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Wavelet-based Echo Identification in Time Domain
Reflectograms
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Abstract— The automatic interpretation of reflectometry traces This system identification problem can be investigated
to identify twisted-pair loops can be considered a pattern through the analysis of Time Domain Reflectometry (TDR)
recognition problem. Thus, any loop make-up algorithm must  eaqrements using an algorithm that is able to extract and

firstly extract features from the reflectogram before starting a | inf tion f flect This i b
classification process. This paper focuses on feature extraction analyze Intormation from a retiectogram. IS ISsue can be

through the echo identification on time domain reflectometry @ISO considered as a pattern recognition problem and is com-
(TDR) measurements, which are analyzed by a multi-scale edge monly composed by two stages: tlieature extractionand

detection wavelet approach that identifies all singularities in a classificationof parameters. The first stage selects the relevant
reflectogram and relate them to theirs respective echoes. FIom jntqrmation from the measured data, while thlassification
echoes, it is provided an approximation for an auto-regressive - .
TDR trace model, furnishing features for classification. uses that CharaCte_”St'CS eXtr"’.‘CFed by preVIqus stageowseh
the best hypothesis for describing the physical systeml]n [
and [2], it is proposed a TDR-based solution for loop make-
up. In that paper, reflectograms are analyzed by an iterative
algorithm based on identification of each loop section tghou
I. INTRODUCTION the comparison of intervals of measured and simulated TDR
A telephone subscriber line or simplpcal loop is a traces using maximum likelihood. However, little accurate
single-user circuit on a telephone communications systeéfformation is supplied about how these intervals (feature
that consists of a metallic twisted-pair network link beswe can be extracted.
a customer and a telephone Central Office (CO). With theln [3], is presented a feature extraction algorithm for a
growth of high-speed Digital Subscriber Line (DSL) accedgansfer function estimator previously reported in [4].that
subscriptions, the demand in the telecommunications tngluspaper, the one-port scattering parameter is firstly meesoye
for equipments and methodologies to accurately predict D®eans of a network analyzer directly in the frequency domain
access performance over local loops increased. In thigxpntlike in [4], and after is obtained the time domain counterpar
single-ended line tests (SELT) using reflectometry teaesq of the scattering parameter. The method relies in the aisalys
are among the most commonly used methods for locatiff the first and second derivatives of the one-port scatierin
faults and discontinuities on metallic wires. parameter in time domain by a set of “maximum-minimum
SELT measurements require that the test equipment is justies” in order to identify attributes of reflected pulsesieT
one port of the loop (usually in the CO). Therefore, this typ@ethod presents good results, but in the presence of nbise, t
of methodology is less time consuming and expensive thefe of derivatives can sometimes be problematic. In [3§, ithi
double-ended tests. On the other hand, SELT demands m@yeided through the use of average of several measurements.
in relation to noise level at the receiver since the testadign  This paper is also focused on feature extraction stage, but
have to propagate a complete round trip of the loop. So, ittlrough reflection, or simplgchgq identification on measured
desirable to have an automatic single-ended testing tgolni TDR traces. The goal is to obtain the locations of edges of
that could be able to accurately identify any subscribepsoo overlapping and non-overlapping echoes in the reflectogram
topology. relating each edge with its respective echo. In this context
The ability to accurately qualify local loops allows telebased in [7], the reflectogram is modeled as a sum of echoes,
phone companies to improve the performance of its servic#gere, although the resulting signal is smooth, it exhieits
and offer new ones, or define if these services may or r@gcontinuous change between echo structures. Such change
be available to customers. The system performance analyaie in fact irregularities in the trace, which carry key imha-
requires accurate prediction of the local loop topology, tihe  tion.
estimation of the number of loop sections, the gauge of eachAn attractive mathematical tool for analyzing singulasti
section, and the location of gauge changes and bridged tapgd irregular structures is the wavelet transform, which ca
characterize the local regularity of signals [5],[6]. Thitsis
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nique for detecting, locating and identifying echo edges iifpﬁ”(f) takes into account the reflection coefficients and,
TDR traces. Four examples of application of the developéor real echoes, is equal to reflection coefficient of tte
technique are depicted in Section IV. In this section, itveg  discontinuity p ().

special attention to approximation of the reflectogram rhode The spurious echoes can be expressed in the same way by
resulting of wavelet-based echo identification algorithi.

nally, in Section V, the final considerations about the athar el = s(t) « B9 (1) (4)

are made. and

Il. ECHOMODELING
A TDR trace is composed by a set of echoes which can beH! (f) = F [hgj) (t)} = Kr(NHEpD (HED(f). (5)
classified ageal and spurious echoesA real echo is the first

reflection from a loop discontinuity and, theoreticallyntains . . .
all information needed to detect, localize and identify die generates a real echo is estimated from the computatioreof th
' round-trip delay timeT,f” of the ith real echo by using

continuity that generated it. Spurious echoes are definedl as
echoes caused by successive reflections, which do not tadica 0
directly the presence of discontinuities. Spurious echoids 40 = 2
suffer more attenuation as time travel increases into the li . 2
until arrives at the source. However, this kind of echo musthere TT(’) is obtained by the difference between time of
not be neglected because some of these spurious echoesacaval of the echo on the input port and the reference time
reach the source before the real echoes and, sometimes, ftieye of arrival of ¢(®(¢), ¢) and v, is the velocity of
can be stronger than real echoes. propagation of the signal in the line.

Thus, if there areN discontinuities in a given loop)N In addition, for subsequent development of this work, the
real echoes will be generated for an input sigs@l, while following basic assumptions are adopted [8]:
a theoretica”y |nf|n|ty number of SpuriOUS echoes will be 1) The input Signalg(t) is a wideband rectangl_"ar pu|se;
generated [7]. In this way, the TDR trace can be expressed) The propagation channel, the copper loop twisted pair,

The distancel from the source to théth discontinuity that

(6)

as an infinite-order autoregressive model, which is given by is approximately a time-invariant linear system [9];
N . 3) The number of real echoe¥ in the reflectogram is
r(t) =e® (t—£0) 4 3 el (t - 5@) unknowna priori and remains unchanged at least the
o i=1 Q) twisted pair is modified; and
+> e (t — gg”) + n(t), 4) Each echo structure in the reflectogram is smooth, but
J=1 is also irregular and exhibits discontinuities at its edges

wheree(©)(t) is the echo generated by impedance mismatchAs a result of those assumptions, the signal crossing the
in the connection between source and loop that reaches ib@p will conserve some characteristics of the input signal

source in€©@; ¢!V (¢), with i = 1,2, ..., N, is theith real Each echo, as well as the input signal, will be composed by
echo generated bith discontinuity that reaches the source i@ rise edge and a fall edge whose interval of time defined
ey 9 (1), with j = 1,2, ..., 00, is the jth spurious echo between them is approximately the same to the width of the

S

and ¢’ is the time of arrival of thejth spurious echo at inPut pulse. Thus, the “echo interval” is defined as the irster

the sourcen(t) represents the effect of noise that, in thi§etween time of arrival of a given echo on the input port of the
paper, will be considered like an Additive White GaussialfOP (rise edge) and the time that the echo starts to digsipat
Noise (AWGN). In [7], is represented as the valueidiom (fall edge).

N +1. However, in spite of this representation try to introduce !n this way, since the reflectogram is defined as an analytic
the concept of dependency between spurious and real ech#éaction, given by (1), and the echoes can be considered
it can also induce to the false idea that the spurious echd@ggular structures, the rise and fall edges are chaiaeter

always occur after all real echoes reach the source. by isolated singularities. Hence, since the objective @ th
A real echoe!” (t) can be expressed by [7] feature extractionstep in the subscriber loop make up from
TDR measurements is to detect and estimate the location
e (t) = s(t) * KO (t) (2) of the echoes in reflectogram, it can be reached through

, characterization of the singularities in the TDR trace.
wherer" is the echo path impulse response. In the frequency

Singularities are points at which a given mathematical
HY(f)=F {hﬁi) (t)} = KO (HKpD(f)ED(f) (3) object, as a signal, is not defined, or it fails to be well-
4 behaved in some particular way, such as differentiability o
where Eﬁ”(f) is the transfer function of the echo pathcontinuity. Singularities and irregular structures are@xely
from the source to theth discontinuity and back to theimportant in signal processing, where they often carryrtisle
source,KTﬁ)(f) is the term that takes into account all thenformation about the function. The feature extractionibem
transmission coefficients preceding tith discontinuity, and presented here can be viewed as an edge detection problem
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in a signal. This section shows that the singularities of B. Singularity Analysis and Echo Identification

reflectogram can be detected and characterized through the

analysis of the modulus of its Continuous Wavelet Transform For echo identification purposes, the local extrema ap-

(CWT). proach, which corresponds to Canny [10] edge detection in
particular case wheré,(t) is a Gaussian function, has some

A. Multi-scale Edge Detection from Wavelet Transform  @dvantages in relation to zero-crossing detection. Thalloc

. extrema can be both positive and negative peaks over the
In reflectometry, since the reflectograms are generally can-

. : L . Inflection points. Positive peaks are related to variatifvos
tinuous and without eccentricities, the edge detectiortgss . . .
lower amplitudes to higher ones and, conversely, negative

is equivalent to the detection of inflection points or singu- aks are related to variations from higher to lower amyitu

o . . e
larities. To illustrate the relation between CWT and ed : . . .
R i . ) , e zero-crossing approach does not immediately retum thi
characterization, a smoothing functidtit) is defined as a . .
|g{ormat|on.

function whose integral is equal to 1 and converges to 0 o )
infinity. Let 6(¢) be equal to a Gaussian function and twice !t 1S important to note that, differently from Canny algo-

differentiable. Thus, it can be defined the following fupat; fithm, in CWT approach is not necessary set the scale that
better approximate the solution. The CWT allows evaluate

“(t) = do (t) 4 wh () = d?0 (t) @ all variations along the scales. The location and featufes o
v e " ¥ T de? a detected singularity is determined by analysis of tremds i
By definition, v (t) e v*(#) can be considered to be®ach scale.
wavelets because [6] Thus, it can be defined the following propositions:

oo oo 1) Singularities or inflection points, in a reflectograift),

/ Y (t)dt =0 and / PP (t)dt = 0. (8) correspond to edges of the echoes. Consequently, the

e . echo edges can be acquired frorft) by picking the

local extrema of its wavelet modulus in (12) for each

scale;

The kind of edges — rise or fall — can be characterized

by sign of the local extrema in CWT modulus;

3) All echoes in the reflectogram have the same time length
of the input signal.

The CWT is computed by convolution of the signal with a
dilated wavelet. Thus, the CWT of the signdk) computed 2)
with respect to the wavelat*(t) is given by

Wer(t,s) =7 (t) = ¢S () )
where From the first proposition, basically, the method for de-
1 _ tection and estimation of singularities in a TDR trace =lie
Ys (1) = ﬁlﬁ <> ; (10) on fact that a singularity in a signal cause a disturbance on
_ the amplitudes of the energy density function of the CWT,
andy means the complex conjugate©f and the scale factor called scalogram by creating large amplitudes on wavelet

s can be set to the dyadic scales-=27,j =1,2,..., J. coefficients generating a kind obne of influencef this point.
The same can be defined with respect/tqt): The singularities are detected by finding the abscissa where
. ) wavelet modulus extrema converge at finest scales [5].
W2f(t,s) = () x4 (1) (11) Once the singularities were detected, it is now necessary
It can be derived that to relate the features of these singularities to edges of the
echoes and determine which set of singularities correspmnd
do, (t) d each echo. In according with proposition 2, rise and falleedg
Weef(t,s) = f(t)* [s 2 } =s—[f()*0:(t)] (12) can be identified by wavelet analysis. Positive peaks on CWT
dt dt - . . o B
indicate rise edges, whereas negative peaks indicatedigdiss
and as illustrated by Figure 1 for a payft(t) of a reflectogram.
On the other hand, just identifying the type of edges in a
b o d%0 (t) 5 d? reflectogram is not sufficient to identify the echoes. In TDR
W2f(t,s) = f(t) * {5 dtQ] ) [f @) *0s ()] traces, it is possible to have reflectograms where one or more

(13) echoes are mixed, as illustrated in Figure 2 for a funcfion

It is shown in [6] that the CWTs defined by Equations (12)btained from a reflectogram of a&6length loop. In cases
and (13) are, respectively, the first and the second der#vatiike that, it is necessary to add another parameter to decide
of the signal smoothed at the scale The local extrema which edges define each echo in a reflectogram. In this respect
of Wef(t,s) correspond to the zero crossings 16 f(¢,s) the proposition 3 gives us an important common feature among
and to the inflection points of (¢) = 6(t). When the scale echoes that can be used as a parameter to generate a decisior
s is large, the convolution witlds(t) removes small signal rule in the echo identification. Thus, it is sufficient to stle
fluctuations; it, therefore, only detects the sharp vaati as “echo interval” the pair of singularities that generates
of large structures, i.e., only those modulus maxima or zensinimum square error between the time interval of the pair
crossings that propagate to coarser scales are retained. and the width of the input pulse [8].
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V. EXAMPLE OF ECHO IDENTIFICATION and environmental noise, represented in Equation T.(ay.
. . . s . However, we only want to identify one of them as an echo
In this Section, some echo identification results using tré ge. In this way, it is adopted a noise filtering method based

wavelet-based echo identification algorithm are present% Discrete Wavelet Transform (DWT) proposed by Donoho

First, the TDR traces are measured by means of a d|fferea{h-d Jonhstone in [11] and [12]. The principle of the wavelet

tial TDR setup. Figure 3 illustrates a block diagram of thge—noising is to identify and remove the elements in each

T[.)R ;etup. Thglobjectwe Is to Increase the common MOf8efficient of the DWT of the signal that probably contain
rejection capability of TDR and to improve the connectloghe most part of noise and, in the follow, calculate the isger

betvyeen the source and the loop using differential Iorob'nISWT of the "cleaned"wavelet coefficients to obtain a denoised
Basically, a pulse generator sends, on each output Chan%fg!hal
i .

two synchronized and unbalanced rectangular pulses with

same width and maanitude. but opposite sianals. How the The use of this method is justified by the fact that the
9 ’ PP 9 ' éﬁergy of the TDR signal is more concentrated in some scales
pulse generator channels use BNC connectors, convert 1S

represented by the squares A and B, are used to transp réguency ranges) than in others which is different froris@o

Se . .
e . NSPE is spread along scales. It is important to note that the
the BNC output to the “tip-ring”connection. The two wires P g P

of the pair under test are connected to signal conductorsdJeSire{j signal contains important features well localized
b . g tarrlne and distributed on the scales. In addition, the wavelet
A and B, whereas the ground wires on A and B are shorte

. ) . coefficient related to the low frequency information congai
A digital oscilloscope is used to measure the echo respo d y

. . . . & most part of information about the shape of the TDR
and the resulting TDR trace is obtained by difference bemNe?race and is not significantly immersed in noise. Therefore,

tracgs Fietected by chgnnels Chi 'and Ch2.' this coefficient was not “denoised”.
It is important to point out that in the neighborhood of an Now, let it considers the topology illustrated in Figure
edge on the raw TDR measurements there may be many poiilts '

; . i . , where a single serial loop of length has just two
where the signal s changing rapidly due to measurement eMfscontinuities: the point number 1, which represents the

impedance mismatch between the TDR equipment and the

10 loop; and the point 2, which is the open termination of the
f o loop. Consequently, the correspondent TDR trace has just tw
ol real echoes. The flr_st is the equivalent to the teffi(t) in _
05 w w w w w w w w w (1) and the second is due to the end of the loop. The spurious
Wiu,29) D"’AAJ\‘“*H\/JAii echoes are consecutive to these echoes.
08 e e Bn 1m0 120 1200 1630 1830 2000 From Figure 5 to Figure 8, four denoised TDR measure-
° ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ments are shown for a probing signal of 10V of amplitude
wiw.2) © and 1.17us of pulse duration. These figures show results for

;Zo 2(:)0 4(1)0 e(:)o 8(:)0 10100 12100 14:00 16:00 18:00 2000 the topology represented in Figure 4 with= 50m, 100m,
ez o 500m, and 1000m, respectively. In all cases, the wires had
' N ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.5mm of diameter. The reflectograms in Figure 5 and Figure
o) %0 40 600 80 1000 1200 1400 1600 180 2000 G are examples of traces with mixed echoes, whereas Figures

Wi(u,2%) OF——— — S —
_50 . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600 1800 2000 Enl P wl
Channel 1 A 1%
Fig. 1. CWT of signalf(t) at scale’, 5 =0, 2,4, 6. Pulse Loo
Generator P
Channel 2 B bl o O
20 il N hd
w2
fo o
~20 . . . . . .
0 1000 2000 3000 4000 5000 6000 7000
0.5 T T T T T T
Wi(u 20) 0 M\/—\/— Chl Ch2
~05 . . . . . . Oscilloscope:
0 1000 2000 3000 4000 5000 6000 7000
2 : 8 ; 8 ; : TDR trace = Chl - Ch2
2,
WFu,29) o M\\/,vf

-2 I

2000 g 200 o pon 7000 Fig. 3. Schematic diagram of the TDR differential configwmatused to

10 ‘ ‘ ‘ ‘ measure the test loops.
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Fig. 2. CWT of a reflectogranf(t) obtained from &500m-length loop at Fig. 4. Loop topology consisting of a single serial sectionreected in the
scales2?, j = 0,2,4,6. TDR equipment through the point 1 and terminated in the point 2.
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Fig. 5. Echoes identified in a TDR trace off@m-length loop. Fig. 7. Echoes identified in a TDR trace of5@0m-length loop.
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Fig. 6. Echoes identified in a TDR trace of1&0m-length loop. Fig. 8. Echoes identified in a TDR trace ofl®00m-length loop.

7 and 8 others are reflectograms with non-mixed echoes. the termsh()(t) as system parameters. The discrimination
In all tests, it was used the first derivative of Gaussid?etween real and spurious echoes can be done by analysis
wavelet along with dyadic scales= 27,j =0, 1,2, 3,4,5,6, explained in Section Il. However, finding the values of the
in the echo identification algorithm. The identified echoe®ystem parameters and the relation of them with the topology
are delimited by different pairs of markersl representim t|S a function of the next Step of the algorithKﬂaSSification
detected singularities, in each figure.
In fact, through the identification of the echoes, the algo- V. FINAL CONSIDERATIONS
rithm shall obtain an approximation of the reflectogram nhode In this paper, the feature extraction problem in pattern
presented in (1). As a consequence, after identificatigrgdfi  recognition for loop makeup identification by TDR measure-

be rewritten as ments is addressed. Specifically, this work formulates the
echo identification task in a TDR reflectogram as a feature
r(t) =e® (t — 5(0)) L (t—em extraction problem involving singularity detection andadc-

1e® (1 — @) g M) (4 — D) (14)  terization. It introduces a multi-scale edge detection eletv
approach to identify all singularities that occur in reflec-
where M is the number of main echoes (echoes with signifegrams and relates them to their respective echoes. Hence,
icant level of energy) and®, with i = 0,1,2,..., M, is the once the algorithm identifies the echoes, it also provides an
time of arrival of the eche(¥. It is also possible to rewrite (1) approximation of the auto-regressive TDR trace mathematic
as the sum of convolutions between tiie echo path impulse model using the impulse responses of the echo paths like
responséz&‘) and input signak(t) shifted by£(®, as given by model parameters, supplying features for classification.
Other contribution of this work is the ability of the propdse

r(t) = hO (t) % s (t _ g(o)) + M (#) s (t _ 5(1)) algorithm to identify echoes both in reflectograms with ndixe
TR (1) x5 (t — 5(2)) 4 (15) echoes and with non-mixed echoes due to decision rules
based on assumptions about the linearity of the subsciiter |

In conclusion, the expression in (15) results in an ap- In addition, although the proposed algorithm has been
proximate model structure for the TDR reflectogram usingpplied specifically to TDR measurements, this methodology
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could be adapted to analysis of any signals with transient
features. Other research lines in reflectometry can be davor
with the utilization of this tool, like applications that @igze
impulse response, scattering parameters and transfetidanc
curves to extract features for pattern identification in @plo

The next step of this research is the development of a
complete pattern identification technique through the Heve
opment of a classification tool. This tool shall take advgata
of the features wavelet-based echo identification algorii-
troduced in this paper to infer about the topology of sulbxsri
loops.
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