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Abstract—The ability of a specific telephone line to support a
certain digital subscriber line (DSL) service is determined by its
downstream and upstream data rates, which are mainly dependent
on the line’s transfer function. In this way, methods for transfer
function estimation play an important role on proper DSL deploy-
ment. Most of the existing methods derive the transfer function via
line topology identification (LTI) processes. This paper proposes a
method which directly estimates the transfer function of telephone
lines without any previous LTI process. The results obtained from
both simulations and experimental procedure using twisted-pair
cables indicate that the proposed method achieves accurate esti-
mations even for lines with bridged-taps.

Index Terms—Digital subscriber line (DSL), impedance mea-
surements, line qualification (LQ), single-ended line testing
(SELT), transfer function estimation.

I. INTRODUCTION

D IGITAL subscriber line (DSL) is a technology that en-
ables broadband services over ordinary telephone lines in

a cost-effective way. On the other hand, the legacy telephone
network imposes challenges to the proper DSL deployment
since it was designed to deliver the narrowband plain old
telephone service (POTS). Therefore, it is important to assess
whether the line under test (LUT) is capable of supporting DSL
before service provisioning.

The term line qualification (LQ) identifies all the operator’s
tasks and related instruments used to assess the ability of a
specific line to support a given DSL service. This ability is
expressed by the downstream and upstream data rates, which
are a function of the line’s transfer function (attenuation) and
noise level. By assuming conservative noise profiles, the LQ
process can emit a judgment based on the estimation of the
transfer function of the LUT [1], [2].

The transfer function depends on the line topology (total
length, number of sections, employed cables, etc.) and, in prin-
ciple, is estimated only by means of communication between
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equipments at the central office (CO) and the customer premises
(CP), known as dual-ended line testing (DELT). This procedure
provides the most accurate way for qualifying a line, but it
necessarily requires dispatching a technician to the CP or a DSL
service already deployed. Both cases prevent a cost-effective
qualification before service provisioning.

Whenever DELT is not feasible or desirable, the transfer
function can be indirectly estimated from the total line length
or the full knowledge of the line topology.

Length-based qualification methods are based on the com-
parison between the line length and defined DSL deployment
rules. The underlying idea is to associate the estimated length
to an “average” attenuation, assuming a standard line topology.
The length estimate can range from a plain radial distance
from the serving CO via geographic information to precise
determination from measurements performed from one end of
the line, known as single-ended line testing (SELT). Unfortu-
nately, length is not always an accurate data rate predictor since
lines of the same length may have distinct topologies, and for
consequence transfer functions [3].

Topology-based qualification methods estimate the transfer
function from the full knowledge of the line topology, assuming
a cable model. Therefore, line topology identification (LTI) is a
mandatory intermediate step for this category of LQ methods.
The identification of the line topology is based on the analysis
of measurements on physical layer level [4], [5] and essen-
tially exploits the fact that each line discontinuity1 imposes a
“signature” to the generated reflections. This allows to identify
and characterize such discontinuities and, consequently, the line
topology. Typically, topology-based methods perform better
than length-based ones.

The qualification methods employing SELT presented in the
literature rely on a priori knowledge of the LUT topology or
perform LTI before actually estimating the transfer function
[6]–[8]. Despite providing reasonably accurate results, several
factors decrease the feasibility and effectiveness of such meth-
ods in practical situations.

1) In general, a combination of tools is used, such as:
preprocessing [9], Bayesian networks [10], algorithm to
determine the time of arrival of the reflections [4] and
optimization [6]. This kind of sophisticated approach
is difficult to be embedded in hardware with limited
processing power;

1A discontinuity is essentially an impedance mismatch on the line, such as:
end of the line, a gauge change (i.e., two sections constitute this discontinuity),
and a bridged-tap (i.e., three sections constitute this discontinuity).
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Fig. 1. General two-port network with indicated voltages and currents.

2) The LTI process is carried out via a comparison be-
tween measurements and theoretical counterparts gen-
erated from a cable model. Cable modeling concerns
the design of parametric models for the primary or sec-
ondary parameters of twisted-pairs (e.g., the line sections)
[11]–[13]. In spite of their importance, cable models may
present a non-negligible mismatch from measurements
since the real primary/secondary parameters may vary
even from pair to pair of the same cable. This fact may
easily mislead the identification process;

3) The length of the line sections is estimated assuming a
mean value for the velocity of propagation (VoP). How-
ever, temperature, age, humidity and other factors can af-
fect VoP [14]. Additionally, VoP is frequency dependent.

This paper proposes a method to estimate the transfer func-
tion of telephone lines without any previous topology iden-
tification process. Essentially, the proposed method employs
a straightforward approach in which the overall ABCD pa-
rameters of the LUT are expressed only in terms of short
and open-circuit input impedance measurements from the CO.
Other methods for transfer function estimation from impedance
measurements have been proposed in the literature. However,
they estimate the line attenuation at only one specific frequency
[15], use at least three impedance measurements [16] or need a
previous length estimation process [17].

The remainder of this paper is organized as follows.
Section II describes some concepts about two-port network
(TPN) theory used in the proposed method, while Section III
presents the proposed method. Section IV describes the eval-
uation process of the method as well as the achieved results.
Section V presents the conclusions and future work.

II. TWO-PORT NETWORK CONCEPTS

A. Introduction

The underlying idea of TPN theory [18], [19] is to relate
the terminal voltages and currents at the input port (V1 and
I1) and the output port (V2 and I2) of a network to analyze
it as a “black box”. The currents and voltages are defined as
shown in Fig. 1 and the variables that linearly relate them are
called parameters–frequency-dependent ones.2 Impedance (Z),
admittance (Y) and transmission (T) or ABCD are examples of
set of parameters [18].

Since each set of parameters relates the same signals,3 a
given set can be converted to another as showed in Table I,

2For convenience, the frequency dependency of the currents and voltages as
well as the parameters and quantities derived from them is omitted throughout
this paper.

3Except scattering and transfer parameters [20] that relate incident and
reflected signals of each port.

TABLE I
CONVERSIONS AMONG IMPEDANCE, ADMITTANCE,

AND TRANSMISSION PARAMETERS [21]

which summarizes the conversions among impedance, admit-
tance and transmission parameters.

The ABCD parameters relate the input to the output signals
of a network as follows:[

V1

I1

]
=

[
A B
C D

] [
V2

I2

]
. (1)

B. ABCD Parameters Applied to Line Modeling

A telephone line connecting a user to a CO is usually made
up of cable segments (line sections) in cascade, connected in
series (serial section) or in shunt (bridged-tap). Ideally, each
line section is assumed to be a uniform and homogeneous4

transmission line.
The telegrapher’s equations can be solved in such a way that

it is possible to model each line section as a TPN. In this case,
the ABCD parameters for each serial section are expressed by
[23], [24][

V1

I1

]
=

[
cosh(γl) Z0 sinh(γl)
1

Z0
sinh(γl) cosh(γl)

] [
V2

I2

]
(2)

where l is the length, Z0 is the characteristic impedance and
γ is the propagation constant of the line. In a similar way, a
bridged-tap can be modeled as[

V1

I1

]
=

[
1 0

tanh(γl)
Z0

1

] [
V2

I2

]
. (3)

4The cross-section of a uniform line is longitudinally invariant throughout
the entire length. A line is said homogeneous if the electrical and mag-
netic properties of the medium surrounding the conductors are the same
everywhere [22].
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Two other approaches can be employed to derive (2) and
(3): from Caley–Hamilton theorem [25] and through image
parameters [26].

This TPN modeling of the line sections is especially useful
due to a property of the ABCD matrix called chain rule [27].
It states that: for a given network made of several links, the
overall ABCD matrix that characterizes the network will be the
product of the ABCD matrices of each link. In this way, the
chain rule allows deriving the overall ABCD parameters of a
line by the product of the ABCD modeling of each section.

From the overall ABCD parameters, any electrical charac-
teristic of the LUT can be derived. Specifically, the transfer
function of the line, defined as the ratio between V2 and V1,
is calculated by [24]

H =
V2

V1
=

Zl

AZl + B
(4)

while the input impedance is calculated by

Zin =
AZl + B

CZl + D
, (5)

where Zl is the load impedance connected to port 2.

C. Reciprocity and Symmetry

Reciprocity and symmetry are properties that essentially
determine the number of parameters needed to completely
characterize a certain TPN.

A TPN is reciprocal whenever it satisfies the reciprocity
theorem [28], implying that the impedances z12 and z21 (or
conversely the admittances y12 and y21) are equal [19]. In
other words, a reciprocal TPN means the signal transmission
is the same regardless the direction of propagation. In terms
of ABCD parameters, the determinant of the ABCD matrix is
unitary, as can be noted in Table I. The general expression of
the determinant of the ABCD matrix can be stated as

AD − BC = fr (6)

where fr is a numeric value that determines the reciprocity level
of the TPN, defined in this paper as reciprocity factor.

Symmetry can be better understood from another concept:
image impedance. The image impedances associated to port 1
(ZI1) and port 2 (ZI2) of a TPN can be defined as two
impedances, which when connected to the output and input of a
network will induce the other impedance on the opposite port.
In other words, an impedance with value ZI1 terminating the
TPN’s port 1 implies an input impedance with value ZI2 at
TPN’s port 2 and vice-versa [18], [29].

The image impedances do not depend on the loads connected
to TPN’s ports. They are properties of the network. Hence,
ZI1 and ZI2 are defined only in terms of the parameters that
characterize the TPN:

ZI1 =

√
AB

CD
or ZI1 =

√
z11

y11
(7)

ZI2 =

√
DB

AC
or ZI2 =

√
z22

y22
. (8)

Since z11 is the open-ended input impedance and 1/y11 is
the short-ended input admittance, the image impedances of a
TPN are commonly estimated by measuring, for each port, the
open and short-ended input impedances and calculating their
geometric mean [28].

The symmetry of a TPN can be defined as the square root of
the ratio between its image impedances, i.e., [30]

fs =

√
ZI1

ZI2

(9)

where fs is a numeric value that determines the symmetry
level between the TPN’s ports and is defined in this paper
as symmetry factor. A TPN is symmetric whenever its image
impedances are equal, implying that fs = 1. In other words, a
symmetric TPN means symmetry with respect to the reflection
at the ports.

Applying the left-hand definitions in (7) and (8) to (9), the
symmetry factor can also be written as

f2
s =

A

D
. (10)

This obviously implies that the parameters A and D are equal
whenever the TPN is symmetric. Taking into account (10) and
checking Table I, one can notice that symmetry is achieved
whenever the input impedances z11 and z22 (or conversely the
input admittances y11 and y22) are equal [19].

Since the impedance and ABCD parameters are frequency-
dependent quantities, both factors fr and fs are in essence
frequency-dependent as well.

In summary, when a TPN is reciprocal or symmetric, only
three parameters are needed to completely characterize it; when
a TPN is reciprocal and symmetric, only two parameters are
needed. Furthermore, the classical TPN theory also states that,
even under reciprocity and symmetry conditions, the transmis-
sion parameters are expressed by: a) only DELT impedance
measurements; or b) by a DELT and a SELT impedance
measurements. This can be noticed by checking Table I. For
example, the transmission parameter B for a certain TPN can
be expressed in terms of impedance parameters as follows:

B =
z11z22 − z12z21

z21
. (11)

If this TPN is reciprocal and symmetric, (11) is reduced to

B =
z2
11 − z2

12

z12
or B =

z2
22 − z2

21

z21
. (12)

That is, at least one SELT impedance measurement (z11 or z22)
and one DELT impedance measurement (z12 or z21) are needed
to derive the parameter B from impedance parameters. The
same holds for the other ABCD parameters, as can be noticed
from Table I.

III. PROPOSED METHOD

A. Introduction

The most accurate LQ methods employing SELT model
the sections of the LUT through (2) or (3), apply the chain
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Fig. 2. Two-port network representation of a telephone line.

rule and, from the overall ABCD parameters, estimate the
theoretical transfer function. In other words, these methods rely
on knowing the line topology, or at least having an estimate.
Furthermore, as presented in Section II-C, the classical TPN
theory states that the overall ABCD parameters can only be
expressed by SELT and DELT impedance measurements. In
spite of that, this section will prove that both limitations can
be overcome by simple mathematical manipulations to express
the overall ABCD parameters that characterize a LUT only in
terms of SELT impedance measurements from the CO.

B. General Description of the Method

The central idea of the proposed method is to analyze the line
as a unique TPN, regardless of its topology. In this way, the net-
work connecting the customer to the CO is modeled as depicted
in Fig. 2: the voltage source Vs with internal impedance Zs

represents the measuring equipment located at the CO; the TPN
represents the line itself; and the load impedance Zl represents
the line termination at CP.

For a certain frequency range (fmin, fmax), the input im-
pedance of the line seen from the CO, Zin1 , is expressed by
(5). Whenever the CP is open ended (i.e., Zl = ∞), (5) is
reduced to

Z∞
in1

=
A

C
. (13)

In the same way, whenever the CP is short circuited (i.e.,
Zl = 0), (5) is reduced to

Z0
in1

=
B

D
. (14)

Applying (10) and (14) to the equation for the reciprocity
factor, (6), yields

A2

f2
s

− Z0
in1

A

f2
s

C = fr. (15)

Now, if (13) is applied to (15), the parameter C can be
expressed by

C =

√
frf2

s

Z∞
in1

(
Z∞

in1
− Z0

in1

) . (16)

Applying (16) to (13), the parameter A can be expressed by

A =

√
frf2

s Z∞
in1

Z∞
in1

− Z0
in1

. (17)

If (17) is applied to (10), the parameter D will be expressed by

D =

√
frZ∞

in1

f2
s

(
Z∞

in1
− Z0

in1

) . (18)

Finally, applying (18) to (14), the parameter B can be
expressed by

B =

√√√√ frZ∞
in1

Z0
in1

2

f2
s

(
Z∞

in1
− Z0

in1

) . (19)

Consequently, the transmission matrix T that characterizes the
LUT as a whole is given by

T =

⎡
⎢⎢⎢⎣

√
frf2

s Z∞
in1

Z∞
in1

−Z0
in1

√
frZ∞

in1
Z0

in1
2

f2
s

(
Z∞

in1
−Z0

in1

)
√

frf2
s

Z∞
in1

(
Z∞

in1
−Z0

in1

) √
frZ∞

in1

f2
s

(
Z∞

in1
−Z0

in1

)

⎤
⎥⎥⎥⎦ . (20)

The transfer function is then obtained by applying the estimated
overall ABCD parameters to (4). Assuming impedance match-
ing at high frequencies, the value used for the load impedance
Zl is the magnitude of the limit-value of the image impedance
at the CO, i.e., |ZI1(f = fmax)|.

It is important to point out that (20) completely characterizes
not only telephone lines but any network modeled as a TPN as
well, and it does not restrict the analysis to any frequency band
in special.

In [11], (Table IV, p. 7), the overall ABCD parameters of
a TPN is presented, considering asymmetry of the line and
hyperbolic functions. This derivation can be seen as a gener-
alization of (2) for asymmetric lines. With some mathematical
manipulations, one can derive the expression in [11] from
(20) and vice-versa. Nevertheless, to the best of the authors’
knowledge, the straightforward way of expressing the ABCD
parameters of a TPN in (20) was never reported in the literature.

C. Discussion of the Method for Telephone Lines

1) Reciprocity Analysis: As described in Section II-B, each
section of a line is assumed to be a uniform and homogeneous
transmission line, and modeled by (2) or (3). One can notice that
the determinants of both (2) and (3) are unitary, implying that
any line section is ideally reciprocal. Moreover, it is well known
that the determinant of a product of square matrices is equal
to the product of the determinant of each square matrix, i.e.,

det(T1 × T2 × . . .) = det(T1) × det(T2) × . . . (21)

These properties indicate that a cascade of reciprocal line
sections results in a reciprocal line. Therefore, any telephone
line is ideally reciprocal (fr = 1), no matter its topology.

2) Symmetry Analysis: Unlike reciprocity, telephone lines
in general do not obey the symmetry condition, even though
each line section is assumed symmetric due to its presumable
uniformity. For example, assuming a line made up of two
(different) symmetric sections, where matrix T1 models the
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first section (starting from the CO) and T2 models the second
one, the overall ABCD matrix is given by

T1 × T2 =
[
a b
c a

][
x y
z x

]
=

[
ax + bz ay + bx
az + cx ax + cy

]
. (22)

By inspection of (22), it is clear that the overall parameter
A (ax + bz) is different from the overall parameter D (ax +
cy). This example shows that even a line with only two different
sections can be asymmetric (fs �= 1) [27].

In spite of telephone lines being typically reciprocal and
asymmetric, one can notice from (20) that whenever symmetry
is assumed, the overall ABCD parameters will be expressed
only in terms of SELT input impedance measurements from
the CO.

IV. EVALUATION OF THE PROPOSED METHOD

A. General Conditions

The proposed method has been evaluated in three phases:
1) Baseline comparison: comparison with a state-of-the-art

method using simulated data;
2) Evaluation using simulations: performance evaluation us-

ing simulated data for some European test lines [31];
3) Evaluation using measurements: performance evaluation

using real cable measurements for some line topologies.
For phases one and two, the required measurements have

been simulated based on the topologies of the test lines and the
MAR# 2 cable model [11], [12]. Specifically: S∞

11 (open-ended
one-port scattering parameter), Z∞

in1
, Z0

in1
and H were simu-

lated in phase one while only Z∞
in1

, Z0
in1

and H were simulated
in phase two. Fig. 3 depicts the simulation process for transfer
function. For scattering and impedance quantities, the simula-
tion process is the same except for the equation that derives the
wanted quantity from the overall ABCD parameters—e.g., (5)
is used to derive impedance. Additionally, no noise was inserted
to the simulated data and the considered frequency range was
the ADSL one: 256 tones, from 4.3125 kHz to 1.104 MHz.
Regarding the load impedance for H calculation, the aim is to
achieve the best impedance matching at the CP side, at high
frequencies. As the MAR# 2 cable model provides a database
for cables with characteristic impedance around 100 Ω, the load
impedance was defined as 100 Ω.

For phase three, Z∞
in1

, Z0
in1

and H have been measured.
The considered frequency range in the measurement process
was the ADSL one. Each quantity was measured five times for
each test line and its mean value used for the estimations. For
transfer function measurements, the measuring instrument was
an Agilent 4395A network analyzer while for input impedance
measurements, the measuring instrument was an Agilent 4294A
impedance analyzer. In both kind of measurements, 0301BB
North Hills baluns (10 kHz–60 MHz, 50 Ω UNB—100 Ω
BAL) were used for properly connecting the equipments and
the twisted-pair cables.

In all three phases, the proposed method assumes the lines
are reciprocal and symmetric, i.e., (20) with fr = 1 and fs = 1
is used to calculate the overall ABCD matrix of the LUT. The
theoretical analysis presented in Section III-C2 indicated that

Fig. 3. Process employed to simulate the transfer function from a line
topology. The process is illustrated considering a three-serial segments line as
example.

only one-segment lines are symmetric. This means the majority
of the line topologies in a telephone network can be considered
asymmetric. However, to be asymmetric does not necessarily
imply fs to be much different than 1. A number of factors
can determine an average asymmetry around 1. For example,
even lines with a bridged-tap can be symmetric in case the
sections after and before the tap are exactly the same (lengths
and cable types). In other to quantify the reasonableness of
the symmetry assumption with respect to the accuracy of the
proposed method, a statistical analysis was performed. This
analysis is reported in Appendix A and has indicated that,
on average, the symmetry assumption results in reasonable
estimations for typical lines.

The figure of merit used to evaluate the estimations is the
magnitude of the deviation of the estimated transfer function
(Ĥ) with respect to the actual one (H), i.e.,∣∣∣20 log10 |Ĥ| − 20 log10 |H|

∣∣∣ (dB). (23)

The reason for adopting this figure of merit is twofold: the
down/upstream data rates are determined from the magnitude
of the transfer function and the noise profile [6]; there is a
practical threshold for this figure of merit, defining that one bit
is added/lost in each DSL tone in case the signal-to-noise ratio
(SNR) is increased/decreased by 3 dB [32].

Fig. 4 provides a high-level illustration of the whole eval-
uation process carried out in all phases. It is important to
notice that the simulated and measured transfer functions have
been used only to evaluate the accuracy of the estimations
provided by the proposed method and the chosen state-of-the-
art one.

B. Baseline Comparison

This subsection presents a comparison between the proposed
method and the state-of-the-art method described in [6]. For
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Fig. 4. Evaluation process for the three phases.

TABLE II
TOPOLOGY OF VUB LINES. “S” MEANS SERIAL SECTION WHILE “BT”
MEANS BRIDGED-TAP. THE SEQUENCE OF LINE SECTIONS IS DISPOSED

ASSUMING THE DIRECTION FROM THE CO (LEFT) TO THE CP (RIGHT)

convenience, the latter is denoted as “SELT-VUB method” from
now on. The goal here is to evaluate the performance of the
proposed method taking as reference an accurate method.

The SELT-VUB method uses parametric models for both S11

and H quantities, based on three predefined topologies and
VUB0 cable model [13]. A maximum likelihood estimation is
carried out to estimate the parameters of the S11 model that best
fits a given S11 measurement. The estimated parameters are
then applied to H model to estimate the transfer function of the
LUT. Summarizing, the method uses one SELT measurement,
a priori knowledge of the line topology, optimization process
and a cable model to estimate the transfer function. Three
test lines were used in [6] to evaluate the method. They are
described in Table II and are denoted here as “VUB lines”.

For the current work, both the SELT-VUB method and asso-
ciated VUB0 cable model were implemented strictly following
the description in [6]. For the optimization process required
by the method, the built-in Levenberg–Marquardt technique
in MATLAB optimization toolbox was used and the initial
guesses were calculated from the actual topologies of the VUB
lines, as proposed in [6]. Even though the measurements are
simulated and no noise is inserted, model errors appear on the
estimations provided by the SELT-VUB method, since MAR
#2 is used to simulate the measurements while the VUB0
cable model is used by the method. Anyhow, using the ac-
tual topology to calculate the initial guess is the best way to
get as close as possible to the global minimum, even if this
procedure is rarely feasible in practice. This makes the SELT-
VUB method a performance reference to evaluate the proposed
method.

The results obtained by the proposed and SELT-VUB meth-
ods are shown in Table III and Figs. 5–8. The estimations for

TABLE III
DEVIATION OF THE TRANSFER FUNCTION ESTIMATIONS—SELT-VUB

METHOD VERSUS PROPOSED METHOD

Fig. 5. (a) S11 simulated measurement and estimations and (b) deviations for
VUB # 2.

both methods are accurate, with maximum deviations smaller
than 0.5 dB for all test lines.

The SELT-VUB method achieved an accurate estimation of
the parameters for all VUB lines. To illustrate that, Fig. 5 shows
the S11 model for VUB # 2 line using the estimated parameters
in comparison to the simulated measurement and the S11 model
using the parameters provided by the initial guess. The esti-
mated parameters provide a good match to the simulated mea-
surement, providing a maximum deviation of 0.31 dB around
200 kHz. Similar performance was achieved for VUB # 1 and
VUB # 3 lines. However, the SELT-VUB method performed
comparatively better for the VUB # 3 line than for the other
two lines. These results are unexpected since there are five
parameters to be estimated for the VUB # 1 line while seven and
ten must be estimated for VUB # 2 and VUB # 3, respectively
[6]. This indicates that the optimization processes for the VUB
# 1 and VUB # 2 lines potentially got stuck in local minima.

One point of concern about the SELT-VUB method is the
configuration of the parameters of the optimization technique.
From our experience using the method, this should be done
individually, i. e., for each line under test, which is a problem in
practical situations. Anyhow, the transfer function estimation
provided by SELT-VUB was accurate and in accordance with
the estimation of the parameters of the S11 model, as can be
noted in Table III.

Regarding the proposed method, it provided an error-free
estimation for VUB # 1 line, denoting the proposed ABCD
modeling is correct. For VUB # 2 line, the obtained results
were very similar to those provided by the SELT-VUB method
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Fig. 6. (a) Transfer function estimations and (b) deviations for VUB # 1.

Fig. 7. (a) Transfer function estimations and (b) deviations for VUB # 2.

in spite of the line having a bridged-tap. This occurs because
all line sections of VUB # 2 are of the same cable type and
the difference in the lengths of the sections after and before
the bridged-tap is only 200 m. In other words, VUB # 2 has
an almost symmetric topology with respect to the bridged-tap
(almost similar reflections at line’s ports) and as a consequence
a mean symmetry factor close to 1. Fig. 9 shows the symmetry
factors for all VUB lines. The proposed method also performed
well for VUB # 3 line, with maximum deviation less than
0.5 dB. However, the performance was comparatively worse
than the one obtained with SELT-VUB. The reason is still
the symmetry factor. VUB # 3 line is made of two different
sections, yielding the highest mean symmetry factor among all
VUB lines, as shown in Fig. 9.

It is possible to notice from the figures that the maximum
deviations for the proposed method always occur at low fre-
quencies. This is because, for asymmetric lines, the maximum
amplitude of the symmetry factor occurs on that range, unlikely
the employed assumption that the line is symmetric (fs = 1 and
frequency independent).

Fig. 8. (a) Transfer function estimations and (b) deviations for VUB # 3.

Fig. 9. Symmetry factor for VUB lines.

TABLE IV
TOPOLOGY OF ETSI LINES. “S” MEANS SERIAL SECTION WHILE “BT”
MEANS BRIDGED-TAP. THE SEQUENCE OF LINE SECTIONS IS DISPOSED

ASSUMING THE DIRECTION FROM THE CO (LEFT) TO THE CP (RIGHT)

C. Evaluation From Simulated Data

For this phase, a set of test lines from the DSL recommenda-
tion [31] has been chosen. The considered European test lines
were ETSI # 1, # 3, # 4, and # 8, with the adjustable length “x”
set to give an overall insertion loss of 36 dB at 300 kHz. Their
topologies are discriminated in Table IV.

Table V summarizes the results for ETSI lines while Figs. 10
and 11 show the estimations for ETSI # 4 and ETSI # 8,
respectively. The results present a good match between the
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TABLE V
DEVIATION OF THE ESTIMATIONS FOR ETSI LINES

Fig. 10. (a) Transfer function estimation and (b) deviation for ETSI # 4.

Fig. 11. (a) Transfer function estimation and (b) deviation for ETSI # 8.

estimated and the actual transfer function. In general, the es-
timations achieved maximum deviations smaller than 2 dB. As
expected, it occurred at low frequencies. The best estimation is
for ETSI # 1, with a negligible deviation, while the worst ones
are for ETSI # 4 and ETSI # 8. This can be explained by the
fact that ETSI # 1 is a single-section line, thus the symmetry
assumption holds. On the other hand, ETSI # 4 is a four-section
line, with four different gauges and lengths and ETSI # 8 is also
a four-section line but with two bridged-taps, one of them close
to CP. In this case, the bridged-tap close to CP causes a high
asymmetry to the line, resulting in a bias on the symmetry factor

Fig. 12. Symmetry factor for ETSI lines.

TABLE VI
TOPOLOGY OF UFPA LINES. “S” MEANS SERIAL SECTION WHILE “BT”
MEANS BRIDGED-TAP. THE SEQUENCE OF LINE SECTIONS IS DISPOSED

ASSUMING THE DIRECTION FROM THE CO (LEFT) TO THE CP (RIGHT)

and, consequently, on the deviation provided by the proposed
method as well, as can be noted in Fig. 12.

From the results, it is possible to conclude that under ideal
conditions (simulated data, without noise) the proposed method
provides accurate estimations even for nonsymmetric lines.

D. Evaluation From Measured Data

For this final phase, five lines were defined. The criterion
used to define their topologies was the cables available at
our premises, (UFPA’s DSL laboratory). They are discrim-
inated in Table VI and called here “UFPA lines”. UFPA
lines were reproduced using two kinds of twisted-pair cables:
Ericsson TEL 481 (0.4 mm/16 pairs) and Ericsson TEL 313
(0.5 mm/30 pairs).

Table VII presents the deviations for UFPA lines while
Figs. 13–16 show the estimations for UFPA # 2, UFPA # 3,
UFPA # 4 and UFPA # 5, respectively.

The estimated curves have presented a good match to the
measured transfer functions, except for the first five tones
(4.3125 to 17 kHz, approximately). The maximum deviation
for all cases has occurred at the first tone, with values higher
than 3 dB. To analyze these high deviations, it is important
to note that, in this phase, there are two potential sources of
error:

1) The lower cutoff frequency of baluns (10 kHz). This
cutoff frequency causes an anomalous behavior of the
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TABLE VII
DEVIATION OF THE ESTIMATIONS FOR UFPA LINES

Fig. 13. (a) Transfer function estimation and (b) deviation for UFPA# 2.

Fig. 14. (a) Transfer function estimation and (b) deviation for UFPA# 3.

measured transfer function at frequencies below and
around it;

2) The symmetry assumption.

These sources of errors induce maximum deviations concen-
trated at the beginning of the frequency range and greater than
desired. Moreover, this high-deviation biases the mean value.

In spite of that, the deviation for the remaining tones are
low and, in a practical situation, the upstream (lower frequency
range) used by the xDSL modems starts only at 25 kHz.

Fig. 15. (a) Transfer function estimation and (b) deviation for UFPA# 4.

Fig. 16. (a) Transfer function estimation and (b) deviation for UFPA# 5.

V. CONCLUSION AND FUTURE WORK

In this paper, a method for transfer function estimation of
telephone lines from one-port measurements is proposed. It
avoids any previous line topology identification process and
does not depend upon a cable model or a priori information
about the LUT to estimate the transfer function. The method
is based on a symmetry assumption that may not exactly hold
in practical scenarios. However, this paper has shown that the
accuracy of the estimations was reasonable for all considered
test lines. Importantly, the method has a very low computational
cost and employs a straightforward approach.

In general, the estimations provided by the proposed method
presented very good match to the actual transfer function, even
for lines with bridged-taps. Specifically, the proposed method
provided mean and maximum deviations smaller than 0.5 and
1.21 dB, respectively, for simulated data. For measured data,
the mean and maximum deviations were smaller than 0.6 and
5.1 dB, respectively.

It is known that an on-hook telephone set has a high
impedance [20], [33]. Consequently, an open-ended input
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Fig. 17. Flowchart describing the employed statistical analysis.

impedance is feasible to be measured without human interven-
tion at the CP side. On the other hand, there is no straight-
forward way to achieve a short at the remote site without
human intervention. Even in case a short would be feasible by
another telephone set state, e.g., off-hook, the telecom operator
would still depend upon the end-user to set the required state.
From the telecom operator’s perspective, this is not desirable.
Therefore, in practical situations, one drawback of the current
version of the proposed method is the dependency of a short-
ended input impedance measurement to estimate the transfer
function from the CO. This fact lays the current version of the
proposed method in between SELT and DELT-based methods.
To properly adapt the proposed method to practical situations, a
technique to estimate the short-ended input impedance without
human intervention has been developed by our group. This
technique is under development and will be the subject of
another paper.

APPENDIX A
STATISTICAL ANALYSIS FOR THE

SYMMETRY ASSUMPTION

This appendix presents a statistical analysis about the im-
pact of the symmetry assumption over the estimation provided
by the proposed method. The statistical analysis was carried
out using simulation that randomly generated line topologies.
Fig. 17 depicts the employed process.

The process starts with a line topology generator that feeds
the next blocks with a large number of topologies. The line
topology generator is a computational routine developed to
randomly generate lines with parameters defined by the user.

For each generated topology, the input impedances Z∞
in1

and
Z0

in1
, and the actual transfer function H are simulated over the

considered frequency range. All three quantities are simulated
from the same process, illustrated in Fig. 3. Following, the
input impedances feed the proposed method that outputs the
estimated transfer function Ĥ . From the actual and estimated
transfer functions, the deviation over frequency for each topol-
ogy is calculated.

Ending the process, the generated data is used to create a
3-D histogram. This is done by dividing the deviation-
frequency plane in a certain number of bins (sectors) and map-
ping the collection of points (deviation(i), frequency(k)),
generated from all topologies, into the bins. This way, each
bin has a certain number of occurrences, yielding a matrix of
occurrences that is used to generate the 3-D histogram. This

TABLE VIII
FEATURES OF THE TEST CASES EMPLOYED IN THE

STATISTICAL ANALYSIS

histogram provides a way to quantify the spreading of the points
over the deviation-frequency plane.

The figure of merit used to evaluate the calculated deviations
is again the 3-dB rule (23), that can be stated in its dimension-
less form, i.e.,

0.779 <

∣∣∣∣∣ĤH
∣∣∣∣∣ < 1.4125. (24)

Additionally, the generated data is also used to calculate the
percentage of lines with deviation great than 3 dB in at least
one frequency sample.

A. General Simulation Conditions

The statistical analysis previously described was carried out
for seven test cases. Table VIII summarizes the features of the
line topologies generated for each test case. Test cases “a” to
“d” regard the generation of lines with only serial sections while
test cases “e” to “g” regard the generation of lines with one or
more bridged-taps. Test cases “e” to “g” employ the following
rules with respect to the generation of bridged-taps:

1) The first section never can be a bridged-tap;
2) Co-bridged-taps are not allowed;
3) A bridged-tap must be in between two serial sections or to

be preceded by a serial section (whenever the last section
is a bridged-tap);

Therefore: the generated lines in test case “e” can have only
one bridged-tap, positioned on the second or the third section;
the lines for test case “f” can have one or two bridged-taps from
the second section on; and the lines for test case “g” can have
up to three bridged-taps. For all cases, the available gauges used
in the simulations are 0.32 mm, 0.4 mm, 0.5 mm, 0.63 mm, and
0.9 mm. The gauge sequence from central office to customer
premises is always in ascending way, where the first gauge
(0.32 mm) can be assigned only to the first line section while the
last gauge can only be assigned to the last section. For bridged-
taps, it is only possible to assign the same gauge of the previous
serial section or the next thinner one.

Regarding the length of the generated lines, it was empiri-
cally defined a relationship between the number of line sections
and the range of its total length. For example, for test case “b”,
all generated lines have total length ranging from 1.5 to 3.5 km.
For lines with one or more bridged-taps, the defined total length



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

RODRIGUES et al.: TRANSFER FUNCTION ESTIMATION OF TELEPHONE LINES 11

Fig. 18. Three-dimensional histogram for test case “a”.

range regards to the main path connecting the CO and the CP
sides (i.e., only the serial sections). The bridged-taps have their
specific length range.

For each test case, 50 000 line topologies were generated. For
the generation of the quantities of interest, the MAR#2 cable
model is used and the considered frequency band corresponds
to ADSL. Specifically about the generation of the actual trans-
fer function, the load impedance used at the remote end of the
lines is 100 Ω.

The proposed method estimates the transfer function of the
generated topologies as described in the previous sections.

Regarding the statistics, the deviation axis is defined to range
from 0.4 to 1.6 (dimensionless) and is divided in 49 bins.
The frequency axis is defined to range from 4.3125 kHz to
1.104 MHz and is divided in 256 bins. This yields a matrix
of occurrences with dimension 49 × 256. As each generated
line provides 256 points, a total number of 12 800 000 points
are mapped into the bins.

B. Results Analysis

The results for lines with only serial sections (test cases
“a” to “d”) have indicated that the presence of gauge changes
alone does not result in a significant asymmetry of the line.
Two of the histograms generated during the statistical analysis
are presented in Figs. 18 and 19. These figures regard the
histograms for test cases “a” (two serial sections) and “d” (five
serial sections). In both, it is possible to see that the spreading of
the points generated from the topologies are very concentrated
around 1. Similar results were obtained for test cases “b” and
“c”. However, one can note that the spreading is relatively
higher for low frequencies. This occurs because the asymmetry
of the lines is in general more prominent at low frequencies
since the image impedances have out-of-phase oscillations at
that part of the frequency range—converging to a certain value
at high frequencies.

Fig. 20 regards the histogram for test case “e” and gives a
hint about the results obtained for lines with bridged-tap(s). In
that figure, it is possible to note a much higher spreading of the
points when compared to the cases with only serial sections. It
is possible to see deviations around the 3-dB limit (1.4), mainly

Fig. 19. Three-dimensional histogram for test case “d”.

Fig. 20. Three-dimensional histogram for test case “e”.

TABLE IX
PERCENTAGE OF LINES WITH DEVIATION GREATER THAN 3 dB IN AT

LEAST ONE DSL TONE, FOR EACH TEST CASE

for low frequencies. Analyzing the results, it was noted that the
topologies with a bridged-tap as the last section is the kind of
line that provides the larger asymmetry.

Table IX summarizes the statistics collected for the analyzed
test cases. The percentage of lines providing a deviation greater
than 3 dB in at least one DSL tone was zero for test cases “a”
to “d”. For the test cases in which the topologies have one or
more bridged-taps, the percentage can be considered small: less
than 6%.
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