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ABSTRACT

Service providers are facing a two-dimension-
al challenge in deploying broadband access net-
works: the evolution of service demand and
competition. The demand for content-rich ser-
vices including high-definition multicast and uni-
cast video is increasing. Also, telephone
companies are facing fierce competition from
cable companies, especially in the North Ameri-
can market. In areas where fiber to the home is
not cost effective, vectored DSL is a cost-effec-
tive solution for achieving downstream data
rates of 100 Mb/s over 500 m by leveraging the
existing copper infrastructure. This article out-
lines the key market driving forces behind the
need for high-speed DSL and specifically vec-
tored DSL. This article also describes many vec-
toring features and capabilities, and highlights
the key considerations for service providers in
terms of vectored DSL planning, operation, and
management.

INTRODUCTION

With the demand for data-intensive services
increasing, service providers must adapt to not
only quench the current demands but to also
meet future needs. In the wireline realm, tele-
phone companies (telcos) and cable companies
(cablecos) are in competition to provide services
including high-speed data, multicast and unicast
video, HDTV, and 3D TV, as shown in Fig. 1.
Cablecos make use of the DOCSIS 3.0 standard
for delivering these services at very high rates. In
order to maintain a competitive advantage, tel-
cos must deliver new applications and content
while ensuring an appropriate quality of experi-
ence (QoE). For telcos to support more sophisti-
cated data services, higher data rates are
required.

Fiber to the home (FTTH), where an optical
fiber wire directly connects each customer
premises (CP) to the central office (CO), can
provide higher data rates than twisted-pair cop-
per wire. However, deploying FTTH can require
costly investments, especially in buried-cable
areas. Instead, telcos who are already heavily
invested in digital subscriber line (DSL) tech-
nologies are making use of hybrid optical-fiber-
copper-wire networks to deliver services at a

lower cost. One such hybrid network is known as
fiber to the node (FTTN), where a node is used
to interface between the optical fiber link from
the CO and the existing copper wire link to each
CP. With the combination of hybrid networks
with short loop lengths (e.g., up to 1000 m) and
power allocation techniques, telcos are currently
able to offer downstream speeds in the 10-60
Mb/s range without vectoring. For even higher
data rates, telcos are looking at vectored DSL as
the vehicle to deliver very-high-speed (e.g., 100
Mb/s over 500 m [1]) to customers while cost-
effectively leveraging the existing copper net-
work investment.

Current DSL networks use cable binders con-
sisting of bundles of twisted copper pairs in
order to transmit data to and from various CPs.
The interference between neighboring copper
pairs, known as crosstalk, is the main adversary
to the achievable data rate in DSL networks.
Thus, to improve the achievable data rate,
crosstalk must be reduced or, ideally, removed
entirely.

There are two types of crosstalk associated
with DSL networks: near-end crosstalk (NEXT)
and far-end crosstalk (FEXT). NEXT is the
crosstalk seen by neighboring pairs at the near-
end receiver, and FEXT is the crosstalk seen by
neighboring pairs at the far-end receiver. Newer
DSL technologies use frequency-division duplex-
ing to remove the NEXT, thus leaving the FEXT
as the only significant form of crosstalk. Hence,
higher data rates can be achieved by minimizing
or removing the FEXT.

VECTORED DSL OVERVIEW

Vectored DSL [2] is a transmission technique
that attempts to entirely remove the FEXT
interference between neighboring lines. The vec-
tored DSL crosstalk cancellation technique is
standardized by the International Telecommuni-
cation Union Telecommunication Standards Sec-
tor under ITU-T G.vector (G.993.5) [3].

FEXT in DSL systems has the strongest
impact on short loop lengths at high frequencies.
As such, VDSL2 profiles 12a and 17a, which
make use of up to 12 MHz and 17.6 MHz,
respectively, are good candidates for vectoring.
The results of several tests have shown that data
rates of 100 Mb/s over 500 m are achievable [4].
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Vectored DSL uses multi-user signal coordi-
nation to cancel the FEXT interference between
pairs. For downstream transmission, the trans-
mitters are collocated at the DSL access multi-
plexer (DSLAM), and the transmitted signals
can therefore be predistorted such that the sig-
nals arriving at the CPs are crosstalk-free. For
upstream transmission, the receivers are collo-
cated at the DSLAM, and the received signals
can be processed in order to remove the
crosstalk component. In both cases, once the
crosstalk is removed, each pair can ideally
achieve its interference-free data rate.

In addition to providing higher data rates,
vectored DSL provides several significant bene-
fits over previous DSL technologies. In particu-
lar, the vectored DSL system requires knowledge
of the pair-wise crosstalk between each pair in
the system. These values are also known as the
FEXT coupling coefficients (Xlogps). In addi-
tion to allowing multi-user signal coordination,
knowledge of the Xlogps enables more advanced
network maintenance tools for system managers
by identifying lines that generate large amounts
of crosstalk. Abnormally large crosstalk can be
due to line imperfections; as such, identifying it
can assist with locating network faults and long-
term network maintenance. Also, knowledge of
the Xlogps can provide more accurate estimates
of the network performance.

The vectored DSL system also allows system
managers to prioritize some customers over oth-
ers (e.g., corresponding to higher-end service
users). Each pair is specified by a target data
rate, line priority, maximum data rate, and mini-
mum data rate. Vectored DSL introduces the
notion of line priority. As described in G.993.5,
when resources are limited, the vectored
DSLAM might not be able to mitigate all of the
FEXT sources for every line in the vectored
group. As such, a line priority (e.g., low, high, or
no priority) could be configured for each line in
the vectored group. This feature enables the use
of different tiered service adapted to customer
needs and inherently targets a wider customer
base for a quicker transition to vectored DSL.

DSL PHANTOM MODE

Beyond vectored DSL, the future of DSL tech-
nology is the combination of vectored DSL and
DSL Phantom mode technology [5]. DSL Phan-
tom mode technology is a method for theoreti-
cally transporting three channels worth of data
over two channels. In particular, coordination
using only two physical channels is able to
achieve performance as good as up to three
independent physical channels. The information
on the “phantom,” or virtual, channel is split
over the physical channels and can be recov-
ered at the receiver side after processing. This
process generates excess crosstalk. Therefore,
by combining Phantom DSL with vectored DSL,
the excess crosstalk can be removed, and the
overall system can gain the performance bene-
fits of Phantom DSL without the consequence
of increased crosstalk. Furthermore, the con-
cept can be generalized to more than two physi-
cal channels to gain additional performance
benefits; that is, if N physical channels are
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Figure 1. Application and services offered by telcos.

used, there can be up to N — 1 additional phan-
tom channels.

DSL Phantom mode also provides some chal-
lenges from an implementation perspective.
More specifically, Phantom mode requires a
sophisticated modem capable of supporting mul-
tiple-pair bonding. In particular, it needs a
modem that can recover the three channels
worth of data from the two physical channels. As
well, the DSL modem’s chipset must be sophisti-
cated enough to vector the two physical and the
phantom channels. Furthermore, the multiple-
line requirement for Phantom mode may require
infrastructural changes in locations where con-
sumers are only provided a single line. Finally,
thus far, DSL Phantom mode results have only
been obtained within a laboratory setting.

Table 1 summarizes the achievable down-
stream speeds of three companies using Phantom
mode and vectoring for various numbers of pairs
and line lengths. Alcatel-Lucent showed that
combining Phantom mode and vectoring can
achieve downstream speeds of 390 Mb/s over 400
m using two pairs or 910 Mb/s over 400 m using
four pairs [6]. Alcatel-Lucent also showed that it
was capable of achieving 100 Mb/s at 1 km using
two pairs [7]. Nokia Siemens Networks showed
that when combining Phantom mode and vector-
ing, it can achieve 825 Mb/s over 400 m using
four pairs [6] and 750 Mb/s over 500 m using
four pairs [8]. Huawei showed that with Phantom
mode and vectoring, it can achieve 700 Mb/s over
400 m using four pairs [6].

Given the substantial gains offered by Phan-
tom DSL, it is important for telcos to plan future
vectored DSL networks with multiple-pair bond-
ing in mind. This would have the benefit of
reducing the investment cost for transitioning
from single-pair vectoring to phantom DSL.
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Compan Number of Downstream Line lengths
pany pairs speeds (Mb/s) (m)
Two 100 1000
Alcatel-Lucent Two 390 400
Four 910 400
Nokia Siemens Four 825 400
Networks 750 500
Huawei 700 400

Table 1. Downstream speeds achieved in a laboratory setting by various com-
panies using Phantom DSL.
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Figure 2. DSLAM level vectoring with 2 binders and 4 line cards.

VECTORING LEVELS

The vectoring process can be applied at various
levels characterized by the number of pairs that
are included in the vectoring process. Every
DSLAM can service up to 192 or 384 or more
customers, depending on the size of the shelf.
Within each DSLAM are line cards that can
each service 24, 48, or more customers, depend-
ing on the card density. The computational and
memory complexities for vectoring increase with
the number of pairs vectored. Thus, performing
vectoring for all 192 or 384 pairs in the DSLAM
is more difficult than vectoring the 24 or 48 pairs
sharing the same line card.

Line-card-level vectoring applies vectoring
only to the 24 or 48 pairs it services. Since the
vectoring is only applied within the line card
users, the vectoring processing engine can be
embedded into the line card.

DSLAM-level vectoring applies vectoring
over every pair connected to the DSLAM, as
shown in Fig. 2. This provides the maximum
data-rate gain because it allows the system to
dynamically cancel the crosstalk between any
pairs connected to the DSLAM; however,
DSLAM-level vectoring presents several
DSLAM and chip engineering design challenges
including inter-line-card communication, large
memory and computational complexities, and
training time.

Finally, multi-DSLAM-level vectoring applies
vectoring across multiple DSLAMs. This can be

used in some instances of high-density areas
where two or more DSLAMSs are deployed side
by side. Multi-DSLAM-level vectoring can apply
vectoring across many more pairs, depending on
the size of the shelf.

SERVICE PROVIDER
DEPLOYMENT SCENARIOS

While using FTTH might yield higher data
rates (e.g., downstream speed of at least 100
Mb/s [9]), it is still not cost effective to deploy
in buried-cable areas. Thus, the ability to offer
similar data-rich services using hybrid optical
fiber and copper wire networks is particularly
interesting. Telcos are looking to vectored
DSL as a means to deliver comparable down-
stream content-rich services using the hybrid
network.

FTTN is one example of a hybrid optical
fiber and copper wire network. The family of
hybrid networks is known as FTTx. Other exam-
ples include fiber to the curb (FTTC), fiber to
the building or basement (FTTB), fiber to the
premises (FTTP), and fiber to the office
(FTTO). The FTTx networks differ in the trans-
mission length covered by the copper wire net-
work. Figure 3 shows the deployment scenarios
for FTTN, FTTC, and FTTB. As well, the vec-
toring levels, VDSL2 profiles, and DSLAM port
capacities for the FTTx shown in Fig. 3 are given
in Table 2.

The FTTN architecture is deployed to cover
an entire distribution area, as shown in Fig.
3a. In North America, FTTN loops can con-
tain up to 1.5 km of twisted-pair copper wire,
although it is rare for FTTN loops to be that
long. In high-density distribution areas, multi-
ple DSLAMS at the same node might be
required. As such, the FTTN architecture is a
good candidate for DSLAM or multi-DSLAM-
level vectoring. In particular, FTTN loops of
less than 500 m will benefit the most from the
vectoring process and are therefore of particu-
lar interest.

For FTTC deployment scenarios, the
DSLAM is deployed much closer to the cus-
tomers than FTTN (i.e., up to 500 m of twist-
ed copper pair wire), as depicted in Fig. 3b.
FTTC has the ability to deliver very high data
rates since it operates on significantly shorter
line lengths; however, due to the shorter
lengths, each DSLAM’s service area is
reduced, and more than one DSLAM are
required to cover the entire distribution area.
As such, each DSLAM covers a sub-distribu-
tion area and services a smaller number of
subscribers. A small DSLAM in the FTTC
architecture could simply be a sealed module
including one line card (e.g., 48 ports). Hence,
line-card-level vectoring would be the most
appropriate level for the FTTC architecture,
as shown in Table 2.

The FTTB architecture in Fig. 3c services an
entire building or a multi-dwelling unit. In this
case, a DSLAM is deployed inside the building.
Depending on the size of the building, a small
DSLAM with a single line card or a larger
DSLAM can be required. As such, depending on
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the size of the building, line card or DSLAM-
level vectoring would be most appropriate, as
shown in Table 2.

FTTx networks are used all around the world.
For example, Japan deployed asymmetric DSL
(ADSL) services and was beginning to expand to
very-high-rate DSL (VDSL) services as of
November 2005. In the United States, AT&T
deployed a VDSL service under the AT&T U-
verse moniker to provide the triple-play services
of Internet, TV, and phone through an FTTN
network architecture covering 2 million cus-
tomers across 22 states as of December 9, 2009.
Similarly, Bell Canada services over 1.8 million
homes with VDSL2 through their FTTN net-
works in Montreal and Toronto as of February
4,2010 [9].

VECTORED DSL
ADOPTION REQUIREMENTS

The adoption of vectored DSL by telcos and the
pace at which it is adopted will depend on many
factors that are critical to the success of deliver-
ing IPTV and other triple-play services to their
customers. More specifically, it will depend on
the ease of deployment, the ability to deliver
IPTV while ensuring a QoE, and how it affects
line stability. These factors are discussed in the
following section. Interested readers are referred
to [10] for more information on deployment fac-
tors and line stability.

DEPLOYMENT FACTORS

The rate at which vectored DSL is adopted will
depend on the ease of deployment, implemen-
tation, and transitioning from current systems.
In particular, if it is possible to easily deploy
new DSLAMs close to customers (e.g., FTTC),
it will be easier to achieve higher data rates and
offer data-rich services. Moreover, the ease of
transitioning a customer’s line from non-vec-
tored to vectored is also a factor as it can
require a service interruption, modem replace-
ment, and potential upgrade of the copper
wires at the dwelling. Furthermore, there will
be scenarios where a vectored DSLAM shares a
cable binder with a non-vectored DSLAM (e.g.,
VDSL2, ADSL, ADSL2plus). Such situations
must be dealt while still ensuring high enough
data rates on both the vectored and non-vec-
tored lines.

LINE STABILITY

In a vectoring context, the stability of the lines
requires increased attention. Since vectoring
removes the crosstalk, other noise sources
become more dominant including impulsive
noise and non-stationary noise (e.g., radio fre-
quency interference [RFI], particularly for
Phantom DSL). These noise sources were
masked by the more dominant crosstalk prior
to vectoring. However, after the removal of
crosstalk, these noise sources can cause line sta-
bility issues. The main issue is how effectively
current protection mechanisms can stabilize the
line in the presence of dominant impulsive
noise in order to avoid the need for resynchro-
nizations.

OB Vecornglevel VDS DS capacy
FTTN DSLAM or multi-DSLAM ~ 12aor 17a 192+

FTTC Line card 17a 48

FTTB Line card or DSLAM 17a or 30a 48+

Table 2. Properties of various FTTx networks.
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Figure 3. Various FTTx scenarios: a) FTTN, b) FTTC; c¢) FTTB.

IPTV DELIVERY AND QOE

From an IPTV perspective, any service disrup-
tion, such as resynchronizations, video pixeliza-
tion, frozen screens, or audio hiccups, can
negatively affect the customer’s QoE. From a
service provider’s point-of-view, it is essential to
make sure that vectored DSL will still be “well
behaved” under poor noise conditions. More
specifically, after crosstalk cancellation, vectored
DSL must be able to overcome the effects of
both the now-dominant repetitive electrical
impulsive noise (REIN) and single high impul-
sive noise event (SHINE) by reducing the likeli-
hood of packet loss and errors in their presence
while delivering IPTV. In particular, it is essen-
tial that vectored DSL meets the QoE require-
ments associated with IPTV services as defined
in the Broadband Forum technical report TR-
126 [11].
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An ideal configura-
tion would be to
place lines which
have been jointly-
vectored adjacent to
one another and to
place lines which
have not been
Jointly vectored
further away from
one another within
the binder or within
different binders
inside the cable.
However, the
rewiring of the lines
within a binder (i.e.,
binder rearrange-
ment) is challenging,
costly, and impracti-
cal.

DEPLOYMENT PLANNING,
OPERATION, AND MANAGEMENT
CONSIDERATIONS

This section will discuss five main considerations
regarding the deployment, operation, and man-
agement of vectored DSL in practical systems.
Interested readers are referred to [10] for more
information.

CONSIDERATION 1:
MANAGING NON-CROSSTALK NOISE

After applying vectoring, nearly all the crosstalk
is canceled. Consequently, other sources of
noise, including REIN and SHINE, which were
previously hidden by the crosstalk become more
relevant. There are two ways to mitigate the
impact of these sources of noise. The first
method involves a combination of configuration
tools such as:

» Seamless rate adaption (SRA), which could
be used in a slow-changing noise environ-
ment or to provide more stability in the
case of fluctuating crosstalk.

e Impulsive noise protection (INP), inter-
leaver delay, or physical layer retransmis-
sion (i.e., G.998.4) to properly handle
impulsive noise.

e Save Our Showtime (SOS), to prevent the
line from retraining and service from being
disrupted. SOS can also be used in situa-
tions where the crosstalk increases suddenly
(e.g., impulsive noise) and could be impor-
tant in the context of IPTV where service
interruption could impact the QoE.

* Other tools such as virtual noise and era-
sure decoding, which could provide addi-
tional line stability and more protection
against other noise sources.

The second method leverages the dynamic
line management (DLM) and dynamic spectrum
management (DSM) capabilities in monitoring
and optimizing the settings for interleaved for-
ward error correction (FEC) and the transmitted
power spectral density (PSD).

CONSIDERATION 2: MANAGING
NON-VECTORED LINES AND LEGACY CPE

It is possible for DSL binders to contain mixed
lines (e.g., a mix of VDSL and ADSL) connect-
ed to common or different DSLAMs. Similarly,
there may be DSL binders consisting of a combi-
nation of vectored and non-vectored DSL lines.
As a result, the crosstalk from non-vectored
lines onto the vectored lines cannot be canceled.
The non-canceled crosstalk will cause some
degradation to the vectored line’s performance.
One method for addressing this issue is to treat
the non-vectored crosstalk interference as noise
and apply some spectrum management tech-
niques to mitigate the remaining crosstalk (e.g.,
DLM and DSM), as in consideration 1. An alter-
native approach would involve the service
provider moving the non-vectored lines to the
vectored DSLAM and upgrading the respective
customer premises equipment (CPE) to vector-
ing-capable CPE.

Similarly, in areas where outdated services
are already being provided (e.g., ADSL, VDSL,
VDSL2), if the telcos would like to deploy vec-
tored DSL to provide higher-speed services, the
vectored DSLAM should be able to support vec-
tored DSL lines in addition to providing the
same “old services” to legacy customers with
their existing CPE modems. As discussed in con-
sideration 2, mixed binders of non-vectored and
vectored lines will lead to non-canceled crosstalk.
To address this issue, the ITU has developed a
mechanism called “vectoring-friendly” CPE,
which can be downloaded as a firmware for the
CPE modem to operate in vectoring-friendly
mode. In this mode, the legacy lines would con-
tinue to operate with the same performance as
before, but the crosstalk generated by those lines
to the vectored lines is canceled as well.

CONSIDERATION 3:
MANAGING UNBUNDLED LINES

The issue of unbundled lines arises when com-
peting service providers share a binder. This
issue is relevant in regulated environments
where loop unbundling is mandated. A common
situation involves two vectored DSLAMs from
different service providers sharing the same
binder. Due to the lack of vectoring coordina-
tion between the two DSLAMs, interference
between the clusters cannot be canceled. One
possible solution to this situation is for the ser-
vice providers to cooperate in order to take
advantage of vectoring and the higher data rates
it enables. For example, this cooperation could
be achieved through an external coordination
vectoring engine. If cooperation is not possible,
each service provider can implement vectoring
across their own lines, while treating the other
lines as alien crosstalk. Moreover, from a practi-
cal perspective, when lines from competing ser-
vice providers share a binder, an issue that arises
is the physical location of the lines within the
binder. More specifically, within a binder, the
crosstalk between lines in close proximity is sig-
nificantly stronger than the crosstalk between
lines that are far apart. Hence, an ideal configu-
ration would be to place lines that have been
jointly vectored adjacent to one another and
those that have not been jointly vectored further
away from one another within the binder or
within different binders inside the cable. This
would maximize the benefits of vectoring in an
unbundled environment by allowing the vector-
ing process to remove the effects of large
crosstalk and minimize the effects of alien
crosstalk; however, the rewiring of the lines
within a binder (i.e., binder rearrangement) is
challenging, costly, and impractical.

CONSIDERATION 4:
IMANAGING DISORDERLY SHUTDOWN EVENTS

Disorderly shutdown events are caused when a
power failure occurs or the customer shuts down
their modem inappropriately. It has been shown
through several tests by manufacturers that these
events can cause a significant change in the sig-
nal-to-noise ratio and may therefore lead to a
retraining of the vectored lines. In general,
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retraining the lines should be avoided since it
requires a few minutes to remeasure the
crosstalk channel gains. Clearly, that is not desir-
able from a service provider’s point of view. The
ITU is working on a mechanism called “Fast
Channel Tracking” to report any changes in the
crosstalk state to the vectoring processor so that
the impact of these events can be mitigated.

CONSIDERATION 5:
IMANAGING BINDER GROUPS

The final consideration deals with the manage-
ment of clusters of lines sharing a binder. This
consideration may not exist when DSLAM or
multi-DSLAM-level vectoring is applied. Howev-
er, in some instances, telcos may deploy vector-
ing at a small DSLAM with only one line card in
a distribution area. As demand grows, a second
vectored DSLAM may be required. Customers
may be connected to this new DSLAM through
the same binder as the original DSLAM. With-
out vectored coordination between the two
DSLAMs, there will be non-canceled crosstalk.
The non-canceled crosstalk can be mitigated by
using spectrum management techniques as dis-
cussed in consideration 2 or canceled entirely
using separate dedicated binders for each vec-
tored DSLAM. Binder dedication is expensive
and not desirable from a service provider’s point
of view, and simply mitigating the crosstalk leads
to suboptimal performance. As such, binder
management should be carefully planned to
ensure that an appropriately sized DSLAM is
initially deployed.

CONCLUSION

Vectored DSL is the new copper-based access
technology breakthrough. It allows for significant
data rate increases through crosstalk cancella-
tion and allows service providers to deliver very-
high-speed data services in a cost-effective
manner. Vectored DSL products are expected to
soon become commercially available. Perfor-
mance results from several manufacturers show
that speeds of 100 Mb/s per line is achievable.
Service providers will be faced with planning,
operation, and management of vectored DSL
considerations. However, the use of vectored
DSL features and the leveraging of the
DLM/DSM capabilities can ensure that neces-
sary line stability and desired QoE to customers
are achieved.
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|
Service providers will
be faced with plan-
ning, operation, and
management of vec-
tored DSL considera-
tions. However, the
use of vectored DSL
features and the
leveraging of the
DLM/DSM capabili-
ties can ensure that
necessary line stabili-
ty and desired QoE
to customers are
achieved.
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