain sensor that could have applications to CCFPI.

The spatial resolution that can be achieved with CCFPI is dependent on the spacing
between the two partial reflectors constituting the FPI. There is an inherent trade-off
between the frequency bandwidth and spacing, with a higher bandwidth required to
achieve greater spatial resolution. The bandwidth required to measure the interferogram
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varies with the spacing of the partial reflectors. The partial reflectors cannot be resolved
unless they are greater than x distance apart [14]:

C
(wmax - CUmin) * 2% \/5 ’

x must be > 8)
where x is the distance between the two partial reflectors making up the FPI, wy,y is the
maximum frequency and wy,;, is the minimum frequency, ¢, is the permittivity of the
coaxial cable dielectric, and c is the speed of light.

Whilst the focus of this report is on coaxial cable distributed strain sensing, there are
several derivatives of this technique providing a single discreet measurement, or tailored
to track a parameter different to strain, which are worthy of note.

e  On creating a pair of highly reflective reflectors in a coaxial structure, a Fabry—Perot
resonator (CCFPR) is constructed. Whilst only a single measurement can be made from
this device, multiplexing is not possible as insufficient energy passes the reflectors
and the multiple round trips of the energy within the cavity increase the Q-factor of
the device, increasing the measurement resolution. The second reflector forming the
resonant cavity can be placed beyond the open end of the coaxial structure, thereby
forming ‘open-ended coaxial probes” which are widely available for measuring mate-
rial properties in the microwave range of the electromagnetic spectrum [89-96]. By
adapting this arrangement, it was shown that the second reflector in the CCFPR could
be formed by a metal plate positioned beyond the end of the coaxial structure. The
lateral position of the plate could be measured to resolutions of the order of 1 nm,
comparable with the resolutions of analogous fiber optic techniques [97,98]. A diagram
of this open-ended hollow coaxial cable resonator (OE-HCCR) is shown in Figure 21.
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Metal plate positioned |
beyond the end of the =
coaxialsectionforms

the second reflector of
the resonant cavity

Coaxial cable resonator

Figure 21. Schematic of the OE-HCCR structure for measuring lateral displacements. The metal
post forms the first reflector of the resonant cavity and the metal plate beyond the end of the coaxial
structure forms the second reflector of the cavity.

As a further extension of this work, the coaxial resonator was adapted to measure
vibrations and impacts and, combined with machine learning techniques, the cause of the
impact could be identified [99]. A diagram of this OE-HCCR impact sensor is shown in
Figure 22.

A humidity sensor has also been developed based on this technique, harnessing
the sensitivity of the device to detect the moisture content of exhaled air. The potential
applications include chemical sensing and the analysis of gaseous contents [100].
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Figure 22. A diagram of an open-ended hollow coaxial cable resonator impact sensor [99].

A similar OE-HCCR construction was devised as a strain sensor for nanoscale preci-

sion [101]. The premise of the operation was to track a frequency shift occurring from a

change in the reflection coefficient of the open end of the OE-HCCR. The reflection coef-

ficient was dependent on the signature from a gap and a flange. With varying strain, the

gap width changed, altering the capacitance and leading to a reflection coefficient change.

Sensitivities of 2.5 GHz/mm were achieved. An application to measure shrinkage strain

during the mortar drying process was demonstrated.

Metal post
forming one
reflector of the
resonant cavity

A displacement sensor based on a hollow coaxial cable Fabry—Perot resonator (HCC-
FPR) was developed and tested in 2018 [102]. A solid stainless-steel inner conductor
(6 mm diameter) and a tubular stainless-steel outer conductor (14 mm diameter) form
the basis of an air-dielectric coaxial structure. A single pair of highly reflective partial
reflectors exist, with one on the moveable handgrip, forming a resonant cavity. When
the handgrip is moved, the reflector moves, changing the length of the resonant cavity
and causing a shift in frequency. The device, shown in Figure 23, could measure
displacement to a resolution of 10 pum.

Cone-shaped second Second
reflector forming reflector
second (moveable) attachedtoa
reflector of the moveable
resonant cavity handgrip rod.

Inner conductor (Bmm ¢)

Quter conductor (14mm ¢)

When handgrip moves,
length of resonant cavity
Coaxial cable resonator changes.

20cm

Figure 23. Schematic of the HCC-FPR displacement sensor [102].

Further developments on the HCC-FPR proved the principle of this device as a strain
sensor for high-temperature environments, up to 1000 °C. The movable hand grip was
replaced with weld points (limit disks) to attach the device to a test steel plate. Now, as
the steel plate expands with temperature, the cavity length of the FPR changes, shifting
the resonant frequency, from which strain can be deduced. The nested arrangement
of the coaxial structure is intended to remove the effects of the thermal expansion of
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the sensor itself [103]. The principle of the operation of this device is illustrated in
Figure 24, along with photographs of the tested sensor.

First reflector Stainless steel

‘ I é sleeve I

HCC I?econd reflector

———— |

adapter — /I

SMA to Type N I
Limit disc

l

(@)

Limit disk

\

RG-58/U coaxial cable

SMA to Type N
adapter

(b)

Figure 24. (a) Schematic of the HCC-FPR strain sensor. (b) Photographs showing the two limit disks
welded to the stainless-steel plate for high-temperature strain sensing. The distance between the two
limit disks was ~11.5 cm [103].

e Adapting a coaxial cable into a CCFPR for temperature measurements was described
in 2017 [104]. In contrast to utilizing partial reflectors in distributed sensing using FPI
arrangements along the entire length of the cable, CCFPRs use a single pair of highly
reflective points, in this case constructed by filling drilled cavities in a coaxial cable
with copper powder to form a short circuit (Figure 25). The high reflectivity results in
increased measurement resolution [105] but limits the number of sensing points. This
investigation noted the adaptability of the technique to strain sensing.

Drilled cavity filled with
copper powder and
sealed

Inner conductor

Dielectric

\ J Quter conductor

f

Resonant cavity

Figure 25. Diagram showing cut-through schematic of the high-quality factor coaxial cable Fabry-
Perot resonator [104].

e  The application of an HCC-FPR as a liquid-level sensor was researched in [106]. In this
configuration, illustrated in Figure 26, the liquid forms the second reflector creating
the resonant cavity, and hence the level of the liquid determines the frequencies of
resonance. The sensor could measure liquid levels over a ~20 cm range to resolutions
in the order of micrometers.
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Figure 26. Diagram and of the HCC-FPR device as a liquid-level sensor [106].

e  Characterizing liquids through the measurement of their dielectric properties is im-
portant for a range of functions such as food processing, biological analysis, and the
design of microwave communication systems. A sensor based on a CCFPI construction
was developed for this application in 2017 [107]. A bespoke coaxial structure was
manufactured using a stainless-steel tube and wire as the outer and inner conductors
and ceramic (Al;O3) as the dielectric. Two Teflon disks formed the partial reflectors
either side of a cavity formed by the omission of the ceramic dielectric for a ~10 cm
proportion of the structure. The construction of the device is shown in Figure 27. Dif-
ferent fluids were pumped through this cavity, in turn, and the resultant interferogram
was shown to be dependent on the dielectric properties of the different fluids.

Fluid out
Fluid under testfills the
t resonant cavity. Different
fluid properties change
the tracked resonances.
Outer
conductor

Ceramic
dielectric e
4

—

Teflon discs
forming partial
reflectorsof a

resonant cavity.

Fluidin

Figure 27. Diagram of the metal-ceramic CCFPI for the measurement of dielectric properties of
liquids [107].

e A metal-ceramic coaxial cable design was proposed for high-temperature monitoring
using the Fabry—Perot interferometric technique [108]. The high-temperature proper-
ties of the ceramic replace the temperature-limited conventional polymer dielectrics.
Successful operation was reported between 200 °C and 500 °C, although thermal stabil-
ity over longer time frames at these temperatures was yet to be explored. Two different
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partial reflector designs were tested: full-circle air gaps and half-circle air gaps, as
shown in Figure 28.

MCCC-FPIa

Full-circle air

/ gap reﬂectors\

Figure 28. Photograph of the metal-ceramic coaxial cable Fabry—Perot interferometer design with
two different configurations for the partial reflectors [108].

e  The use of CCFPI for temperature monitoring is also described in [109], where copper
crimp rings are compressed onto a conventional coaxial cable to form an FPI (~10 cm)
long. The objective of this research was to design a sensor capable of monitoring
temperatures’ downhole in order to indicate leakages in CO; storage.

3.2.2. Grating-Based Coaxial Cable Frequency Domain Reflectometry

Fiber Bragg gratings are well established in the field of fiber optic sensing, as dis-
cussed in Section 2.2.2 of this paper. There are wide-ranging examples of optical FBGs
as sensors [110-114]. However, the inherent weakness of the fiber optic material limits
its application to lower strain events. To realize a wider range of measurable strain and
monitor structures up to failure, a more robust FBG ‘carrier’ would be necessary. The
application of an FBG structure on a coaxial cable achieves this [15,21]. Whereas a CCFPI is
constructed from a pair of partial reflectors, a coaxial cable Bragg grating consists of a group
of equally spaced partial reflectors (as shown in Figure 29), all forming an interferogram
that tracks with changing environmental conditions.

FPI 1 FPI 2

|

\_I \_‘={)u(er conductor
E—
/ / 4 \Die|ectric
l \ I \ ,—\ I—\Inner conductor

Coaxial Cable Fabry—Perot Interferometers

Partial reflectors

Coaxial Cable Bragg Grating
Y/ S S [\ <

Outer conductor

‘ ) ’ ) <«—Dielectric
[\ [ /[ \ [ /[ \ I_\\d
L J

CCBG

Figure 29. Diagram to illustrate the difference between a CCFPI and CCBG configuration.
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The proposed benefit of CCBG over CCFP1 is the higher Q-factor of the interferogram,
which should offer increased measurement resolution [104,105,115]. The CCBG interfero-
gram clearly shows sharper maxima, indicating a higher Q-factor, over the broader peaks
of the CCFPI interferogram, as illustrated in Figure 30.

Comparison between interferogram of a CCFPI (2 partial reflectors) and an
interferogram of a CCBG (5 partial reflectors)

S11 amplitude (dB)

Frequency (Hz)

Figure 30. The higher Q-factor of a CCBG over a CCFPI is apparent on studying the interferograms
from the respective structures.

Wei, Wu, and Huang et al. reported on fabricating a CCBG in 2011 [21]. A series
of 46 holes, 2.5 cm apart, were drilled onto an RG58 cable, penetrating the dielectric
layer, to create a series of partial reflectors (analogous to the changes in refractive index
manufactured into FBGs). The holes present a localized change in impedance, which gives
rise to a reflection as the discontinuity is encountered, whilst still allowing for most of the
signal to propagate along the cable. A VNA was used to measure the 511 return loss in the
frequency domain configured to capture the first resonance peak. A load frame was used
to apply a total axial strain of 20,000 pe in 16 steps. The frequency of the first resonant peak
showed a linear response to the applied axial strain. The maximum strain applied (20 me)
was significantly greater than a typical fiber optic could withstand (about 4 me), proving
the principle that a coaxial cable is a more robust alternative to fiber optic technology for
strain sensing in challenging environmental conditions [21].

A similar investigation was conducted using an FBG of 41 discontinuities (holes) with
a gating period of 25 mm to measure a 1 m length of RG58 cable subjected to axial strain [15].
This CCBG again demonstrated a large dynamic strain of around 5% with a linear response
to strain and a resolution of 100 pe. From the results, it was observed that the Q-factor
decreased as the strain increased. This was explained due to the change in impedance
mismatch at the site of the Bragg gratings as the cable dimensions change with increased
strain. In this paper, a cross-correlation method was applied between the interferogram
before and after applied strain to detect the small shift in resonant frequency.

A disadvantage of a Bragg grating is the reduced spatial resolution that can be
achieved [14,45]. Monitoring a Bragg grating of 46 periods of 2.5 cm distance covers
a total distance of 1.125 m. Information on the strain deduced from tracking the inter-
ferogram of this Bragg grating could therefore only be assigned to a location covering a
1.125 m span.
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At the 2012 workshop on civil structure health monitoring, the results on the devel-
opment of a CCBG strain sensor were presented. A variety of cable types were tested,
and it was demonstrated that the dynamic range of the sensors was up to 7% (70,000 pe),
measuring strain to a resolution of 100 pe. The signal analysis techniques included a
cross-correlation method to improve the sensitivity of the device. Furthermore, a positive
feedback oscillator analog system was developed and shown to increase the Q-factor of the
data from the device by ~3500 times. This improved the strain resolution by almost a factor
of 10, from 100 pe to 11.4 pe [115].

Further work and details of the positive feedback oscillator to increase the sensitivity
to strain were explored and reported in 2017 [116]. An RG58 cable formed the basis of
the CCBG sensor under test. A series of ~8 partial reflectors were created by milling out
the outer conductor and dielectric in discreet locations ~11 cm apart. This manufacturing
method is shown in Figure 31.

Figure 31. Photograph illustrating the process by which the CCBG was created on RG58 cable [116].

The emphasis of this research was to make a cost-effective geodetic strain sensor. The
proposed solution was to use a pair of CCBGs: one detecting strain, the other detecting
environmental noise. Integrating the two signals in a mixer allowed for measurements
to be taken at a lower frequency, which reduced the complexity and cost of the electronic
components needed for signal propagation and analysis. A cost-effective portable spec-
trum analyzer could therefore be used for data processing, eliminating the need for an
expensive VNA.

Recent work in the field of CCBG (2023) investigated designing and constructing a
bespoke coaxial cable, with a regularly undulating dielectric layer forming the grating
feature, to operate as a strain sensor via the CCBG technique. A thermoplastic polymer
was chosen as the dielectric layer, offering greater elongation and tensile strength over
conventional polyethylene dielectric, to increase the range over which a CCBG strain
sensor could operate before undergoing plastic deformation and become unusable. The
grating feature was constructed from a regularly fluctuating cross-section of the dielectric,
as illustrated in Figure 32. This idea built on work conducted in 2013 which proposed
creating partial reflectors on a CCBG structure by modifying the cross-section of the coaxial
cable instead of hole drilling [117]. The proposed benefit of this approach was to eliminate
sharp impedance discontinuities formed by crimping or drilling a coaxial cable, which
introduces a mechanical weakness [118]. HFSS modeling was employed to determine the
optimum shapes of the dielectric before a variety of dielectric designs were 3D-printed, and
the bespoke cables were constructed for the test. The most sensitive CCBG had the most
extreme variation in the dielectric cross-section and demonstrated a resonant frequency
shift of ~3.075 kHz/ pe [118].
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Figure 32. Diagram of bespoke CCBG with regularly undulating dielectric layer forming the grating
feature [118].

Through the inclusion of a series of weak partial reflectors along a coaxial cable, the
entire structure can be converted into a sensor. Recent work in 2024 [88] demonstrated
the promising performance of a coaxial cable sensor, made from a series of 100 randomly
spaced holes creating partial reflectors. This forms a type of irregular Bragg grating. The
random arrangement generated a multibeam interference pattern. Combined with a signal
analysis technique utilizing a sliding time gate and cross-correlation techniques, strain
data were inferred across a 2 m section of a 15 m long MIL-C-17 coaxial cable. Strains up
to 18,000 ne were measured. The resolution of the strain measurement was shown to be
dependent on the spatial resolution (spatial width of the time gate). Increasing the time
gate width (inclusion of more partial reflectors in the measurement) improved the SNR
and measurement resolution. For higher-spatial-resolution measurements, where the time
gate was narrower, fewer partial reflectors were included in the measurement, lowering
the SNR and measurement resolution. The trade-off between reflector size, signal-to-noise
ratio, and successful transmission distance was noted. Larger reflectors improve the SNR
but reduce the total distance over which signals can propagate along the device.

A summary of the key results from published works on the development of coaxial
cable strain/displacement sensing is given in Table 4.

Table 4. Summary of published information on development of coaxial cable strain/displacement

Sensors.
Coaxial Cable s Partial Sensor Active
Sensor Type Application Cable Type Reflector Length Frequency Key Results Reference
CCFPI Axial strain sensor  RG58 Holes 70 mm ~3.5GHz —3.3kHz/pe [46]
CCFPI Axial strain sensor ~ Not stated Not stated Not stated ~1.9 GHz 225 kHz/pe [14]
Torsion sensor Crimping 227 mm 1.834 MHz
CCFPL (cascaded FPIs) RG58 metal ferrules (wrapped) ~4.2 GHz (rad/m)~! [84]
Embedded in
GERP for core in Crimping
CCFPI steel stranded SF047 metal ferrules 200 mm ~3 GHz —3.7kHz/pe [45]
cable
Lateral position
CCFPR Measure lateral Bespoke Metal post and 75 mm -1GHz resolutions 98]
displacements structure metal plate measured to order
of Inm
. Sensitivity of
CCFPR Strain, e, Bespoke Metal postand g 1, ~0.6 GHz 25GHz/mm—  [101]
shrinkage strain structure gap/flange -
nanoscale precision
CCFPR Displacement Bespoke Metal post and 20 cm 1.2 GHz Dlspla('jement to [102]
sensor structure metal cone resolution of 10 um
Strain sensor for Bespoke Monitored thermal
CCFPR high-temperature Strulz ture Metal inserts 11.8 cm ~1 GHz strain between 100  [103]

environments

and 900 °C
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Table 4. Cont.
Coaxial Cable .. Partial Sensor Active
Sensor Type Application Cable Type Reflector Length Frequency Key Results Reference
CCBG Axial strain sensor  RG58 Holes 1.408 m ~425GHz  —3kHz/ue [21]
(22 periods) ’
CCBG Axial strain sensor ~ RG58 Holes 1 m (40 periods) ~4 GHz —2.1kHz/pe [15]
. Undulating 200 mm
CCBG Strain sensor Bespoke dielectric (10 periods) ~4.5 GHz ~3.075 kHz/ ue [118]
Irregular CCBG ~ Strain sensor MIL-C_17 Holes 2m 0-6 GHz —5.068 kHz/ pe [88]

4. Future Research Challenges in Coaxial Cable Strain Sensing

An extensive range of exciting developments in the field of CCFPI strain sensing
have been investigated under laboratory-scale tests designed for practical applications.
However, CCFPI is not yet a standard, industrial SHM tool, and further work remains to
promote this technology to a workable product. Understanding the longevity and stability
of CCFPI-based devices is necessary before their deployment in field applications [16].
Fiber optic technologies have long since provided an industrial solution to a large range
of SHM requirements. CCFPI needs to prove that it can provide additional value to
complement the DOFS before it can become a viable, commercial alternative. The potential
advantages of utilizing coaxial cables as distributed strains sensors, complementing or
replacing incumbent fiber optic technologies, are several-fold.

e  Higher strain events can be monitored due to the strength of the materials of coaxial
cable construction [9,46].

e  Coaxial cables can withstand greater exposure to challenging, harsh environments [21,45].

e  The robust coaxial cable structure means that they can withstand installation proce-
dures which are too severe for delicate fiber optics [10].

e  The construction and manufacturing techniques and signal excitation and analysis
methods are all simplified compared to fiber optic technology, offering the potential
for a more economical alternative [2,47].

However, from the reviewed literature, it is apparent that for the concept to progress to a
usable technology, there are several research challenges remaining, including the following:

1. A CCFPI response to strain is dependent on several factors, not just the physical
distance between the two partial reflectors comprising the FPI. The response of the
dielectric permittivity to strain has a significant influence on the performance of a
coaxial cable as a strain sensor using FPI features. Characterizing the dielectric per-
mittivity with strain is an area for further work. This would enable the likely response
of different coaxial cables as strain sensors, using FPI features, to be understood
and predicted.

2. CCFPI-distributed sensing measurements can be a result of the convolution of strain
and temperature effects on the device. Both environmental factors influence the
interferogram. Suggestions on how this challenge may be addressed, and the effects
of the proposed decoupling methods, are summarized below and in Table 5:

a.  Inference is made that the convolution of strain and temperature effects can be
minimized by selecting dielectric materials that show preferential sensitivity to
strain or temperature, depending on which condition is to be monitored [14].
There is a further reference to this technique in [7] where instead of using a
commercially available coaxial cable with a Teflon or polyethylene dielectric, a
coaxial cable with a low-stiffness rubber dielectric was designed in an attempt
to increase the sensitivity of the cable to strain.
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b.  Another approach taken has been to use a reference CCFPI alongside the CCFPI
monitoring the strain to act as temperature compensation [14]. This is similar to
the well-established practice of utilizing conventional electrical resistance strain
sensors in a bridge arrangement to provide temperature compensation [119].

c. Depending on the application and CCFPI design, temperature variations could
be accounted for by presentation as an error on the strain reading, within reason.

d.  Lessons could be learned from fiber optic techniques and are worth future
assessment and investigation [40,120-125].

e. Signal analysis methods to monitor different characteristics of the interferogram
might hold the key to inferring temperature effects on strain measurements.
The latest developments in machine learning could more rapidly classify inter-
ferogram changes due to temperature and changes due to strain, deconvolving
the environmental effects.

f. Recent work on FBG sensors has applied machine learning techniques to dis-
criminate between strain and temperature variations [126]. It would be in-
teresting to pursue the role machine learning could play in advanced signal
processing techniques for CCFPL

Significant experimental works need to be conducted to test the CCFPI operation
when subjected to combinations of environmental parameters and assess operational
limits under conditions of high humidity, high pressure, and high temperature. The
impact of cumulative and combined environment effects needs to be understood to
make sure CCFPl is reliable and robust for real-world applications.

In the reviewed work, there have been two main methods for creating the partial reflectors
in the FPI arrangement: crimps/localized deformation and hole drilling [15,21,45,46].
For the measurement of strain, it was cited that localized deformations with metal
ferrules ensure that cable strength is retained, whereas hole drilling would create
undesirable weaknesses [115]. One purpose of the development of the undulating
cross-section CCBG was to propose a design that could be realistically fabricated [118].
The practicality and engineering challenges of manufacturing partial reflectors on
a large scale, integrated with coaxial cable manufacturing processes, should not be
overlooked to realize the full commercial potential of this technology. This is another
aspect worthy of further work.

Optimal signal analysis techniques would further enhance the CCFPI technology for
commercial success. Some techniques reviewed under this paper, but not necessarily
applied yet to CCFPI devices, include the following:

a.  JTFA method applied to date to unmodified cables [76].
b.  Increased sensitivity of CCBG device achieved through cross-correlation analy-
sis and a feedback oscillator [115].

Deeper investigation into key features of the interferogram to track would be in-
teresting, such as amplitude, Q-factor, as well as the position of frequency maxima
and minima. The inclusion of machine learning methods into the signal analysis
would be a novel approach to extracting greater information from the interferogram
data. The objectives of more sophisticated signal analysis techniques would include
the following:

Increased sensitivity;
Improvement in the SNR;
Rapid analysis of multiple FPIs for real-time monitoring;

Potential to de-convolve strain and temperature.
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Table 5. Summary and comparison of strain—temperature deconvolution methods.
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None FBG 7.72 ppm/ue —101.62 ppm/°C [120]
Baseline for understanding potential impact of ~ For a CCFPIwith thermal'expansion
None CCFPI temperature on strain measurements. dominated by the dielectric (PTFE of
150 ppm), a 1 °C shift would result in a
strain measurement of 150 pe.
A coaxial cable with a silicon rubber
In a CCFP], select a dielectric material that dielectric (instead of PTFE) and a spiral
. demonstrates a greater change in response to wrapped outer conductor showed
Design . d had reduced ; 15-80 & . - e .
referential strain and had reduced reaction to temperature. —80 times increase in sensitivity to strain.
P CCFPI Topology of the coaxial cable designed to Silicon rubber has a modulus of elasticity [7]
response to . . .
strain enhance response to strain. May only serve to approximately 10 times lower than that of
reduce sensitivity to temperature, not PTEFE, so on that basis, it would
eliminate it. theoretically provide a 10-fold increase in
sensitivity to strain.
Along the length of a CCFPI, several sections
could be left uncoupled to the structure under
strain. These ‘relaxed’ sections should then only
be subjected to temperature fluctuations, and In theory, an ‘inactive’ co-located section of
Inclusion of analysis of these sections can be used to a CCFPI should provide full temperature
uncou- calibrate the strained sections to remove compensation, subject to precise material
pled/relaxed CCFPI unwanted temperature effects. Relaxed sections ~ composition and manufacturing variations,  [14]
sections along used for temperature compensation are not resulting in slightly different temperature
CCFPI co-located with the strain sensing sections and ~ response between active and
could therefore be subjected to different ‘inactive’ sections.
temperature fluctuations, so calibration to
eliminate temperature effects may not
be accurate.
Arrange multiple sensors in a half or full . . . .
' . . For a single electrical resistance strain
Wheatstone bridge configuration. One branch alize. sensitivity to strain is approximatel
Wheatstone Electrical of the bridge monitors strain; other branches gause ¥ 1o stre pp Y
. . . . . 2 ppm/ e, and sensitivity to temperature is
bridge resistance strain  aid temperature compensation. A full . o [119,127]
: . . approximately 150 ppm/°C. A full
configuration gauges Wheatstone bridge offers a more complete . o
. . . Wheatstone bridge should eliminate the
solution, but this does involve a greater number
. temperature response.
of sensor devices.
One active strain sensor, coupled to structure to  In theory, a ‘dummy’ co-located section of
be monitored, works with a ‘dummy” strain an FBG should provide
Active/dumm sensor that is not coupled for strain monitoring, near-full-temperature compensation
section Y FBG and therefore solely tracks temperature (subject to precise material composition and  [40]
fluctuations. Active and dummy sections could = manufacturing variations resulting in
be co-located for optimum slightly different temperature response
temperature compensation. between active and dummy sections).
Bubble filled with air
forms an FPI cavity. The .
low thermal Including as a
. o
FPIbased ona Fiber optic conductivity of air basehng for . 775 ppm/ e 12 ppm/o ¢ [120]
bubble . comparison with 6.0 ppm/pe 1.1 ppm/°C
reduces impact of :
. Vernier method.
temperature on strain
measurements.
Using two FPI fiber optic sensors in parallel.
One active and sensing strain and one acting as
Two parallel a reference. The joint parallel response from the
FPIs and Fiber optic ) ) p p —14.9 ppm/pe 0 [120]

Vernier effect

two sensors is used for analysis, with the
Vernier effect aiding to enhance the sensitivity
to strain.
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5. Conclusions

Sensors for structural health monitoring provide vital information to ensure the safety
and economic viability of engineering assets. Novel technologies in this field are of interest
to keep pace with engineering developments, as well as improve current sensing devices.
This paper introduced the concept and principles of distributed sensing for SHM by
providing a brief overview and history of the development of optical fiber sensing. Time
domain reflectometry was the first technique utilized to infer parameters such as strain from
fiber optics, with frequency domain reflectometry arising to address some of the limitations
of TDR, such as measurement resolution. A parallel development journey is echoed in
the emergence of coaxial cable distributed sensing techniques. Initial work on TDR on
coaxial cables demonstrated the principle that such cables could be adapted into distributed
sensors able to withstand greater strains than delicate optical fibers. Through the adaptation
of interferometric and grating techniques first used on fiber optics, coaxial cables have
been transformed into distributed sensors, capable of high measurement resolution up to
strains beyond fiber optic limits. Furthermore, the construction and materials of a coaxial
structure can be selected and adapted to a wide range of topologies. A standard cable form
factor can provide strain information when embedded in a steel rope for anchoring, and a
shorter more rigid coaxial structure can form a displacement sensor for high-temperature
environments. Coaxial cable frequency domain measurement techniques could therefore
offer advantages over distributed optical fiber sensors for the given applications. This
paper has documented the state of the art in this promising technology.

Optimizing the design and construction of the features required for CCFPI and CCBG
structures is a focus for further research. Some novel manufacturing techniques, reported
in this paper, have been devised and tested, and research on these, as well as the underlying
physics of the techniques, is necessary to elevate this concept into a successful product, ri-
valing DOFSs. Enhanced signal analysis techniques could further develop the full potential
of coaxial cable frequency domain-based sensors and, as before, inspiration could come
from mirroring DOFS techniques and emerging methods.
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