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Abstract—Time-reversal (TR) techniques recently adopted
from acoustics to guided wave propagation along transmission
lines have proven to be effectual in locating soft faults in
different wire network configurations. In this paper, we apply
the TR multiple signal classification (TR-MUSIC) technique to
cable testing. TR-MUSIC is shown to provide spatial resolutions
in the mm range, while using continuous-wave test signals.
On the contrary, the well known time-domain reflectometry
(TDR) methods would require large bandwidths in the order of
gigahertz for a similar performance. The TR-MUSIC accuracy
is demonstrated experimentally for locating both single and
multiple soft faults in several cable networks.

I. INTRODUCTION

Despite the fact that huge efforts are being invested towards
transforming the globe into a wireless world, most modern
systems still rely on cables for energy and information dis-
tribution between their different parts. Surprisingly, statistics
conducted on vehicles have shown that about 35% of their
total infrastructure is electrical based where a modern car can
contain up to 4 km of wires. Add to that, several hundred
km have cumulated in aircrafts which escalates in transport
ships to more than 1200 Km [1], [2]. Consequently, this
tremendous usage of cables with extensive long lengths is
normally subject to aggressive internal and external conditions,
namely manufacturing defects and environmental changes,
etc., resulting in wire fault appearance.

These anomalies that affect a cable can be the origin of
dysfunctions and imply serious consequences for the system
or the environment. Generally, these wire defects can be
categorized in two main families: hard or soft faults. Hard
faults are typically short or open circuits which are the sources
of many fires or signal losses. On the other hand, any fault
which is not hard can considered a soft one, these include
insulation damage, cracks, frays, etc. Notably, soft faults are
characterized with weak reflectivities and are usually difficult
to detect [3], [4]. Although, soft faults might not appear
dangerous in their early stages, their potential degradation with
time might end up with hard faults leading to catastrophic
consequences. With this in mind, we focused our research
efforts on dealing with such kind of faults due to their critically
difficult detection, especially in complex wire networks [5]-

[8].

Accordingly, guaranteeing a trustworthy usage of cables
necessitates investing in the research and development of tech-
niques qualified for precisely detecting the presence of faults in
wire networks. Although, we have witnessed during the last
few decades a wide range of methods employed for testing
cables in an effort to locate faults, reflectometry kept the
flagship in this domain [1], [9]. Originally developed in radar
to locate targets and anomalies in free space, reflectometry
injects a predefined testing signal into the network under test
(NUT). The incident wave propagates according to the laws
of propagation in the NUT until an impedance discontinuity is
encountered (connector, junction, load or fault). Consequently,
a reflection phenomenon will occur where a fraction of the in-
cident energy will be reflected back to the injection point. The
analysis of the received signal to the injected one provides very
rich information about the presence, position, and nature of the
impedance discontinuity. This information shall be valuable
for maintenance operators to monitor the health of electrical
networks and accordingly determine the degree of harmfulness
this fault might bring to the whole system. Inspite the fact
that promising results have been obtained when dealing with
hard faults, difficulty in detection was encountered once soft
faults are addressed [9]. Regrettably, the situation is expected
to be worsened once branched networks are studied as multiple
echoes from different impedance discontinuities in the system
(junctions) might dwarf the one corresponding to the fault.
Indeed, a similar effect is obtained once noise is encountered
in the system.

With this in mind, it is worthy to note that a great resem-
blance exists between locating a soft fault in an NUT and
detecting a target by radar in a cluttered environment. In fact,
multiple scattering in the propagation medium can mask a
weak target signature, jeopardizing its eventual detection. In
other words, techniques used for target detection in a generic
medium can be transposed to solve the problem of locating
weak reflectivity soft faults in complex NUTs. Time-reversal
(TR) concept developed in acoustics to retrofocus signals back
to their source [10], allowed creating focal spots on a target’s
location simply by retransmitting a time-reversed version of
echoes initially reflected by a target exposed to excitation
signals.

Within this context, TR-based methods were adopted to



solve the problem of detecting and locating soft faults in
different complexity cable networks [5], [11], [12]. Notably,
DORT method, a TR variant standing for decomposition of the
TR operator, contributed significantly in the precise location
of single and multiple soft faults in complex NUTs [6]—[8].
On the other hand, DORT necessitated testing the NUT over
large bandwidths in the GHZ range to provide the conditions
of a good spatial resolution which is not always available
especially when dealing with band-limited systems. Besides,
dealing with multiple faults in the same wire network required
an iterative procedure integrated with the standard DORT
method to provide accurate estimates of the fault locations
[7].

For an efficient dealing with these problems, multiple signal
classification (MUSIC) [13], a subspace method, succeeded
efficiently in providing good estimates of targets’ locations
when applied in conjunction with TR processing. Markedly,
the coupling between TR technique with the MUSIC algorithm
has led to the creation of what is referred to as the TR-MUSIC
[21]. This new concept has lead to a robust approach for
locating targets in both homogeneous and non-homogeneous
backgrounds especially in the cases of closely spaced targets
or when using very sparse antenna arrays. This is true as the
TR-MUSIC employs the null space of the multi-static data
matrix (MDM) of the system. Accordingly, the TR-MUSIC
based algorithm will be tested in this paper for estimating the
locations of single and multiple soft faults in various cable
network layouts.

II. TIME-REVERSAL MUSIC

Time reversal, is the process of emitting a time-reversed
version of a source’s captured response in open space so as to
retrofocus around it. TR of acoustic waves has been applied
with success to a wide variety of applications including med-
ical imaging problems, non-destructive testing, target location
in radar and sonar systems [10], [16]-[18], in addition to their
compatibility with electromagnetic waves for the aim of target
detection [19], [20]. Accordingly, TR-MUSIC will be adopted
to guided wave propagation on transmission lines especially
that it has lead to superesolution imaging using continuous
wave excitations, a merit overshooting other methods in this
domain.

A. General Concept in open media

In the last few decades, estimating the locations of point-
like scatterers in open space have caught enormous attention.
For this purpose, Devany in [21] applied for the first time
the MUSIC concept for the goal of estimating the location of
targets from the scattered field data by employing subspace
methods used in signal classification and discrete spectrum
estimation.

In order to better understand the theoretical concept of TR-
MUSIC as applied in free space, let us consider an array of
L reversible transducers. In the first place, an inter-element
impulse response (IEIR) expressing the received signals as
functions of the transmitted ones is defined for each pair

of transducers. For instance, the IEIR k;,,(t) is the signal
received on the channel number [ after a temporal Delta
function is applied to the channel number m. According to the
reciprocity theorem known for propagation in inhomogeneous
medium, the IEIR from element number m to [ is equal to
that from [ to m, that is to say ki, (t) is equal to k,,;(t). The
repetition of the process for each pair (m,!) of transmitting
and receiving elements leads, at a given frequency, to the
MDM or transfer matrix S(w) whose dimensions would be
L x L. It is worthy to note that all the data and signal
processing is performed in the frequency domain and is
associated with a single frequency w. Since all the expressions
are associated with the given frequency, w will be omitted from
hereafter.

Since the TR operation is equivalent to a phase conjugation
in the frequency domain, the TR operator (TRO), denoted as
K, can be defined as follows

K =S's (1)

where T stands for the Hermitian transpose. In fact, the sym-
metry of S implies the TRO K is Hermitian, therefore K can be
diagonalized and the number of significant eigenvalues hints to
that of well-resolved scatterers. TR-MUSIC, like classical TR
imaging as performed in DORT method, is designed to locate
M point targets from the knowledge of K under the condition
that L > M [20]. In fact, both DORT and TR-MUSIC are
based on the eigenvalue decomposition of K where

K = UAUT, ()

knowing that A is a real diagonal matrix of eigenvalues, and U
is the eigenvector matrix. Notably, U can be decomposed into
a signal space S and a noise or null space N. Specifically, S
is group of eigenvectors with the most significant eigenvalues,
ie, 8§ = span{u;,\; > My} whereas A is formed by
the remaining eigenvectors having insignificant eigenvalues
N = span{u;, \; < My}, given that )\; and u; are the
eigenvalues and their corresponding eigenvectors, respectively;
A¢n, 1s an arbitrary threshold determined by interpreting the
eigenvalues of K. For homogeneous and isotropic media, and
in the framework of Born approximation [23], S and A are
spanned by the conjugation of a quantity, such as a field or a
voltage, generated by the L transceivers; their interdependence
can be modeled as a vector Green function g(X,,) , with X,
being the test location position in space. The locations of
scatterers are found in TR-MUSIC imaging by computing a
pseudo-spectrum ®(X,), defined with respect to the NV, as

1
O(X,) = ®)

3, fule(x,)]

where the sum is taken only over the L — M indexes ¢ such
that \; < Agp.

As a matter of fact, the orthogonality existing between S
and A implies that the inner product ujg(Xp) will deem to
zero whenever the test location X, is equal to the actual po-
sition X, of one of the targets knowing that m = 1,2, ..., M.
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Fig. 1: Topologies of the cable networks used for the TR-MUSIC experimental validation: (a) with one soft fault; (b)&(c) two soft faults

with different intensities.

Fig. 2: Partially crushed semi-rigid coaxial cables used for creating
the two faulty samples for the experimental validation of the TR-
MUSIC approach where the fault’s reflection coefficient increases
with an increase in the crushed area.

Fig. 3: The experimental setup of the double fault single Y-junction
cable network of Fig. 1 (b), which shows the NUT’s extremities
connected to the vector network analyzer ZVBS VNA.

Consequently, a singularity will be produced at each scatterer
position which is basically obtained at each single frequency
of the total applied bandwidth. Accordingly, a good spatial
resolution of the scatterers’ positions can be still acquired even
using narrow bandwidths, an important feature provided by
TR-MUSIC compared to other time domain fault detection
techniques [6], [7], [24].

B. Adoption to wire networks

As mentioned earlier, a soft fault in an NUT can be seen as a
scatterer in a generic medium. As a result, TR-MUSIC can be
adopted to guided wave propagation along transmission lines
in an effort to locate faults in wire network configurations.
Markedly, the NUT’s scattering matrix must be available to
ensure the application of the method which can be obtained
either by simulation or by measurement accomplished with a
vector network analyzer (VNA), as will be done in sec. III.

It is important to note that assuring the applicability of
fault detection and location methods has shown to be strongly
associated with their integration with inverse problems namely
the baselining approach [3], [5]-[7], [12], [25]. Perhaps, its
importance becomes fundamental when dealing with soft
faults as it will improve the signature and visibility of their
weak reflectiveness especially in complex networks. Besides, it
will produce a fault acting as a secondary source, an important
feature necessary to derive the fault location approach used
in time reversal (TR) based methods namely DORT and TR-
MUSIC as detailed in [S]-[8], [14].

The baselining procedure is composed of two main steps:
first the scattering matrix Sy, is measured for a non-faulty
(healthy) version of the NUT, followed by another mea-
surement on the same NUT after introducing the created
soft faults producing Sy. After that, the faulted and healthy
scattering matrices are subtracted, giving rise to a baselined
scattering matrix S = Sy — S which now contains mostly
the contribution of the faults with negligible signatures of
other components present in the NUT (junction, impedance
mismatches, etc.). This matrix is then used in the TR-MUSIC
procedure as described in the previous section, where com-
puting pseudo-spectrum (3) requires an a priori model of the
Green function of the medium. Specifically, for wire networks,
a numerical simulator for transmission lines modeling the
layout of the healthy NUT serves in retrieving the Green
function which here relates the voltage at a position along
the healthy NUT with the IV excitation voltages applied to its
test ports.
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Fig. 4: Pseudo-spectra of the TR-MUSIC applied on the NUTs of Figs. 1(a),(b), and (c) computed on the basis of a continuous wave
excitation of different frequencies. Super-resolved singularities were obtained on the faults’ positions regardless the frequency used.

III. RESULTS AND DISCUSSIONS

Experimental tests were conducted on two different com-
plexity NUT layouts: a single and a double Y-junction net-
work, which are affected by either a single or a double
soft fault configuration as presented in Figs. 1(a)-(b)-(c). The
NUTSs are implemented using standard 50 2 coaxial cables
which offer a practical advantage as faults can be inserted
and removed in a controllable manner [6], [7]. Soft faults
were introduced by applying a crushing force on a set of 3.4
mm cross-section, 30-cm long semi-rigid coaxial lines. The
crushed area determines the intensity of the soft fault, where
the strongest fault f,; is obtained after applying a 2 cm crush
while a 1 cm crushed area has led to the weaker fault f,,. as
shown in Fig. 2.

The extremities of each NUT served as testing ports by
connecting them to a 300 kHz to 8 GHz Rohde & Schwarz
ZVB8 VNA, containing four testing ports where a complete
setup shown in Fig. 3 serves as a clarifying example. Af-
ter calibrating the VNA, studying the network consisted of
measuring first the reference healthy scattering matrix S;, of
the NUT without the faults which was accomplished by using
the unaltered 30-cm semi-rigid sections. This was followed by
replacing the unaltered cable samples with the faulty ones and
measuring the faulty scattering matrix S; of the NUT. After
that, the procedure described in sec. II is applied. The imaging
pseudo-spectrum of each NUT is computed by means of an
in-house transmission-line solver, implemented under Matlab.

The single Y-junction NUT of Fig. 1 (a), containing a single
soft fault at 1.85 m from the reference testing port (1) is
firstly considered. The corresponding scattering matrices were
measured based on a monochromatic pulse (single tone, no
bandwidth) of frequency 1 MHz. Fig. 4 (a) shows the pseudo-
spectrum computed from the experimental data; the distances
on the horizontal axis are measured from port (1), as defined
in Fig. 1. Remarkably, an accurate estimate is obtained on
the fault’s position, where the singularity attained illustrated
in Fig. 4 (a) unveils the main advantage TR-MUSIC has
introduced in the domain of fault detection and location along
transmission lines. As a matter of fact, it has shown its ability

to provide a good spatial resolution at the fault’s position while
using a single frequency excitation.

In order to check the method’s applicability with more
complex NUTs, TR-MUSIC is examined on the single and
the double Y-junction networks of Figs. 1 (b)& (c) containing
two faults each. Significantly, super-resolved singularities are
obtained on their position as demonstrated in the pseudo-
spectra of Figs. 4 (b)& (c) when measured using a 10 MHz and
25 MHz continuous waves respectively. It is also important
to realize, that the results obtained are not affected by the
frequency of the excitation wave, as long as it is below a
maximal frequency condition detailed in [14], a prominent
feature proving the method’s effectiveness in locating soft
faults based on continuous single frequency waves. Eventually,
this demonstrates the technique’s applicability in band limited
systems without the need of complex testing setups requiring
pulse generators and fast electronics. Markedly, another im-
portant feature has been unleashed which is designated by
the feasibility of TR-MUSIC in locating single as well as
multiple soft faults in different network complexities based on
monochromatic measurements accompanied with a subwave-
length spatial resolution.

IV. CONCLUSIONS

This article has shown once again that TR methods could
be applied to locate faults in complex cable networks which
was demonstrated here by the TR-MUSIC method. It has
been shown experimentally the feasibility of this technique
in detecting and locating single and multiple soft faults in
two NUTs with increasing complexity. The outstanding perfor-
mance of TR-MUSIC in ensuring a sub-millimeter resolution
while utilizing relatively low test frequencies is an extraor-
dinary feature, since obtaining such performance with TDR
techniques is impossible unless higher test frequencies and
wider bandwidths are used. Regrettably, this might be easily
obstructed by attenuation in cables. Indeed, the most striking
feature of TR-MUSIC is that it ensures sub-wavelength spatial
resolution in the mm range while using continuous signals.
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