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Abstract. Modern Very-High Speed Digital Subscriber
Lines (VDSL2) can potentially increase the transmis-
sion rates in access networks up to tens of Mbps in both
directions. However, the real transmission performance
of VDSL2 technology is heavily influenced by real con-
ditions of symmetrical pairs and quads in local metallic
cables. This paper is primarily focused on the bridged
taps and their influence on transmission performance
of VDSL2 lines. The presence of bridged taps can com-
plexly affect resulting attenuation, impedance and also
crosstalk characteristics of transmission lines, more-
over while this influence may differ for various types of
metallic cables. That is why a comparison for several
typical cables used in last-mile segments was performed
and is presented here. The simulations and calculations
presented in this paper are based on ABCD matrices,
and thanks to that the simulations can be performed for
various scenarios and situations.
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1. Introduction

Today, the second generation of Very-High Speed Dig-
ital Subscriber Lines (VDSL2) is currently being de-
ployed in Czech Republic to replace old ADSL2+ lines.
These xDSL technologies effectively exploit existing
symmetrical pairs of local metallic cables and lines [I],
[2] and thanks to that they are typically used to pro-
vide data connection for households or small compa-
nies. Modern VDSL2 lines can potentially offer trans-
mission rates up to tens of Mbps in both directions,
however their real performance is significantly depen-
dent on conditions and real transmission parameters
of used lines and cables, especially the attenuation,
crosstalk and other disturbances [3], [4].
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The bridged taps represent another potential prob-
lem especially in local access networks in last-mile
segment [5]. They can complexly influence the over-
all transmission parameters of metallic lines, because
their presence affects the attenuation, impedance and
crosstalk characteristics. The bridged taps can be eas-
ily formed and caused usually during the process of re-
pairing the metallic cable or due to replacing the old ca-
bles with new lines, when old unused parts of previous
cables are not properly removed. Specific bridged taps
can be also created in subscriber premises by incorrect
splitting of the feeder cable or by using improper home
communication systems over telephone wires.

The attenuation characteristic of a transmission line
with bridged tap depends on the length of a tap, how-
ever, the impedance and crosstalk is also influenced
by its position. The problem of bridged taps in ac-
cess networks and their influence was partially stud-
ied and reported in several papers [6], [7], which in-
troduced some basic conclusions. The simulation tech-
nique used in this paper is based on the ABCD ma-
trices of transmission lines and bridged taps [8]. These
ABCD matrices can be easily adapted for any scenario
and simply cascaded in case of multiple bridged taps
or taps with various parameters, which makes the re-
sulting method more versatile. Moreover, the influence
of bridged taps on transmission parameters is different
for various types of metallic cables and lines. This in-
fluence is given mainly by the primary R, L, C and
G parameters of lines and also by their crosstalk char-
acteristics. Therefore, several typical metallic cables
used in access networks or local data networks speci-
fied by ITU-T rec. G. 996.1 [9], and used in last-mile
networks in Czech Republic were used in simulations.
Thanks to that, this article contains the comparisons
of achievable VDSL2 performance for various metallic
cables and the influence of bridged taps on their trans-
mission characteristics.

The first part of this article is focused on the intro-
duction of presented model and method of calculations
and the description of used metallic cables. The sec-
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ond part consists of simulations of VDSL2 for lines with
bridged taps based on the presented models.

2. Modeling of Transmission

Lines with Bridged Taps

First, a model based on ABCD cascaded transmission
matrices is necessary to describe. The general situation
for two symmetrical pairs is presented in the following
Fig. These two pairs are located in one cable and
the second pair contains a bridged tap.

|H11(D|2 ! [H12(0I?
Pair no. 1 «+—£A 1 >
11, Ze1, 2L f . T = 2
|Heexri()°] |Heexra(f)I
Pair no. 2 |H24(0)? I Ha(f?
72, Zc2 — LY — Z
— < > >
ZL, Z/N, I1 ' /'I1
Nawen ls7
2
Bridged tap IHer(M]
187, ZCBT

Fig. 1: The schematic illustration of a situation with bridged
tap.

The propagation constants and characteristic
impedances of both pairs are 71, v2 and Z¢cy, Zcog re-
spectively. The propagation constant of a bridged tap
is vypr and char. impedance Z¢opr. The length of both
pairs is [, the length of a bridged tap is Igr and the
beginning of a tap is located at the distance [; from
the beginning of the second pair. This point is marked
with dashed line in previous Fig. [I] and it divides both
pairs into two sections, which will be further used in the
following calculations. The power transfer functions of
these sections are |Hy1(f)|?, |Hi2(f)|?, |H21(f)|* and
|Haa(f)|? respectively, the power transfer function of a
bridged tap is |[Hpr(f)|?. The power transfer function
of FEXT crosstalk in the first section is |Hpex11(f)|?
and |HrpxT2(f)|? in the second section. Both pairs
are terminated with load impedance Z;, on both sides,
Zrn is the input impedance of the pair with a bridged
tap. The spectral density of additive white Gaussian
noise in the second pair with a bridged tap is Nawan-
The ABCD matrix of a transmission line and bridged
tap are specified in [3], as well as the resulting power
transfer function for the situation described in previ-
ous Fig. [1|[I0]. The far-end crosstalk (FEXT) was esti-
mated using model presented in [8] together with cas-
cading FEXT elements as described in [II]. The sum-
mary FEXT power function consists of a part, which is
generated before the bridged tap and is affected by the
presence of bridged tap, while the second part repre-
sents FEXT crosstalk generated after the bridged tap
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and not influenced by its presence. This conclusion was
also provided in [6].

The load impedance Z of both pairs in previous
Fig. [1] is constant and Z; = 100 Q in all following
simulations and calculations. This is a typical value
for VDSL2 lines. The bridged tap is considered to
be unloaded (opened) in all simulations, therefore its
load impedance is Z;gr = oco. The calculations of in-
put impedance Zjy, power transfer functions of both
pairs and FEXT crosstalk are based on the cascaded
ABCD matrices. According to the [3], the general
ABCD matrix of simple transmission line (metallic
pair), ABCD/(f), can be expressed as:

ABCD, (/) coszg,yggg Zesinh(l,~v(f))
L(fy=| sinh(l,y
T(f) cosh(l,~v(f))
asep, ()= (o) D). 1)

where [ is the length of a pair, «(f) its propagation
constant, Zo(f) represents a characteristic impedance
and f frequency, because all these terms are frequency

dependent. The ABCD matrix of a bridged tap,
ABCDgr(f), is defined as:

1 0
ABCDgpr(f) = 1 1

Zcpreoth(lpr, var(f))
apr(f) ber(f)
cor(f) dpr(f) ) ®

In which lpr stands for the length of bridged tap,
Zepr(f) and ypr(f) for its characteristic impedance
and propagation constant respectively. The situation
in Fig. [I| for the pair no. 2 with one bridged tap can be
described using ABCD matrices , , as:

ABCDg(f) = (

ABCD(f) = ABCDy,(f)ABCDpr(f)ABCD_;(f)
a(f) b(f)

c(f) d(f) )

where ABCD(f) represents the resulting matrix for
cascaded situation, ABCDyp;(f) and ABCD5(f) are
matrices of two sections of transmission lines divided
by a bridged tap in Fig. [l and ABCDpgr(f) stands
for the matrix of a bridged tap. In case of multiple
bridged taps or elements of transmission line, simply
more ABCD matrices can be cascaded in . The
input impedance Z;n(f) of the second pair with a
bridged tap can be expressed according to [9] and pre-

vious matrices , and as:

_ Zya(f) +b(f)
Zpe(f) + d(f)’

ABCD(f) = ( (3)

Zin(f) (4)
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Tab. 1: The parameters of #BT9 model for all types of cables used for simulations.

ITU-T ITU-T ITU-T UTP | TCEPKPFLE
G.996.1 0.32 | G.996.1 0.4 | G.996.1 0.5 | cat. 5e 75 x4x04

Toc 409 280 179 178 280

Ge 0, 3822 0,0969 0,0561 0,019 0, 26566

lo 607,5° 587,137° 673,6C 506 787

loo 5006 42776 544,256 3906 7456

b 5,2464 1,395 1,3013 0,3 4,133

fm 6093 7393 580, 923 256 8, 52680
Coo 4079 5079 5079 3879 35,4279
g0 0 0 0 Te 12 0

Je 0 0 0 1,02 0

where Z;n(f) is an input impedance of pair no. 2
(with bridged tap), Zr is a load impedance (here
Zr, = 100 Q) and a(f), b(f), c¢(f) and d(f) are the ele-
ments of ABCD(f) matrix (3). Generally, the transfer
function of a cascaded line H(f) can be calculated as:

Zr,

H(f) = Zra(f) +b(f) + ZpZsc(f) + Zsd(f)'

()

In which Zg is the impedance of a signal source and
its value in this paper is considered Zg = 7.

2.1. Parameters of Metallic Cables

The following simulations of VDSL2 lines were per-
formed for 5 different metallic cables, which are spec-
ified in ITU-T G.996.1 rec. [9] or are often used
for access or local data networks in Czech Republic.
Thanks to that, the influence of bridged taps on re-
sulting transmission characteristics of these cables can
be easily compared and decided. These cables are spec-
ified as: ITU-T G.996.1 0.32 cable, ITU-T G.996.1 0.4
cable, ITU-T G.996.1 0.5 cable, UTP cat. 5e cable and
TCEPKPFLE 75 x 4 x 0.4 cable, where the last number
represents the diameter of a Cu core.

The calculation of primary R, L, C, G parameters
of all cables was based on British Telecomm. model
#BT9 and parameters specified in ITU-T G.996.1 and
in [I3] as Tab. [l The #BT9 model estimation defines
R, L, C and G as:

R(f) = \/75c + acf? [/ km], (6)
b
lo + lint <ff>
L(f) = —————[H/km], (7)
14 (f)
fm
G(f) = gof? [S/km], ()
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where R [Q/km], L [H/km], C [F/km], G [S/km)] are
the primary parameters of metallic lines, f is a fre-
quency in Hz and all parameters used in @, ,
and (9) were specified in previous Tab. [I] Using pre-
vious R, L, C' and G, propagation constant v(f) and
characteristic impedance Z¢(f) of a line segment can
be calculated as:

1(f) = V(R + jwL)(G + jwC), (10)
_ [R+jwL
Zo(f) = \/ Gt iwC (11)

These formulas were used to calculate the parame-
ters of each segment in cascaded scenario, while the
resulting transfer functions, input impedances and
FEXT transfer functions were determined by apply-
ing ABCD matrices together with formulas (I), (2)),
(@), (@) and (5) to obtain the results for each situation.

VDSL2 Performance over
Lines with Bridged Tap

3.

This section contains the description and results of sim-
ulations of VDSL2 lines with bridged tap. All follow-
ing calculations were performed for VDSL2 lines with
frequency plan B8-12 for Europe up to 17 MHz and
spectrum profile 98ADE17, which is currently used
in Czech Republic. The simulations were performed
for all 5 types of metallic cables with parameters pre-
sented in Tab. [I} so it is possible to compare the influ-
ence of bridged tap on resulting transmission perfor-
mance of each cable. Due to that, the estimation of
transmission rates was calculated for a scenario with-
out any bridged tap and then the following graphs con-
tain the relative rates in % expression. Generally, the
simulations were performed for two different scenarios.
The first scenario is focused on AWGN as a dominant
source of disturbance, therefore it illustrates a situa-
tion with one single VDSL2 line in a cable without
any FEXT influence. The second scenario is based on
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FEXT crosstalk as a major disturbing source, when
simulations for 10 and 50 disturbing VDSL2 systems
in the same metallic cable were performed. Thanks to
that, the results for different cables can be easily com-
pared and decided, which cable is more influenced by
the presence of bridged tap in case of FEXT crosstalk
or in case of AWGN as a dominant source of noise.

Downstream and upstream directions were ana-
lyzed and separate graphs for both directions are al-
ways presented. The calculations and simulations of
VDSL2 lines were performed according to the mod-
els and methods presented in [3] and [§] with parame-
ters of VDSL2 lines specified in ITU-T rec. (G.993.2
[12]. The value of load impedance ZL was consid-
ered as 100 Q (typical value for VDSL2 lines) and the
value of Nawegn was constant and according to [3]
NAWGN = —140 dBm. The value of KFEXT crosstalk
parameter was used individually for each metallic cable
according to the parameters provided in [9] and [13].

3.1. The Results for a Scenario with-

out FEXT Influence

In this scenario, the metallic cable contains only one
symmetrical pair, therefore no FEXT crosstalk is pre-
sented. Moreover, this pair contains one single bridged
tap with variable length and variable position. The
length of a cable is [ = 0,8 km, the length of a bridged
tap g7 varies from 0,002 to 0,1 km and its position [y
varies from 0,008 km to 0,79 km.

First, the values of upstream/downstream transmis-
sion rates of VDSL2 lines without any bridged tap were
calculated for each type of metallic cable and are pre-
sented in Tab. 2

Tab. 2: Calculated transmission rates for VDSL2 lines without
any bridged tap and FEXT crosstalk.

Transmission rate [Mbps

Type of a cabel Upstream Downs[crearg ]
ITU-T G.996.1 0.32 13,792 52,16
ITU-T G.996.1 0.4 22,58 64,596
ITU-T G.996.1 0.5 41,908 92,532
UTP cat. 5e 26,248 67,144
TCEPKPFLE 75 x 4 x 0.4 39,672 88,692

Next, the simulation for the pair with a bridged tap
was performed. The following Fig. 2] contains the re-
sults of relative transmission rates in % expression sim-
ulated for upstream direction, while Fig. [3] illustrates
the results for downstream direction.

For better interpretation of simulated results, fol-
lowing set of graphs in Fig. 4] and |5 contains selected
characteristics for the position of a bridged tap l; = 16,
238, 476 and 714 meters. The types of cables are pre-
sented with the same colors used in previous figures.
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Fig. 2: The result of calculation of relative VDSL2 transmission
rates in upstream direction for all metallic cables in the
first scenario with single bridged tap.
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Fig. 3: The result of calculation of relative VDSL2 transmission
rates in downstream direction for all metallic cables in
the first scenario with single bridged tap.

The previous results illustrate the negative influence
of a bridged tap on transmission rates of VDSL2 lines.
As it was expected, the position of a bridged tap does
not influence the resulting attenuation characteristic of
a line, which is affected only by the length of a tap Igr.
This conclusion results from , where no position [;
of a bridged tap is presented. This conclusion also cor-
responds with the results provided in [6]. Therefore in
case of AWGN environment without any FEXT influ-
ence, the resulting transmission rates are constant and
independent on the position of a tap Iy and are influ-
enced only by its length {pr. It can be also deduced,
that especially short bridged taps can cause significant
narrow frequency peaks in attenuation characteristic
according to the ratio between the length of a bridged
tap and the wavelength of propagating electromagnetic
signal for specific VDSL2 frequency profiles [6]. This
conclusion is illustrated in the following Fig. [6] where
the attenuation characteristic for various lengths of a
tap lpr for a TCEPKPFLE cable is presented (the re-
sults for other cables are similar).

Due to that, all graphs in previous Fig. 2] 3] ] and
[] contain narrow peaks for short taps with lengths up
to 30 meters, which may decrease the resulting trans-
mission rates by 30 % in upstream and by 20 % in
downstream direction compared to the situation with-
out any bridged tap.
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Fig. 4: Relative transmission rates of VDSL2 in upstream direction selected for 4 different positions {1 of a bridged tap.
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Fig. 5: Relative transmission rates of VDSL2 in downstream direction selected for 4 different positions I; of a bridged tap.
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Fig. 6: Relative transmission rates of VDSL2 in downstream
direction selected for 4 different positions l; of a bridged
tap.

The input impedance Z;y and resulting characteris-
tic impedance Z¢ of cascaded elements of transmission
lines with bridged taps also play an important role and
significantly influence the resulting transmission rates
of VDSL systems. To illustrate the frequency depen-
dence of input impedance of a pair no. 2 containing a
bridged tap, the following graph in Fig.[7]was prepared,
where Z;x in upstream direction for various lengths of
a bridged tap lpr and its fixed position [y was cal-
culated for TCEPKPFLE cable (the input impedance
characteristics for other cables are similar).

0 6 8 10 12
o 2 X f[MHz)

Fig. 7: Relative transmission rates of VDSL2 in downstream
direction selected for 4 different positions /1 of a bridged
tap.

The input impedance of cascaded transmission line
with bridged taps (pair no. 2 in this case) is signifi-
cantly dependent on the position of a tap [y, its length
Ipr and on the relation between the characteristic
impedance of a tap Z¢cpr and the pair no. 2 Zco. How-
ever, all simulations performed in this paper are based
on the ABCD matrices, therefore, all these influences
were properly considered and included in the presented
results of VDSL2 transmission performance.

The resulting transmission rates presented in Tab.
also illustrate that the upstream performance of
VDSL2 lines with B8-12 profiles is affected by the
presence of a bridge tap more compared to the down-
stream results. The longer bridged taps with the
lengths Ipr more than 50 meters also negatively in-
fluence the transmission performance of VDSL2 lines,
however, the degradation is not as dramatic as in case
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of short bridged taps, while the transmission rates are
decreased by 20 % in upstream and by 10 % in down-
stream direction in average.

The relative transmission rates for different metallic
cables are quite similar without any significant differ-
ences. The UTP cat. be cable together with ITU-T
G.996.1 0.32 cable show the highest sensitivity and
their transmission parameters are influenced by the
presence of a bridged tap the most, especially in the
upstream direction. On the other hand, the perfor-
mance of a VDSL2 line via TCEPKPFLE 75 x 4 x 0.4
cable is not very degraded in case of a bridged tap and
AWGN environment in both directions.

Simulations for FEXT Environ-
ment

3.2.

The previous simulation was performed for a theoret-
ical situation with only a single VDSL2 line in a ca-
ble. However, in practice, typical cables used in access
and local networks are usually occupied with many
xDSL systems, therefore FEXT crosstalk is a domi-
nant source of disturbance. To conclude its influence
in case of lines with bridged taps, the following simula-
tions were performed for 10 disturbing lines (summary
FEXT crosstalk of 10 VDSL2 systems) and for 50 dis-
turbing lines (summary FEXT crosstalk of 50 VDSL2
systems).

First, the simulation for 10 disturbing VDSL2 lines is
presented. The following Tab. 3| contains the estimated
transmission rates for all types of presented cables in
case of lines without any bridged tap.

Tab. 3: Estimated transmission rates for VDSL2 lines dis-
turbed by 10 identical VDSL2 disturbing systems in
a same cable without any bridged tap.

Transmission rate [Mbps

Type of a cabel Upstream Downs[treanlz ]
ITU-T G.996.1 0.32 6,824 23,044
ITU-T G.996.1 0.4 8,96 24,184
ITU-T G.996.1 0.5 10,308 26,108
UTP cat. 5e 15,124 36,008
TCEPKPFLE 75 x 4 x 0.4 7,436 23,472

It is evident, that the achievable transmission rates
are significantly lower compared to the previous values
presented in Tab. The UTP cat. 5e cable has the
highest FEXT attenuation, due to that the VDSL2 per-
formance in its case is the highest in both directions.
The simulations of a bridged tap for this scenario were
performed again with the length of a cable [ = 0,8 km
and the variable length of a bridged tap Ip7 from 0,002
to 0,1 km and its variable position {; from 0,008 km to
0,79 km. The results are presented in the following

Fig. and 9]
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scenario.
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Fig. 10: The relative transmission rates of VDSL2 lines in up-
stream direction for all selected cables with 10 disturb-
ing VDSL2 lines.

lines in
downstream direction for all selected cables with 10
disturbing VDSL2 lines.

Fig. 11: The relative transmission rates of VDSL2

As it was expected, the FEXT attenuation depends
both on the length of a tap [pr and also on its position
l1 in a cable. Due to that, the performance of VDSL2
is generally influenced by both parameters [gr and [y
and it can be concluded that the closer the bridged
tap is located to the transmitter (VDSL2 modem in
case of upstream, or VDSL2 central office in case of
downstream), the more negative influence it causes.
Therefore, the presence of bridged taps located close
to the central office negatively influences mainly the
downstream transmissions, while the bridged taps lo-
cated near the subscribers (end-users) primarily affect
upstream transmission performance. This fact is also
presented in all graphs in Fig. [I0]and [TT} where in case
of upstream direction the degradation of transmission
rates is by 10-15 % for tap located at the beginning
of a line (I; = 16 meters), while for tap located at the
end of a line (I; = 714 meters) the average degrada-
tion is approx. 35 %. The downstream characteristic
shows the inverse dependence. These conclusions gen-
erally correspond with the results provided in [6], [7]

and [10].

The comparisons between different types of cables
illustrate, that due to the differences between FEXT
attenuation characteristics, the presence of a bridged
tap in case of UTP cat. 5e cable together with ITU-T
G.996.1 0.32 cable has the lowest impact on result-
ing transmission rates, on the other hand, the TCEP-
KPFLE cable shows significant sensitivity on the pres-
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ence of a bridged tap and its length, especially in up-
stream direction. The last scenario and simulation is
also based on FEXT dominant environment with 50
disturbing VDSL2 lines.

Tab. 4: Estimated transmission rates for VDSL2 lines dis-
turbed by 50 identical VDSL2 disturbing lines in a same
cable without any bridged tap.

Transmission rate [Mbps]
Type of a cabel Upstream Downstream
ITU-T G.996.1 0.32 5,064 16,348
ITU-T G.996.1 0.4 5,196 17,188
ITU-T G.996.1 0.5 5,524 17,228
UTP cat. be 10,972 27,12
TCEPKPFLE 75 x 4 x 0.4 4,224 14,652

The results of simulations are presented in following

Fig. [14] and [15]

= 7"
b 1

W)
|

;////
Y

Estimated relativ ransmission rates n upsiream direction %]

Fig. 12: Estimated relative transmission rates of VDSL2 lines
in upstream direction for a scenario with 50 disturbing
VDSL2 lines.

Fig. 13: Estimated relative transmission rates of VDSL2 lines
in downstream direction for a scenario with 50 disturb-
ing VDSL2 lines.

The more intensive noise caused by the FEXT
crosstalk from 50 VDSL2 lines further decreased the
achievable transmission rates as can be seen by com-
paring the values in Tab. [3|and [} The results of rel-
ative transmission rates for different cables with vari-
able bridged tap verify previous conclusions for a sit-
uation with 10 disturbing VDSL2 lines. The degra-
dation of transmission rate in upstream direction is
between 15-40 % approx. for ITU-T cables as well
as TCEPKPFLE cable, the UTP cat. 5e cable thanks
to its higher FEXT attenuation reaches better results,
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which is also evident for downstream direction. The av-
erage degradation in this direction is usually between
10-35 % depending on the position of a tap, its length
and type of a cable.

4. Conclusion

This paper analyzed the influence of bridged taps on
the transmission performance of modern VDSL2 lines.
The simulations were focused on two different sources
of noises and disturbances in metallic cables - AWGN
and FEXT and the estimations of transmission rates
were also performed for 5 different types of metallic
cables mostly used in access and local networks.

The results of simulations verified that the attenua-
tion characteristics of metallic lines are influenced only
by the length of a tap, however, the FEXT crosstalk
depends both on the length of a tap and also its po-
sition. Due to that, the results for AWGN environ-
ment do not depend on the position of a tap, while
the VDSL2 performance in FEXT dominated scenar-
ios is based on both of its parameters. The simulations
for FEXT scenario also verified that the location of a
tap heavily influences mainly the transmitter side of a
VDSL2 line, therefore the tap located close to the CO
side effects mainly the transmission rate in downstream
direction, while the tap in subscriber premise degrades
mostly the upstream performance.

The comparisons for 5 different types of cables il-
lustrate different sensitivity of each cable on the pres-
ence of a tap in AWGN or FEXT dominated situations.
Thanks to the highest FEXT attenuation, the relative
transmission rates of VDSL2 lines using UTP cat. 5e
cable were the highest and were not influenced by the
presence of bridged tap that much. On the other hand,
since the UTP cables are not typically used for access
networks, the ITU-T (G.996.1 0.32 cable also represents
a potential solution. However, the differences between
standard telecommunication cables used in the simu-
lations here, ITU-T G.996.1 0.32, 0.4, 0.5, and real
TCEPKPFLE cable are usually not very critical.
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