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Echo Response of Faults in Transmission Lines:
Models and Limitations to Fault Detection

Andrea CozzaSenior Member, |EEE, Lionel Pichon

Abstract—This paper introduces models of the time-domain A B C
echoes generated by faults in transmission lines excited kst : : |
signals, e.g., as in applications of time-domain reflectoriry. : »—?
Faults here considered include local modifications of the mpa- a(f) | | |
gation characteristics of a transmission line. It is shown hat the AN ; ;
response of faults are strongly dispersive in nature, whictimplies b Zo ZF | Zo

that the peak of their echo is far from providing an accurate b(@)
measure of the severity of the fault, as it heavily depends othe
frequency content of the test signal, as well as on the lengtif the — 1 —
fault. It is argued that fault detection in transmission lines is an
ill-posed problem that requires a priori knowledge on the fault
itself. These results are important for applications of time-domain
reflectometry methods, particularly for early-warning monitoring
of potentially critical faults from their onset, since it is shown Fig. 1. Double impedance-step representation of a locétlifaa transmission
that echoes from faults tested at relatively low frequencie can line of characteristic impedancg,, and relevant quantities for the derivation
lead to underestimate their actual severity. of the responsé& r(w) of a fault of impedanceZ .

Index Terms—Transmission lines, fault detection, soft faults,

echo detection, time-domain reflectometry. o . . .
modified lines is assumed to be much shorter thaand will

thus be neglected as a second-order contribution. See 1] fo
a review of typical faults in two-wire transmission lines.

Transmission lines are subject to unwanted modifications,The most widely used approach for detecting faults in
such as partial cuts in their coating and shielding, changifransmission lines is the extended group of time-domain re-
distances between its conductors, filling medium, etc. Moglectometry (TDR) techniques. In a general manner, their aim
ifications of this kind are seldom a critical issue, thougf to detect the presence (and ideally the position and igver
they can affect the integrity of signal/energy transmissicof a discontinuity in a transmission line, by submitting dt t
infrastructures. More importantly, the repetitive actiohex- a test signak(t) through an electrical port, while monitoring
ternal factors (static forces, vibrations, thermal exp@ms the reflected signal(t) [2]-[4].
corrosive products, etc.) can eventually lead to a permanenassuming a reflected signal proportional to the test signal,
and irreversible modification in the geometry and/or matsri one should |dea||y be Capab|e of assessing the Severityeof th
in a transmission line. Typically, modifications of this &in fault, e.g., expressed through its reflection coefficienthat
occur over very short portions of a line, in the millimetefauylt position
range. Zp— 7,

Since such modifications can affect the nominal behavior of Lo = Zr + Z, @)
a transmission line, it is common to refer to them as faults. . )
For clear reasons, the most important modifications aret shgfich, for weakly lossy lines is fundamentally real-valuggd
and open circuits: these are usually called hard faults and ¢hus provides an effective measure of the deviation from the
electrically severe a line into two separate portions. Beirt Nominal impedance of the liné’, as described in (1) should
onset can be related to less critical faults, sometimesresfe NOt be thought of as an input reflection coefficient measured
to as soft faults, which can eventually develop into hardtgau @t one end of a line, but as the reflection introduced by the
It is important to be capable of detecting faults before thd@ult at its position along the line under test.
reach a critical state, when they still act as weak pertishat ~ This standard interpretation of echoes from single-step
in the nominal behavior of a line. discontinuities is routinely applied to any TDR applicatio

While general faults can take a number of shapes (partit only in the actual case of loads at the end of a line or the
cuts, crushed conductors, etc.), they all share the same- st€ase of a open or short circuit along a line, where it is juestifi
ture, depicted in Fig. 1: the nominal characteristic impeda but it is also extended to other configurations, such as the
Z, of a line is locally modified to a valug, over a section case of local modifications in the propagation parametees of
of lengthw. The transition region between the nominal anfansmission line [5]-[7], the general kind of fault dissed

in this paper.

A. Cozza and L. Pichon are with PIEM, Group of Electrical Eregiring  Previous investigations into the special case of soft ault
Paris (GeePs), UMR 8507 CentraleSupelec, Univ Paris-S&MC, CNRS, . . .
11 rue Joliot-Curie, 91192 Gif-sur-Yvette, France. were presented in [1]. While correctly modeling a fault as
Contact e-mailandr ea. cozza@ eee. org a two-step discontinuity, and acknowledging the existence

I. INTRODUCTION



of a double reflection as the physical mechanism behindIn order to simplify our derivation, we will work in the
weak echoes, it falls short of deriving models describing tHrequency domain, where the Fourier-spectrum of the reftect
time-domain response, or echoes, generated by faults wisggnal can be expressed as

submitted to test signals. In a more general way, it can be

noticed that the major motivation in most papers on TDR b(w) =Tr(wa(w), ©

techniques is increasing the contrast between fault ecoes \ith I'r(w) the reflectivity of the fault, as measured from
other unrelated signals, with little attention paid to evah the |eft of the reference plane A. The propagation over the
differences between the shape of the test and echo signaistion A-B is described by means of forward and backward
The use of narrow-band test signals makes things worse, i§pagating power waves(w) and b(w), respectively, while
they do not allow to easily infer differences between test amyer the fault section it will be described by another set of
echo signals. The end of sec. Ill provides details about thich waves, noted as primed quantities in Fig. 1. In order to
conclusion. deriveI'r (w), it suffices to impose the continuity of voltage
Faults in transmission lines are characterized by three ad current over the plane B.
rameters: 1) the single-step reflection coefficientdefined as  To this effect, we need to recall the relationships between
in (1), 2) the fault extension and 3) the propagation speed the voltageV (w), the current/ (w) and power waves along a
along the faulty section. All of them take part in the defmiti uniform transmission line of characteristic impedaaGeg11],
of the response of a fault to a test signal. [12]
In fault detection one mostly looks for the position and
severity|T', | of the fault, which is assumed (sometimes implic- aw) = [V(w) + ZI()] 2V 2 3)
itly) throughout available literature as being the promoral b(w) = [V(w) — ZcI(w)] /2\/27&

coefficient between test signals and echoes [7], [8], thigere the characteristic impedance will be assumed to be
directly accessible. _ ~ frequency independent, as expected for weakly dispersive
It is the aim of this paper to prove that this assumption igructures. For the case in Fig. 1, imposing the continuity o

incorrect and that faults in transmission lines are charamtd the V0|tage and current across the reference pj{h[ﬂsu“s in
by echo responses that are not simply proportional to the tes

signal, but are rather more closely related to its first time [a(w)e ¢ + b(w)e %] \/Z, = [a/ (w) + V' (w)] V ZF
derivative. Sgc. Il introdl_Jces models_ of the response of E%L(w)e_j’%d _b(w)eﬂ'kod]/ /7y = [d (w) =¥ (w)] /N ZrF,

fault to test signals, for different special cases. The takt (4)
implications of these results are discussed in sec. Illhwit . ) )
particular attention to potential errors and ambiguitiegiie Wherek, = w/c, is the propagation constant for the nominal
interpretation of TDR results, while a numerical validatioin®, With ¢, the associated propagation speed. These two
is presented in sec. IV. Two main results are demonstrated&fiuations can be combined together, yielding
this paper: the impossibility of assessing the severity faildt 2a(w)e*el = o/ (w) By + b (w)B_
without prior information or assumptions on its physicat ex . , ,

. . . o . 2b(w)etikod = o/ (W)B_ + ' (w)p
tension and the very high risk of underestimating the sgyeri - +
of a fault if e_xpecting it to be relat_ed to the peak am_plitutﬂe Quith B+ = ¢ +1/¢ and( = \/Zr/Z,. Since
the echoes it produces. Alternative procedures exist, et le o
for soft-fault detection, that are not based on echo prawgss V(w) = —Tpa' (w)e *, (6)

but rather on subspace processing [9], [10], mplemented\mth k = w/c the propagation constant for the faulty section

the fr_equency—domaln,where fault severity is not basechen tandc the associated propagation speed, recalling (2), the
amplitude of the echoes they procude.

reflectivity of the fault measured from section A can be eritt
as

®)

I'p(w) 1 —e @hw 95073k gin (k)

= ()

Il. FAULT MODELS - = . .
I‘Oe—2_]kod 1— Fge—Z}kw 1— Fge—Z}kw ’

We are here interested in modelling the interaction of amhereI',e~2%>? is the reflection generated by the first dis-
impinging signala(¢) with a fault described as in Fig. 1. Wavecontinuity at the beginning of the faulty section. We will
propagation will be assumed to be dominated by a TEM eystematically study the rati®'»/T", throughout the paper,
quasi-TEM mode, as found in the majority of cables used as it provides a direct measure of the differences between th
practical scenarios. Since test signals are usually ldrtiehe actual reflection coefficieritr as observed from a testing port,
VHF-UHF bandwidths, higher-order modes can be neglectegith respect to the single-step reflection coefficiEptwhich,
Edge effects will also be neglected, assuming propagationthough not directly accessible, quantifies the severity fafudt
be the dominant physical phenomenon. These include dirasta modification in the characteristic impedance of the line
capacitive coupling between the two edges of a faulty sectio Eq. (7) asserts that the double-step discontinuity found in
and could thus have an impact at low frequencies for lacal faults does not react to test signals producing echoes
very short fault, breaking the translation invariance ulyileg proportional tal',,, apart in presence of hard faulis,(— +1).
transmission-line theory of uniform lines. Far more important are the practical implications of (7), in



2 soft faults should not necessarily be expected to corraspmn
@ very weak modifications, as confirmed in the results presente
in sec. IV.

1.5 Approximation (8) could also be derived directly by apply-

ing to the line in Fig. 1 the small-reflection approximation

I ) described in [12]: the testing wave is first reflected at secti

( \ B, with a constant reflectivity,, while practically heading un-
1Tl modified towards section C, where it would undergo the same

0.5 phenomenon, but this time with a reflection coefficierit,.

Multiple interactions along the faulty section are negielctas

reasonable for a vanishingly low,. Depending on the fault

0 0.1 0.2 0.3 0.4 0.5 length w, the two echoes can therefore partially cancel out,

leading to a weak overall echo. This mechanism was already

highlighted in [1].

While (8) is valid over a wide frequency range, its practical
implications are not easily apparent. Moreover, the tengen
to associate weak echoes to soft faults is demonstrated to be
incorrect in sec. IV. More general and useful expressioms ar
proposed in the next two sections.

Tr(w)|/To

B. Electrically-short faults

The results in Fig. 2 show that as long ag\ < 1/4 the

; ; ; ; ; responsd’r(w) resembles that of a high-pass filter, but for
0.1 0.2 w/A 03 04 0.5 the case of soft faults. This idea can be put into equations by
looking for an approximation of the kind

T Aj
Fig. 2. Amplitude and phase-shift angle for the echo respdng(w) F(w) ~ - dhad , (9)
predicted by (7), for six values ¢f',|, namely 0.1, 0.2, 0.5, 0.7, 0.9 and 0.99, r, Jw+p

o e o o ek st mamabin (5 Where i 2 real-valued pole and a constant. These two
guantities can be found by computing the Padé approximant
of (7), for the case of a first degree numerator and denominato

particular understanding under what conditions the sgverPadé approximants are the best approximation of an original

of a fault (i.e.,T',) can be accurately estimated. A specidunction at a given point, since it ensures that all the deires

attention will be paid to the time-domain responses of saéf the original and approximated functions coincide at a

faults, which are sometimes naively regarded as producirgference point [13], here chosen to be-= 0.

scaled-down echoes similar to those of hard faults. Ouitsesu The result of this procedure is

prove that apart for the case of hard faults, assessing & faul 2

severity from TDR echoes is an ill-posed problem. A = 1412 (10a)
In the following sections approximations of (7) derived for 1_ Fg .

special configurations will be presented. The distadaill P = 13 Fg - (10b)

be assumed equal to zero for the sake of simplicity. Due to
the periodicity ofl" »(w), we will limit our analysis to the first The exact result (7) is compared with the zero-pole appraxim
period. In fact, only the lower frequency region of this firstion (9) in Fig. 3, for different values df,. As expected, the

period is actually of interest as long as < ), with X the approximationworks well in the lower frequency range, veher

shortest guided wavelength associated to the test signal. the fault is electrically short. In order to verify this catidn,
it is convenient to define the characteristic frequency ef th

fault, i.e., the frequency at which the multiple reflecticats

A. Soft faults the two ends of the fault are in phase and would lead to a
In the case the impedance discontinuity can be regardedr@sonance, as

a weak perturbation of the nominal one, i.e., with ~ 7, B 30
or [T,| < 1, (7) can be expressed as fo=— = N GHz, (11)
FF_(“’) - 2je—.ikw sin(kw) + O (rg) (8) here expressed in GHz for a fault extension measured in
L centimetersg, is the effective relative dielectric constant of

This result is compared with the general expression (7) the faulty section. Sincev/\ = f/f., (11) shows that the
Fig. 2, where (8) appears to be a good approximation as longegsumption of an electrically short fault holds in pradtica
ITy| < 0.2, i.e., forZp/Z, € [0.67,1.5]. This relatively large situations where a fault is typically shorter than a centene
range of deviations from the nominal impedance implies thahd the test signals seldom reach the GHz range.
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Fig. 3. Comparison of the exact (black solid lines) and zeste (red dots) -0.6 . : . ; ' y y
models for the fault echo respon$g-(w). Six different values ofl’, are 10 ° ONo sfl' od tl’oe f t15 20 25
shown, 0.1, 0.2, 0.5, 0.7, 0.9 and 0.99, in increasing ordeording to the rmaiz e Je

direction of the arrows in the graphics.

Fig. 4. Normalized time-domain echoes for an electricatiprt fault,
expected for a baseband Gaussian test signal withB@)f. = 0.01 and
These results show that the effects of the presence of {BeB,/f. = 0.1. The different curves correspond to increasing values of

pole are more heavily felt as soon Bs increases, even atl. equal to 0.1, 0.2, 0.5, 0.7, 0.9 and 0.99, according to thectiim of the
relatively low frequencies. While (10) states thawill move f‘nrg?jvéls(rlze)éaggz)sﬂi (St’r']ia(néo"d lines) and approxinmetirom the zero-pole

at higher frequencies for soft faults, for harder faults itt w

appear well before. The accuracy of the approximation for

soft faults is not as good since it is dominated by deldg certainly not simply proportional to the test signal, doe
terms, which cannot be well approximated by means of a finitieis additional exponential term, which makes the response
number of poles, as well known from control theory [14]. Yetdispersive. In the case of hard faults (12) simplifies into

its accuracy strongly varies with the frequency range spdnn

by the test signals used for TDR fault detection. In particul ‘Fli‘fglrF(t) =T'0(t), (13)
in the lower-frequency range the approximation is rathedgo ’
as shown later. as expected for a line terminated by a short or open circuit.

It is therefore useful to regard, = p/27 as a critical Only in this case, the echo follows the original shape of the
frequency of the fault, since it determines the nature of itgst signal.
echoes, as discussed in sec. Il Examples of the echoes expected under the electricallgt-sho
The main advantage of (9) with respect to (7) is thdault condition are shown in Fig. 4, obtained for a baseband
the former can be transformed into a simple time-domaimit Gaussian test signal
expression, thus providing the opportunity to understama h

—(t/T,)?/2
a fault responds to test signals. The result of this oparasio at) = e WY . (14a)
or alw) = V2rT,e”(@/2mBo)7/2 (14b)
o —pt
Pr(t) =1 [6(t) = pu(t)e™], (12) _ _
+15 where T, is a time-scale constant anl, = 1/27T,. The

whered(t) is Dirac’s delta distribution and(t) is Heaviside’s results in Fig. 4 refer to a set of faults of same length, for
unit-step function. several values ofl’,. Two different frequency bandwidths
The main effect of the pole is observable in the exponentiahere considered for the test signal, namély/f. equal
term in (12): its practical impact will be discussed in sdt. | to 0.01 and 0.1, withf. the characteristic frequency of the
It is already clear from (12) that the echo resulting fromualtfa fault defined in (11). While in both cases the faults can be
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Fig. 5. Comparison between the exact model (7), solid lires] the Fig. 6. Maximum normalized frequency/f. for which the derivative
low-frequency approximation (16), red dash-dot lines, tfog valuesI’', =  approximation holds, as a function of the fault seveflty|, evaluated taking
{0.3,0.5,0.7,0.9,0.99}. a safety factor 2 below the frequengy/ f. in the condition (15).

considered as electrically short, the echoes they prodace ce., to a derivative response, with an echo
be quite different in shape and amplitude. r 9
If fault echoes were directly proportional to the reflection b(t) ~ —2 5+ a(t). (a7)
coefficientl',, then all the normalized echoes in Fig. 4 should 1 -T2 fe
attain a peak value equal to 1#at 0. In fact, this condition This approximation is expected to hold as long /a&f. is
is almost met only in the case of a hard fault with= 0.99, smaller than the value shown in Fig. 6, as required by (15),
for the case of a very wide bandwidtB,/f. = 0.1. Indeed, taking a safety factor equal to 2.
while still within the short-fault assumption, it alreadpplies Fig. 5 shows some comparisons of this approximation with
a need for ultra-wide band signals, since taking as an eXamge exact result (7), in the frequency domain. Among the
the case of a 1-cm long fault in a line with = 1, (11) results shown in Fig. 4, those satisfying the condition (15)
requires thatB, = 3 GHz, which is not a usual choice for ado indeed vyield a derivative echo, with a peak reflection
test signal. much smaller thanT,|: this is the case in Fig. 4(a), for
In all the other cases the peak reflection is lower thafll configurations with|I',| < 0.9. See next section for the
expected for the single-step paradigm. MoreoverI'asde- practical implications related to this result.
creases, the tail occurring in the late-time response of the
echoes gives way to an odd-symmetry echo with lower arﬂ-I
plitude. This transition was linked to the partial candidla '
of echoes discussed in sec. II-A. The echoes now closely
resemble the first time derivative of the test signal (see secThe results derived in the previous section are of practical
[1-C). importance, since they provide a better understanding ef th
As soon as the bandwidth of the test signal is reduced, tlaisnditions that lead a fault to respond in a seemingly dffier
trend becomes more pronounced, with echoes much weakemnner depending on the test signal. This claim can be
than expected fronfl’,|. As discussed in sec. lll, the risk ofbetter understood by taking the case of the baseband unit
underestimating the actual severity of the fault is verglik Gaussian test signal defined in (14). Under the low-frequenc
if the current use of the amplitude of echoes as a measureapproximation (17), the peak value reached by the echo is
the fault severity is maintained. equal to
In all the results presented in Fig. 4 the comparison between
the exact solution (7) and the short-fault approximationi¢9
in good agreement, with some minor differences in the c
of soft faults tested over a wide bandwidth, seen in Fig..4(

CONSEQUENCES ON THE INTERPRETATION OF ECHOES
FOR FAULT DETECTION

ITy| B, 4w
C1-T2 VR
bﬁe implications of this result are twofold: 1) the peak

eflection should not be interpreted as a measure of the
fault severity|T',|; 2) |T',| could be assessed from (18) only
C. Low-frequency response : derivative approximation if the characteristic frequency. were known beforehand,
which requires having access to the fault extension andeto th
propagation speed along the faulty section. While the ocofler
magnitude of the propagation speed can be approximated with
the nominal value expected for the original transmissios,li
the fault extension can vary wildly. In other words, the only
quantity that can be properly assessed jg f.

FF(W) ~ 211)/0 . (16) |F0| \/6

max [b(t)] (18)

In practice, for test signals with a frequency content ledit
to frequencies somewhat smaller thAn or
fofo _11-T7

w_
AN fe™ fe 2m14T2

(15)

(9) reduces to

~

r, 1-12 f. ~ 4nB,

max [b(1)]. (19)



under the approximationl',|] < 1. In fact, since f. is Finally, a simple way of making sure that an echo is
unknown, (18) cannot be solved fdF,| exactly, so that it caused by a fault would be to submit it to test signals of
is necessary to neglect tie— I'2 term in the denominator. increasing bandwidth. As the peak reflection increases with
Moreover, the echo reaches its peak value not at an instém bandwidth, the echo could be pointed out as coming from
depending only on the position of the fault, but also on the fault and not a single-step discontinuity: reflectionsirae |
shape of the test signal. As a matter of fact, (17) implie$ thinctions and loads would not change in their peak intensity
While the derivative approximation does not allow retreyi
argmax|b(t)| = 75, (20)  at the same timd’, and f., the structure of the zero-pole
model (9) indicates that it should be possible do so, by §jttin
the parameters in (12) to the fault echo. To this end, it would
Be necessary to use test signals with a bandwidth extending
beyond the critical frequency,. In practice, this option is
hardly viable, since it would require very wide bandwidths
n|Pt likely to be compatible with electronic systems conadct

here the inflexion points of the test signal, so that intdipge
the echo of a fault as if it were proportional to the test sign
leads to a systematic error about its position, since foué fa
centered over the positiaf) one would come to the conclusion
that the actual position is rathért+ T,¢,. For B, = 30 MHz,
the apparent fault position would be biased by about 1.6 m,tO the line under test (see Sec. IV).

/€. = 1. This bias only depends on the test signal. .
Another source of ambiguity are the double-peak eChoeSAs a further example of currently used TDR test signals, the

resulting from pulsed test signals. Again, the standardrint case of a signat.(¢) modulating a carrier at the frequengy

pretation of such echoes would lead to inferring the preesenvgou'd imply

of two close faults. While we already recalled that for soft a(t) = d {ac(t) sin(27 fit)}

faults the echo can be regarded as such, (20) clarifies tisat th dt V¢ ’ (23)
interpretation could be misleading. Since most of the time = G (t) sin(27m fit) + ae(t)27 f1 cos(27 fit),

faults are tested over frequencies for which their ele@mcwhich, for a narrow-band signal yields
length is negligible, the double reflection generated by a
generic fault would not translate into an identifiable d@ubl  a(t) ~ 27 fia.(t) cos(2m fit) = 2w fra(t + 1/4f:).  (24)
echo, but rather in the derivative of the test signal, sirare f )
short faults echoes are proportional to the derivative eftgst Hence, (17) would result into
signal, as discussed in sec. II-B. 47l fi

The effect of an increasing bandwidth on the fault echoes (t) ~ 1-1I2f.

are illustrated by the results in Fig. 4. The most Smkmg\s for the case of the Gaussian test signal, the ratio between

implication is that for faults of the same severity, testingqe echo peak amplitude and that of the test signal is not a
them over a narrower frequency bandwidth yields a Weakgr

echo, even forl', as high as 0.9. It is therefore possible Irect measure c_)f Fhe fault sevent_y, bUt.'S strqngly depeuhd
o . n the characteristics of the test signal, in particularciduier
to dismiss a fault as not worth of attention, even thoug?*u

N S ; requency in this case. The additional delay associatetdeo t
the line is already deeply modified, a direct consequence . ]
. . .~ -fault echo is also dependent on the test signal and acts as a
the frequency-dispersive nature of a fault response. &eali

) . . . systematic error in the estimation of the fault positioneTh
examples supporting this conclusion are presented in tkie nFy

section. A more general implication is that a given fault carel1Ct that for this kind of test signals the echo is practcal

. . . roportional to the test signal comes with the risk of con-

present different responses depending on the bandwidtieof PI dp hat the sinale- 9 diam i Th
. ; __Cluding that the single-step paradigm is accurate. Theoreas
test signal, producing echoes that can pass from derivativ . :
. ; . why the response of faults is often assumed as proportional
to proportional. A changing response is clearly a source Al

ambiguity in the interpretation of the nature of a fault. Ikely lies there. Clearly, (25) shows that such an intetgtien

: . . ishnot correct, as the intensity of the reflection depends on
In case the detection of an echo required exceeding a thref'?1 - . L

. . . e frequencyf, at which the line is tested. Moreover, the
old voltageuyy, €.9., in connection to the noise background aStI nature of a fault is again an echo intensity increasirt) wi
the test port, then such a condition would translate into g g y

the frequency of the test signal: this property should helhé

a(t+1/4f). (25)

identification of line faults against reflections at juncsocand
B, 2e  fe.
- > Ar T.7, (21)  |oads, which have a proportional response, thus not depénde
) ) ) on the chosen test signal.
for a Gaussian test signal. For the special casg&.of 50 (2, In the case of a unitary test signal, i.e., withx, |a(t)| = 1,
(21) becomes then the peak reflection from the fault echo allows assessing
B, 0.785
> GHy/V, (22) Lol max: b(®)] (26)
Vth 1—‘o\/awcm fe 47T.ft ’
wheree, is the effective dielectric constant of the line. as similarly found in (19) for a baseband test signal, bubis t

Hence, the proper detection of faults in transmission linescase the intensity of the fault echo increases with the #aqy
more likely if using wideband test signals, unless the leraft of the carrier of the test signal.
the fault is not negligible, or if it is very severe or if thgsal- In practice, one of the hardest issues in fault detection
to-noise ratio is very high, i.e., for a low detection threlsh is to be able to discriminate reflections caused by harmless



discontinuities (e.g., water drops along a line) from aktua
degradations [1]. Our models show the likely reason for this
issue: the peak of fault echoes is proportiondlig|/ f., thus
also to|T',|w. Hence, echoes of the same intensity can be
generated by short faults of relatively high severity orgen
ones of weaker severity. This ambiguity is inevitable and is
confirmed in the numerical analysis presented in the next
section.

45°

IV. NUMERICAL ANALYSIS

In this section we check the accuracy of the models in-
troduced so far. Reference data are generated by means of
numerical simulations. There are several reasons for @hgos
a numerical validation rather than an experimental onest,Fir

it is necessary to know the characteristic impedance of tﬁ@ 7. Transversal cut of the coaxial line used in the nucaénalidation,
with an internal conductor of radius; = 0.5 mm, external conductor

fe}ulty section. In pracucg, g'Ven a faU|ty line, there 'S.ngf radius 1, = 3 mm, a dielectric with relative permittivitye; = 2.1

simple way of de-embedding it from measurements, as claimgdlytetrafiuoroethylene, PTFE). The modified line is (ajtiptly cut along

in this paper. Second, while removing a portion of a CC)a_)(ia|d|stanceD from its axis or (b) a simplified plgtz?ul connection, W_her@th
. e L . external conductor is reduced to an angular region of 45e#mgrwith the

cable is not difficult, to ensure that it is done in a contrllegg|ectric totally removed.

and reproducible way is far less simple, since cables tjlpica

present transversal dimensions of a few millimeters, while ) ) S
mixing hard and soft materials, thus difficult to cut in a The am of this section is threefold: 1) to prove that by
controlled way. Finally, it is important to test configurats KnowingI', and f. it is possible to predict the echo response
as divers as possible, involving structures that are natyea®f the fault by means of the models proposed in sec. Ii; 2)
reproduced in a laboratory setting. that the peak value of the signal reflected by the fault does
The models derived in sec. Il were validated by means BPt represent the severity of the fault; 3) that the proposed
numerical simulations of coaxial (sec. IV-A) and two-wirésimplified models, particularly (19) based on the derivativ
transmission lines (sec. IV-B). The simulations were earri @PProximation, allows assessing the paramefet/ f.. All
out with CST’s Microwave Studio, over the frequency rangéme-domain results involve baseband Gaussian pulses for
from DC up to 12 GHz. We had to push the simulation to sucf'ying bandwidth.
high frequencies in order to confirm the dispersive response o
of faults. The wavelength at 12 GHz 55/, /e; cm, with \/e, A Coaxial line
the effective refractive index of the dielectric materieishe The first set of tests involves the coaxial line depicted in
line. Typical values of,/e. are below 1.5, so that the crossFig. 7. Two types of faults were considered: 1) a longitublina
section of the two-wire configuration tested in this sectiocut along the line, exposing the internal portion of the eahb
can be arguably regarded as still electrically small. Hettee in Fig. 7(a); 2) a simplified pigtail connection, as in FigbY(
models derived in the previous sections can be expectedwibere the external conductor is reduced to a wire. This last
hold even at such high frequencies, since the conditions fmnfiguration can be found in makeshift connections or could
assuming a dominant TEM-like propagation mode are meepresent an advanced stage of deterioration in the oligina
The main issue in going to such high frequencies is the neeghxial line. The main motivation for considering the pigta
to take into account propagation losses due to dissipaldimga connection is to observe the case of a relatively severé. faul
the lines. We have chosen to neglect losses, for two reasongrive faults were considered: for the case in Fig. 7(a), three
First, losses can be accommodated into the proposed models,depths were studied, with = —0.2, 0 and 0.5 mm, the
just by considering a complex propagation constant. Takimpggtail configuration in Fig. 7(b), all forv = 10 mm and
them into account would then only complicate the analysiinally the case of a dent in the line, with = 0 mm and
as it would introduce a further parameter to study. Second,= 2 mm.
test signals are typically designed well below the GHz range The single-step reflectivitl,, effective relative permittivity,
where propagation losses are required to be negligible, @ttical and characteristic frequencies of the five faultgtoons
otherwise test signals interacting with faults and goingkbaare summarized in Table |. Superficial cuts into the line
to the test port could be altered. involve a relatively weak single-step reflection, thus have
Several configurations of faults are presented in this@ecti negligible impact on signal propagation, whereas the pigta
For all of them, the numerical setup follows the structure imsert, displayingl’, = 0.45, can still not be assimilated to a
Fig. 1, with a nominal transmission line and a faulty portadn hard fault. Yet, the case of a cut with = —0.2 mm, though
lengthw. For each configuration the characteristic impedancerresponding to just, = 0.29, cannot be regarded as a light
of the nominal and faulty sections were computed, as well amdification, since in this case the internal conductorriscest
the propagation speed. The severity of the fault is assdgsedsevered. This last configuration is therefore interestingma
computing the single-step reflection coefficiéht as defined example of how the intuitive association between weak fault
in (2). echoes and light wear in a transmission line is inexact.

(a) (b)
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Fig. 8. Comparison between the numerical results for theigomtions
resumed in Table I, circles, and the prediction from (7)idsbhes.

b(t)/T

-0.2

The validity of the exact echo-response model (7) is demon-
strated in Fig. 8, where the data in Table | are fed to (7), with -0.4
. : -0
good agreement between the numerical and theoreticatsesul
The time-domain responses of the echoes generated by the
pigtail transition in Fig. 7(b) are shown in Fig. 9, for seajer

bandwidths, characterized 18, defined in (14). Although the 0.5

pigtail transition presents a normalized reflectiviity (w) /T,
apparently closer to that expected for soft faults (Fig.hént
for hard ones, it would be incorrect to rule out the use of
the zero-pole approximation (9). The derivative approxioma
(16) is confirmed to hold for frequencies wheye f. is
smaller than the values proposed in Fig. 6: fBy| = 0.45,
f/fe $0.05f,,i.e., from Table I,f/f. < 1.5 GHz. For wider

S
=
g O

i -0.

bandwidths the zero-pole approximation keeps providing ac
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curate results.
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The cases (a) and (b) in Table Il should be expected

to provide the same estimates Bf, assuming an a priori

Fig. 9. Validation of the zero-pole model (9) and the deisaimodel (16),
for the fault in Fig. 7(b) submitted to a Gaussian test signigth : (a) B, =

knowledge of f.. Their minor disagreement is likely due t0; 25 GHz, (b) B, = 2.5 GHz and(c) B, = 5 GHz. Numerical results are
the non-negligible capacitive coupling between the twoesdgshown as red circles, predictions from the zero-pole modesalid black

of the dent.

The accuracy of the proposed models suggests that tr{éy

lines and for the derivative model as dashed lines. Thecalifrequency is
= 3.16 GHz.

could be used not only as an analysis tool, but also the other

way around, as a way of estimating the severity of the faut practice the condition of electrically-short faults tis) in
from its echoes. For the sake of simplicity, we will limit ourwhich case (18) is valid for Gaussian test signals. Clearly,
analysis to the case of the derivative approximation, sinogher test signals can be considered.

COAXIAL-LINE SECTIONS CONSIDERED IN THE NUMERICAL VALIDATION

TABLE |
SINGLE-STEP REFLECTION COEFFICIENEFFECTIVE RELATIVE
DIELECTRIC PERMITTIVITY, CHARACTERISTIC FREQUENCYf. = c/w,
CRITICAL FREQUENCY f, = p/27 AND T'5/ f¢, FOR SEVERAL FAULTY

IN SEC. IV-A. DIMENSIONSD AND w ARE EXPRESSED IN MM

Configuration T, €e fe fo To/fec
(GHz) (GHz) (ps)
cut, D = 0.5, w =10 0.078 1.91 21.7 3.40 3.61
cut, D =0, w =10 019 180 223 3.30 8.61
dent,D =0, w =2 0.19 1.80 112 16.5 1.72
cut, D =-0.2,w=10 | 029 177 225 3.02 12.9
pigtail, w = 10 0.45 1.00 29.9 3.16 151

This idea is validated by the results presented in Table II,
for five faults and three bandwidths of the test signals.ti&tar
from the peak intensity of the echoes, the severity of thé fau
is estimated back. The data in Table | serve as reference.
From these results it is evident that the echo itself should
not be interpreted as a measure of the severity of the fault.
In particular, as discussed in sec. lll, its peak amplitude c
widely change of several orders of magnitude depending on
the frequency bandwidth covered by the test signal.

More importantly, Table Il confirms that the only parameter
that can be derived under the derivative approximationes th
ratio I',/f.. In order to translate it into a measure of the
fault severity, the lengthv of the fault needs to be known
or assumed being contained in a given range of values. The



TABLE Il
RESULTS FOR ATDR IDENTIFICATION OF FAULTS IN A COAXIAL LINE , AS
IN FIG. 7(A), WITH: (A) D = 0, w = 10 MM; (B) D = 0, w = 2 MM; (C)
D =05 w=10MM; (D) D = —0.2, w = 10 MM; (E) PIGTAIL
CONNECTION, w = 10 MM . ESTIMATES DERIVED FROM THE ECHOES
RESULTING FROMGAUSSIAN TEST SIGNALS WITH THREE VALUES OF

TABLE Il
SINGLE-STEP REFLECTION COEFFICIENTEFFECTIVE RELATIVE
DIELECTRIC PERMITTIVITY, CHARACTERISTIC FREQUENCYf.: = ¢/w,
CRITICAL FREQUENCY f, = p/27 AND T'5/ f¢, FOR THE FOUR FAULTY
TWO-WIRE-LINE SECTIONS CONSIDERED IN THE NUMERICAL VALIDATION
IN SEC. IV-B. DIMENSIONSD AND w ARE EXPRESSED IN MM

BANDWIDTHS B,, FOR: (1) T's/fc; (2) T, UNDER THE ASSUMPTION OF
A PRIORI KNOWLEDGE OF THE FAULT EXTENSIONw AND THE

PROPAGATION SPEED WITHIN THE FAULTY SECTION(3) I', UNDER THE Configuration I €e Je fo [Tol/ fe
ASSUMPTION OF A PRIORI KNOWLEDGE OF THE FAULT EXTENSIORD, (GHz)  (GHz) (ps)
ASSUMING THE PROPAGATION SPEED IN THE FAULTY SECTION TO BE cut, D=0, w =10 0.15 218 203 3.09 7.4

EQUAL TO THAT OF THE NOMINAL TRANSMISSION LINE. cut, D =0.5,w=10 | 0.041 251 18.9 2.99 2.2
water dropletw = 5 -0.032 3.35 32.6 5.19 0.98
slab,D =06, w=>5 | -042 3.07 34.1 3.80 12.3
Case| B, max|p(t)] To/fY 1P r»
(GHz) (ps)
01 65710 ° 8.62 0.192 0.178
(@ 0.3 203102 8.86 0.198 0.183 . o
1 6.61 10-2 368 0194 0179 Fhe m(_atalllc slf';\b could .cut.through the remaining layer of
0.1 1.66 103 217 0.242 0225 insulating coating, resulting into a short circuit.
(0) 01-3 ‘11-‘61; }8:; i-gg g-gig 8-2(1)(1) The characteristic data of four faults were computed and
01 965 107 348 500753 0.00718 are shown Tgble lll: they go from very light modifications in
© 0.3 82110-3 359 0.0778  0.0741 the propagation along the line to relatively severe onefpras
1 2.69 10~2 3.53 0.0765  0.0729 the case of the metallic slab with = 0.6 mm.
—2
d 8'% éfg }8,2 igg 0635132 062;?%7 The echo responses of these four faults where computed
1 "0.102 13.4 0.302 0.278 for three bandwidths of a Gaussian test signal. From the peak
01 17310 2 22.6 0.677 0.469 intensity of the echoes we applied (19) in order to estimate
—2 . . .
® | 03 50610 221 0662 0458 the fault severity, as done in sec. IV-A. The results shown in
1 0.154 20.2 0.604 0.418

Table IV support the validity of the proposed approach, with

a good agreement between estimates from the echoes and the
expected values obtained from numerical simulations, show
ratio ',/ f. is accurately estimated from the peak value of th@ Table IIl. The only disagreement appears, as was already
reflected signals, within a few percent points. Assuming aRe case for a coaxial line, for severe faults, here the cse o
a priori knowledge ofw, or at least advancing typical guesshe metallic slab: having neglected the teimy(1 — I'2) in
values, alsd’, could be precisely extracted from the echoeghe passage from (18) to (19), the severity assessed from the
at least in principle. A further unknown is the speed of signachoes is overestimated by about 21 %. The disagreement is

propagation along the faulty line. Taking it to be equal te ththerefore explained by this missing term.
nominal value results in a source of systematic errors, even

though of limited intensity.
The only significative disagreement appears for the case of
the pigtail connection: having neglected the terp{l — I'2)
in the passage from (18) to (19), the severity assessed from
the echoes is overestimated by this term, equal in this case
to about 25 %. Using the value gf. in Table I, the exact
inversion of (18) provides the values 0.505, 0.497 and 0.470
for |T',|, respectively for the three values &%, in Table II.
Unfortunately, the exact inversion of (18) is possible afly
explicitly assuming an a priori knowledge of the charastéri
frequencyf.: since it is more realistic to regard it as unknown,
it is safer, for a robust estimation, to apply (19).

D
B. Two-wire line
A further validation was carried out for the case of a two-
wire line, detailed in Fig. 10(a). Three typologies of fault
were considered, with reference to Fig. 10: (a) a partial cut (b)
in the line; (b) the presence of a droplet of water over the
line coating; c) a metallic slab partially inserted into tivee o _ o _

. c b d (C) represent configurations where Fflﬁ'- 10. _Two-W|_re line v_wth cylindrical conductors of ragiur; = 0._5 mm,
(_;Oatmg' ases ( ) an p igurat w - £ ielectric coating of thickness 1 mm,(= 1.5 mm) and relative dielectric
line conductors are not yet affected: they stand for configurconstante; = 3.5 (polyvinyl chloride, PVC). The distance between the
tions where external actions can eventually lead to a fault. conductors axis isd = 2 mm. The pictures illustrate the three faults
fact. a water droplet can be any aqueous solution of COmzosconsmered: (a) a partial cut in the line; (b) the presence whter droplet of

@b - ) > X Lo Pdiusr,, = 2 mm over the two conductors and c) a metallic slab partially
liquids, which are a potential threat to the line integnitfyile inserted into the line.

(©)
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TABLE IV present analysis, by operating at the output of the reagivin
RESULTS FOR ATDR IDENTIFICATION OF FAULTS IN A TWO-WIRE LINE, correlator.
AS IN FIG. 10,WITH: (A) CUT, WITH D = 0, w = 10 MM; (B) CUT, WITH
D = 0.5, w = 10 MM; (C) WATER DROPLET, WITH w = 5 MM; (D)
METALLIC SLAB, 5 MM THICK, INSERTED INTO THE COATING AT REFERENCES
D = 0.6 MM FROM THE CENTER OF THE CONDUCTORSESTIMATES
DERIVED FROM THE ECHOES RESULTING FRONBAUSSIAN TEST siGNALs  [1] L. Griffiths, R. Parakh, C. Furse, and B. Baker, “The iiis fray:

WITH THREE VALUES OF BANDWIDTHS By, FOR: (1) T/ fc; (2) To, A critical analysis of the use of reflectometry for fray Idoat” IEEE
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faults) should be revised in order to account for the deixieat
nature of general faults. Potential systematic errors | th
estimation of the fault position and intensity were hightied
in this respect, together with formulas allowing an acaurat
assessment of the severity of a fault, based on its chaistiter
frequency.
A major result is that severe faults a short step away
from hard faults (e.g., almost severed lines) can respg
with very weak echoes, if tested at frequencies well belg
their critical frequency. General conditions allowing aper
detection were then presented. The use of test signals w
high-frequency content seems to be necessary, in order
ascertain whether an echo is generated by a severe faull
not, since echoes get stronger as the frequency increa;
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