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Loop Makeup Identification Via Single Ended
Testing: Beyond Mere Loop Qualification

Stefano GalliMember, IEEEand David L. Waring Senior Member, IEEE

_ Abstract—Digital subscriber lines (DSLs) offer carriers the pos-  such as nonloaded loops, or carrier serving area (CSA) loops.
sibility of exploiting the existing loop plant to deliver high-speed Today, the need to be able to “qualify” a loop for provision of
data and voice services. However, before deploying DSL, local 56 of these technologies is becoming critical, as the technolo-

loops must be tested in order to see whether they can support _. . s -
service, and at what level. In fact, there are many impairments gies emerge and deployment begins. The ability to easily and

that could disqualify a loop for supporting DSL services: load accurately qualify loops will allow telephone companies to offer
coils, excessive loop length, bridged taps, and wideband noise.a whole range of new services; converse problems and high ex-
Single-ended automatic qualification is essential for achieving penses associated with qualifying loops can potentially inhibit
!owt;c?kst dedplgyment of .DS'-l' since |thallows loops to be quallfr:ed deployment and/or lower or forego associated new revenues.
in bulk and does not involve any human intervention at the . .
customer’s location. An even more ambitious challenge is to Th‘?re _are essentially three Ways_of (_:arrylr_lg out a loop pre-
fully characterize a loop, i.e., to identify its loop makeup. If it is dualification test: loop-record examination, single ended mea-
feasible to perform loop makeup identification via single-ended surements, and double ended measurements.
measurements with sufficient accuracy, then operators will benefit Loop records historically were kept on paper, called “plats,”
substantially because, besides qualifying a loop for DSL service, 5nq more recently are manually entered into a computer data-
this capability will allow the updating of telephone company b H h tered int datab th
loop-records. These records can in turn be accessed to support "f‘se' owever, eve_n w en en ere_ Into a database there are
engineering, provisioning and maintenance Operationsl Despite still problems associated with keeplng the records accurate and
its potential importance, the possibility of achieving loop makeup up to date. A preliminary survey performed by Telcordia Tech-
identification via single-ended measurements is not widely ad- nologies has determined that a significant percentage of existing
dressed in the current literature. In the present contribution and in loops have incomplete records and, moreover, the quality of the
a companion paper to be submitted, the feasibility of loop makeup information kept in completed reco,rds ma; n(;t always be reli-
identification via single-ended measurements is presented. P p Yy Y

able and up to date.

Double-ended measurements allow us to easily estimate the
impulse response of a loop by using properly designed training
sequences. However, this involves either the presence of a test

|. INTRODUCTION device at the far end of the loop, e.g., a Smart Jack, or dis-
HE UNSCREENED multipair cables in the existing Subpatch(;ng at:]ecthnlman to_th? subgtt;]rlaer S |fOC61tIOI’l (SL()j to m.St?kI]I
scriber loop network constitute the main access conn modem that communicates wi e reference modem In the

tion of telephone users to the telephone network. Recently, ﬁ%“.fa' office (CO). . .
§|ngle—ended tests require that the test equipment be at the

demand for new services such as data, image, and video ! )
A only and, therefore, are less time consuming and expen-

tremendously increased, and telephone companies have pla i O . N
to deliver broadband services via fiber optic local loops. How /€ than double-ended tests since no technician dispatching is
uired. On the other hand, single-ended testing is more de-

ever, the deployment of fiber optic cables in the access pla{ﬁﬂ ) . i . .
will evolve over many years. In the meantime, it is extremel anding of the noise level at the receiver since the test signals
important to fully exploit the existing copper cable plant. Dig- ave to propagate.a. complete round trip 9f the loop. Th? f(_aa-
ital subscriber line (DSL) technology was developed to explo re t.h",’u allows efﬁuent single-ended testing is the p03.3|b|llty
the embedded copper plant. Nowadays, there are many differ2gaining metallic test access to the customer’s line. Virtually

DSLs: ISDN basic access, high bit-rate digital subscriber Iin@g telephony equipment hasll-splitting metallic accesand

(HDSL), asymmetrical digital subscriber lines (ADSL) and verf connected to aetallic test busn_/hich terminat.es on a nar-
high rate digital subscriber lines (VDSL). owband test-head (e.g., mechanized loop testing, or MLT, de-

These services may not always be available to customers, }ﬁeel_oped by the Bell System) for performing voice band tests in

pending on the makeup of the copper lines. In fact, the capidpport of POTS service. By this means, a given subscriber loop
length and the presence of load coils and bridged taps be taken out of service and routed, metallically, to a central-

deeply affect the performance of DSL services. These technofed test head w,here single-ended measurements can be made
the customer’s loop. Currently, these techniques are useful

gies are engineered to operate over a class of subscriber I0($§s, . X .
r voice band services and were not intended for and do not

address the problems associated with broadband services.

Index Terms—Digital subscriber lines, time domain reflectom-
etry techniques, twisted-pair modeling.
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is often claimed that these solutions have the capability of de-The first problem is due to the fact that conventional metallic
tecting the presence and location of bridged taps. But, if mUFrDRs are not capable of detecting all echoes. In fact, con-
tiple bridged taps are present, it may be difficult or impossiblentional metallic TDRs cannot detect gauge changes and,
to exactly locate all of them. What can be induced is only thaoreover, have a serious range limitation that prevents them
cumulative effects of all the bridged taps. An ideal (and mofeom detecting echoes further than some number of kilofeet
ambitious) solution would be capable of determining the exaft) from the CO. This limitation is due to the presence of a
makeugtopology) of the loop, i.e., the number of loop sectionslowly decaying signal, caused by the distributed RLC nature
the gauge kind of all the sections, and the location of gaugéthe loop, that overlaps with and masks the echoes generated
changes and bridged taps. Precise information on the topoldyy impedance changes. The slowly decaying signal may be
of the loop implies loop qualification for DSL services: it allowsneglected when dealing with strong echoes, i.e., those generated
us to determine accurately the frequency transfer function of thg close discontinuities, but becomes manifest when weak
loop and, therefore, the possibility of determining the type amthoes, i.e., those caused by gauge changes or far discontinu-
quality of service (QoS) that the line can support. ities, are considered. To the best of the authors’ knowledge, the
Current DSL qualification techniques do not have the posgiresence of this slowly decaying signal has not been reported
bility of precisely determining the QoS of a line, for example iin previous literature and has never been compensated for in
terms of actual bit rate that can be supported. Rather, they ofteday’s TDRs. On the basis of the theoretical model developed
provide a simple binary answer to the question of loop qualifhere, it will be shown how to enhance the capabilities of a
cation. The loop makeup can be effectively used to calculate isnventional metallic TDR in order to be able to detect gauge
exact bit rate that a specific line can support. An even more phanges, as well as dramatically extending its range.
cise assessment of the quality of service that a specific line camhe second problem is that the available observations con-
support can be made if additionally precise information on thgst of an unknown number of echoes, some overlapping, some
crosstalk can be obtained, so that the usual peSSimiStiC assuﬂm; some Spurious’ some not, that exhibit unknown amp“tude’
tions of worst-case crosstalk can be avoided. For this purpoggknown time of arrival, and unknown shape. The resolution of
crosstalk identification techniques have been recently proposggth echoes via a single sensor (and not an array) is very compli-
in the literature [10], [11]. These techniques could be effectivebated and has seldom been addressed in the scientific literature.
combined with loop identification techniques to provide reliy, fact, to the authors’ best knowledge, there are only two con-
able, precise and nonbinary answers to the problem of DSL p{Aptions that address this problem [5], [6].
visioning [9] (for example, by using calculations such as those |, the present paper, we give a mathematical model for the ob-

in the DSL Spectral Compatibility Computer on the web pagg,, ations and propose a technique for solving the first problem.

in [8]). . . . A possible solution to the second problem is described in a com-
Information on the topology of the loop is of paramount im-,

- Panion paper [7].
portance for another reason, that transcends loop qualificat Ofrhis paper is organized as follows. The major discontinuities

itself. In par'ticular,. it can help telephone companies in updatirgg;ong a telephone line that must be detected for achieving loop
and correcting their loop plant records. Moreover, these recorm%tkeup identification are analyzed in Section Il. The unavoid-

can in turn be accessed to support engineering, provisioni . . . .
bp 9 9. P e presence of spurious echoes is addressed in Section I,

and maintenance operations. For example, if a load coil |§1 . .
i . where spurious echoes are also modeled and fully characterized.
detected on the loop, the operator may decide to take it out s

. : .In Section IV, a mathematical model for the echoes is given and
hat the | may then rt DSL services. From thi int.. 2 .
that the loop may then support DSL services. From this po Wértlally validated through lab measurements. The extension of

of view, the feasibility of accurate loop makeu identiﬁcatior% . : .
y P P e previous model to the case of weak echoes is addressed in

would have greater value than simple DSL qualificatio . ) . . . )
However, despite its importance, the possibility of achievin ection V, and experimentally validated in Section VI. Finally,
gnclusive remarks are drawn in Section VII.

loop makeup identification via single-ended measurements

not widely addressed in the current literature. In this paper,

the feasibility of loop makeup identification via single-ended II. KINDS OF MEDIUM DISCONTINUITIES

measurements presented. - _ . ) .
The underlying physical phenomenon that allows estimationThe characteristics that must be estimated in order to identify

of the loop makeup is that gauge changes, bridged taps andRFPerly the loop makeup are gauge changes, bridged taps, and

end of a loop represent a change in the characteristic impedafit/engths of each loop section. Gauge changes, bridged taps,

(adiscontinuity along the loop. When a signal is injected intnd .the end of a Ipop constitute a c_hange of Imp.edf’:mceT along

a transmission line, a reflected and a transmitted wave &R€ line. When a signai(t) is injected into a transmission-line,

generated in correspondence to a change of the characterféfcsignal undergoes distortion according to the physical char-

impedance. The part of the signal that is reflected back, tAgteristics of the medium. This distortion can be modeled as a

echq contains all the information we need to detect the kintering effect, where the filter is given by the transfer function

of discontinuity that caused it. Therefore, the analysis of #f the section of cable on which the signal is traveling. Using

the echoes generated by probing a |Oop with a pu|se, e.g., mg well-known ABCD coefficients notation, the transfer func-

time domain reflectometry (TDR) techniques, should allow #n of a loop can be expressed as follows:

to induce the loop topology. However, there are two serious

problems that do not allow for a straightforward application of I B Z, 1

conventional TDR techniques. ()= AZ; + B+ CZsZ; + DZs @)
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whereZs and Zy, are the source and load impedances, respe
tively. For more details on the ABCD notationsee [2,Ch.3]. Fo o
an interesting property of the transfer function of a loop only re \
cently reported see [3]. 12
Whenever the traveling signal encounters a change g \
impedance, part of this signal (echo) is reflected back. An inde £ -14 \

o

of the “amount” of signal that is reflected back is given by the 2
reflection coefficienp(f) (see [1, Ch. 2])

Zo — Ly
p(f) = A @
-20

where Z, and Z, are the characteristic impedances after an — ]
before the discontinuity, respectively. The reflection coefficien  ,, T
p(f) is defined as the ratio of the reflected wave to the incider
wave and, usually, it is a complex function of frequency. It cal 24
be viewed as a sort of filter that ties the incident signal (th
probing signal) to the reflected signal (the echo).

When a signals(¢) encounters a change of characteristigig. 1. Behavior of the magnitude of the reflection coefficigfit) in (2) for
impedance, part of the incident wave is reflected back along the case of a gauge change from an AWG26 cable to an AWG24 one.
line and filtered byp(f) and part will travel on to the next loop

section. The part of the signal that travels on to the next loggi ker ones, so a signal that encounters this discontinuity
section will be modified by the so-called voltagiansmission passes from a medium with higher impedance to a medium
coefficientr( f) defined as follows [4, Sec. 2.2]: with lower impedance.

(f) =14 plf) = 2z, 3) In Fig. 1, the magnitude of the reflection coefficient/)
N = Zo+ 7 versus frequency is plotted for a gauge change from AWG 26

The transmission coefficient is defined as the ratio of the voltade AWG 24. The magnitude becomes highly attenuated within
that is refracted by the junction to the incident voltage. This c8-few hundred kilohertz. In general, when a signal travels on
efficient is frequency dependent and introduces a filtering effetloop and passes from a section with higher characteristic
on the refracted signal. impedance to a section with a lower one, the echo will always

From the foregoing, the shape of an echo depends on the kitfinegative. And vice versa; when a signal travels on a loop
of discontinuity [through the reflection coefficieptf)] and on and passes from a section with lower characteristic impedance
the loop sections preceding the discontinuity that generated i Section with a higher one, the echo will always be positive.
echo [through the transfer functidii( ), and the transmission From Fig. 1, it can also be verified that the magnitude of the
coefficientr(f)]. The reflection coefficienp(f) is different for ~ transmission coefficient(f) = 1 + p(f) for a gauge change
each discontinuity and puts a sort of “discontinuity signaturdfom AWG 26 to AWG 24 exhibits a nearly flat response of 0 dB
on the echo. At the end of Section VI, we will show that difover the entire bandwidth. Therefore, there will be a negligible
ferent discontinuities will yield echoes of different shape, thud'ange in the refracted signal that travels on to the next loop
confirming the possibility of identifying the type of a disconti-S€Ction.
nuity on the basis of the shape of the echo that was generated.

In the following sections, the filtering effect of each kind oB- End of the Loop

discontinuity will be analyzed in terms of the characteristics of |_et us consider a loop terminated by an on-hook telephone.
the reflection and transmission coefficients. Plots of the maghe input impedance of an on-hook telephone is generally very
nitude of p(f) will be presented. These plots are generated @figh when compared to the impedance characteristics of the
the basis of an accurate model of the primary characteristicscable. We have measured the input impedance of a sample of
twisted pairs. On the basis of these primary characteristics, ifiije different types of telephones, including a cordless tele-
possible to compute the characteristic impedance and the prgRone and an old rotary telephone, in the frequency range from
agation constant of twisted-pairs of any gauge and length. In89to 1.5 MHz. Results are summarized in Fig. 2. On the basis of
doing, the ABCD coefficients of a loop section can be easitfiese results, we can state that the assumption that the telephone
derived. This accurate model has been derived on the basisipfhe customer’s premises exhibits a high input impedance is a

theoretical analysis as well as on the basis of a large measyegisonable one, although it may not always be trisle will
ment campaign performed in our labs.

-16

-18

Magnitude o

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency in KHz

IThere may be other reasons for which this assumption may not be true: leaky
A. Change of Gauge-Type or shorted primary protection gas tubes or carbon blocks; improper wiring at the
subscriber end that may have either tip or ring grounded; off-hook or malfunc-
Telephone cables are usually deployed followingrgilar  tioning telephone at the subscriber end. However, current voice band loop testing
gaugingdesign rules, i.e., cables near the CO have a thinrfsiipment such as MITT can'effectively identifyth_ese “patholqg@cal"situations.
. : . . In our approach, passing voice band loop testing is a prerequisite for broadband
diameter while cables near the SL have a thicker d'amet%ﬁp testing. After all, if a connection does not work for voice, it is very likely
Thinner cables have higher characteristic impedance thast it will also not work for DSL.
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here assume that an on-hook telephone can be well approx. (a_)
mated by an open circuit (see also [1]). In this case, the reflec- [ AWG26

tion coefficient boils down to the following expressiaf,(is an
infinite impedance):
/)

p(f) o lelu—{loo Zo + 2y B (b)
Therefore, an infinite impedance will simply send back the
signal with no attenuation and no sign change. In this cas@y. 3. (a) Behavior of the magnitude of the reflection coefficiefit) in (2)
the only distortion will be caused by the transfer function arf@" the case of the bridged tap showed in (b).
the transmission coefficients of the loop sections on which the

signal has traveled. in the case of a gauge change and, after few hundred kilohertz,
) the attenuation is approximately constant and asymptotically
C. Bridged Taps reaches the value dD  log;(1/3).

A bridged tap occurs whenever a branching connection isln contrast to the gauge change case, the value of the trans-
spliced onto the cable, a situation that is very common in tieission coefficientr( f) is no longer negligible. In fact, when
outside plant. The end of the branch is usually open. In théf) = —1/3 itfollows that7( f) = 2/3. The absolute value of
case of a bridged tap, the traveling wave sees the parallel7f) may be considered flat over the whole bandwidth with an
the impedance of the bridged-tap and of the following loop-seattenuation ofl0 * log;,(2/3).
tion. This means that the echo generated at the junction will be

AWG26 AWG24
1.

negative, since the signal passes from a medium with higher [ll. SPURIOUSECHOES
icmhzg‘zﬁg:t'c impedance to a medium with lower characterlsnc_l_he presence of spurious echoes is due to the fact that each

i . . . discontinuity generates both a reflected and a refracted signal,
The junction will also generate two refracted waves: one wave ) -
.SO that a part of the signal travels back and forth on the line,

will travel along the bridged tap and the other one will travel IIPJouncing between discontinuities, before it arrives atthe CO. In

the next loop section. The end of a bridged tap is normally e following, we define aseal echoeshe echoes pertaining to

open circuit, so in this case the traveling wave will be totally .. o L . .
: L : itial encounters with discontinuities, whereas we will define as
reflected since(f) = 1 for an open circuit, and the polarity of . . )
. . . . i > . spurious echoeall the echoes caused by successive reflections.
the echo will be positive. This means that if there is a bridg . ; .
bviously, the more the spurious echo travels on the line the

tap, the CO will obser\{g the subsequent arival of a negat%eore attenuation it will suffer upon arrival at the CO. However,
echo followed by a positive echo.

. . . . . tlgje effect of these spurious echoes must not be neglected since
If the loop section preceding the junction, the bridged tap and " - : o .
the section following the junction are all of the same kind gfunous echoes generated at a discontinuity may sometimes be

gauge and if these sections are sufficiently long, the reflectitgﬁ/en stronger than the real echoes generated by the following

. . . ; . Iscontinuities.
coefficient boils down to the following expressiof/ is the . . . e
s : The necessity of separating echoes in two categories (“real
parallel of two equal characteristic impedanégs= 7): “ C . , .
and “spurious”) may not be evident now that we are dealing with
o= ZJ2-Z 1

p(f) = _ - modeling issues, but it becomes important when loop identifica-
Zo+2Zy ZI2+Z 3 tion is attempted [7]. In fact, any identification algorithm must
So, in this simple case the echo will not be distorted by th®e able to discriminate betweezal echoes (the echoes that in-
discontinuity but will only be attenuated and reversed in signdicate the actual presence ofeal discontinuity) andspurious
In Fig. 3(a) the magnitude @f /) versus frequency is plotted echoes (the re-reflected and artificial echoes that do not indi-
for the configuration in Fig. 3(b). The attenuation is lower thacate the presence of a discontinuity). Only real echoes should
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Fig. 4. Loop configuration considered for the determination of the spuriot| CO
echoes generated in correspondence of a gauge change. < >
Polf) P

be analyzed by the identification algorithm and attributed to thég. 5. Loop configuration for the determination of the spurious echoes
corresponding discontinuity that generated it, whereas spuri¢jgerated in correspondence of a bridged tap.
echoes should be discarded as false echoes. i

In the following sections, we will analyze the main spurious 1) the spurious echoes that bounce between A and B and go

echoes generated on a loop and we will also give some simu- back to t.he CO;
lation results. We will find the echo path and the reflection co- 2) the spurious echoes that bounce between A and B, travel

efficient of all the possible spurious echoes. The determination O toward C and go back to the CO;
of the echo path is important because it allows us to build the 3) the spurious echoes that bounce between A and C and go

transfer functiord ( f). The reflection coefficient is also an im- back to the CO. _ N o
portant quantity for the description of spurious echoes and wli'® €cho paths and the reflection coefficients pertaining to the

consist of several terms, each of which will account for the coRPOVe mentioned types of echoes are listed in the following.
secutive bouncing of the echoes. Type 1(i > 0):

Path=Path from CO to A+ 2(4 + 1)L g1

A. The Spurious Echoes: Gauge Changes
+ Path from A to CO

Let us consider the situation depicted in Fig. 4, where a gauge _ i
change (labeled A) is followed by a discontinuity (labeled B). P(f) =1+ PN+ pr(Hlp2 (T
The second discontinuity in B can be any discontinuity since  Type 2(i, j > 0):
its behavior is entirely described by the reflection coefficient

p2(f). When the signal arrives at A, an echo is generated and Path=Path from CO to A+ ZiLpr + 2jL

goes back to the CO; this is a real echo and pertains to the dis- + Path from Ato CO
continuity at A. The refracted part of the signal travels on and o(f) =1+ po(OIL + pr(HOIL + p2()]
arrives at B, where another echo is generated in accordance with . [pl(f)]i—l [p2(f)]j—l [pg(f)]j'

the reflection coefficienpz(f). When this second echo arrives

back at A, part of it will be refracted and will constitute the  Type 3(¢ > 0):

real echo pertaining to the discontinuity B and part will be re- _ p
flected back toward B in accordance with the reflection coeffi- Path=Path from CO to At- 2(i + 1)L
cientp (f). Theoretically, the part of signal going back toward + Path from Ato CO

B can bounce a infinite number of times between A and B, and,  p(f) =[1 4 po(F)I[1 + p2(H)]lp2 (NI lpa(FHIF.

at each bouncing, a refracted and a reflected wave will be gener- . . N :

ated. For this reason, an infinite number of spurious echoes l |the case that the consecutive d|sgont|nU|t|_e§ con3|s_t of the
be received in the CO. same kind of gauge, the above reflection coefficients boil down

It is possible to prove that the echo path and the reflectidh the following expressions:

coefficient pertaining to théh spurious echo generated by two Case 1:p(f) = % (_%)Z
consecutive gauge changes are the following 0): -
. _ 8 (_  1NtVTI— 7
Path=Path from CO to At 2(i + 1)L Case 2:p(f) =57 (=3) "NV
+ Path from A to CO Case 3:p(f) =2 (%) [pa( )]
— % i+1
p(f) =[pr (DI [p2(H] The spurious echoes produced in correspondence to a bridged
tap are stronger than those produced by a gauge change. The
B. The Spurious Echoes: Bridged Taps spurious echoes are still smaller than the real ones but much

Let us now consider the situation depicted in Fig. 5, T than for the gauge change case and can definitely

a bridged tap (labeled A) and a discontinuity (labeled C) afaange the peqk sequence, causing the appearance of false
present in the loop. The discontinuity in C can be eitheragaui aks. If the bridged tap is longer, the spurious echoes are
change or another bridged tap, and its behavior is entirely eaker but so are the real echoes.

scribed by the reflection coefficiept(f). When the signal ar-
rives in A, an echo is generated and goes back to the CO; th|
is a real echo and pertains to the discontinuity at A. After en-
countering A, part of the signal travels on and arrives at B andAs discussed in Sections Il and Ill, every discontinuity gener-
part travels on arriving at C. In this case, there are three kinates echoes. The shape of these echoes depends on the transfer
of spurious echoes: function of the echo path and on the reflection coefficients of the

¥. A FIRST MATHEMATICAL MODEL FOR THEECHOES AND
ITS PARTIAL EXPERIMENTAL VALIDATION
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actual discontinuity as well as on the transmission coefficient of AWG26

all the preceding discontinuities. 800 ft lmoo f 6400 ft
In the following sections, we will present a mathematical @ AWGZE AWGI6
model for the echoes and experimental results thaipaittially
validate the model. In fact, the model developed here holds only (a)
for the case of short loops (up to few kft). The inability of this LA
model to describe the behavior of echoes on long loops is du
to the distributed RLC nature of the loop, and its manifestatio
through the presence of a slowly decaying signal. As will be|
shown in Section V, it is possible to model and counterbalanc{
the slowly decaying signal so that a new and complete model o
the echo response of a loop can be derived.

250 mV/div
2 us/div

R R IR N R

PP F s

A. Mathematical Model

On the basis of the previous consideratiaNgjiscontinuities
present in the loop will generat® real echoes whose shape
will depend both on the kind of discontinuity and on the loop
sections on which the echo has traveled. Moreover, a theoretis : : :
cally infinite number of spurious echoes will be also generated SO
Therefore, the observed signdt) can be expressed as the fol- : - :
lowing:

N (a9}

rt) =Y ePt-&)+ Y Dt -&) 4) (b)

| i=1 i=N+1 1% Real Echdes
wheree!” (#) (i = 1, 2, ..., N) is theith real echogenerated 0 ] < L
by theith discontinuity,c”’(¢) (i = N +1, N + 2, ...) is the //“" ry i
ith spurious echoand(; is the time of arrival of theth echo at 100
the CO. The real echdf)(t) can be expressed as the foIIowing:‘—g /

61(1) (t) - S(t) ¥ hgzzep(t) (5) E 20 Spurious E¢hoes
where h,@ep(t) is the ith (real) echo path impulse responseé_300 l
In the frequency domain, the corresponding (real) echo pag ’
transfer functionE,(f_)ep( f) can be expressed as < 400
B (1) =F [, 0)] o
=K (v, 7@, ) HO()p ()
(6) 6000 2 4 6 8 10 12 14 16 18 20

where H®( f) is the transfer function pertaining to the round Time in microseconds

trip path of theith echo (from the CO to the discontinuity
and back to the CO again); the frequency dependent ter
KO, 7@ 70-D) takes into account the transmission

(©

coefficients 7(f) pertaining to all discontinuities precedingrig. 6. Comparison of the measured echo (b) and the echo predicted by the

the :th one; andp(i)(f) is the reflection coefficient of théth analytical model (c) for the loop in (a). In (c), real echoes and spurious echoes

discontinuity that generated thth real echo. are plotted separately. Only, the first 35 spurious echoes have been considered.

Spurious echoes can be modeled in a similar fashion, since

spurious echoes depend on the same quantities that real ecig@fise generator was a square wave of 5 Vs (on 50 ohms) with

depend on. In particular, we can write a width of 200 ns and a 5-ns rise and fall time. At the output
eD(t) = s(t) « hfﬂﬁp(t) of the pulse generator a balun provided a 50 ohms unbalanced

@) @) @ @ to a 100 ohms balanced conversicand, at the output of the
EZ (f)=F [hs—ﬁp(t):| =H"(f)p"(f) balun, the loop under test. The oscilloscope was connected at

where the expressions of the echo paths and the reflection cde beginning of the loop in a differential way.

ficients are the ones given in Section Il The experiment measured the echo generated by the bridged

tap in Fig. 6(a) and (b) shows the output of the oscilloscope.

B. Partial Experimental Validation The negative-positive sequence (as predicted in Section II-C) is

A preliminary set of measurements was performed in our lalrpe presence of the balun makes the amplitude of the wave actually injected
using common equipment available on the market. The outputiab the loop equal t6 - /2 Vs.
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Loop as a 2PN

CD

1T 5. BIE0 us EU HTER us
L. = @l B sipllarals Offast = Q.00 Uclts
Tirebsge = B.89 uaidi elay = £, 380R s
Fig. 7. Measured TDR trace for the loop with the following topology: 6 kft of (b)
AWG 26, a 1.5 kft bridged tap of AWG 24, 3 kft of AWG 22. Probing signal: 5 _ . . B .
V (over 100 ohms) and s square pulse. Fig. 8. (a) A two-port network with the signal source (generaferand its

internal impedance s) connected to the first port and the load impedafige
connected to second port. (b) The equivalent circuit of (a), after having applied

clearly visible: the first negative echo has a peak-668 my e Thevenin theorem to the gray part of the circuit.

and a width at half its peak of 380 ns, whereas the second posi- ) ) )

tive echo has a peak of 89 mV and a width of 1,26 The echo ImPedance equal to the input impedance of the 2PN (i.e., the
predicted by the analytical model (4)—(6) is shown in Fig. 6(c)?Put impedance of the loop) as shown in Fig. 8(b)

In this plot, the contribution of real and spurious echoes has been 7. _AZp+B 2
shown separately toshow that spurious echoes may sometimes in(f) = CZ.+D’ ™
beAa;tp;]precLat:)rlle. del Id oredict th i t ech The input impedance of the loop is a complex function of fre-
b oug h € mo 'te would pre tl)(i ¢ edgfnetrta;]mn ot echo ency and obviously depends on the termination of the loop,
tmga&ge ¢ angei, 't was n.“r(;po.s& | eto ? ec .tem exﬁ’e”m > load impedanc;.. In the case of an unterminated loop (i.e.,
ally. Voreover, when considening longer loops It was also IMag e 1oaq impedance), the relationship in (7) boils down to
possible to detect the presence of echoes due to a bridged tat?1 rfollowing expression:

to the end of a loop. In order to exclude the possibility that this '
was due to the inaccuracy of the equipment used in our experi- Z.(unterm)(f) - I AZp+B A )

. in m —— = .
ments, we performed the same measurements using one of the Zr—oo CZL+D C

most sensitive metallic TDRs available on the market. The rene waveform actually entering the loopiis[see Fig. 8(b)] and

sults did not change at all. An example is given in Fig. 7, whefg tied to the source waveforir according to the following:
a measured TDR trace is shown for the loop with the following P

topology: 6 kft of AWG 26, a 1.5-kft bridged tap of AWG 24, Vilf) = ————Vs(/). 9)
3 kft of AWG 22. The model in Section IV-A would have pre- Zin+Zs
dicted a negative/positive echo sequence. However, as canAlgean example, let us consider the case of an ideal square pulse
seen in Fig. 7, no echo is visible in the TDR trace. Similarlyf 1 s in width and 1 V (over 100 ohms) of amplitude injected
the TDR could not detect the echo due to a gauge change eirgo an unterminated, 8-kft long 26 AWG cable. The simulated
though the model predicts its existence. In the following sectiobehavior ofV; versus time is plotted in Fig. 9. From Fig. 9(a) it
the reason for this behavior will be explained, and a new modsin be seen that the actual waveform entering the loop is not a
that is valid on loops of any length will also be derived. square waveform anymore. In particular, the signal does not go
to zero att = 1 ps, but drops down to approximately 120 mV
and then decays very slowly toward zero. Moreover, the positive
echo due to the end of the loop is not visible. This phenomenon
is negligible if the amplitude of the echoes is high, but has to
When measuring weak echoes such as those generateddyaken into account when dealing with very weak echoes. In
far discontinuities or by gauge changes, the model given particular, the observed signal decays slowly toward zero and
Section IV falls short. This is due to the fact that the moddhe arriving echo overlaps with this slowly decaying signal. This
in Section 1V does not take into account the distributed RL€an be seen in Fig. 9(b) where the waveform has been plotted
behavior of the loop. If the echo is very strong, this behavidrom ¢ = 20 us tot = 200 us. The little spike present at
may be neglected, whereas in the case of weak echoes, #pproximately 2%:s represents the echo generated by the end of
approximation turns out to be too harsh. the loop and is superimposed on the decaying signal previously
Let us consider the circuit shown in Fig. 8(a), where thmentioned.
loop is represented by a two-port network (2PN). If we apply The echo overlapping the decaying signal is visible if it is
the Thevenin theorem to the circuit in Fig. 8(a), the part dufficiently strong, has a sharp rise and if it is not too broad. For
the circuit highlighted in gray may be represented by a sindleis reason it is difficult to detect echoes coming back from very

V. EXTENSION OF THEMODEL TO THE DETECTION OFVERY
WEAK ECHOES
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Fig. 10. The equivalent circuit of Fig. 8 used for the computation of the slowly
decaying waveform superimposed to the echoes.
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scription of the response of theholeloop to a probing signal,
but if we want to take into account that the loop is actually a
— transmission line we have to consider that it is the first section
Time (microseconds) of the loop that influences the characteristics of the signal en-
@ tering the loop. In fact, the probing signal injected into the line
propagates along the loop as if it were traveling along an infin-
: itely long loop. Since the input impedance of an infinitely long
***** oo loop is equal to its characteristic impedance, the correct model
! describing the voltage across the pairs at the moment the probing

obl----Lt oo _____

signal is injected into the loop is the one in Fig. 10, whi&gds
fffff A the characteristic impedance of the first loop section.

The model in Fig. 10 remains valid until the traveling wave
encounters a discontinuity along the line, e.g., a gauge change, a
bridged tap, an unterminated end, etc. The presence of a discon-
tinuity along the line causes an abrupt change in the boundary
- conditions of the equation describing the traveling wave. More-
over, on the basis of causality arguments, the changes on the
probing signal caused by discontinuities will always take place
- after these discontinuities are encountered and will not influence
at all the shape of the traveling wave before they are encoun-
20 tered. Therefore, we can express the slowly decaying waveform
Time (microseconds) in the following form:

(b)

Fig.9. (a) Voltage across an unterminated, 8 kft long, 26 AWG cable when the V, (f) = L Vs(f)- (10)
injected signal is a 1 V and jLs square pulse. (b) Same as in (a), but the time o+ Zs
axis goes from 20 to 200s.
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Equation (10) is theexactexpression of the slowly decaying
waveform until the first discontinuity has been encountered and

long loops since those echoes are very weak and broad (seeijtfoeffect (the echo) has arrived back at the beginning of the
example, the measured TDR trace shown in Fig. 7). It is worlbop. The waveform in (10) can be calculated in two ways: it
pointing out that the presence of the decaying waveform is nzan be calculated on the basis of a model of the characteristic
due to the particular choice of the probing signal. In fact, eveniihpedance of the twisted pair, or it can be experimentally mea-
a different probing signal were used, the received echoes woalded by probing and infinitely (e.g., 30 kft) long loop.
still be superimposed on a slowly decaying waveform since thisAs previously mentioned, the voltadgé (/) given in (9) is
is due to an intrinsic behavior of the loop. the waveform obtained when we consider the loop as a discrete

Since the presence of this decaying signal is unavoidable, thmped circuit (and, therefore, all the discontinuities along the
only way to reduce its effects is to act on the received echoésop are included) whereas the voltdgg f) in (10) is the wave-
Fortunately, it is possible to compute analytically the expressiéorm obtained when we take into account the actual nature of the
of the slowly decaying waveform. In order to compute this exeop as a transmission line (and, therefore, only the presence of
pression, we have to consider that the signal injected into tthe first loop section). On the basis of the previous considera-
loop “sees” a load equal to the characteristic impedance of tthens, subtractind’, (/) from V1 (f) should remove the slowing
first section of the loop. This may not be evident in the modetiecaying waveform and allow us an easier detection of weak and
shown in Fig. 8 because those models describe the loop as a 2iPdbad echoes. Moreover, the differeri@g(f) — V,(f)) should
and neglect the fact that the loop is actually a transmission liakso lead us to (approximately) the same results predicted by the
and not a simple circuit with discrete lumped components. Theodel in Section IV-A that did not take into account the pres-
inputimpedance of the loop that appears in (9) givgl®halde- ence of the slowly decaying signal. So, the e&H{d) predicted
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Fig. 11. End of Loop Comparison of measurement results and simulation results for the unterminated, AWG 26, 6-kft-long loop. Probing signal: 5-V and
3-us-square pulse.

by the model in Section IV-A should be approximately given by It is worth pointing out that, to the authors’ best knowledge,

the following expression: the technique of subtracting the slowly decaying signal of (10)

from the observation has never been used in commercial TDRs.
V() =Vi(f) = Vo (f) These theoretical results have been confirmed by an experi-
mental campaign performed in our labs. Some measurement re-

_ Zi e Vs(f) sults will be given in the following section.

ZintZs Z,+Zs
(Zin — Zo)Zs Velh) 1) VI. FINAL EXPERIMENTAL VALIDATION OF THE MODEL
= S .

(Zin+ Zs)(Z, + Zs) The probing signal used in our experiments is a square pulse

of 5 Vs (on 100 ohms) with a width of us and a 5 ns rise and
The subtraction technique can be performed in two ways, datl time. The widthr of the pulse chosen for the measurement
pending on how the slowly decaying signalt) is obtained. experiment will vary depending on the length of the IGom
First, the loop under test is probed with sigrgf) and the re- particular, for every loop makeup we will show four figures:
sulting waveformy, (t) is measured. The waveform(t) canbe 3y the scanned print-output of the oscilloscope for the echo
either computer generated on the basis of a model of the charac-  5pservation process pertaining to the loop under test (i.e.,
teristic impedance of twisted-pair or it can be measured as the including the slowly decaying signal);
response to the probing signglt) of a very long loop of the
same gauge as the first loop section of the loop under test. Fb\Nider pulses allow us to detect far discontinuities at the price of an increase
nally, v,(t) is subtracted from; (¢). in the broadness of the received echo and, in turn, a loss of resolution.
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Fig. 12. Bridged Tap Comparison of measurement results and simulation results for the following loop: 3 kft of AWG 26, a 1.5 kft bridged of AWG 24, 1.5 kft
of AWG 26, a 1.5 kft bridged of AWG 24, and a final section of 6 kft and AWG 26. Probing signal: 5 V arglsguare pulse.

b) the simulation result using the model represented by (9 (11). Finally, a comparison between the model developed in
¢) the scanned print-output of the oscilloscope representigction IV and the one developed in Section V can be made by
the difference between the echo observation process aminparing the two curves (solid and dashed) shown in figure d).
the slowly decaying signdl; Among the several experiments we have performed, we
d) a solid line representing the simulation result using thgesent here three cases. The first loop under test is an untermi-
model represented by (11), and a dashed line representiraied 26-AWG 6-kft-long loop (see Fig. 11). The second loop
the simulation result obtained on the basis of the modehs the following topology: 3 kft of AWG 26, a 1.5-kft bridged
described by (4). of AWG 24, 1.5 kft of AWG 26, a 1.5-kft bridged of AWG 24,
The validation of the developed models can be obtained coand a final section of 6 kft and AWG 26 (see Fig. 12). The third
paring figures a) and b) for the model in (9), and comparirigop under test consists of a 3-kft AWG 26 cable followed by
figures c) and the solid line in d) for the model representedikft of a AWG 24 cable (see Fig. 13).

The measurement campaign fully confirmed all the the-
4The signal subtracted from the echo observation process was measured ag th paig y

response to the probing signal of a very long cable (36 kft) of the same gaLE]'_'ee%C"’lI C0n5|der?t|0ns made in SeCt_'on V. As cases (d) n
as the first loop section of the loop under test. This ensures that the respdnégs. 11-13 confirm, the waveforms given by (11) and by (4)

of the long loop is the same response that would be given by a load equagigs initially nearly identical. The two waveforms start to differ
its characteristic impedance and this would well simulate the model in Fig. 10

The obtained signal was stored in the oscilloscope and, then, subtracted ft%ﬁ'fer the arrival of th? ec_ho generated by the ﬁrSt_d.iscomi'
the signal representing the response of the loop under test. nuity along the loop, i.e., just when the role of the finiteness
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Fig. 13. Gauge ChangeComparison of measurement results and simulation results for the loop constituted of a 3-kft AWG 26 cable followed by 3 kft of a AWG
24 cable. Probing signal: 5-V and;is-square pulse.

of the loop comes into play and the boundary conditions
have changed. Moreover, comparing the computer generatt
waveforms with the measured ones also confirmed the accura
of our model for the computation of the primary characteristics
of the twisted pair.

As mentioned in the Introduction, since signals have to trave
a complete round trip when single-ended testing is considere
would appear that very high amplitude pulses and very sensitiv
equipment should be used in order to detect very weak echoe?
However, it is worth pointing out that equipment today avail-
able on the market is sufficiently sensitive to allow us to detec
echoes coming back from as far as 18 kft of AWG 24. As an ex
ample, in Fig. 14, we show the echo (after the subtraction of th
slowly decaying signal) from an unterminated 18-kft AWG 24
loop obtained using only a 5-V probing pulse. When a 5-V pulse
is used, the peak of the echo is around 9 mV. Since we expe..

that, in practice, it is pOSS|b|e to use pU|SeS of 100 Vs or morﬁg. 14. Echo trace obtained subtracting the slowly decaying signal of (10)

we expect that echo detection via TDR testing on loops up iom a measured TDR trace. The loop is an unterminated 24-AWG gauge loop
18 kft is indeed pOSSiblé. of 18498 ft. As predicted by theory, a positive echo indicating the end of the

L . . loop is present. Probing signal: 5-V and:S-square pulse.
At the beginning of Section II, we mentioned that the reflec- pisp 9°19 4S-sq P

tion coefficientp( f) is different for each discontinuity and puts
o ~asort of “dicontinuity signature” on the echo. This can be seen
5Loops over 18 kft must be loaded even when supporting simple voice

ser-_, . . ;
vices and, therefore, are not able to support DSL services. For this reason, fﬁ@kmg_at Flg 15, where the efChoeS generated by four different
loops up to 18 kft are candidates for DSL services. discontinuities located at a distance of 9 kft from the CO are

Ilivolts)

o

Amplitude (m:

Time (microseconds)
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120

slowly decaying waveform that masks most of the weak echoes.
The presence of this slowly decaying signal has not been re-

s ! ! ! ported in previous literature and is characterized here for the first
PN A O U S L. b time. The exact analytical expression of this slowly decaying
| : : signal has been given, and a technique to exploit this result has
60 ffffffff --------- fffffffff also been proposed. This technique consists of subtracting the
; Gauge Change (pasitive) 1 } slowly decaying signal from the available observations, thus al-

40k -~ ]--- P G B s
i

lowing us to detect echoes that were previously masked. The
D subtraction of (10) from (9) is a very powerful technique that

allows us to detect very far discontinuities. Moreover, this tech-
nique is also fundamental for the detection of gauge changes
that would not otherwise be detectable.

A model that fully characterizes the echoes available
at the CO has been derived and experimentally validated.
On the basis of the derived model it has also been shown
that the observations available at the receiver consist of an

unknown number of echoes, some overlapping, some not,
Fig. 15. Simulated echo traces representing the shape of the echoes gene

by four different discontinuities located at a distance of 9 kft from the Cofﬁﬁ?ﬂe spu'nous, sor_‘ne not, that exhibit unknown ampl_ltUde'
Probing signal: 5-V and s square pulse. unknown time of arrival and unknown shape. The resolution of

such echoes via a single sensor is still an open mathematical
G problem and has been scarcely studied in the past literature.
A novel approach to the solution of this problem will be
proposed in [7].

20p----4---1-

Amplitude (millivolts)

20k -----
I | Gauge Cl'nange {negative) |
Bridged Tap B 1 |

: I
150 200

-40
o

50 300

Time (microseconds)

compared. 1End of Loop unterminated loop of 9 kft, AW
24; 2) Gauge Change (positive® kft of AWG 24, followed
by a 6 kft of AWG 26; 3)Gauge Change (negatived kft of
AWG 24, followed by a 6 kft of AWG 22; 4Bridged Tap:9 kft

of AWG 24, followed by a bridged tap of AWG 24 and 2 kft
long, followed by another section of 6 kft of AWG 24. As the

figure clearly shows, different discontinuities give rise to echoes The authors wish to thank J. Lamb, J. Dixon, and K. Kerpez
of considerably different shape so that loop makeup identifickr their insightful comments and their help in garnering the ex-
tion can indeed be achieved via single-ended TDR techniquigsimental data. A special thanks to T. Banwell, who was always
(see also [7]). available for stimulating discussions and was instrumental in al-

lowing us to obtain very clean and precise measurements.
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