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Never Trust a Cable Bearing Echoes: Understanding
Ambiguities in Time-Domain Reflectometry

Applied to Soft Faults in Cables
Andrea Cozza

Abstract—Time-domain reflectometry (TDR), the most widely
used testing method for fault-detection in cables, is tested against
soft faults of increasing severity. The intensity of TDR echoes is
proven to be an unreliable estimator of fault severity, since both
the bandwidth of testing signals and the length of the fault have
a strong impact on the results. Moreover, it is proven that faults
of very different severity may generate virtually identical echoes
making it impossible to assess how critical a fault is. Simple
frequency-domain estimators are introduced, based on models
of a fault reflectivity, leading to minimum requirements for the
test bandwidth in order to accurately identify soft faults. As a
practical consequence, it is concluded that only faults above a
critical length can be accurately identified, implying that no clear
decision can be taken about shorter faults.

Index Terms—Transmission line and cable testing, fault iden-
tification, soft impedance faults.

I. I NTRODUCTION

T IME-DOMAIN reflectometry (TDR) has been used for
decades as an effective method for detecting the presence

of unwanted discontinuities in cables [1], e.g., looking for
short- or open-circuits, i.e., hard faults, that could endanger the
operability of a cable network. During the last decade, a num-
ber of TDR-based methods have been introduced and applied
to detect non-critical local faults [2]–[4], often referred to as
soft faults, e.g., partial removal of cable conductors/coatings,
and any local modification that, while still allowing the use
of the cable, could eventually develop into a hard fault.
These faults can be ascribed to a local change in the cable
characteristic impedance, passing from its nominal valueZo

to ZF .
At first look, extending the application of TDR from hard

to soft faults might appear as warranted and smooth. In fact,
it is here shown to neglect physical limitations intrinsic to the
way a soft fault responds to testing signals. Previous worksin
the literature have not taken into account the deep differences
between the behavior of hard and soft faults.

This letter formally proves that soft faults tested in their
lower-frequency range display two features that make inter-
preting TDR results an ill-posed problem. The first is the
observation that they generate echoes proportional to the
bandwidth over which they are tested. The second is the fact
that echoes are proportional to both their severity and their
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length. These two properties put in jeopardy any attempt at
using the intensity of echoes from soft fault as a measure of
their severity.

The letter presents experimental evidence that echoes from
soft faults, while yielding precious information about their
presence and location, should not be taken as a proxy of
their severity. In particular, four different faults are described
that have the special property of presenting very similar TDR
echoes, even though the are affected by local mismatches in
a 1 ÷ 5 range.

These results have practical importance as any early-
warning system requires the availability of criteria for deciding
whether a soft fault has reached a critical level calling for
intervention. It is then argued that fault severity can be
estimated only if the fault is longer than a minimum critical
length, related to the frequency range over which a cable is
tested.

II. FAULT MODELS AND IMPLICATIONS

Consider a testing signalp(t) with a spectral content cover-
ing the bandwidthBT in base band. When applied to a cable
under test, a fault at a distanced would generate an echoe(t),
whose Fourier spectrum is given by

E(ν) = ΓF (ν)P (ν) exp(−j4πντ), (1)

with ν the frequency,τ = d/v the time-of-flight or propa-
gation delay between the testing port and the fault andv the
propagation speed in the cable, assumed to be weakly disper-
sive overBT . Capital quantities stand for Fourier spectra.

The reflectivityΓF (ν) of a fault of lengthw was shown to
be [5]

ΓF (ν) =
2jΓoe−jkw sin(kw)

1 − Γ2
o
e−j2kw

(2)

with k = 2πν/v the propagation constant of the cable and
Γo = (ZF − Zo)/(ZF + Zo) the surge impedance mismatch
associated to the fault, which will be used throughout this letter
as a measure of the fault severity. Most faults have a limited
extension, withw shorter than a few centimeters, while testing
signals have spectra usually below the GHz range, because of
typical higher losses in the microwave region in commonly
used cables and increased costs in testing instrumentation. Eq.
(2) can be approximated, forkw ≪ 1, as

ΓF (ν) ≃ j4πν(h/v)e−jkw , (3)
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with
h = Γow/(1 − Γ2

o
). (4)

As a result, the fault echo reads

e(t) = (2h/v)ṗ(t − 2τ − T ), (5)

with T = w/v and ṗ(t) the first time derivative ofp(t). This
derivative approximation is expected to hold forν . fo, where

fo =
1

2πT

1 − Γ2
o

1 + Γ2
o

(6)

is the critical frequency of the fault [5].
Eq. (5) has direct practical implications for TDR tests of

soft faults. First, assume that two test signals were used,p(t)
andp′(t), with bandwidthsBT andB′

T
= αBT , respectively,

such thatp′(t) = p(αt). The linear approximation (5) has

e′(t) = α(2h/v)ṗ(αt − 2τ − T ), (7)

implying that the two TDR echoese(t) and e′(t) are related
by a scale-invariance property

e′(t) = αe(αt). (8)

The amplitude of fault echoes is therefore bandwidth depen-
dent, with intensity proportional to the test bandwidth

max
t

|e′(t)|/B′

T = max
t

|e(t)|/BT . (9)

Hence, the intensity of TDR echoes should not be confused
as a direct indication of fault severity, as even severe faults can
result into weak echoes as soon as they are tested at sufficiently
low frequencies. Note that the bandwidth dependence is not
an artefact due to a changing energy ofp(t) asBT increases,
but is rather explained by the fact that cable faults respond
more strongly at higher frequencies, as clear from (3).

The second implication of (5) is thath ≃ Γow controls the
intensity of a fault response, rather thanΓo alone. Therefore,
identical responses may be witnessed for faults of different
severity, as long as they share the same value ofh. Since the
length of a fault is unknown, it is not possible to estimateΓo

onceh is accessible. This observation calls into question any
attempt at estimating a fault severityΓo from the echoes it
produces.

In order to estimate fault parametersΓo andw, (2) requires
that testing signals probe the frequency region whereΓF (ν)
no longer scales withν. Eq. (2) predicts thatΓF (ν) must be
periodic, with a period inversely proportional tow. Therefore
w can be retrieved by accessing to the frequencyν⋆ for which
|ΓF (ν)| reaches its maximum value for the first time, expected
from (2) to occur at

ν⋆ = v/4w, (10)

for which

|ΓF (ν⋆)| =
2|Γo|

(1 + Γ2
o)

≃ 2|Γo|, (11)

straightforwardly leading to estimators

|Γ̂o| ≃ |ΓF (ν⋆)|/2 (12a)

ŵ = v/4ν⋆. (12b)

(i)

(ii)

(iii)

(iv)

Figure 1. The four cable faults tested, sorted from the least(i) to the most
severe (iv).

By the same token, if a cable is tested over a bandwidth
BT , then only those faults whose length roughly exceeds

w & v/4BT (13)

can have their severity estimated, as the region around the
peak ofΓF (ν) would otherwise not be accessible.

Estimators (12) provide the simplest way of assessing the
severity of an impedance fault, and leave no room for ambigu-
ity as they are based on data collected over the maximum of
|ΓF (ν)|. At the same time, the two fault parameters|Γo| and
w could be estimated by fitting (2) to the data at frequencies
belowν⋆. The main issue with such an approach is that a non-
linear regression would be involved, which is known to require
a close starting guess in order to be successful. As a matter of
fact, asBT /ν⋆ decreases, (2) will converge to (3), and make
fault identification an ill-posed problem. Therefore, the need
to accessν⋆ should not be regarded as a firm requirement, but
rather as a broad criterion that enables fault identification.

III. E XPERIMENTAL VALIDATION

Experimental tests were carried out in order to validate the
previous predictions of ambiguity in TDR echoes, as well as
for testing the accuracy of estimators (12).

Four different faults were created on identical cables made
of semi-rigid coaxial lines of50 Ω nominal impedance, each
30 cm long. The nominal propagation speed was estimated
from measurements to bev = 2.179 × 108 m/s. The four
faults, shown in Fig. 1, present an increasing severity: (i)is
a crushed portion of cable, (ii) is similar but with a higher
pressure applied, (iii) has half of its transversal sectioncut out,
exposing its inner conductor, while (iv) has its outer conductor
nearly completely removed, but for a 2 mm wide strip.

The lengthw of each fault was optimized, through succes-
sive trials, in order to obtain similar low-frequency responses,
with the aim of verifying that similar TDR echoes would be
observed. Each cable was tested over a 6 GHz frequency range,
in order to estimate the fault parametersΓo and w by fitting
(2) to experimental results over a wide frequency span. These
results served as references for the validation of the estimators
proposed in (12).

Measurements were carried out by means of a vector
network analyzer (VNA), model Rohde & Schwarz ZVB8,
connecting each cable to the VNA and measuring theS11
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Figure 2. Frequency-domain responses of the four faults in Fig. 1.

parameter while closing the far-end of the cable with a
matched load, in order to reduce reflections from the cable
end. The rationale behind this choice was to allow a very
compact setup with faults on short cables of just 30 cm,
without requiring longer cables to be tested, where echoes
from faults and terminations would unlikely overlap. Fig. 2
shows the fault responses in the frequency domain, together
with those obtained by fitting (2) to the data. The fault
parameters associated to these optimal fits are given in Table
I and confirm that the four cables are affected by faults of
increasing severity, while sharing close values of|h|.

All TDR signals shown in the rest of this paper were
computed by post-processing frequency-domain data, since
such approach let all possible parameter combination to be
explored from a single set of results thanks to (1). The
spectrumP (ν) of the test pulse was chosen to be a Kaiser
window, with a parameterβ = 10. This choice provides
a nearly optimal compromise between time resolution and
bandwidth, while ensuring a side-lobe level below -60 dB,
limiting the risk of interpreting ripples in the signals as
partial reflections from discontinuities. The effective quadratic
bandwidth for this pulse isBeq ≃ 0.4BT .

Table I
FAULT PARAMETERS ESTIMATED FROM MEASUREMENT RESULTS: w

STANDS FOR THE GEOMETRICAL LENGTH OF THE FAULT; THE REST OF

THE RESULTS WERE OBTAINED BY FITTING(2) OVER A 6 GHZ

BANDWIDTH AND WITH THE ESTIMATORS (12).

Wide-band fit of (2) Estimators (12)

Fault
w |Γo| w |h| ν⋆ |Γ̂o| ŵ

(mm) (mm) (mm) (GHz) (mm)

(i) 44.1 0.042 43.9 1.85 1.24 0.043 44.9
(ii) 21.2 0.091 19.8 1.82 2.73 0.090 19.8
(iii) 14.3 0.13 13.8 1.82 3.96 0.12 13.5
(iv) 6.5 0.22 7.2 1.67 > 6 > 0.21 < 9.1

IV. RESULTS

Fig. 2 shows that the four faults have close frequency
responses forν < 1 GHz, a frequency of interest since typical
TDR signals seldom exceed it. At much higher frequencies
the four|ΓF (ν)| become very different and could be identified
with no difficulty: their periodicity is apparent together with
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Figure 3. Validation of the scaling rule (8) for the TDR responses of: (a)
fault (ii) and (b) fault (iii). Axis are normalized in order to highlight scale
invariance with respect toBT .
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Figure 4. TDR echoes forBT = 500 MHz (Beq = 195 MHz), for the four
faults tested.

their peak reflectivity, of which the first occurrence is found
at ν⋆.

Scale invariance in fault responses, as described in (8) and
(9), was first tested by computing the TDR responses for four
different choices of the test bandwidthBT , going from 0.2 up
to 1.6 GHz. The results for faults (ii) and (iii), shown in Fig.
3, were normalized to the bandwidth of each test signal and
confirm the validity of (8) and (9), i.e., the amplitude of TDR
echoes are linearly proportional to the bandwidth of the test
signal. Faults tested for an arbitrary chosenBT can therefore
easily mislead the interpretation of TDR results and lead to
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the risk of underestimating the severity of an impedance fault.
Setting nowBT = 500 MHz, the TDR response of each

fault was tested and compared in Fig. 4. As expected from
(3) and (5), faults with the same|h| generate echoes of very
similar amplitude, despite the fact that a more than five-fold
increase inΓo was found in Table I, between faults (i) and
(iv). The change in sign between faults (i)-(ii) and (iii)-(iv) is
due to the fact that the latter two involve a reduction of the
per-unit-length capacitance of the faulty portion, thus resulting
in an increase of the line impedance, as opposed to crushed
cables.

The practical consequences of these results are clear: when
testing faults in their lower frequency range, TDR echoes
cannot be regarded as a reliable estimator of fault severity, and
it is therefore not possible to take any decision on how critical
a fault is on the sole basis of the amplitude of its echoes. The
two causes for this ambiguity are the scale invariance inBT

and the complementary effect of the impedance mismatchΓo

and its lengthw.
The severity of each fault can be estimated by extending

the frequency range over which tests are carried out, reaching
the first peak atν⋆, reported in Table 1. Estimates of the fault
parameters|Γ̂o| andŵ were computed applying (12), yielding
the results on the right of Table I. The agreement with the
parameters found by fitting (2) to the data, as well as the
geometrical length of the faults, confirms the feasibility of
unambiguous fault identification from frequency-domain data
measured atν⋆. For case (iv) only bounds are given, based on
data at 6 GHz, sinceΓF (ν) does not reach any local maximum,
but still provides useful information about the fault.

Covering the frequencyν⋆ also appears to ensure accurate
estimates of|Γo| from TDR echoes. Fig. 5 proves that the
amplitude of TDR echoes indeed converge to|Γo| as soon as
the equivalent tested bandwidthBeq & ν⋆. The convergence is
clear in Fig. 5(a) for fault (i), as soon asBT > 3 GHz, which
corresponds toBeq = 0.4BT = ν⋆ = 1.24 GHz. Conversely,
Fig. 5(b) considered fault (ii) and does not display a complete
convergence, since in this caseν⋆ = 2.73 GHz, which would
requireBT > 6.8 GHz.

These results point to a more effective procedure if TDR
data are analyzed in the frequency domain, where it is sim-
pler to infer how close is the maximum reflectivityΓF (ν⋆),
whereas in time domain, convergence can be assessed only
by changing the bandwidthBT over which a cable is tested.
In fact, TDR will always needBT well aboveν⋆, because
of the fundamental need for a test signal with a tapered
spectrum, in order to control ripples in the time domain
that might otherwise be interpreted as potential reflections.
Similarly, inverse-scattering approaches seem to requirewider
bandwidths, as for the case of a 10 cm fault tested up to 8
GHz in [6], instead of the 0.5 GHz required by (12).

V. CONCLUSIONS

Severity of faults cannot be inferred from their TDR echoes,
as their intensity is not univocally related to fault severity:
nearly-severed cables can easily result in very weak echoes,
while lighter faults can generate stronger echoes if sufficiently
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Figure 5. TDR echoes for wide-band test signals, withBT going from 1 up
to 6 GHz (see the number on each curve), for : (a) fault (i) and (b) fault (ii).
The dashed lines correspond to the fault impedance mismatchΓo, towards
which converge the peaks of the echoese(t) as Beq & ν⋆.

extended, or if tested at higher frequencies. It is therefore
important to start looking at TDR results in a different way and
refrain from assuming that weak echoes stand for light faults.
More generally, the very idea of associating soft faults to
superficial degradations in a cable was shown to be misleading,
as a critically damaged cable can still produce very weak
echoes. Results confirm that one way of getting around this
problem is to carry out tests at sufficiently high frequencies
or, as stated by (13), that only sufficiently long faults can be
identified.
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