N

N

A Non Destructive Reflectometry Based Method for the
Location and Characterization of Incipient Faults in
Complex Unknown Wire Networks

Moussa Kafal, Fatme Mustapha, Wafa Ben Hassen, Jaume Benoit

» To cite this version:

Moussa Kafal, Fatme Mustapha, Wafa Ben Hassen, Jaume Benoit. A Non Destructive Reflectometry
Based Method for the Location and Characterization of Incipient Faults in Complex Unknown Wire
Networks. 2018 IEEE AUTOTESTCON, Sep 2018, National Harbor, United States. pp.8532500,
10.1109/AUTEST.2018.8532500 . cea-03122224

HAL 1d: cea-03122224
https://cea.hal.science/cea-03122224

Submitted on 26 Jan 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cea.hal.science/cea-03122224
https://hal.archives-ouvertes.fr

A Non Destructive Reflectometry Based Method for the Location and Characterization
of Incipient Faults in Complex Unknown Wire Networks

Moussa KAFAL", Member, IEEE, Fatme MUSTAPHA", Wafa BEN HASSEN", and Jaume BENOIT"
“CEA, LIST, Laboratoire de Fiabilité et Intégration Capteurs, 91191 Gif-sur-Yvette, France.
moussa.kafal@cea.fr

Abstract—During the last decade, vast efforts have been
invested in research and industry to detect soft noncritical faults
in wiring networks. Although time domain reflectometry based
methods (TDR) have been the center stage of such techniques,
the capability of characterizing the located faults was still out of
reach. In fact, this is so important as it can potentially enable
preventive maintenance well before the fault’s deterioration to
critical dangerous stages. An assessment of the fault’s situation
becomes possible thus maximizing the system functionality and
safety while minimizing the out-of-service time. In this paper,
we will propose an approach based on the tenets of TDR and
post-processing techniques, namely baselining and optimization
based algorithms, to detect, locate and characterize soft faults
embedded in complex networks. More importantly, this will be
accomplished using a single testing port of a totally unknown
network whose extremities are kept connected to their loads.
Numerical as well as practical experimental results will be
employed to validate the efficiency of the proposed approach.

Index Terms—Complex wire networks; fault characterization;
Genetic algorithms; Inverse problems; Soft faults.

I. INTRODUCTION

Recently, the world is witnessing the fourth Industrial
Revolution built on the huge digital uprising which is com-
bining multiple technologies that are leading to unprecedented
paradigm shifts in the economy, business, society, and for
individuals. In fact, it is involving the transformation of entire
systems. Significantly, the electricity landscape is a prime
example of the Fourth Industrial Revolution as it is undergoing
massive transformations, becoming more complex than ever
before, with rapidly evolving technologies. Meanwhile, a
reliable, safe, economically competitive and environmentally
sustainable electrical power grid is the cornerstone of a modern
society.

Regardless the application nature, whether belonging to
the transportation sector, robots, industry, power-plants, etc.,
systems are hosting cumulated lengths of wiring networks
responsible for communication, distribution and control oper-
ations between all components within a system. For instance,
10 kilometers of cables accommodate in a modern truck,
40 km in a helicopter and more than 500 km in a modern civil
transport aircraft as the A380 [1], [2]. Although, lots of safety
measures have been taken to protect cables from damage,
electrical wires are still highly likely exposed to compelling
conditions (heating, humidity, etc.) leading to the appearance
of anomalies. Such faults may lead to a total interruption of
transmission as in the case of open or short circuits (hard
faults). Meanwhile soft or incipient faults are the second major
family of wiring defects that are characterized by slightly
modifying the cable properties without causing a significant

impact on the whole system operation as chafes, arcs, etc. They
are considered significantly more difficult to detect and may
easily evolve into hard faults [3]. Hence, developing robust
procedures for the detection of soft faults has become critically
important, as an early warning approach for ensuring the safe
and reliable operation of electrical systems.

Soft faults have been extensively handled in current liter-
ature where reflectometry-based methods are still the cutting
edge of most embedded and distributed wire diagnosis systems
[4], [5]. Intuitively relying on the analysis of the electri-
cal waves echoed on impedance mismatches (IDis) along
a network under test (NUT), Time-Domain Reflectometry
(TDR) has a long history with cable diagnosis but require
great analysis expertise [6], [7]. In fact, the problem of soft
faults is critical and requires in-depth studies since their
corresponding reflected weak echoes might be easily masked
from reflectometry detection by pscudo echoes generated by
higher reflectivity impedance discontinuities like junctions or
splitters, etc..

However, there have been a vast development of signal and
post-processing tools that can be integrated with TDR methods
and have consequently facilitated the process of extracting
weak soft faults’ signatures. For instance, methodologies not
limited to the time-frequency cross-correlation function using
the Wigner-Ville transform (WVT) [8], [9], the Self-Adaptive
Correlation Method (SACM) [10], the Signature Magnification
by Selective Windowing (SMSW) [11] in addition to the Time
Reversal (TR) techniques have efficiently succeeded in this
mission [12]-[16].

In fact, this can be assumed valid as long as the topology
of the NUT is known and easy access to all its extremities
can be afforded. Regrettably, enormous wiring network data-
sheets are lost in lots of applications, while access to more than
one port is impossible in some embedded networks as those
in nuclear power-plants or airplanes. Although, fair estimates
of the fault’s positions were still achieved with acceptable
location errors, unveiling the nature of the detected soft faults
(resistive, inductive, etc.) and estimating their local variation
was still unreachable.

Particularly, these are indeed important information as they
can help in estimating an approximate useful operational time
of the defected cable and accordingly allow an assessment of
the cost of waiting versus direct repair. Besides, knowing the
nature of a soft fault would allow collecting helpful data that
can enable building a clear image of the degradation procedure
with time and under different external and internal conditions
(heating, humidity, pressure, etc.). Therefore, in order to cope



with all these limitations, we are going to propose in this paper
a technique capable of blindly diagnosing a black-boxed faulty
fully loaded NUT, i.e. with loads connected to it’s extremities;
more importantly using a single testing port.

The method will be composed of two phases. In the first, a
TDR measurement of the unknown faulty NUT will be treated
in a post-processing algorithm based on the tenets of TDR
in conjunction with the Graph theory and the genetic based
optimization algorithm (GA) in a TDR-GA methodology.
Since the soft fault has a minor contribution on the overall
TDR response, we will be able to reconstruct the topology of
a healthy version of the tested NUT, with the branch lengths
and load impedances. The second phase starts by applying
a baselining approach that is taking the difference between
the measured faulty TDR response and that of a simulated
response computed from the reconstructed healthy NUT. The
result will be a reflectometry response amplifying the signature
of the soft fault, which once treated with a similar TDR-GA
algorithm will enable not only precisely locating the soft fault,
but also determining its location, nature and characteristics.
The proposed method will be validated by experimental results
conducted on single junction network configuration.

II. PROBLEMS AND CHALLENGES

In what follows we will try to brief the main obstacles
reflectometry based methods encounter in soft fault diagnosis
to converge finally to the solution method we will propose.

A. Network complexity

It has been demonstrated that the detection of incipient
faults is intractable even when dealing with simple networks
(single branch cables) due to the fact that the echo amplitude
caused by these faults can be in some cases analogous to the
noise level or other residual IDis caused artifacts [S], [17].
The situation is expected to worsen once complex networks
are addressed which are often found in embedded systems
(e.g., vehicles, airplanes, etc.). These usually comprise NUTs
containing at least one junction between different branches
and are expected to respond to a test signal by a long
series of reflected echoes. Unfortunately, these IDis (junctions,
loads, etc.) reflected echoes are likely to have bigger order
of magnitudes compared to the echoes reflected by weak
reflectivity soft faults. Specifically, an increased complexity
of the NUT is accompanied by more complex reflectometry
responses leading to difficulty in interpretation and poverty in
extraction of the soft faults’ signatures and thus generating
false alarms.

B. Network’s structure

Real life systems usually host wiring networks having
specific configurations in the form of a bus, mesh, or tree,
ctc.. Accordingly, complicated reflectometry responses, char-
acterized by the presence of multiple reflections caused by
junctions and other impedance mismatches, are obtained.
However, the extraction procedure of weak soft fault signatures

became possible, thanks to different post-processing algo-
rithms recently developed and integrated with reflectometry
techniques as those listed in the sec. I. On the other hand,
a proper application of such techniques rely on the prior
knowledge of the network’s topology. Unfortunately, this is
often unattainable due to sudden updates in wiring installations
decisions taken by technicians for some reasons as in the
case of buildings or lost wiring maps when dealing with old
infrastructures, etc.. Indeed, testing networks of unknown or
partially unknown configurations in an effort to detect and
locate soft faults is seemingly impossible. Accordingly, after
investigating the aforementioned obstacles, how would it be
possible to characterize incipient defects embedded in such
NUTSs?

It is worthy to note that the situation is expected to dete-
riorate due to testing restrictions imposed by a vast majority
of fault diagnosis methods. In fact, this includes disconnect-
ing the NUT’s extremities from its loads, forcing specific
extremity connections (open or short circuits), accomplishing
measurements based on several testing ports and requiring the
presence of a healthy prototype of the network, etc. [1], [4],
[6]-[11], [15], [16], [18], [19]. Significantly, the authors in
[20]-[22] succeeded in proposing a method based on the tenets
of TDR, graph theory and optimization based algorithms in
order to blindly reconstruct the topology of a wiring network,
return precise estimates of branch lengths and retrieve load
impedances using a single testing port and without having
to disconnect the network from neither its infrastructure nor
extremities. The interested reader could return to these paper
for a detailed overview. In fact, the technique proposed in [22]
will form the first phase of our proposed approach that will
enable reconstructing a healthy version of the totally unknown
faulty tested network.

C. Incipient fault characterization

One of the main issues related to the detection of a soft
fault in an NUT revolves around its nature (resistive, inductive,
capacitive or conductive) and more importantly its variation
relative to the cable parameters (RLCG parameters), i.e. its
reflection coefficient. In fact, having in hand such pieces of
valuable information could contribute to a great extent in
avoiding drastic consequences attached to misinterpreted soft
fault conditions. Particularly, the characterization of a soft fault
is equally or even more important to the problem of detecting
and locating the fault itself in a tested network.

On the other hand, cable aging is one of the recent topics
that seems interesting in the domain of wire diagnostics [23],
[24]. Aging as a term refers to the slow structural modification
that can gradually decrease the efficiency of an element.
Therefore, the characterization of a soft fault can permit
estimating the electrical cable aging. Specifically, based on
the cable (insulation and conductor) properties delivered by
the manufacturer’s data-sheets, the degradation process of a
fault could be monitored based many factors such as: electric
field, temperature, moisture, radiations, chemical corrosion,
mechanical vibration, etc.. As a result, a timely maintenance



anticipation for degraded faulty cable sections becomes pos-
sible as an early warning approach.

It is important to note that in a recent investigation of
soft fault echoes associated with TDR measurements, the
author in [25] has shown that weak TDR echoes do not
necessarily correspond to weak soft faults. In other words,
a superficial decay in a cable could produce the same TDR
response compared to a critically damaged cable when tested
at low frequencies. However, soft faults do generate echoes
proportional to the bandwidth over which they are tested.
Accordingly, in order bypass this analogy and enable a more
precise evaluation of the fault’s condition we will carry out our
tests at sufficiently high frequencies ( GHz range). Besides,
we aim at returning the fault’s variation as a function of the
cable’s RLCG parameters rather than its severity or intensity.
Notably, this is based on the fact that critical soft faults could
return similar TDR echoes as those produced by weak soft
faults.

To sum up, several challenges formed an impasse towards
the proper application of soft fault diagnosis methods leading
to ambiguous results, inaccuracy in location and failure in
revealing the faults’ characteristics in many cases. Under
those circumstances, we will propose an efficient method for
blindly testing a totally unknown wiring network to enable the
characterization of soft faults embedded in it while properly
detecting and accurately locating them by using a single testing
port and without having to disconnect the NUT from its loads.

IIT. METRICS OF THE PROPOSED APPROACH

The proposed approach consists of two main phases. The
first is dedicated to reconstruct the topology of the unknown
tested network while the second is devoted to detect, locate
and characterize the soft fault embedded in it. To do so,
there is a need to efficiently solve the inverse problem of
the measured network TDR response in order to retrieve
the desired informations. Accordingly, this is possible by
designing a network analysis direct numerical model.

A. The Network Numerical Model

The signal propagation in any network can be modeled by
the RLCG circuit model of an infinitesimal section of the line.
This model is based on Telegraph’s equations that describe the
evolution of voltage and current along the transmission line
as function of the per unit length parameters demonstrated by
the quantities R (resistance), L (inductance), C' (capacitance)
and G (conductance). To solve these equations we opted to
adopt a joint finite difference time domain (FDTD)- ABCD
matrix method developed as an in-house solver at CEA for
wire network analysis. This same model has shown to be
efficient in the investigations accomplished in [20]-[22] where
the interested reader can refer to for more details. In fact, it
allowed computing the TDR response of any desired NUT.

B. The inverse problems

The very first step commences by measuring the TDR
response of the black-boxed NUT. Notably, the only piece of

information needed is the type of cables constituting the tested
network. Particularly, the cable’s RLCG parameters permits
encoding them in the aforementioned network model explained
in sec. III-A so as to return a simulated TDR response similar
to a measured one of the same tested network. On the other
hand, a maximum number of extremities M is important to
reduce the computational complexity as will be shown later.

Having acquired the TDR response of the NUT which can
be either collected by simulation or measured by a vector
network analyzer (VNA), two inverse problems are to be
solved on two different phases. The first phase is dedicated
to reconstruct the topology of a healthy version of the tested
unknown network by returning its structure, cable lengths
and load impedances. Notably, this can be true as long as we
are dealing with soft faults having weak TDR responses that
usually have a minor contribution on the overall response
of the network. The second phase is devoted for amplifying
the signature of the soft fault by applying a post-processing
approach. This approach is better known as "baselining"
which takes the difference between the TDR response of the
faulty NUT and that of a measured or simulated response of
a healthy version of the same network. Fortunately, the first
phase of the proposed approach permits having this simulated
TDR healthy response. The aim afterwards is to extract the
location and characteristics of the fault embedded in the
network by solving a new inverse problem of the fault’s
baselined response. In what follows we will try to address all
aspects of each phase.

IV. IMPLEMENTATION OF THE PROPOSED APPROACH

The following section is meant to illustrate different steps
of the proposed network-fault diagnosis method.

A. First phase: Network reconstruction

First of all, for the sake of clarification purposes, a numer-
ical simulation based example will be provided. Accordingly,
a single junction network composed of 3 ideal non-dispersive
branches with a characteristic impedance Z. = 50 2 is
numerically implemented using a Matlab based transmission
line simulation model. Two of the NUT’s three extremities are
connected to a 180 € resistive load and a power transformer
(open circuit) respectively. The third extremity is set as the
testing port. Notably, the choice of the loads has no effect on
the performance of the method as any other type of load can
be chosen.

An inductive L soft fault has been introduced on the first
branch of the network with a A, = 30% and length ly =2cm.
In fact, A, is the fault’s R,L,C, or G percentage variation
relative to the RLCG parameters of the tested cable given as
Av = (Xactual - Xfaulty)/Xactuals with Xgetual being the
actual R, L, C, or G value of the cable while X4y, being
the R,L,C, or G value of the fault. A demonstration of the
NUT showing the branch lengths and the fault properties is
presented in Fig. 1. Practically, the NUT is unknown, i.e. it



180 Ohm

Open Circuit

Fig. 1: A single junction network affected by a 2 cm soft inductive
fault with a A, = 30% variation.

might be embedded in any system and would appear to us as a
black-box having one free extremity which is the testing port.

The network reconstruction procedure of phase 1 will be
accomplished based on previous work of methods presented
in [20]-[22]. They integrate the graph theory and differ-
ent optimization techniques (genetic algorithm (GA), particle
swarm algorithm (PSO), etc.) to solve the inverse problem of
the measured unknown network TDR response. This permits
returning the most compelling NUT that resembles the tested
network. Hereafter, we will briefly recall the methodology of
such methods.

The TDR response of the NUT considered in Fig. 1 is
computed using the FDTD-ABCD model of sec. III-A based
on a Gaussian pulse having a bandwidth ranging from DC to
2 GHz. The corresponding reflectometry response V(1) is
plotted in the reflectogram of Fig. 2.
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Fig. 2: A reflectogram showing the TDR response of the network of
Fig. 1 with a zoomed plot of the fault’s signature.

The whole idea starts from the fact that a wiring network
is nothing else but a graph whose vertices are junctions and
extremities, edges are branches whereas weights are their
lengths. Consequently, based on the principles of graph theory,
a generic network can be numerically modeled by three sets
of variables (vertices, edges and weights) based on maximum
number of network extremities M. Significantly, this is in-
tended to limit the number of hypothesized networks and thus
decrease the computational complexity. The TDR response of
such a simulated NUT can be found based on the FDTD-

ABCD network model explained in sec. III-A. Accordingly, in
order to construct the simulated network whose TDR response
best matches the measured response of the unknown network,
an inverse problem is to be solved.

Thus, the objective is to minimize the differences between
the measured data set and that of the simulated one which
is defined by an objective function and can be solved by
an error-minimization algorithm. Indeed, global optimization
algorithms as the GA or PSO provide a suitable tool for this
purpose. The assigned objective function in our case study
is given by eq. 1 where V(t),,es and V(t)4, are the time
domain measured and candidate-simulated TDR responses.
From now onwards, the temporal variable ¢ will be dropped
for the sake of simplicity.

V() sim — V(¢
Fobj:/ ” ()sﬂi+t2( )mes||2dt
t=0

ey

Since optimization techniques have some kind of stopping
criteria, the desired value of the objective function will be
assigned by taking into account the weak soft fault’s response
without having an impact on the network reconstruction pro-
cess. On the other hand, the stopping criteria is determined
by a stalking time during which no significant change in the
population is noticed. As a result, a healthy numerical version
of the tested unknown network would be retrieved with good
estimates of the junction locations, branch lengths and load
impedances.

The aforementioned algorithm is applied on the numeri-
cal example previously considered where the right network
topology was retrieved with a length error not exceeding
the mm range accompanied with good estimates of the load
impedances (few ohm error). The results are demonstrated in
the network of Fig. 3. More importantly, the reflectogram of
Fig. 4 shows a close agreement between the reconstructed
healthy network TDR response VA and that of the faulty-
network V,.s with a single difference demonstrated by the
absence of the fault’s signature. The most compelling evidence
on the efficiency of the proposed technique can be also
deduced from the practical experimental validations presented
in [20]-[22].

172 Ohm

Open Circut

Fig. 3: The reconstructed healthy version of the faulty tested NUT
of Fig. 1.

B. Second phase: Fault characterization

After having collected all information related to the tested
unknown NUT, the remaining part is attached to retrieving
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Fig. 4: The measured faulty and simulation-reconstructed healthy
reflectometry responses.

the characteristics of the soft fault (nature, location, etc.)
embedded in the network. This phase is composed of several
steps.

1) Baselining and fault localization: As mentioned earlier,
baselining, a contrast-enhancing technique, forms a suitable
candidate for improving the detectability of weak signature
soft faults. Originally it has been developed for radar applica-
tions in order to overcome the problem of clutter (unwanted
signals) that can cventually mask the signature of a weak
response target. In fact it is based on taking the difference
between the system containing the target and clutter, and that
of the system solely containing clutter [26]. And since a soft
fault in a wire network is nothing else but a weak target in free
space, and because impedance discontinuities can be regarded
as clutter, baselining formed a natural fit to enhance the
visibility of soft faults even in complex NUTS. Particularly, the
proper application of baselining in guided wave propagation
along transmission lines requires the availability of either a
simulated or measured response of a healthy version of the
network. Eventually, this is affordable thanks to the topology
reconstruction algorithm presented in the sec. IV-A.

Accordingly, the baselined reflectometry response is com-
puted as Vpase = Vineas — VH . where Vi,eqs contains the
TDR response of the faulty unknown NUT, i.e. containing
the signature of the soft fault embedded in the network,
whereas the simulated TDR response VI forms the reference
response containing the contribution of everything inside the
reconstructed healthy NUT (impedance discontinuities if exist,
junctions, etc.) except that of the fault. The baselined TDR
response of the earlier considered NUT is presented in the
reflectogram of Fig. 5. In fact, it can be noted that this
procedure allowed removing most of the physiological echoes
of the NUT that are not related to any fault (e.g., reflections
at junctions and far ends of branches), which constitute the
clutter response hindering the detection of eventual faults: as
a result, minor echoes potentially related to faults are more
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Fig. 5: Baselined TDR response of the NUT Fig. 1 showing an
amplified signature of the soft fault.

clearly exposed, leading to an improved detection dynamic.
Consequently, Vp,s. ameliorated the signature of the soft
fault which became more visible and be easily detected.
Significantly, the plotted reflectogram Vg, has also allowed
an easy localization of the the soft fault which seems to be
located at 3 m from the testing port.

2) Fault characterization: The following stage is dedicated
to extract the soft fault’s characteristics, namely nature (resis-
tive, inductive, etc.) to later be able to monitor its effect on
the system’s performance and integrity. In order to do so, a
new inverse problem is to be solved. We will consider the GA
algorithm in our investigation due to its cfficiency in terms of
calculation time and simplicity.

The same graph theory-based algorithm of sec. IV-A is
employed to construct a simulated wire network model resem-
bling the reconstructed NUT (topology, branch lengths, and
load impedances) but this time with a soft fault inserted on
the revealed fault’s position. The new NUT model is initialized
with three new sets of variables. The first is that corresponding
to the fault’s nature {N} = {R, L, C, G}, the second is the
length of the fault {D} = {Ly} with Ly being the length of
the fault, while the third is the % variation {A,} with respect
to the RLCG parameters of the tested cable. The corresponding
simulated faulty network’s TDR response V;:m is computed
through the network analysis model of sec. III-A.

A GA optimization algorithm is then used to iteratively im-
prove the simulated baselined reflectometry response V5im =
VS — VI by changing the set of variables {N}, {D}
and {A,} in order to reduce the differences between the
hypothesized faulty network model designated by V5™ and
the baselined measured one demonstrated by Vpgse. In other
words, a similar objective function to that of eq. 1 is set
between VBsg’s’é and Vpgse. The purpose of the optimization
algorithm is to change the set of variables in order minimize
the fitness value. Once the algorithm converges to a minimum

that is to say fval =~ 0 we assume that we have reached the



best candidates of the soft fault’s characteristics.
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Fig. 6: The measured and simulation-reconstructed reflectometry
responses of the final retrieved faulty network.

The application of the current procedure on the baselined
response Vpgse of Fig. 5 leads to the identification of an
inductive soft fault with a variation A, = 34% and a fault
length [y = 1.99cm. The reflectogram of Fig. 6 clearly
demonstrates the fundamental alignment between the original
measured TDR response and the final reconstructed one.

3) Network diagnosis: The final step is devoted to char-
acterize the whole network by employing all the information
obtained from the previous steps. Accordingly, a new network
model is reconstructed by considering the retrieved topology.,
branch length and load impedances. The soft fault is then
inserted on the estimated location with its retrieved charac-
teristics. The network of Fig. 7 depicts the obtained results.

It is noteworthy that the proposed method is fully ac-
complished while the tested NUT is totally unknown during
which its extremities are still connected to their loads. More
importantly, we arc able not only to blindly characterize
the soft fault in the network but also reconstruct the NUT
embedding it, with the lengths of the branches composing it
and the load impedances connected to the NUT.

172 Ohm

Inductive
34%L

1.499 m
5.003m

3 m

4.00l m

Open Circuit

Fig. 7: The fully reconstructed network of the tested NUT of Fig. 1.

V. RESULTS AND DISCUSSIONS

In order to validate the potential applicability of the pro-
posed approach in blindly diagnosing a faulty network, we
opted to test it by experimental measurements.

A. Experimental setup

We conducted an experimental setup considering a three
branch single-junction NUT in an effort to check the feasibility
of the proposed technique on real-life networks. The network
is composed of three RG-316 50 €2 coaxial cables connected
to two loads of impedances 100 Q and 120 Q respectively.
A soft fault was created by applying a crushing force on a
2 cm long section of the cable. The composed network is
demonstrated in Fig. 8 and implemented as shown in Fig. 9.
The free extremity of the NUT is connected as a testing port to
a VNA Agilent Technologies ES071C. The acquisition of the
TDR response is done by measuring the frequency domain S11
parameter. Applying an inverse fast Fourier transform (iFFT)
to the measured data produces V,,.s which is plotted in the
reflectogram of Fig. 11.

120 ohm

Crushing
1.1'm

100 ohm

Fig. 8: The tested single junction faulty wire network.

Fig. 9: Implementation of the NUT described in Fig. 1 with the faulty
section shown on the upper right corner of the photo.

B. Experimental validation

After having measured the TDR response Vs of the tested
NUT, phase 1 of the network-fault diagnosis process is applied.
Significantly, the right network topology is reconstructed with
very good estimates of the branch lengths and load impedances
as demonstrated in Fig. 10.

As mentioned earlier, the objective of this step is to provide
a healthy version of the network so as to enable computing a
corresponding healthy simulated TDR response V.2 using the
FDTD-ABCD model. The reflectogram of Fig. 11 shows the
agreement between the measured and reconstructed fault-free
reflectometry responses.

Applying the difference system between Vi,es and VI
produces a fault enhancing baselined TDR response Vpgse
as depicted in Fig. 12. Although several artifacts exist in
the reflectogram but the location of the soft fault can be
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Fig. 10: The reconstructed healthy version of the faulty tested NUT
of Fig. 8.
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Fig. 11: The measured and simulation-reconstructed healthy reflec-
tometry responses of the NUT implemented in Fig. 9.

easily extracted which is estimated to be at 1.104 m from the
testing port, thanks to the signature improving potential of the
proposed technique. In fact, these artifacts may be returned to
the impossibility of obtaining a perfect resemblance between
the reconstructed network and the tested one. Particularly,
they are due to misalignments in the junction positions and
differences in echo amplitudes of retrieved load impedances.

On the other hand, the fault characterization process is
possible by solving the inverse problem of the baselined TDR
response Vpgse. Accordingly, applying the optimization-based
algorithm detailed in sec. IV-B2 shows that the created fault is
of inductive nature with a variation A, = 40%, and a length
ly = 1.67 cm. The close agreement between the measured and
reconstructed TDR responses which is demonstrated in Fig. 13
validates the potential efficiency of the proposed approach
in blindly reconstructing a faulty unknown network while
returning valuable information (location and characteristics)
about the fault embedded in it.
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Fig. 12: Baselined TDR response of the NUT Fig. 8 showing an
amplified signature of the soft fault.
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Fig. 13: The measured and final simulation-reconstructed reflectom-
etry responses of the faulty network of Fig. 8.

VI. CONCLUSION

In this paper we have proposed a technique mainly targeting
the characterization of soft faults embedded in complex net-
work configurations. In fact, this issue has become uprising
amid the association of most fault diagnosis techniques to
merely detection and location purposes.

The network-fault diagnosis method is an assembly of the
well-known TDR techniques integrated with the graph the-
ory and optimization based algorithms. Experimental results
conducted on practical networks validate the potential practi-
cability of the proposed method in efficiently characterizing
(location, nature, severity) a soft fault embedded in a totally
unknown network configuration. More importantly, this is
accompanied by reconstructing the topology of the tested
network while returning precise estimates of branch lengths
and load impedances using a single testing port.

Future work will need to deal with several faults embedded
in the same network and under unstable network circumstances



manifested by the presence of vibrations, noise, etc.. Besides,
executing the technique while the NUT is normally operating
shall be very interesting.
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