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Sequence Time Domain Reflectometry for
Transmission Line Analysis

J. Reis, A.L.S. Castro, J.C.W.A Costa, J.R.I. Riu, and K. Ericson

Abstract— This paper describes Sequence Time Domain Re-
flectometry (STDR), which utilizes concepts from direct sequence
spread spectrum communications, as a technique for detecting
impedance mismatches in telephone lines (twisted pair). The
aim of this paper is to present methodologies for characterizing
a subscriber loop, which is used for Digital Subscriber Line
(DSL) technology, based on STDR tests. Those tests enable the
TDR functionality to be incorporated into a DSL transceiver
integrated circuit eliminating the need for costly test equipment.
In addition to the cost savings, the characteristics of the STDR
offer improved spectral compatibility, interference immunity and
fault resolvability.

Index Terms— Loop qualification, digital subscriber line, se-
quence time domain reflectometry, spread spectrum.

I. I NTRODUCTION

Reflectometry methods have been used for locating faults
(impedance mismatches) on wires for decades. These methods
send a high frequency signal down the line, which reflects
back at impedance mismatches such as open or short cir-
cuits, gauge changes and specially in bridged taps [1]. The
difference (time delay) between the incident and reflected
signal is used to locate the impedance discontinuity on the
wire. The nature of the input signal is used to classify each
type of reflectometry test. Time Domain Reflectometry (TDR)
uses a fast rise time pulse [1], [2], [3]. Frequency Domain
Reflectometry (FDR) including Phase Detection Reflectometry
(PD-FDR), and Mixed Signal Reflectometry (MSR), uses sine-
wave signals to locate the fault on the wire. Multicarrier
Reflectometry (MCR) uses a combination of sine waves with
random phases [4]. Sequence Time Domain Reflectometry
(STDR) uses a pseudo-noise sequence (PN sequence), and
Spread Spectrum Time Domain Reflectometry (SSTDR) uses
a sine-wave-modulated PN sequence [4], [5].

Some traditional reflectometry methods should not be ap-
plied under specific conditions, e.g. very short loops (≤ 200m)
or noisy environment. Besides, those techniques may not
detect the impedance discontinuity or detect it with low
accuracy. Additionally, it has been shown that traditional
reflectometry methods are not effective for location of small
fault (which generates weak reflections such as gauge change
or far discontinuity) on telephony lines for instance [1];
the reason for that is the returned reflections are smaller
than the reflections that are generated from others impedance
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discontinuities in the line such as bridged taps, open and
short circuits. Besides, the subscriber telephone loop exhibits
distributed RLC behavior which causes the slowly decaying
in the test signal. If the reflection is very strong, this behavior
may be neglected, whereas in the case of weak reflections,
this approximation turns out to be too harsh [1]. Another
difficulty in detecting weak reflection lies on the fact that
there are spurious reflections and/or noise which interferes in
the reflection signal of interest (used for locating faults); then
making difficult the location of the discontinuity. It is worth
emphasizing that the shorter is the telephony loop, the higher
frequency should be used in the test pulse to provide high
accurate result for wiring fault location.

The main goal of this paper is to provide better results with
high accuracy, for fault location in the subscriber telephone
loop than the ones provided by traditional reflectometry tech-
niques by using sequence TDR. Gauge changes, bridged taps
as well as total loop length are the main variables that will be
analyzed in this paper.

The present paper is organized as follows. The discus-
sion about reflectometry methods including traditional and
sequence TDR is analyzed in Section II. The details about the
implementation of STDR are outlined in Section III. Section
IV presents the results obtained from computational simula-
tions. Finally, the conclusions and next works are addressed
in Section V.

II. BACKGROUND

This section discusses the theoretical concepts about tra-
ditional TDR and sequence TDR. Traditional TDR generally
uses a rectangular pulse (high-peak power pulse) with high-
frequency band as a test signal to be transmitted along the
loop, and to perform such a test the line should be inactive
(without transmission or interfering signal).

The transmission characteristics of the TDR pulse have
several inherent drawbacks. A high-peak power pulse is likely
to be a significant disturber to other pairs in the binder.
This type of crosstalk will most certainly violate spectral
compatibility standards in DSL transmission for instance [6].
A second drawback is the requirement to produce pulses at
a variety of different levels and with a variety of different
durations. This equates to a requirement on the test equipment
to transmit signals and to receive signals with a large dynamic
range. This alone makes the possibility of incorporating this
type of signal into a DSL transceiver integrated circuit very
questionable [7].

On the other hand, sequence TDR uses a PN sequence as a
test signal and by utilizing concepts of Direct Sequence Spread
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Spectrum (DS-SS) communications, a TDR capability has
been developed which may be efficiently and cost effectively
integrated into a DSL transceiver for instance.

A. Traditional TDR

TDR is widely used in the deployment of DSL services.
When the line is provisioned, it is one of several test measure-
ments used to ascertain the characteristics, topology and ulti-
mately the capacity of the line. A measurement or reflectogram
is obtained by connecting the test equipment to the line and
bursting a high power pulse onto the line and measuring the
reflections (echoes). Those reflections results from impedance
mismatches on the line. The amount of the incident signal
that is reflected toward the transmitter is determined by the
reflection coefficientρ given by

ρ =
Z2 − Z1

Z2 + Z1

(1)

where Z1 is the impedance looking into the line from the
transmitter andZ2 is the impedance looking into the anomaly.
By analyzing the position and shape of the echoes, a number
of characteristics about the line can be determined including
the distance to opens/shorts, the location and length of bridged
taps or gauge changes, as well as the total loop length [1].

The distance to the fault is computed according to

d =
Tp · V OP

2
(2)

whereTp is the round trip propagation time to the fault and
back andV OP is the velocity of propagation on the twisted
pair. This term is typically about two-thirds the speed of light,
but, the exact value depends on the physical wire.

Using this basic methodology, other loop attributes can be
detected and analyzed. For example, a bridged tap terminated
with an open will exhibit a first echo resembling a short
and a second echo resembling an open. The first echo has
negative polarity because the bridged tap is in parallel with
the remaining portion of the line. The combined impedance is
less than that of the line without the bridged tap and so the
reflection coefficient is negative. A positive echo is reflected
from the open at the end of the bridged tap. The length of the
bridged tap can be found by computing the distance between
the negative and positive echoes [1].

Implicit in (2) is the test ability of equipment to estimate the
propagation timeTp. The estimation performance is limited
by interference coupled into the line from adjacent pairs in
the same binder and by the dispersive nature of the line.
As the distance to faults increases, both the attenuation and
distortion to the pulse increases. Therefore, typical TDRshave
the capability to adjust signal parameters to aid in the search
for faults. The two parameters available for adjustment are
the transmit level of the pulse and the duration of the pulse.A
narrow pulse is generally preferred since this directly impacts
the resolvability of closely spaced faults. But, this is only
effective at short distances. At larger distances, increasing the
signal level and pulse duration is needed to produce sufficient
energy for good detectability. Also, the types of disturbers

present in the binder may necessitate modifying the transmit
signal [3].

B. Spread Spectrum and Sequence TDR

Some concepts on spread spectrum TDR [5], [8], [9] as
well as sequence TDR [4], [7] are discussed now. It is worth
pointing out that STDR is the main objective, however SSTDR
is briefly cited for convenience. Those two reflectometry
techniques use spread spectrum modulation to transmit a
test signals(t) (PN sequence) over the line. Besides spread
spectrum modulation, SSTDR also uses PSK (Phase Shift
Keying) modulation to create the transmitted signal. On the
other hand, STDR uses only the PN signal as the transmitted
signal. A schematic setup for SSTDR and STDR circuits is
depicted in Figure 1.

The schematic for S/SSTDR implementation shown in
Figure 1 creates first a specific kind of PN code (length,
frequency, amplitude, etc), depending on the nature of the test,
depicted in pointA at Figure. This code may be a M-Sequence
Code (Maximal Length Sequence), a Gold Code, or a pair of
complementary codes such as Golay Codes [10], [11], [12],
[13]. Next, this signal is injected onto thePN Sequence block
to generate the waveform of PN sequences(t) indicated in
point B. This signals(t) is transmitted along the cable in case
of sequence TDR. TheBPSK block was not implemented yet,
thus only sequence TDR may be performed. The total signal
from the loop named bys′(t) in point D, including any noise
signals and reflections from impedance discontinuities in the
cable, is fed into theCorrelator block along with a delayed
copy of the transmitted signals(t + τ). This delayed signal
s(t + τ) (point C) is obtained inTime Shift block by adding
a number of zeros in the signals(t). In the Correlator block,
the cross-correlation between the received signals′(t) (point
D) and the delayed signals(t + τ) (point C) is performed
(point E). Mathematically, this cross-correlation is defined as
it follows

Rss′ (τ) =
1

KTc

∫ KTc

0

s(t + τ)s′(t)dτ (3)

whereTc is the chip duration of the PN sequence,K is the
length of the PN sequence, andKTc is the PN sequence
duration in seconds. Thus, the last step is to plot the STDR
trace in time domain;STDR Trace block carries out that curve.

The location of the various peaks in the full correlation
Rss′ (τ), defined in (3), indicates the location of impedance
discontinuities such as open circuits, short circuits, bridged
taps and gauge changes along the loop.

Fig. 1. S/SSTDR schematic setup.
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Spread spectrum signals, both in baseband (STDR) and
modulated (SSTDR), are detectable through cross-correlation,
regardless the presence of noise, other digital signals and
reflections on the line [5], [8], [9]. The ability to pick out
the signal is due to processing gainLc defined as it follows

Lc =
Tb

Tc

=
Rc

Rb

=
W

Rb

(4)

whereW is the bandwidth of the spread-spectrum signal,Tb

denotes the duration of one entire S/SSTDR sequence (consid-
ering the entire sequence equal to one bit in communication-
system terms),Rc represents the chip rate of the PN sequence
in chips per second, andRb is the bit rate, which in this case
is the number of full sequences per second [8].

III. STDR IMPLEMENTATION

This section describes algorithm implementation for per-
forming sequence TDR in telephone loops used for xDSL
transmission. First, methods for generating PN sequences
are discussed; Golay codes (complementary codes) and
Maximum-Length codes (M-sequences) are briefly outlined.
Next, the methods for performing correlation, auto-correlation
and cross correlation, are described.

A. PN Sequences

Depending on the application, the PN sequences may be
a crucial factor for limiting or not the method. To define
which PN sequence is the best for a specific application,
many variables can be taken into account. Correlation, code
implementation, hardware implementation and time processing
are some of them. We are focused in discussing correlation
properties and code implementation of the PN sequences.

The basic idea of sequence TDR is to use a signal with
a sufficiently narrow auto-correlation function, similar to the
Dyrac’s delta, rather than a short duration signal itself (high-
frequency pulse); the response resolution of the sequence TDR
is determined by the width of the auto-correlation function
of a probe signal which may be long and with a large duty
cycle [11].

The optimal PN sequence depends on the nature of the
application. In our application, the best PN sequence should
have a narrow main lobe with a high peak and to present the
lowest side lobes in its auto-correlation. It is worth emphasiz-
ing that such a PN sequence is restricted for applications where
only one PN sequence will be used at a time, that is the test
is performed in only one cable; without adjacent interfering
lines [8]. To obtain such a PN sequence with a single auto-
correlation peak and the lack of side lobes, two kinds of
code may be used: M-sequences and Golay codes [11], [10].
Figure 2 shows the waveforms of a pair of complementary
PN sequences (a pair of Golay code of lengthK = 128)
transmitted into the line:PN A andPN B. The received signals
from the line,Received A andReceived B, is also shown. The
auto-correlation of interest identified byCode C is obtained by
adding auto-correlation ofCode A to the auto-correlation of
Code B [11], [10]; this sum allows to obtain an auto-correlation
without side lobes as depicted in Figure 3.

Fig. 2. Waveforms of Transmitted and Received PN sequences from the line.

Fig. 3. Auto-correlation function of complementary codes A and B (C =

A + B)).

B. Correlation

Sequence TDR may be performed by using two kinds of
test signals. One of them utilizes a high-peak auto-correlation
as a test signal to be injected into the line. The auto-correlation
function may be defined as it follows in equation (3); however,
the correlation is carried out by usings(t) only instead ofs′(t)
ands(t).

In that case, the PN sequence is used only for obtaining
the auto-correlation with desired characteristics. This method
is very simple to be code implemented, on the other hand, the
hardware implementation limits its application for telephone
lines carrying xDSL signals. The reason for such a limitation
comes from the fact that is too difficult to generate that
periodic high-frequency signal.

The second method for performing sequence TDR is to
utilize PN sequence as a test signal to be transmitted down
the cable. After transmission, the received PN signal is cor-
related with a delayed copy of transmitted PN signal, thus
the correlator output may be analyzed for locating impedance
mismatches in the cable. Those two methods are outlined next.

1) Auto-Correlation Method: (ACM): This method for per-
forming STDR utilizes an auto-correlation function as a test
signal as described before. This signal is transmitted intothe
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line, thus the TDR trace may be obtained by convolution of
echo impulse responseh(t) of the line and the auto-correlation
function of the PN sequence as shown below

STDRACM (t) = s (t) ⊕ s′ (t)

= s (t) ⊕ [s (t) ⊗ h (t)]

= [s (t) ⊕ s (t)] ⊗ h (t) (5)

where⊕ denotes correlation function,⊗ denotes convolution
in time domain,s(t) is the PN sequence transmitted into the
line, h(t) is the echo impulse response of the line, ands′(t)
is the received signal from the line which is equal to the
convolution betweenh(t) ands(t).

Using associative property of convolution, then it enables
to calculate the auto-correlation function of the PN sequence
before transmitting it into the line. This procedure has the
same effect of transmitting the auto-correlation functionas a
test signal into the line as defined in (5).

This method is quite simple to be code implemented, how-
ever it limits the implementation in a real xDSL transceiver.
This implementation would require a high-clock system to
generate the high-peak auto-correlation function as a test
signal.

2) Cross-Correlation Method: (CCM): Although this
method provides the same result of the method which utilizes
the auto-correlation function as a test signal, this methodof
performing STDR is quite simple to be implemented in a
real xDSL transceiver. This method requires less hardware
complexity because transmitting a high-frequency digitaldata
into the line is easier than transmitting a high-peak auto-
correlation function.

The implementation consists, first, in generating a PN se-
quence with the characteristics discussed in preview sections.
Then, such a PN sequences(t) is probed into the line by
mean of convolution with echo impulse responseh(t); thus
the PN sequence is the test signal. The reflected signals′(t)
from the line is equal to the convolutions′(t) = s(t) ⊗ h(t)
as discussed before. The difference between the two methods
comes from the fact that the correlation, performed after
transmission, in this case is a cross-correlation function. It is
worth emphasizing that spread-spectrum technique is applied
at the transmitter for obtaining the TDR trace; the received
signal from the loops′(t) = s(t) ⊗ h(t) is then correlated
with a delayed copy of the transmitted signals(t + τ) as it
follows in equation below.

STDRCCM (t) = s (t + τ) ⊕ s′ (t)

= s (t + τ) ⊕ [s (t) ⊗ h (t)] (6)

IV. SIMULATED RESULTS

The first stage consists in simulating STDR in a inactive
short-loops without noise or interfering signal with lengths
equal to 200m, 150m, 100m, 75m, 50m, and 25m. The
second stage consists in simulating STDR in a inactive short-
loops presenting mixture of gauges (0.40mm and 0.50mm).
The last stage consists in simulating STDR in a inactive

short-loops presenting one bridged tap (50m-length) with its
location varying along the line (at the beginning, at the center,
and at the end of the line).

Tables I, II, and III summarize loop topologies tested in this
application whereL, S, andBT stand for loop, segment, and
bridged tap respectively.

A. Test Loop 1

Table IV shows the results obtained from computational
simulation of STDR, using the test signal depicted in Figure
2, as well as traditional TDR (Pulse Width =100ns). In
those simulations, both methods of STDR (ACM and CCM)
provided the same results for calculating the total loop length.
In this case, only single loops, i.e. loops with one segment,
were tested.

B. Test Loop 2

Table V summarizes the results for STDR and traditional
TDR (Pulse Width =100ns) applied to telephone loops with
two kinds of gauge (0.40mm and0.50mm). Also, Figures 4
(loop composed by two serial segments, first50m-length with
0.40mm gauge, and second150m-length with0.50mm) and
5 (loop composed by two serial segments, first50m-length
with 0.50mm gauge, and second150m-length with0.40mm)
present the TDR traces comparing STDR, using ACM and
CCM, to traditional TDR.

TABLE I

TOPOLOGIES FOR TEST LOOP1.

Gauge L1 L2 L3 L4 L5 L6
0.40 mm 25 m 50 m 75 m 100 m 150 m 200 m
0.50 mm 25 m 50 m 75 m 100 m 150 m 200 m

TABLE II

TOPOLOGIES FOR TEST LOOP2.

Loop S1 (gauge/length) S2 (gauge/length)
L1 0.40 mm / 050 m 0.50 mm / 150 m
L2 0.40 mm / 100 m 0.50 mm / 100 m
L3 0.40 mm / 150 m 0.50 mm / 050 m
L4 0.50 mm / 050 m 0.40 mm / 150 m
L5 0.50 mm / 100 m 0.40 mm / 100 m
L6 0.50 mm / 150 m 0.40 mm / 050 m

TABLE III

TOPOLOGIES FOR TEST LOOP3.

Loop S1 (gauge/length) BT (gauge) S2 (gauge/length)
L1 0.40 mm/050 m 0.40 mm 0.40 mm/150 m
L2 0.40 mm/100 m 0.40 mm 0.40 mm/100 m
L3 0.40 mm/150 m 0.40 mm 0.40 mm/050 m
L4 0.50 mm/050 m 0.50 mm 0.50 mm/150 m
L5 0.50 mm/100 m 0.50 mm 0.50 mm/100 m
L6 0.50 mm/150 m 0.50 mm 0.50 mm/050 m
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TABLE IV

RESULTS FOR TEST LOOP1.

Loop 1 (25 m) Gauge 0.40 mm Gauge 0.50 mm
STDR 24.70 m 24.83 m
TDR 29.64 m 29.79 m

Loop 2 (50 m) Gauge 0.40 mm Gauge 0.50 mm
STDR 49.56 m 49.65 m
TDR 54.33 m 54.28 m

Loop 3 (75 m) Gauge 0.40 mm Gauge 0.50 mm
STDR 74.75 m 74.81 m
TDR 79.03 m 79.27 m

Loop 4 (100 m) Gauge 0.40 mm Gauge 0.50 mm
STDR 100.1 m 100.1 m
TDR 104.1 m 104.3 m

Loop 5 (150 m) Gauge 0.40 mm Gauge 0.50 mm
STDR 149.6 m 149.6 m
TDR 153.0 m 153.2 m

Loop 6 (200 m) Gauge 0.40 mm Gauge 0.50 mm
STDR 201.2 m 199.4 m
TDR 204.3 m 202.5 m

It is clear in the graphics a better STDR performance
than traditional TDR for calculating the total loop length
and locating the gauge change (positive and negative). Both
methods of STDR (ACM and CCM) calculate the total loop
length and the gauge change at203.4m (|error| = 1.7%)
and 49.82m (|error| = 0.36%) respectively for the loop in
Figure 4. In this loop, traditional TDR calculated the total
loop length equals to206.5m (|error| = 3.25%) while the the
gauge change was located at54.62m (|error| = 9.24%). The
reults for the loop in Figure 5 followed the same fashion as
the loop in Figure 4; additional informations may be obtained
in Table V which summarizes all the results for loops with
mixture of gauges.

C. Test Loop 3

Table VI summarizes the results for STDR and traditional
TDR (Pulse Width =100ns) applied to telephone loops with
one bridged tap. Also, Figures 6 (200m-length loop (0.40mm)
and one50m-length bridged tap (0.40mm) positioned at50m

from the source) and 7 (200m-length loop (0.50mm) and
one 50m-length bridged tap (0.50mm) positioned at150m

from the source) present the TDR traces comparing STDR to
traditional TDR.

In Figure 6, STDR test detected the first negative reflection
in 49.82µs whereas TDR detected in54.45µs; therefore STDR
located the bridged tap at49.82m (|error| = 0.36%) while
TDR did it at 54.45m (|error| = 8.9%). The first positive
reflection was detected at100.6µs and at104.6µs by STDR
and TDR tests respectively; thus the bridged tap length,
calculated by STDR and TDR tests respectively, is equal to
50.78m (|error| = 1.56%) and 50.15m (|error| = 0.30%).
The second negative reflection presented in that result is
caused by the forward and backward travelling reflection from
the bridged tap attachment; in this case, such a reflection will
be treated as a spurious reflection. The total loop length is
calculated by using the second positive reflection; STDR test
determined it at204.7m (|error| = 2.35%) against207.9m

(|error| = 3.95%) provided by TDR. The same procedure
may be applied to Figure 7, on the other hand, special attention

Fig. 4. STDR versus traditional TDR for50m/0.40mm+150m/0.50mm.

Fig. 5. STDR versus traditional TDR for50m/0.50mm+150m/0.40mm.

should be given to the second, positive, reflection which, in
this case, is the sum of the reflection caused by the end
of the loop and the end of the bridged tap. The reason for
that is the bridged tap is located almost at the end of the
loop. Additionaly, the length segment after the bridged tapis
calculated by the second positive reflection; that is subtracting
the first positive reflection from the second positive reflection.

V. CONCLUSIONS

This paper presented the usage of a new method, sequence
time domain reflectometry, to perform reflectometry appliedto
subscriber telephone loops. This method shown to be feasible
for performing efficiently reflectometry; it provides high accu-
rate results when applied to very short loops (≤ 200m), even
though with mixture of gauges and bridged taps, compared
to traditional TDR. Additionally, sequence TDR enables the
implementation of reflectometry tests in DSL transceiver then
no costly measuring equipment is required.

Next, this research will extend the application of sequence
TDR for longer loops in presence of noise and transmitting
DSL signals (active loops). Additionally, spread spectrumtime
domain reflectometry implementation is one of the next goal
of this research.
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TABLE V

RESULTS FOR TEST LOOP2.

Loop S1(Gauge/Length) STDR (Length) TDR (Length) Total Length STDR TDR
Loop 1 0.40mm/050 m 49.82 m 54.62 m 200 m 203.4 m 206.5 m
Loop 2 0.40mm/100 m 101.0 m 104.8 m 200 m 203.7 m 207.0 m
Loop 3 0.40mm/150 m 152.9 m 156.2 m 200 m 204.4 m 207.5 m
Loop 4 0.50mm/050 m 49.82 m 54.45 m 200 m 204.4 m 207.5 m
Loop 5 0.50mm/100 m 100.1 m 104.4 m 200 m 203.7 m 207.0 m
Loop 6 0.50mm/200 m 151.4 m 155.1 m 200 m 203.4 m 206.5 m

TABLE VI

RESULTS FOR FOR TEST LOOP3.

Loop L1 L2 L3 L4 L5 L6
S1 50m/0.40mm 100m/0.40mm 150m/0.40mm 50m/0.50mm 100m/0.50mm 150m/0.50mm

STDR 49.82 m 100.6 m 152.3 m 49.65 m 100.1 m 151.1 m
TDR 54.45 m 104.6 m 155.7 m 54.45 m 104.3 m 154.7 m
BT 50m/0.40mm 50m/0.40mm 50m/0.40mm 50m/0.50mm 50m/0.50mm 50m/0.50mm

STDR 50.78 m 51.70 m 52.60 m 50.45 m 51.00 m 51.60 m
TDR 50.15 m 51.10 m 52.30 m 49.85 m 50.40 m 51.30 m

Length 200m 200m 200m 200m 200m 200m
STDR 204.7 m 204.7 m 204.4 m 202.7 m 202.1 m 203.1 m
TDR 207.9 m 207.7 m 207.5 m 206.0 m 205.9 m 206.4 m

Fig. 6. STDR versus traditional TDR for0.40mm-loop with one bridged
tap.

Fig. 7. STDR versus traditional TDR for0.50mm-loop with one bridged
tap.
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