
Capacity analysis of RT-based VDSL2 copper
access networks
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Abstract—Attenuation and crosstalk are the dominant prob-
lems in high-speed communications over copper-based digital
subscriber lines (DSL). In order to minimize attenuation and
maximize the data rate (or capacity) of twisted pair lines, xDSL
operators try to keep twisted pair lines as short as possible. This
is often achieved by deploying xDSL technologies (i.e., VDSL2)
close to the end users using remote terminals (RT). However,
since xDSL lines deployed from an RT can share a cable binder
with lines deployed from the central office (CO), the resulting
crosstalk may cause severe performance degradation for lines
deployed from the CO. This is often termed as the near-far
problem. In order to reduce crosstalk resulting from the near-far
configuration, the transmit power on RT lines may be allocated
to optimize for minimal impact on the CO lines. Power Backoff
(PBO) spectrum management techniques at the RT may be
used in these situations Although this may alleviate the near-
far problem, reducing transmit power of RT based xDSL systems
will not remove crosstalk created within the binder group. There-
fore, implementing vectorization techniques to cancel crosstalk
between lines is highly recommended, especially for short lines

In this paper we calculate potentially achievable data rates in
the downstream direction for very short (RT deployed) very-high
data-rate digital subscriber lines. Our findings are supported by
laboratory measurements of attenuation and far-end crosstalk
(FEXT), which take into account downstream PBO (DPBO) and
vectoring techniques. The presented results provide useful bounds
for developers, xDSL providers, and relevant regulatory agencies.

Index Terms—VDSL2, data rate, crosstalk, attenuation, mea-
surements, remote terminal, DPBO, vectoring.

I. INTRODUCTION

D IGITAL subscriber line (DSL) technology refers to a
family of technologies that provide digital broadband

access over the local twisted pair telephone network. User
demands for high-speed broadband access have increased the
deployment of VDSL2 (Very high bit-rate Digital Subscriber
Line) [1] technology. In order to maximize the data rate of
twisted pair lines, they should be kept as short as possible
to minimize the effect of attenuation. Therefore, a favorable
deployment scenario for xDSL technologies (such as VDSL2)
is via remote terminals (RT) [2]. In this scenario, subscriber
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lines originating at the RT share the same cable binder with
lines originating at the central office (CO), which leads to
significant crosstalk increase and performance degradation for
the CO lines. This is often termed as the near-far problem [2].

The near-far problem can be mitigated by using dynamic
spectrum management (DSM) techniques [3], [4] to optimize
the transmit spectra of all users in a way that the overall data
rate is maximized. However, DSM techniques require complete
real-time knowledge of crosstalk and attenuation on all twisted
pairs in the binder, resulting in a computationally intensive
implementation, which often becomes a deployment barrier. To
overcome these problems, a spectrum management technique
referred to as Power Backoff (PBO) can be used. In addition to
being less computationally intensive, PBO needs only limited
knowledge of the copper access network topology and assumes
that the transmit spectra for the CO lines are fixed and can not
be optimized or changed [5]. The aim of PBO is to reduce the
(upstream or downstream) transmit power of VDSL2 systems
so that they minimally disturb systems deployed at the CO.

Reducing the transmit power of VDSL2 systems will not
remove crosstalk (FEXT) between systems deployed at the
RT. On order to remove the majority of crosstalk, a form of
DSM termed vectoring can be implemented at the RT. Vec-
toring, as defined by ITU-T G.993.5, can greatly improve the
performance of VDSL2 [6]. Vectoring removes the majority
of FEXT created within a vectored group, by coordinating line
signals [7].

In this paper we present performance evaluations of VDSL
systems with respect to pair length and VDSL2 operational
band plans (short names B8-12 and B8-6, [1]), with the goal
of studying the upper limit of the data rates that can be
achieved at each scenario. Also, we provide results of applying
DPBO and vectoring techniques in an operating VDSL2 access
network.

The remainder of this paper is organized as follows. Sec-
tion II presents the system model. Insertion loss and FEXT
models based on measurements are presented in Section III.
Performance evaluation results are presented in Section IV and
conclusions are given in Section V.

II. SYSTEM MODEL

The presented performance evaluation was performed under
the assumption that all transmission systems in the cable
binder use DMT (Discrete Multitone) modulation [8]. There-
fore, the transmission over one tone can be approximately1

1Interference from binder pairs is calculated using the FSAN method of
summing crosstalk [9].
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modeled using the following equation [10]:

yk = xkHk + zk , k ∈ {1, . . . , Nc} (1)

Our analysis encompasses downstream transmission, there-
fore vectors yk and xk describe signals at the receive side
(i.e., customer premises equipment (CPE) side) and signals at
the transmit side (CO or RT) on tone k , respectively. Vector zk
represents Additive White Gaussian Noise (AWGN) on tone
k , where AWGN = −140 dBm. The channel transfer matrix
Hk contains direct (diagonal elements) and far-end crosstalk
(off-diagonal elements) transfer functions for pairs in the cable
binder for tone k . Nc presents total number of tones.

In our experience, existing work dealing with spectrum
management in near-far scenarios seldom mention how off-
diagonal elements of H are calculated. In this case we use
the method proposed in [11], where crosstalk between twisted
pairs of different length can be calculated using:

|HFEXT (l, li, f)|2 = KFEXT · f2 · li · |HCH(l, f)|2 (2)

where KFEXT [Hz−2m−1] is the crosstalk transfer coefficient,
f [Hz] is the disturber signal frequency, li [m] is the interaction
length, |HCH(l, f)|2 is direct transfer function of the channel
(i.e., cable), and l [m] is the total distance from the CO (or
RT) to the CPE of the pair that generates noise on the pair
that is being disturbed. It should be stressed that this equation
assumes both pairs have the same attenuation constant.

Also, we assume that all modems in the cable are synchro-
nized and that there is no intercarrier interference. Due to the
fact that all transmission systems in this analysis use frequency
division duplexing, near-end crosstalk (NEXT) noise is not
considered.

The maximum bitloading a modem can achieve under the
current standards is bmax = 15 bits per tone [1]. In all
calculations, we assume discrete bitloading. For every tone k
and channel n, bitloading can be calculated using the equation:

bnk =

⌊
min

(
bmax, log2

(
1 +

Sn
k

Γ ·Nn
k

))⌋
(3)

where Sn
k is signal power at the CPE side, Nn

k is the sum of
crosstalk from all the DMT based disturbers in the cable, and
Γ is the SNR-gap [11].

III. INSERTION LOSS AND FEXT MODELS BASED ON
MEASUREMENTS

In this section we first describe the construction of the
measured cables and terminology used for different geo-
metrical relations between the pairs in the cable. Next, we
present insertion loss and FEXT models that were obtained
by processing available laboratory measurements.

A. Measured cables

Measurements were performed on multicore symmetric
quad cables that conform to [12]. Cable conductors are manu-
factured using softly annealed copper, where the insulation
consists of foamed polyethylene with a solid polyethylene
jacket and laminated sheath.

Cable binders have the following structure. The smallest
building block of binder cables is a quad, which consists of
two twisted pairs. The next building block according to size
is a basic group and consists of five quads (ten pairs). Larger
cables are obtained by gathering multiple basic groups together
to form a main group (five basic groups) or super group (five
main groups). In this paper all calculations were performed on
one basic group or one main group.

The following measurements were performed on available
cables:

• pair attenuation,
• far-end crosstalk.
Measured cables were between 120 m and 170 m in length,

and consisted of one main group or one super group. From
the cable construction it is possible to pick out the following
relationships between pairs in a cable:
A1: pairs are in the same quad;
A2: pairs are in neighboring quads in the same basic group;
A3: pairs are in the same basic group, but separated by a quad;
B1: pairs are in neighboring basic groups in one main group;
B2: pairs are in the same main group, but separated by a basic

group.
Measurements were carried out using the AESA 9600/100

MHz (now renamed to PHOENIX) measuring system from
AESA Cortalliod [13]. It can measure up to 112 pairs at
once in frequency ranges up to 100 MHz. It is important
to stress that the measurements were performed in laboratory
environment and the measured cables were on a reel, thus no
outside noise and other effects such as humidity in a cable
affected the measurement results. Although cables should be
stretched out so the self-crosstalk from cable winding on the
reel is avoided, performing measurements on the reel was not
an issue in our case because the cables were shielded and the
shield was properly grounded.

Finally, all the measurement results were normalized to a
length of 100 m and were conducted in the frequency range
between 64 kHz and 100 MHz.

B. Insertion loss model

The insertion loss model used in this paper is consistent
with [14]:

A(f, l) = (k1 + k2
√
f + k3f) · l (4)

where k1, k2, and k3 are constants expressed per unit length
[km], and l [km] is the pair length.

Insertion loss analysis performed on available cables pro-
duced the following constants: k1 = 6.033 [dB], k2 =
1.682 · 10−2 [dB/Hz0.5] and k3 = 1.410 · 10−6 [dB/Hz].

C. Far-end Crosstalk models

All pairs in the measured cables were the same length, so
the standard ETSI FEXT power transfer function was used to
model measurements on the real cables [9]:

|HFEXT (l, f)|2 = KFEXT · f2 · l · |HCH(f, l)|2 (5)
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where |HFEXT (l, f,N)|2 is crosstalk power transfer function
to the far-end of the pair, f is signal frequency in [Hz], l
is interaction length between two pairs, |HCH(f, l)|2 is the
direct pair transfer function, and KFEXT [Hz−2m−1] is the
crosstalk coefficient.

Cable analysis produced results presented in Table I. For
all victim-aggressor pair combinations specified in III-A, we
present both an average model obtained by using least squared
fitting method and 1%-worst case model calculated under the
assumption that crosstalk is distributed according to the normal
distribution.

Table I
FAR END CROSSTALK CONSTANTS DERIVED FROM AVAILABLE

MEASUREMENTS

Pair combination KFEXT KFEXT,1%

A1 10−20.2345 10−18.4434

A2 10−20.4280 10−18.8854

A3 10−20.4275 10−18.7955

B1 10−21.1753 10−19.2839

B2 10−21.9331 10−20.3500

IV. DOWNSTREAM CAPACITY RESULTS

This section presents results that were obtained using the
calculator [15] developed as a result of the collaboration
between FER2 and HAKOM3. The following scenarios were
investigated:

1) impact of downstream VDSL2 transmission system
spectral mask shaping on the achievable rates of VDSL2
and ADSL2+ [16] systems that originate at the RT and
CO, respectively;

2) impact of vectorization on VDSL2 systems that originate
at RT;

3) optimal VDSL2 profiles for Fiber To The Node (FTTN)
applications.

A. Analysis of maximum access network data rate increase
through introduction of RTs

This subsection presents achievable data rates as a function
of subscriber loop length for the VDSL2 998 B8-12 trans-
mission system at the RT. We present possible configurations
where data rate is greater than 30 Mbit/s in the downstream
direction. This data rate was chosen to be in compliance with
[17] where it is stated that ”The EU has set itself a 2013
target of achieving full broadband coverage and a 2020 target
of achieving at least 30Mbps for all and 100Mbps for 50% or
more of European households”.

Calculations were performed under the following assump-
tions:

• subscribers are connected using 0.4 mm cables through-
out all the segments of the connection (CO - RT - CPE);

• analysis was performed on a basic group;
• CO-RT length is 1300 m;

2Faculty of electrical engineering and computing, University of Zagreb,
Croatia.

3Croatian Post and Electronic Communications Agency.

• DPBOESEL is obtained from cable properties (length and
insertion loss);

• RT-CPE length varies from 300 to 1200 m (when the data
rate drops below 30 Mbit/s);

• Transmission system for the subscribers that are directly
connected to the CO is ADSL2+ AnnexB;

• Transmission system for the subscribers that are con-
nected to RT is VDSL2 998 B8-12;

• Fill ratio of the subscribers that are directly connected to
the CO is 10% and 20%;

• Fill ratio of the subscribers that are connected to RT is
40% and 80%;

• DPBO calculation was done with the following parame-
ters [18]:

– DPBOESCMA = 0.2487
– DPBOESCMB = 0.6932
– DPBOESCMC = 0.0581
– DPBOMUS = -95 dBm
– DPBOFMIN = 138 kHz
– DPBOFMAX = 2208 kHz

Figure 1. Date rate to subscriber loop length dependency for VDSL2 998
B8-12 transmission system originating at the RT

Figure 1 shows that required data rate of 30 Mbit/s or more
is achieved for loops that are shorter than:

• 600 m for 80% VDSL2 998 B8-12 and 20% ADSL2+
AnnexB fill ratio;

• 710 m for 40% VDSL2 998 B8-12 and 10% ADSL2+
AnnexB fill ratio.

B. Impact of vectorization at RT
This subsection presents achievable data rate as a function

of subscriber loop length for vectored VDSL2 998 B8-12
transmission system at the RT. We present possible configura-
tions where data rate is greater than 30 Mbit/s in downstream
direction.

Scenario parameters are the same as in subsection IV-A with
the following additions:

• analysis is performed on the main group (instead of basic
group) that consists of 25 quads (or 50 pairs);

• VDSL2 998 B8-12 systems have 40% fill ratio, and
ADSL2+ AnnexB have 10% fill ratio.

Analysis was performed for the following vectorization
scenarios:
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1) vectoring was not employed;
2) crosstalk from the pairs outside the basic group was

completely canceled;
3) crosstalk from pairs inside the basic group was com-

pletely canceled.

Table II
CROSSTALK FROM THE PAIRS OUTSIDE THE BASIC GROUP IS CANCELED

Length [m] Data rate [Mbit/s]
∆R [%](no vect.) (vect.)

1300 140.04 143.16 2.2
1400 80.23 83.89 4.56
1500 61.56 64.5 4.77
1600 51.28 53.98 5.26
1700 44.7 46.8 5.1
1900 34.14 35.84 4.97
2000 29.02 30.29 4.37
2100 26.24 27.16 3.5
2300 19.99 20.56 2.85
2500 14.83 15.22 2.62

Table III
CROSSTALK FROM PAIRS INSIDE THE BASIC GROUP IS CANCELED

Length [m] Data rate [Mbit/s]
∆R [%](no vect.) (vect.)

1300 140.04 157.5 12.46
1400 80.23 99.59 24.13
1500 61.56 78.92 28.2
1600 51.28 67.5 31.63
1700 44.7 59.18 32.39
1900 34.14 44.43 30.14
2000 29.02 36.25 2491
2100 26.24 31.97 21.83
2300 19.99 23.62 18.15
2500 14.83 17.06 15.03

Figure 2. Data rate to loop length dependency for VDSL2 998 B8-12 for
scenarios 1, 2 and 3

Table II, Table III, and Figure 2 present calculation results
for the given scenarios. Please note that ∆R (in tables) presents
a relative difference between vectored and non-vectored data
rates.

Results for both scenarios show that vectorization increases
data rate and maximum loop length for subscribers that are
connected to the RT by:

1) 5.1% increase in achievable data rate and 4.41% in-
crease in maximum subscriber loop length (maximum

subscriber loop length is increased by 30 m) in the case
where crosstalk from the pairs outside the basic group
was canceled;

2) up to 33% increase in achievable data rate and 25%
increase in maximum subscriber loop length (maximum
subscriber loop length is increased from 680 m to 850
m) in the case where crosstalk from pairs inside the basic
group is canceled

C. Optimal VDSL2 profiles for the FTTN applications

This subsection presents achievable data rate as a function
of subscriber loop length for VDSL2 998 B8-6 and VDSL2
998 B8-12 transmission systems in the downstream direction.
In this scenario the following was examined:

• Whether VDSL2 998 B8-6 or VDSL2 998 B8-12 is better
suited for loops shorter than 700 m (average loop length),
without combining different transmission systems in the
cable binder. The analysis includes 50% and 100% fill
ratios for the basic group.

• Impact of combining transmission systems in the cable
on the data rates for VDSL2 998 B8-6 and VDSL2 998
B8-12 with 20% and 30% fill ratios, respectively;

Results for scenario IV-C are presented in Table IV, Table
V, and Figure 3. Results show that VDSL2 998 B8-12 has
greater data rates than VDSL2 998 B8-6 for loops up to 550
m in length with 50% and 100% fill ratios.

Table IV
DATA RATE TO LOOP LENGTH DEPENDENCY FOR VDSL2 998 B8-6 AND

VDSL2 998 B8-12 WITH 50% FILL RATIO

Length [m]
50% fill ratio

Data rate [Mbit/s] Data rate [Mbit/s]
5 x VDSL2 998 B8-6 5 x VDSL2 998 B8-12

100 46.2 81.42
200 39.97 62.7
300 36.16 52.44
400 33.79 46.24
500 32.13 41.38
600 30.15 36.34
700 28.67 31.76

Table V
DATA RATE TO LOOP LENGTH DEPENDENCY FOR VDSL2 998 B8-6 AND

VDSL2 998 B8-12 WITH 100% FILL RATIO

Length [m]
100% fill ratio

Data rate [Mbit/s] Data rate [Mbit/s]
10 x VDSL2 998 B8-6 10 x VDSL2 998 B8-12

100 40.55 69.35
200 34.38 50.52
300 31.05 42.28
400 28.34 36.97
500 26.65 32.97
600 25.39 29.51
700 23.68 25.8

Table VI and Figure 4 show the data rates for VDSL2 998
B8-6 and VDSL2 998 B8-12 when combined in the same
basic group. So, it is not recommended at shorter subscriber
loop lengths (up to 600 m) above two mentioned VDSL2
technologies use in the same cable group.
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Figure 3. Data rate to loop length dependency for VDSL2 998 B8-12
and VDSL2 998 B8-6 with fill ratios of 50% and 100%, without combining
systems in cable binder

Table VI
DATA RATE TO LOOP LENGTH DEPENDENCY FOR VDSL2 998 B8-12 AND

VDSL2 998 B8-6 WITH 30% AND 20% FILL RATIO, RESPECTIVELY

Length [m]
50% fill ratio

Data rate [Mbit/s] Data rate [Mbit/s]
3 x VDSL2 998 B8-12 2 VDSL2 998 B8-6

100 82.18 47.8
200 62.41 41.56
300 52.24 37.73
400 45.42 35.38
500 39.95 33.68
600 33.98 31.72
700 28.2 30.26

Figure 4. Data rate to loop length dependency for VDSL2 998 B8-12 and
VDSL2 998 B8-6 with fill ratios of 30% and 20%, respectively

V. CONCLUSION

At the time of writing this paper, ADSL2+ AnnexB is
the most common xDSL access technology in Croatia. The
need for data rate increase in copper based access networks
and migration to the FTTN architecture definitively points
towards the introduction of VDSL2 technologies. Introduction
of these transmission systems in the network mandates the
use of remote terminals, which in turn increases the crosstalk
that is generated on legacy ADSL2+ systems that originate at
the CO and are in the same binder as new VDSL2 systems.
This problem, known as the near-far problem can be alleviated
or possibly even completely resolved by applying various
spectrum management techniques and vectoring.

From the results presented in section IV the following can
be concluded.

• Downstream Power Backoff, when applied with appro-
priate parameters, can greatly reduce noise in near-far
scenarios. As a consequence, this increases data rates
and ranges for transmission systems in the binder. Using
DPBO with the parameters specified in this paper brings
balance between legacy systems that originate at CO and
new VDSL2 systems that originate at the RT.

• Results also show that vectorization performed within the
basic group in the binder significantly increases the data
rate and range of the transmission systems that originate
at the RT.
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