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ABSTRACT

Most sensing networks rely on punctual/local sensors; they thus lack the ability to spatially resolve the quantity to be monitored (e.g. a
temperature or humidity profile) without relying on the deployment of numerous inline sensors. Currently, most quasi-distributed or
distributed sensing technologies rely on the use of optical fibre systems. However, these are generally expensive, which limits their
large-scale adoption. Recently, elongated sensing elements have been successfully used with time-domain reflectometry (TDR) to
implement diffused monitoring solutions. The advantage of TDR is that it is a relatively low-cost technology, with adequate measurement
accuracy and the potential to be customised to suit the specific needs of different application contexts in the 4.0 era. Based on these
considerations, this paper addresses the design, implementation and experimental validation of a novel generation of elongated sensing
element networks, which can be permanently installed in the systems that need to be monitored and used for obtaining the diffused
profile of the quantity to be monitored. Three applications are considered as case studies: monitoring the irrigation process in

agriculture, leak detection in underground pipes and the monitoring of building structures.
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1. INTRODUCTION

Monitoring systems represent a key enabler for the 4.0 era,
crucial not only for guaranteeing the optimal functioning of the
monitored systems but also for timely interventions in case of
potential failures [1], [2]. As a result, the combination of the
Internet of Things (IoT) and sensing networks has become an
irreplaceable tool for achieving ubiquitous monitoring in the 4.0
ecosystem [3]-[8]. However, currently, most sensor or
monitoring systems are characterised by point-type sensory
information; hence, to monitor large areas, it is necessary to
employ a multitude of probes. This drawback can be overcome
by using diffused sensing elements (SEs or d-SEs) that are able
to achieve many functions [10] where the use of point sensors is
not recommended. Most SEs of this type rely on the use of

optical fibre systems [11], [12], but optical systems are generally
expensive, and this limits their large-scale adoption. In this paper,
the diagnostic technology employed resides in time-domain
reflectometry (TDR) through the use of elongated SEs, which
have recently been successfully used to achieve diffused
monitoring [13]-[21]. TDR monitoring systems are characterised
by being relatively low cost, having the potential to be
customised to suit the specific needs of different applications and
achieving good accuracy. For these reasons, this technique
represents an interesting monitoring solution with the use of
specific sensing element networks (SENs) that can be
permanently embedded into the system to be monitored (STBM)
and used throughout the service life of the STBM. Thanks to the
versatility of TDR, the proposed system can be customised and
applied in a considerable number of fields; but this paper focuses
on three contexts:
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i) localising leaks in underground pipelines (SEN-W),

if) agricultural water management (SEN-A) for the
optimisation of water resources,
1) building monitoring (SEN-B) through the ex-ante

monitoring of concrete curing and ex-post
monitoring for the detection of dielectric anomalies
that result from the degradation or stress of the
structure.

The paper is organised as follows. Section 2 describes the
basic theoretical background of TDR, while Section 3 describes
the design and implementation of the proposed distributed
monitoring system. In Section 4, the experimental results of the
practical implementation of the proposed SENs are reported,
and finally, in Section 5, conclusions are drawn, and the future
work is outlined.

2. THEORETICAL BACKGROUND

TDR is an electromagnetic (EM) measurement technique
typically used for monitoring purposes, such as food analysis
[22], cable fault localisation [23]-[26], soil moisture
measurements [27], liquid level measurements [28], device
characterisation [29], [30], biomedical applications [31] and
dielectric spectroscopy [20]. In TDR measurements, the EM
stimulus is usually a step-like voltage signal that propagates along
the SE, which is inserted or in contact with the system under test
(SUT). The signal travels along the SE, and it is partially reflected
by impedance changes along the line and/or by dielectric
permittivity variations. Through the analysis of the reflected
signal, it is possible to retrieve the desired information on the
SUT. Generally, in TDR measutements, the direct measurement
output is the time-domain reflection coefficient (p), expressed as

_ Urefl (t)
B Uinc(t) '

whete Vpeq (t) is the amplitude of the reflected signal and i (t)
is the amplitude of the incident signal. The value of p is

©)

represented as a reflectogram, which shows p as a function of
the travelled apparent distance (dapp). As is well known, the
quantity dapp, is related to the actual distance, dpeq), by the
following equation:

c-t
dapp = dreal *+/€app = 5V €app » @)

where &,pp is the effective diclectric permittivity of the
propagating medium (which describes the interaction between
the electromagnetic signal and the SUT), ¢ is the velocity of light
in free space and t is the travel time, which is the time that it
takes for the EM signal to travel back and forth.

The signal propagation velocity inside the medium depends
on the dielectric properties of the material in terms of effective
relative  dielectric permittivity, &app, which describes the
interaction between the electromagnetic signal and the SUT. If
the EM signal is propagated in a vacuum, then &;pp = & 4ir =
1.

However, if the SE is inserted in a material different to air,
then the propagating EM signal will propagate more slowly, and
the effective dielectric constant of the material in which the SE
is inserted through the estimation of the apparent length (d,pp)
is evaluated from the reflectogram:
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Figure 1. Designed diffuse sensing element: two-wire-like conductors and a
coaxial cable.
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Based on these considerations, using the TDR reflectogram,
it is possible to estimate the dielectric characteristics of the
propagating medium and/or to localise when these dielectric
variations occut.

3. SYSTEM AND DESIGN IMPLEMENTATION

3.1. Diffused sensing element

As mentioned in Section 1, the present study focuses on three
main application fields. In detail, the SEN-W refers to a leak
localisation system in underground water and sewer pipes, SEN-
A is dedicated to the real-time monitoring of the soil water-
content profile in agriculture and, finally, SEN-B addresses the
use of the TDR and elongated SEs to evaluate the humidity
profile of concrete structures and to identify destructive
phenomena early, such as those resulting from rising damp. This
section describes in detail the design and implementation of the
d-SEs, the TDR measuring instruments used for experimental
validation and the processing algorithm adopted. Before the
implementation of the system, in the design phase, full-wave
simulations were carried out to identify the optimal SE
configuration, which is useful for optimising the performance of
the system in terms of sensitivity to changes in the dielectric
characteristics of the STBM. The configuration of the diffused
SE is shown in Figure 1. It consists of a coaxial cable and two
conductors that run parallel to each other and are mutually
insulated through a plastic jacket. The figure also shows the
cross-section dimensions of the SE. The sensing portion is
placed along the direction of the electrical impedance profile
under test so as to provide diffused monitoring of the STBM.
The EM signal propagation occurs between the two conductors
and is influenced by the dielectric characteristics of the
surrounding material; this aspect is exploited to identify the area
in the reflectogram in which dielectric variations are observed.
The coaxial cable has the same length as the sensitive portion and
is integrated with the SEs to calibrate the appatent distance as a
real distance. In fact, because the dielectric characteristics of the
coaxial cable are known, by propagating the TDR signal along
the coaxial cable, it is possible to evaluate the actual distance of
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Figure 2. Schematisation of the TDR-based system for SEN-W (dimensions not to scale).

the SE from (3), as reported in [15]. This aspect is especially
important in practical applications in which the length of the d-
SEs is not necessarily known in advance.

3.2. TDR instruments and the measurement algorithm

For the TDR measurements, two measuring instruments were
used, the TDR-307USBm and the TDR200. The former
generates a pulse signal, and the cost is relatively low (about
€800). The latter generates a step-like EM signal, and the cost is
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Figure 3. SEN-W: a) comparison of the test reflectogram and reference
reflectogram for leak detection. b) Localisation of the dielectric permittivity
variation (DPV): reference reflectogram is superimposed on the test
reflectogram. The difference between the two reflectograms is also shown
(red curve).

approximately five times the cost of the TDR-307USBm. Both
measuring instruments are portable.

However, in the case of the TDR-307USBm, it is worth

mentioning that signal attenuation and dispersion phenomena
limit the usability of TDR when used on long cable systems. It is
possible to modify the amplitude and the width of the TDR test
pulse signal along with the gain in the input stage amplifier;
however, this requires the TDR measurements to be repeated
many times to find the right setting.
To overcome this issue, an innovative and dedicated algorithm
[16] has been developed to automatically optimise these two
different electrical parameters of the TDR signal as a function of
the d-SE length in order to compensate the performance in terms
of attenuation and dispersion effects.

4. EXPERIMENTAL RESULTS

4.1. Experimental results for SEN-W

Water-pipeline monitoring is extremely important given the
considerable amount of water loss caused by leakages and other
possible hydraulic failures. Figure 2 shows a schematisation of
the setup configuration. During the installation phase, the d-SE
is placed along the pipeline to be inspected, and the connection
to the measuring system is ensured through an access point.
Points B and E indicate the beginning and the end of the d-SE,
while L indicates the position of a leak. It can be seen that there
is a section of cable (running vertically) that allows the SE to be
connected to the measurement instrument.

Clearly, variations in dielectric permittivity that may occur
along this vertical SE section are not of interest for the leak
localisation. To overcome this issue, this portion of SE is
electromagnetically shielded (by means of a metal shield). In this
way, the sensing portion starts from point B.

Another advantage is that, thanks to this shielding, the vertical
portion can be of any length, as it does not influence the
localisation of the leak (hence, it is not necessary to know a priori
the burial depth of the pipe).

This approach allows easier identification of the interface
relative to the start point of the SE relative to the buried pipeline,
excluding the portion of the connected section from the
measured data.

For the experiments on SEN-W, a dedicated testbed was set
up, in which a d-SE was buried approximately 30 cm
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underground. The soil was irrigated at predetermined distances
from the beginning of the SE in a similar way to a leakage
condition when water escapes from an underground pipe. The
main parameter describing the interaction between the signal and
the system under test is the relative permittivity &, as water
leakage causes a local variation in its value, which is immediately
detectable in the measurement. For these measurements, the
TDR RI-307USBm was used. In fact, because SEs in these
applications may be a hundred meters long, the TDR200
instrument is unsuitable, as its electronics could be easily
damaged as a result of electrostatic discharges occurring when
connecting long cables.

Figure 3(a) shows the measurement results obtained for a leak
at d = 8 m. First, the reference reflectogram was acquired, i.e.
when there is no leak (red curve). Then, the reflectogram in the
presence of the emulated leak was acquired. It can be observed
that, in the presence of the leak, there is a distinct variation in the
output reflectogram. The position of the leak is estimated by
applying (2) to the different portions of the reflectogram in order
to identify the abscissa of the minimum corresponding to the
leak. It is also interesting to analyse the detection of a leak (or a
dielectric permittivity variation (DPV)) at long distances (i.e. 200
m), which is when the use of the aforementioned algorithm
becomes essential. Figure 3(b) shows the TDR curves that are
automatically processed; the difference between the test
reflectogram and the one in the presence of a DPV allows the
DPV to be localised.

It should be mentioned that in applying (2), an assumption of
constant permittivity in the soil along the SE is made. This
assumption is acceptable considering that, generally, the variation
in permittivity caused by leakages is significantly higher than the
natural variation of permittivity in the soil (which may be due to
temperature variations or to slightly different soil compaction in
different areas).

4.2, Experimental results for SEN-A

In this application context, monitoring soil moisture content
in agriculture allows the use of water to be optimised, reducing
wastage. In particular, the basic idea is to bury the d-SEs in
correspondence with cultivations and to carry out TDR
measurements to retrieve the actual water-content profile of the
soil all along the cultivations. Subsequently, the irrigation systems
can be automatically activated/deactivated according to the
actual irrigation needs of the plants. In addition, through
multiplexing systems, up to 512 d-SEs could be used
simultaneously to perform the widespread monitoring of
multiple crop rows. For the experimental tests, a 30-m-long d-
SE was placed in the soil along the entire crop profile, and the
connector came out of the soil to connect to the TDR
measurement instrument. In this case, for the sake of
comparison, both the TDR200 and the TDR RI-307USBm were
used. The acquired reflectograms were directly related to the
impedance profile of the SE inserted in the soil. Experimental
results were obtained according to the following measurement
protocol:

e reflectogram #1: one week after d-SE installation,

o reflectogram  #2:  (post-irrigation)  acquired
approximately one hour after the irrigation process
was finished,

e reflectogram #3: (pre-irrigation) acquired three days
after reflectogram #2,

o
3
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Figure 4. SEN-A:TDR reflectogram with the TDR200 (a) and with the TDR RI-
307USBm (b)

e reflectogram  #4:  (post-irrigation)  acquired
approximately 10 hours after the irrigation process
was finished,

e reflectogram #5: pre-irrigation measurement.

Figure 4(a) and 4(b) show the measurements obtained with
the TDR200 and TDR RI-307USBm, respectively. It can be seen
that after irrigation (reflectogram #2), the apparent length of the
SE increases, as d-SE shifts towards a longer distance; this is a
result of the increased effective permittivity. From reflectogram
#3, acquired after three days and before a new irrigation, it can
be seen that the apparent length of the SE has decreased. A
similar trend occurs for reflectogram #4 and reflectogram #5.
Based on the overall length of the SE, the system is able to
discriminate well between different soil moisture conditions.
This can be used as a parameter for activated irrigation. The
TDR200 instrument exhibits better performance in estimating
dielectric variations; however, the costs are considerably higher
than the TDR RI-307USBm.

In practical applications, the elongated SEs will allow the
retrieval of a map in real time that shows the state of the water
content in the cultivations, thus allowing an automatic tailor-
made intervention, especially in view of the optimal management
of the irrigation processes.
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4.3. Experimental results for SEN-B

For SEN-B, the goal of the proposed method was twofold: 1)
an ex-anfe monitoring of concrete curing along a building diffuse
profile and 2) an ex-post monitoring for the detection of dielectric
anomalies as a result of the degradation or stress of the structure.
A concrete beam was used as a case study. In order to monitor
the water content during the hydration process, three d-SEs were
inserted in a concrete beam: one at the bottom of the beam,
another in the middle and a third at the top. The hardening phase
is considered to be completed within the first 28 days, as after
this period more than 90 % of the overall mechanical strength
has developed. For this reason, the beam was monitored over the
28-day period by acquiring TDR data for the d-SEs. Figure 5(a)
shows some of the TDR reflectograms acquired during the
considered period (for clarity of the image, not all the
reflectograms are reported); Figure 5(b) shows a zoomed image
that highlights the trend.

From the reflectogram, it is possible to identify the beginning
and the end of the d-SE (denoted respectively by dp app and
dg app) in order to calculate the apparent distance d,pp of the d-
SE. As can be seen, this parameter decreases with the hydration
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Figure 5. SEN-B: selected TDR reflectograms for the central d-SE over the
28-day observation period (a) and a zoomed image (b).

Figure 6. Experimental setup for post-mechanical tests on the beam.

process because dg,pp shifts towards lower values. This
indicates that the apparent distance d,pp of the d-SE decreases
with the decreasing dielectric permittivity &,p, of the concrete
beam as a result of the ongoing hydration process.

However, ex-post monitoring through an embedded low-cost
diffused SE can promptly detect the deterioration of the
structures. In this regard, mechanical tests on the beam were
carried out to analyse whether the diffuse sensor cable was
sensitive to mechanical deformation. The beam was subjected to
several tests with concentrated weights varying from 1,000 kgf to
9,000 kgf, with an increase of 1,000 kgf at each test. Figure 6
illustrates the test setup. As explained in Section 3, the d-SE also
included a coaxial cable, which was sensitive to deformation
and/or comptession phenomena. Duting the mechanical test,
TDR measurements were also carried out on the d-SE.

As is known from the theory, the diameter of the inner and
outer conductors determines the impedance of the coaxial cable.
Because of this, a deformation in the cable resulting from the
degradation phenomena in the structure causes a variation in the
electrical impedance, which was immediately identified from the
measurements. As shown in Figure 7, as the weight applied to
the beam increases, the reflection coefficient decreases, and the
apparent distance increases, indicating that the cable is being
deformed and bent. These mechanical tests highlight that
continuous ex-post monitoring through permanent, d-SEs can
provide early indications of structural problems. In this way,
safety measures can be considered in time, and structural
interventions can be performed immediately.

5. CONCLUSIONS

In this study, the development and the proof of concept of a
multi-purpose SEN were addressed through the adoption of
TDR and d-SEs. The proposed system, which allows the
limitations of traditional punctual monitoring systems to be
overcome, was validated for the localisation of leaks (SEN-W),
for monitoring the diffused profile of the water content of soil
in agriculture (SEN-A) and for the ex-ante and ex-post
monitoring of the hydration process and the diagnostics of
destructive phenomena (SEN-B).

Additionally, the proposed monitoring system can be easily
extended to other fields. In practical applications, each SEN
could be managed through a portable device and through a single
platform. In addition, the monitored data can be stored in a
repository and used for further statistics or future reference, and
the output of the SENs can be geo-referenced by acquiring the
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Figure 7. a) TDR reflectograms and first derivatives acquired through the
coaxial cable of the d-SE for the concrete beam in the different compression
conditions. b) Zoom of the trend as compression increases.

GPS coordinates of the location where the MR measurements
are taken. The introduction of these strategies would contribute
to making the proposed monitoring system evolve into a cyber-
physical measurement system [32], [33], fully exploiting the
potential of 4.0 technologies.
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