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ABSTRACT Dispersion and multi-path propagation distort partial discharge (PD) pulses that travel along
power cables. This article proposes a theoretical framework that models the PD source location error owing
to these effects. Regarding dispersion, a closed-form expression is proposed to estimate the PD bandwidth
reduction at the cable ends, as well as the expected location error due to propagation velocity variation.
A new expression is proposed for the difference of times of arrival (TOAs), which exhibits dependence with
frequency. Multi-path propagation also introduces a non-linear dependence with frequency in the TOAs,
which leads to location errors when the echo is very close to the main PD signal. Three location algorithms
(based on cross-correlation, phase increment, and energy criterion) are investigated under noise, dispersion,
and multi-path conditions. Simulation results show that the energy criterion algorithm is very sensitive to
dispersion, but it is robust to multi-path propagation. The algorithm based on phase increments is the most
sensitive to noise. Finally, the best location method for noisy, highly dispersive, multi-path propagation is
the one based on cross-correlation.

INDEX TERMS Partial discharge, fault location, power cables.

I. INTRODUCTION
The insulation condition of power distribution networks
can be continuously monitored by measuring the partial
discharge (PD) activity [1], [2]. In medium voltage infras-
tructure, high PD activity warns that dielectrics in cables,
junctions, connectors, or switchgears are being degraded.
Eventual destructive breakdowns can be preventively avoided
by using accurate location systems during maintenance oper-
ation. Modern online maintenance systems allow both, detec-
tion and location of PDs, under real operational conditions,
avoiding the need to disconnect critical systems compo-
nents [3]. In medium voltage cables [4], PDs are generated in
a degraded site, and propagate along the cable towards both
ends, where the monitoring systems are in charge of detecting
and locating PD activity.

In medium voltage cables both, the high frequency
behaviour of the semiconductor layer [5], and the effects
of aging [6], make each frequency component of the PD
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signal travel with a different propagation velocity. This effect,
called dispersion, spreads PD pulses as they travel along
the cable [4] and, as a consequence, their bandwidth is
reduced. Detection and location systems based on conven-
tional narrow-band sensors are rarely affected by dispersion,
since the total available bandwidth is in the range of kHz or,
at most, a few MHz. Recent techniques extend the bandwidth
of measurements up to hundred of MHz, or even in the GHz
range [7]-[11]. In noisy environments, a significant part of
the available spectrum acquired by these broad-band sensors
is not occupied by the PD signal owing to dispersion, espe-
cially in long cables. Dispersion also affects the time of arrival
(TOA), which is commonly used to estimate the location of
PD sources [12]-[20]. Dispersion changes the PD pulse shape
while propagating along the cable.

Although dispersion can be modeled using a classical
transmission line approach [21], [22], those models based
on transfer function are preferable because no knowledge
about the cable geometry or material specification is needed
[12], [23]. In this article we use the model proposed in [23],
where propagation is modeled by one single parameter,
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the dispersion constant, which is easy to measure with a
vector network analyzer.

Multi-path propagation degrades the estimation accuracy
of the TOA-based location techniques [24]. PD signals suffer
severe fading due to the destructive interference of echos [25],
especially when the PD source is very close to a cable end
(e.g., in connectors). In this situation, a strong echo may
occur, and it is difficult to differentiate it from the original
PD signal because both signals are close in time.

In this article, the accuracy of double-ended TOA-based
location methods under dispersion and multi-path propaga-
tion conditions is analyzed. Next list itemizes the contribu-

tions of this article:
— Anew closed-form expression to estimate the bandwidth

reduction suffered by PD pulses due to dispersion is
proposed. Since noise is the main problem for on-line
PD detection and location [26], such an expression is
useful to select the most appropriate bandwidth for mea-
surements. This selection allows location and detection
algorithms to work with signals of a higher signal-to-
noise ratio (SNR), which is especially important for
those using broadband sensors.

— Theoretical expressions to calculate a lower bound of
the location error due to dispersion and multi-path prop-
agation are proposed. These new expressions provide
us with a better understanding the impact of dispersion
and multi-path propagation on the accuracy of location
techniques.

— The accuracy of three conventional location techniques:
cross-correlation in the time domain [14], phase incre-
ments in the frequency domain [13], and one technique
based on an energy function [27], is assessed by means
of simulation. Dispersion and multi-path propagation
are shown to produce different effects in these local-
ization techniques. This analysis helps engineers better
understand the maximum achievable location accuracy,
and select the most appropriate technique for a given
propagation conditions.

This article is organized into four additional sections.
Section II presents the propagation model and proposes some
new expressions to model the effects of dispersion and multi-
path propagation. Section III describes the location methods
whose accuracy will be investigated. Section IV presents
some simulation results under different propagation condi-
tions. Finally, in Section V, some conclusions are drawn.

Il. PROPAGATION EFFECTS ON LOCATION ERROR
A. PROPAGATION MODEL
Fig. 1 shows the reference model under consideration. A PD
pulse, labeled x((¢), is generated in the degraded area, and
travels simultaneously towards the near- and far- ends of the
cable, resulting in two signals: x{ () at the near-end, and x»(¢)
at the far-end.

The transfer function H(w, L), shown in (1), was proposed
in [23] to model the propagation of PDs in medium voltage
cables. In (1), @p and B(w) are the real and the imaginary
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FIGURE 1. Reference model: the PD source is located in the degraded
area, L; meters from the near-end, and L, meters from the far-end. x; (t)
and x, (t) are the near- and far-end signals, respectively.

parts, respectively, of the propagation constant.

H(w, L) = exp[—(ao + jB(w))L]
where: B(w) = Biw + 0.580° (1)

In [23], the authors proposed a second order polynomial
to model B(w), to account for the fact that each frequency
component travels at a different propagation velocity. 81 and
B are the delay and the dispersion constants, respectively.

Following standard linear analysis, equation (2) provides
expressions for the near- and far-end pulses in the multi-path
propagation of a PD pulse for the reference model of Fig. 1.

x1(t) = xo(t) ® h(t, L)
x(t) = xo(t) ® h(t, Ly) + rxo(t) ® h(t, 2Ly + L) (2)

In (2):

a) only the echo produced in the cable near-end has been
considered, because attenuation and dispersion will
render other echoes negligible (for instance, the echo
produced at the far-end);

b) coefficient r models the reflection in the cable near-end,
and it is defined as the ratio between the peak-value of
the reflected and the incident signals; and

¢) h(t,Ly) and h(z, Ly) are the impulsive responses of the
equivalent transfer functions H(w, L1) and H(w, Ly),
respectively (® denotes convolution).

The phase difference A ® between signals x,(#) and x (¢) in
the frequency domain is shown in (3), where €2 is a non-linear
term owing to multi-path propagation. Term 2 is detailed
in (4), where the coefficient p is the effective peak-value of
the echo signal shown in (5). The PD signal xo(¢) is assumed
to be a gaussian pulse with standard deviation oq. The effect
of the echo signal is reduced because of both, attenuation («g)
and dispersion (f,), as shown in (5).

Ad = 129 _ g,y pLre ()
Xi(w)
where:
@ = atan[(1 — p)/(1 + p)tan(BL1)] )

p = rexp(—ao2L)(1 +4B5L3 o) ™0 (5)

Location techniques based on the time domain estimate
the PD source location by measuring the difference between
TOAs, i.e., the time difference (A7) that PDs take to arrive
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at each cable end, assuming that the captures at both ends
are synchronized. On the other hand, those techniques that
operate in the frequency domain measure the phase increment
A® to estimate At.

The time difference At is shown in (6), where A®’ is the
derivative of the phase difference A® with respect to w.

At =—Ad' = 'L — L)+ B'L1 - (6)

The first term of (6) is owing to the direct propagation path,
whereas the others are due to the near-end echo. Dispersion
makes B’ to depend on w. In addition, the non-linear depen-
dence of Q2 with w, due to dispersion and multi-path prop-
agation, is responsible for the performance degradation of
location algorithms, both in the time and frequency domains.

To convert a time difference At into a distance, it is
necessary to know the propagation velocity vy, as shown
in (7), where L is the estimated position of the PDs source
measured from the cable far-end, and L is the cable length.
Thus, the location error (LE) is calculated using (8).

L = (Atvy, +L1))2 @)
LE=1,-1, (®)

In a non-dispersive propagation medium, the propagation
velocity v, is equal to 8, ! butina dispersive one, every fre-
quency component travels at a different velocity. Therefore,
vp can be computed as an average value, called group velocity,
of the PD propagation velocity. A wrong estimation of v, also
produces an error.

Let us now study the effects of dispersion and multi-path
propagation on the location error. First, we will consider both
situations separately, and then, some simulation results will
illustrate their combined effect.

B. EFFECT OF DISPERSION

PD pulses, extremely short at their origin, spread in time
duration due to dispersion. Assuming that the PD is modeled
as a gaussian pulse with initial deviation oy, the resulting
pulse deviation op after L meters of propagation is shown
in (9) [23]. Using the relationship between the time domain
deviation (o) of a gaussian pulse and its bandwidth (B) shown
in (10), we derive (11), that shows the bandwidth reduction
of a PD pulse because of dispersion.

of = o + (B2L/00)* )
B = +2In2/(wo) (10)
BB, = —_ (212, an
LT Il w2

In (11), Bp is the bandwidth of the initial pulse, and
By is the resulting bandwidth at L meters from its origin,
both calculated in the full-width at half-maximum sense.
To derive (11) we assume that oy < of..

The reduction of the PD bandwidth caused by dispersion
is a key aspect to be considered for an accurate PD loca-
tion. To illustrate how dispersion reduces the PD bandwidth,
Table 1 shows three dispersion scenarios specified by means
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TABLE 1. PD Bandwidth (B,) at the Cable End, Equivalent Length (Leg),
and Maximum LE Owing to Dispersion in Three Dispersion Scenarios.

Box Lns®] BYW[MHz] L) [m] LE®© [m]
20 58.59(3) 28 1.29
100 18.74 142 2.03
500 375 714 3.17

(@) Initial pulse bandwidth By = 75 MHz (09 = 5 ns).
®) Using (11) with 82 = —0.7 ns*/m and By = 75 MHz.
() Using (12) with 81 = 5.7ns/m, f = Br,and L, >> L;.

of the B> x L product. An initial deviation o) = 5 ns is consid-
ered, equivalent to an initial bandwidth By = 75 MHz. It can
be observed that the reduction of the spectral components is
significant, especially for the second and third cases. Table 1
also shows the equivalent cable length (L,,), i.e., the length
required to achieve the product 8, x L for a typical dispersion
constant B, = —0.7ns’m™!, and for the given dispersion
case.

According to Table 1, in a low dispersion scenario
(B2 x L = 20ns?), PDs propagate a short-distance (tens
of meters), and reach the cable ends keeping most of their
initial spectral components. In a moderate dispersion scenario
(B2 x L = 100 ns?), PDs travel a few hundred meters, reducing
their bandwidth to a few tens of MHz. Finally, the high dis-
persion scenario (82 x L = 500 ns?) shows how the frequency
components of the PD, that propagate between half and one
kilometer, are significantly reduced down to a few MHz.

Dispersion also produces small variations in the prop-
agation velocity. For example: for g1 = 5.7ns/m and
B = —0.7 ns?m™! (typical values for a XLPE cable [23]),
the group velocity is v, = ,31_1 = 175.44m/us. But
dispersion causes energy components carried around 1 MHz
to travel at 175.57 m/us, while those at 20 MHz travel at
178.19 m/ us.

Expression (12) shows the LE for a single-path propagation
model (» = 0), assuming a propagation velocity v,, and a
cable dispersion constant ;.

LE = (L; — Lo)27f B2V, (12)

LE has been evaluated in Table 1 for the three disper-
sion cases described above. Note that, as shown in Table 1,
the maximum frequency that reaches the cable end has been
used to compute LE, i.e., f = Br. This value should be
considered to be an theoretical lower bound of the LE.

C. EFFECT OF MULTI-PATH PROPAGATION

Non-dispersive multi-path propagation has been widely stud-
ied in the radio-communications bibliography [28]. In the
model presented above, the near-end reflected signal reaches
the far-end cable 2L;/v, seconds later than the direct-
path signal, and both interfere with each other. The result-
ing signal is affected by frequency selective fading every
AF = (2L1/v,)~! Hz (commonly called coherent band-
width). The depth of each fade depends on p, i.e., the efective
peak-value of the echo signal shown in (5).
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The LE in this case is shown in (13), where Q' (the
derivative of 2 with respect to w) is a non-linear term that
strongly depends on p, as shown in (4). Function ’ behaves
as a periodic function of the frequency, whose period is AF.
Although its amplitude depends on p, its mean value is Ly /vy,
so that LE = 0. Therefore, the position of the PD source can
be estimated without error.

LE = (Q'v, — L1)/2 (13)

Under noise conditions, frequency selective fading is
responsible for degrading the SNR in some faded frequency
components. Location systems should include some process-
ing techniques to cancel these negative effects.

D. COMBINED EFFECT OF DISPERSION AND MULTI-PATH
PROPAGATION

The combined effect of both (dispersion and multi-path prop-
agation) can be merged in a single formula (14).

1
LE = —>(Li +vp[27f fo2Lo — L) — 1) (14)

This expression has been evaluated for a cable length of
300 m, where PDs are generated in three different positions:
1) close to the cable termination (L1 = 5m); 2) near the
cable end (L; = 50m); and 3) in the middle of the cable
(L1 = 150m). In every case the LE is a periodic function of f,
with a period AF, and its amplitude depends on the effective
reduction of the echo peak-value (p). The results are shown
in Fig. 2 (a), (b), and (c), where the mean value of LE has
been evaluated in one period (AF).

For non-dispersive propagation, although multi-path prop-
agation causes frequency selective fading, the LE remains
zero as shown in Fig. 2. Under dispersion, the worst case
is found when the source is very close to one of the cable
ends (L1 = 5m, Ly =295 m, with AF = 17.5 MHz). In this
case, shown in Fig. 2(a), both the echo and the direct signals
reach the far-end with approximately the same shape (peak-
value and pulse-width), and very close in time (57 ns in this
example). Dispersion is dominant and severely degrades the
location estimate.

For the situation evaluated in Fig. 2(b), the resulting echo
signal is distanced 0.47 us in time (equivalent to a AF =
1.75MHz), and it is dispersed and attenuated more than the
direct-path signal. Although the effect of dispersion is still
dominant, the degradation can be considered to be acceptable
for most cases.

Finally, Fig. 2(c) shows that the LE is negligible for PD
sources located in the middle of the cable. In this situation the
echois highly delayed (1.71 us, yielding to a narrow coherent
bandwidth 0.58 MHz), and attenuated with respect to the
direct-path signal. In this situation the reflection coefficient
r is dominant, but its impact on the LE is negligible.

Fig. 2(d) shows the reduction of the peak-value of the echo
signal, relative to the peak-value of the main (or direct) signal
due to attenuation and dispersion. This reduction has been
evaluated for a reflection coefficient » = 1 (the echo-signal is
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FIGURE 2. Effects of dispersion and multi-path propagation. Subplots (a),
(b), and (c) draw the mean value of LE versus the reflection coefficient r
for configurations Ly + L,: (a) 5m + 295 m, (b) 50 m + 250 m, and

(c) 150 m + 150 m. Subplot (d) shows the reduction of the PD pulse
peak-value due to attenuation and dispersion, expressed as the peak
reduction of the echo signal with respect to the direct signal (the initial
pulse deviation is oy = 10ns, and the attenuation constant

ag =4x 103 m™).

fully reflected). Fig. 2(d) shows that, for a PD source located
at L1 = 100m, the peak-value of the echo is reduced with
respect the direct-path signal 7 dB due to attenuation, and 3,
2.4, and 0.4 dB due to dispersion, depending on the > x L
product.

IIl. LOCATION TECHNIQUES

The following subsections revise three well-known methods
used to estimate the difference between TOAs (At). We will
focus our attention on the double-ended based location meth-
ods, that require both signals to be synchronously captured.
Distance L; or L, (see Fig. 1) can be derived by measuring
AT, as it has been shown in the previous section. At can be
measured in the time or the frequency domain.

A. TIME DOMAIN CROSS-CORRELATION (XC)

The discrete XC function Rj»(k) is defined in equation (15),
where x| (k) and x» (k) are the discrete-time sequences of x1 ()
and x(t), respectively. In a lossless and distortion-free cable,
the PD pulse will correlate with itself but not with other
independent noise sources. Thus, R12(k) reaches a maximum
at At, when both signals are best aligned [14].

1
Rip(k) = ) x1(m) xa(m + k) (15)

m=0
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The effect of wide-band thermal noise is negligible because
it is concentrated at the origin in the XC function, where
there is no location information. However, distortion, both in
amplitude and phase, multi-path propagation, and other noise
sources impact the XC function differently, thereby affecting
the estimation of the time difference.

B. FREQUENCY DOMAIN PHASE-INCREMENT (PI)
The phase-increment (PI) between two delayed signals is
proportional to the time difference At as shown in (16).

A X (w) — £X1(w) = —wAT (16)

This well-known Fourier transform property is exploited
to estimate At. This technique is less influenced by cable
dispersion and attenuation, but it is sensible to the phase shift
introduced by the load impedance. In the presence of wide-
band noise, it is critical to select the frequency range where
signals have a good SNR value [13].

Using a discrete Fourier transform of M frequency com-
ponents, the phase increment A9 (m) between the near- and
far-end sequences x(k) and xp(k) is written in (17), where m
denotes the frequency component index. In this article, the PI
method estimates At by means of a first order interpolation
of the phase increments A6(m) at those frequency compo-
nents that exhibit a significant magnitude.

AO(m) = =27 m At /(Ts M) (17)

C. ENERGY CRITERION (EC)

The EC method is based on the computation of the energy-
based function of a sequence of N samples x(k), as shown in
equation (18), where the first term is the partial signal energy,
and the second term is the total signal power. The global
minimum of the EC function coincides with the TOA, and
it is independent on the noise level [13], [27].

k N
EC(k) = Zx(m)2 - 1% Zx(m)2 (18)
m=1 m=1

IV. SIMULATION RESULTS

A. SIMULATION PROCEDURE

Simulations have been carried out to validate the analy-
ses performed in the previous section, using the reference
model of Fig. 1 with typical parameters of a medium voltage
cable.

PDs are generated according to the model detailed in [29],
where an asymmetric pulse is obtained by means of the
summation of a set of gaussian functions. The resulting PD
full-width at half-maximum is 19 ns (equivalent bandwidth of
By = 46.45 MHz). This pulse is propagated towards the cable
ends, traveling L1 meters to the near-end and L to the far-end.
The propagation model proposed in [23] was tuned with an
attenuation constant g = 4 X 103m™L, a delay constant
B1 = 5.7ns m~!, and a dispersion constant 8, that depends
on the dispersion case. In the case of multi-path propagation,
an echo signal that propagates from the near- to the far-end
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was added to the direct-path signal that reaches the far-end
cable.

The same additive white gaussian noise power was added
to the signals at both cable ends, yielding to different
SNR values, SNR; and SNRj, for the near- and the far-
end, respectively. The acquired signals were low-pass fil-
tered using a FIR filter with a 3dB cut-off frequency
of 40 MHz.

The three location techniques described in the previous
section have been modeled. For the PI method, the phase
increment is computed for the first 400 components for Sy x L
equal to 0 and 20 nsZ, 200 components for 100 nsZ, and 40
components for 500 ns?, out of the 16814 available compo-
nents provided by the Fourier transform. The slope of the PI
is calculated by a first-order interpolation.

The location techniques provide a time difference At that
is converted to an estimation of the PD source location Zz,
resulting in LE, as written in (7) and (8), respectively.

We use the following figures of merit to measure the
accuracy of location techniques:

— the detection rate for a location error less than 1m
(DR@1m) is the ratio of the number of PDs that have
been detected with a LE magnitude smaller than 1m,
out of 1000 simulated PDs. It is plotted versus the SNR.

— the root mean squared (RMS) value of the LE evaluated
for SNR, = —4 dB, and SNR; = 6dB.

B. SIMULATION RESULTS UNDER DISPERSIVE
PROPAGATION

The reference diagram of Fig. 1 has been used with
Ly = 50m, and L, = 450m. The DR@ 1m versus SNR is
shown in Fig. 3 for the location techniques under study, and
the scenarios detailed in Table 1. Also, the RMS-LE is shown
in Table 2 for two SNR; values. An analysis of these results
is made in the following subsections.

1) XC METHOD

White noise increases the background level of the XC func-
tion, but it is necessary a great amount of noise to mask
its maximum. The XC method requires an SNR; as low as
—8 dB to achieve a DR of 90% for a non-dispersive scenario,
as shown in Fig. 3(a). These simulation results confirm that
the XC method is the best choice for low SNR.

Dispersion makes PD pulses wider in the time domain and,
as a result, the XC function presents a flatter shape. Thus,
less noise is required to mask its maximum. This effect is
especially visible for > x L = 500ns?, where the DR is
clearly degraded (an SNR, = 18 dB is required to achieve a
DR of 90%).

In terms of RMS-LE, XC seems to be the only suitable
method to perform PD locations in a very noisy and dispersive
environment. The XC method has an RMS-LE of roughly
3m for SNR, = —4dB in the worst dispersion case, and
improves up to 1.25 m for SNR, = 6 dB. The LE is negligible
for the other dispersion cases.
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FIGURE 3. Simulation results for dispersive propagation. DR@1m versus SNR at the far-end (SNR;). Three location methods have been
simulated: (a) XC, (b) PI, and (c) EC. Dispersion scenarios are specified in legends.

TABLE 2. Simulation Results for Dispersive Propagation: RMS-LE
Evaluated in Two SNR Values at the Cable Far-End.

XC: RMS-LE

B2 x L SNRy = —4dB  SNR; = 6dB
Ons? 0.12m 0.04m

20 ns? 0.15m 0.08m

100 ns? 0.39m 0.16 m

500 ns? 3.14m 1.35m
PI: RMS-LE

B2 x L SNRy = —4dB SNR; = 6dB
Ons? 50.7 m 5.00 m

20 ns? 51.3m 7.31m

100 ns? 42.6m 4.04m

500 ns? 37.6m 4.59m
EC: RMS-LE

52 x L SNRy = —4 dB SNR2 = 6dB
0ns? 20.4m 0.21m
20 ns? 8.3m 0.83m

100 ns? 16.0m 4.06 m

500 ns? 20.8m 12.7m

2) PI METHOD

The PI method is more sensitive to white noise than the other
location techniques under study. This is due to white noise,
which is Gauss-distributed in the time domain, becomes
Rayleigh-distributed in the frequency domain. Therefore,
the phase of the PD signal in the frequency domain is con-
taminated by a random component uniformly distributed in
4 owing to noise.

The PI method is also extremely sensitive to the number
of spectral components used to perform the location esti-
mation. As propagation attenuates higher frequency com-
ponents, the SNR decreases in these components. For
example, the PI method exhibits better performance for
B> x L = 100ns? (see Fig. 3(b)) than for g, x L = 20ns?,
because the bandwidth used to perform the location in the
former is smaller (12.1 MHz) than in the latter (24.2 MHz).
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Dispersion reduces the signal captured bandwidth,
decreasing the SNR in a significant spectral interval. As a
result, the accuracy of the PI method is deteriorated. Fig. 3(b)
show that, to achieve a DR of 90%, the PI method requires
7dB for non-dispersion or low-dispersion, about 11 dB for
the moderate dispersion case, i.e., B2 x L = 100 nsZ, and
24 dB for the worst dispersion case.

In terms of RMS-LE, the results of Table 2 show that
an SNR, = 6dB is too low for the PI method to provide
acceptable accuracy.

3) EC METHOD
Dispersion produces an asymmetric spread of the pulse: the
PD pulse that reaches the far-end is wider than the one that
reaches the near-end. Therefore, the minimum of the EC
function, i.e., the TOA, is shifted a different time at each end.
Simulation results of Fig. 3(c) show that this method is
only valid for non- or low-dispersion scenarios. In these
cases, the EC method can provide an acceptable LE. For
example, Table 2 shows that the EC reaches an RMS-LE
smaller than 1 m for SNR, = 6 dB.

C. SIMULATION RESULTS UNDER

MULTI-PATH PROPAGATION

Now, the scenario of Fig. 1 with Ly =495m, and L; = 5m,
is used to perform simulations in order to evaluate the impact
of multi-path propagation on the location accuracy.

An echo is generated in the near-end with a reflection
coefficient » = 0.9. Thus, the echo signal arrives at the far-
end 57ns delayed (AF = 17.5MHz) with respect to the
direct signal. As mentioned above, this is a hostile situation
because both signals, echo and direct signal, reach the far-end
with approximately the same shape and very close in time.

Two dispersive scenarios have been simulated under gaus-
sian noise conditions: no dispersion (B2 x L = Ons?)
and moderate dispersion (82 x L = 100ns?), both shown
in Fig. 4. According to the theoretical analysis previously
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FIGURE 4. Simulation results for multi-path propagation: DR@1m versus SNR at the far-end (SNR;). Three location methods have been

simulated: (a) XC, (b) PI, and (c) EC.
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FIGURE 5. Histograms of LE in muti-path scenario for some SNR of
interest in two dispersion scenarios. Dark color: no dispersion. Light
color: medium dispersion. Location techniques: (a) XC, (b) PI, and (c) EC.

presented, in absence of noise, zero LE is expected for non-
dispersion, and about half a meter for f; x L = 100 nsZ.
In addition, Table 3 shows the RMS-LE for two SNR» values.

The histograms shown in Fig. 5 show the effects of dis-
persion and multi-path propagation in the location algorithms
under study. The following subsections analyze these results.

1) XC METHOD
Multi-path propagation makes the XC function to exhibit
several peaks. If only one echo is considered, the XC function
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TABLE 3. Simulation Results for Dispersive Multi-Path Propagation:
RMS-LE Evaluated in Two SNR Values at the Cable Far-End.

XC: RMS-LE
r Bax L SNRy =—-4dB SNR; = 6dB
0 Ons?2 0.12m 0.04m

0.9 O ns? 2.70m 0.88m

0.9 100ns? 3.60m 0.62m

PIL: RMS-LE
r Bax L SNRy =—-4dB SNR; = 6dB
0 O ns?2 50.7m 5.0m

0.9 O ns? 74.1m 23.6m

0.9 100ns? 68.7m 36.0m

EC: RMS-LE
r Bax L SNRy =—-4dB SNR; = 6dB
0 O ns?2 20.4m 0.21m

0.9 O ns? 52.1m 0.58 m

0.9 100ns? 37.5m 7.46 m

will exhibit two peaks. If both, the reflected signal and the
noise power are intense enough, the maximum of the XC
function will be found at the echo position, rather than at the
correct one. The histogram of Fig. 5(a) confirms these two
location estimations.

The degradation due to multi-path propagation and noise
is shown in Fig. 4(a). For higher SNR values, the XC method
provides an accurate location estimation (RMS-LE= 0.88 m
for SNR, = 6dB), as shown in Table 3. To achieve a DR of
90% for multi-path propagation, 3 dB of SNR; are required
(—8dB in the absence of echo), and, unexpectedly, 2dB
under dispersion, because it reduces the peak value of the
echo signal.

Fig. 5(a) shows that dispersion also spreads both signals.
The combined effects of dispersion and multi-path prop-
agation produces a displacement in the LE histogram of
the peak initially located at LE= 0 (theoretically 0.5 m,
as shown in section 2). The RMS-LE for high SNR confirms
this LE.
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2) PI METHOD

Multi-path propagation is responsible for degrading the per-
formance of the PI method, as shown in Fig. 4(b). In terms
of SNR, this degradation is equivalent to 12 dB. To achieve a
DR of 90%, an SNR as high as 22.5 dB is required for non-
dispersion. This DR cannot be achieved for the dispersion
case under study.

The histograms shown in Fig. 5(b) exhibit several peaks
at multiples of the echo location due to the periodic nature of
the derivative of the phase function €2 under multi-path condi-
tions. The histogram is clearly deteriorated due to dispersion,
that shifts the peak initially located at LE = 0 m, with non-
dispersion, to somewhere around LE = —2m. In addition,
this peak is spread due to dispersion.

3) EC MEDTHOD
The simulation results of DR depicted in Fig. 4(c), and the
histograms of Fig. 5(c) show that EC method is insensitive to
multi-path propagation. In terms of RMS-LE, the EC method
outperforms the XC method for non-dispersive multi-path
propagation.

Simulations also show how the histogram of the LE shifts
to a non-zero LE owing to dispersion.

D. DISCUSSION OF RESULTS
Some conclusions can be drawn from the simulations carried

out in previous subsections:
1) The XC method is very robust to noise, providing good

location accuracy even under high noise conditions. The
PI method is especially sensitive to noise and it should
be avoided when high noise is expected. Finally, the EC
method shows intermediate performances concerning
noise.

2) The PI method is extremely sensitive to the number
of spectral components used in the computation of the
phase increment. Then, when this method is used, espe-
cial care is required to select the most appropriate signal
bandwidth.

3) The XC and PI techniques can correctly locate PDs
even under severe dispersion conditions. On the other
hand, the EC method is highly sensitive to dispersion,
and it should be avoided even when a moderately high
dispersive medium is expected.

4) EC is the only location method which is insensitive to
multi-path propagation, but its results hardly compare
with those of the XC method.

As a summary, at least under the conditions of this study,
the XC method outperforms the rest of techniques under
study in nearly every case, including high noise conditions,
dispersion and multi-path propagation.

V. CONCLUSION

In this article a new theoretical framework is proposed to
understand the impact of propagation on the accuracy of
traditional PD location methods. A new expression for the
difference of TOAs is proposed that include both, the cable
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dispersive behaviour and the effects of multipath propagation
represented by one echo signal. This expression shows that
the difference of TOAs, used to estimate the location of the
PD source, depends linearly on the frequency because of dis-
persion. This dependence becomes non-linear for multi-path
propagation. In addition, dispersion reduces the bandwidth of
the PDs measured at the cable ends.

The location error in three dispersion scenarios, as well
as the worst-case due to multi-path propagation, has been
studied for three location methods based on cross-correlation,
phase increment, and energy criterion. Simulation results
show that the first method outperforms the rest under high
noise conditions, even when propagation is affected by
dispersion and multipath.
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