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Preface The title DSL Advances refers to the multitude of
developments in digital subscriber line technology, network
architectures, and applications since DSL entered the mass market
in early 1999. The title also speaks of the evolution of DSL from
an obscure network technology to a consumer service used by tens of
millions of customers throughout the world. Many books, including
Understanding Digital Subscriber Line Technology (Starr, Cioffi,
and Silverman; Prentice Hall, 1999) described the fundamentals of
DSL technology and its usage up to early 1999. DSL has transformed
from a technology to a networked lifestyle enjoyed by millions of
people.

This book is the second in a series of books on DSL. Chapters 1
and 2 of DSL Advances provide the reader with a brief recap of the
fundamentals, and then continue the story with the developments
during DSL's golden age. Although this book is useful on its own,
it is best to have previously read Understanding Digital Subscriber
Line Technology.

After 1998, the DSL flower bloomed and flourished. The recent
developments are manifold. DSL services reached the
one-million-customer mark by mid-2000, and accelerated to serve
over 30 million customers by the end of 2002. Five percent of homes
in the United States had broadband connections by the end of
1999.[1] The transition from low-volume, pilot service offerings to
serious attempts to reach a mass market was stimulated by the rapid
onslaught of data service competition from cable modems and the
long needed stabilization of the regulatory environment. In the
United States, as well as a growing list of other countries,
regulatory developments provided the key elements for the advance
of competitive local exchange carriers (CLECs): assured local loop
unbundling, central office collocation, access to telco operations
systems, and asymmetric DSL (ADSL) line sharing. Innovation was not
limited to DSL equipment; the phone line infrastructure evolved to
improve its ability to support DSLs. SBC Communications led the way
by deploying many thousands of fiber-fed next generation digital
loop carrier (NGDLC) terminals that shortened the length of
twisted-wire copper lines. Increasingly, customers more than three
miles from the Central Office can receive DSL services. With
approximately one-third of U.S. customers served via DLC and NGDLC
in the year 2000, and projections for this number to grow to nearly
50% by 2004,
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the average loop length is shrinking.

[1] As reported in the January 2001 issue of Computer Telephony
magazine.

Internationally, Asian markets have outpaced the United States
in DSL deployments. Korean and Japanese DSL lines each outnumber
total U.S. deployments, and China will soon pass the United States
as well. A Japanese deployment of nearly 10 million 712 Mbps ADSL
systems is expected by the end of 2003. British, French, and German
ADSL deployments presently parallel the United States' in size, but
are growing faster. Thus, DSLparicularly ADSLis fast becoming the
world's choice for broadband Internet access.

DSL was a dark horse in 1988 when ISDN was stumbling out of the
starting gate and chief technology officers were asking why bother
to develop HDSL since fiber would be "everywhere" in a couple of
years. Few would have imagined DSL advertisements on city buses,
and multi-megabit per second DSL modems selling for about the same
price as a 14.4 kb/s voice-band modem in 1988. However, DSL is an
interim technology. Eventually, fiber-to-the-home/business and
broadband wireless will capture the market. Some fiber-optimistic
telephone companies expect that by the year 2010 DSL will have a
minority market share in the top market areas. Yet major
telecommunications technologies do not die quickly; DSL will see
niche usage well past 2010. Will the market success of cable modems
persist? Cable modem service is expected to grow, but the growth
rate may slow if the upgrading of cable plant for two-way digital
service stalls with the completion of upgrades for the most
attractive areas. As the cable-modem take rate grows, cable
companies will face the dilemma of pumping much more money into
service with poor return or providing a service with poor
performance. Cable modem service is available in few business
areas; unlike DSL, where high-margin business customers help pay
the way for the low-margin residential customers. DSL's strengths
are its provision by many differentiated service providers and its
ultimate availability in nearly all business centers and most
residential areas.

Chapters 3 through 7 introduce the newest members of the DSL
family and report on the maturation of some of the older family
members. These chapters show that the various types of DSL share
similarities in the underlying technology and network architecture.
The recent DSL advances include symmetric DSLs, as well as the
popular ADSL. The symmetric HDSL and SDSL technologies transformed
into HDSL2 and SHDSL. HDSL2 conveys 1.5 Mb/s via two wires, whereas
HDSL required four wires. SHDSL conveys the same data rates as
SDSL, but on loops 2,000 to 3,000 feet longer. The newer symmetric
DSL technologies will quickly make HDSL and SDSL obsolete because
of the improved performance and two other factors vital for the
success of any new DSL technology. HDSL2 and SHDSL are based on
industry standards with multivendor interoperability. HDSL2 and
SHDSL are designed to minimize crosstalk into other lines. In some
ways, VDSL is a delayed opportunity. Very high bit-rate DSL (VDSL)
conveys rates as high as 52 Mb/s via very short copper end-section
that is usually served via an optical network unit (ONU) that
connects to the network by fiber. The cost of the required
multitude of ONUs complicates the VDSL business case, while radio
frequency ingress and egress force major technical compromises.
VDSL is searching for its best opportunity: Will the line code be
DMT or single-carrier? Will the prime services be symmetric or
asymmetric? VDSL's opportunities are diminished by the industry
standards's inability to reach a single VDSL standard.

Chapters 9 and 10 warn that the continued success of DSL is not
assured. DSL could become a victim of its own success if the
crosstalk between DSLs in the same cable is not managed. This
calamity will hopefully be averted by the T1.417 local loop
spectrum management standard developed in the T1E1.4 Working Group.
This standard is expected to be the technical foundation of
telecommunications policy in the United States for the reliable use
of unbundled loops. Other countries are developing spectrum
management rules to address their unique environment. Traffic laws
and police are needed for drivers to safely and efficiently share
the road. Limited transmitted signal power and equipment
certifications are required for service providers to effectively
share the
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f description of each is provided.

In transaction A:B, the CP unit selects a mode of operation, but
instead of the CO unit responding with an ACK(1) as in basic
transaction A, it responds with a request for mode request
(REQ-MR), which requests that the CP unit directly transition to
transaction B where the CO unit initiates a mode select
request.

In transaction B:A, the CP unit requests that the CO unit select
the mode of operation by issuing a mode request (MR) message, but
instead of responding with a mode select (MS) as in basic
transaction B, the CO unit sends a REQ-MS message requesting the CP
unit to make the mode selection. The CP unit then responds with the
MS message as in basic transaction B.

copper pairs in the access cables. Even with such existing
static spectrum management, DSL crosstalk diminishes the data rates
on other lines, in many cases by a factor of 3 to 10. Chapter 11,
which discusses the new area of dynamic spectrum management (DSM),
is an exciting first look at the tremendous future possibility as
DSL management becomes more automated and sophisticated.

High-speed Internet access and the growing popularity of
telecommuting stimulated the mass market for DSL, but in the spirit
of "what is old is new," a "new" application for DSL was
discovered: voice. DSL was not just for data. Although ADSL was
always designed to carry one voice channel, Chapter 16 presents the
various ways voice-over-DSL (VoDSL) carries many voice channels in
addition to data. The additional service revenue from the same line
was icing on an already delicious cake. Furthermore, the many voice
calls on one pair of wires reduced the exhaustion of spare pairs in
cables. The other new/old emerging application is video.
Video-on-demand spurred ADSL in 1994 until the economic reality of
competing with videotape rentals stalled ADSL deployment. In a
cliff-hanger rescue, ADSL was saved by the Internet. The ADSL lines
to millions of homes can connect to video servers as well as data
servers. Video-on-demand has resurfaced, and this time it is cost
competitive. Video-on-demand via ADSL will become especially
attractive with 1.3 Mb/s MPEG4 video coding providing picture
quality better than VHS videotapes.

Chapters 12 to 16 show the results from use of DSL in the real
world, and reach beyond the physical layer core of DSL by
discussing the end-to-end network that surrounds DSL. The customer
end of the phone line is not the end of the story. Chapter 12
compares methods for DSL to connect to all networked devices within
the customer's premises: dedicated LAN wiring, shared phone wiring,
shared AC power wiring, and wireless. Both centralized splitter and
distributed in-line filter premises wiring configurations are
discussed. Chapter 13 presents the developments in the DSL Forum
and elsewhere to remove the labor from DSL: automatic configuration
of the customer's equipment and flow-through service provisioning.
Chapter 14 explores and compares the diverse breadth of upper-layer
communications protocols used by DSLs. Chapter 15 exposes a topic
of great importance that is barely mentioned in most DSL books:
security. Security risks and essential safeguards for every DSL
vendor, service provider, and user are discussed.

The views expressed in this book are solely those of the
authors, and do not necessarily reflect the views of the companies
and organizations affiliated with the authors.

T.S. M.S. J.M.C. P.J.S.

Top

Table 5.6. G.994.1 Extended Transaction Types
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In transaction A:C, the CP unit requests a specific mode of
operation by issuing a MS message, but instead of responding with
ACK(1) as in basic transaction A, the CO unit requests that the
capabilities list be exchanged. Once the two units exchange
capabilities and negotiate mode of operation, a follow-up
transaction is needed for mode selection.

In transaction B:C, the CP unit requests that the CO unit select
the mode of operation via a MR message, but instead of the expect
MS response of basic transaction B, the CO unit requests a
capabilities list request, where both units exchange their
capabilities list and negotiate the mode selection. A follow-up
transaction is needed for the mode selection.

In transaction D:C, the CP unit proposes a mode of operation via
the MP message and requests that the CO unit select the operating
mode. Instead of the expected MS message from the CO unit of basic
transaction D, the CO unit requests a capabilities list request,
where both units exchange their capabilities list and negotiate the
mode selection. A follow-up transaction is needed for the mode
selection.

5.11.3 Message Segmentation

Note that in the above transactions, some messages can become
rather large when passing messages that contain the identification
and standard information parameter fields. Excluding the two FCS
octets and any octets inserted for transparency, the maximum
message length in a frame is 64 octets. If a message is longer than
64 octets, then it must be segmented into two or more messages. The
message types that can be segmented are those that contain the
parameter octets, namely, CL, CLR, MP, and MS.

When a receiving station is parsing a segmented message, the
receiving station sends an ACK(2), which indicates to the sending
station that it is ready to receive the remainder of the message.
Once the complete message is received, the receiving station
responds with an ACK(1) or other appropriate response.

5.11.4 Example Transactions

In this section, we provide some example G.994.1 sessions to
demonstrate the handshake process.

Example 1: Table 5.7 shows the use of a transaction sequence
that combines basic transaction C with A. The CP unit first
initiates a capabilities list request where the two units exchange
and negotiate capabilities via the CLR and CL messages. The CP unit
then selects the mode of operation via the MS command (basic
transaction A).

Transaction Identifier CP Unit CO Unit CP Unit CO Unit CP
Unit

A:B MS_ REQ-MR_ MR_ MS_ ACK(1)

B:A MR_ REQ-MS_ MS_ ACK(1)

A:C MS_ REQ-CLR_ CLR_ CL_ ACK(1)

B:C MR_ REQ-CLR_ CLR_ CL_ ACK(1)

D:C MP_ REQ-CLR_ CLR_ CL_ ACK(1)

Table 5.7. Example 1Basic Transaction C Followed by Basic
Transaction A

CP Unit CO Unit CP Unit CP Unit CO Unit

Pgina 11 de 586DSL Advances

25/10/2006file://C:\Documents and Settings\Julian\Configuracin
local\Temp\~hh99FC.htm


	
Example 2: Table 5.8 shows an example transaction that combines
extended transaction A:C with basic transaction A. First the CP
unit selects a mode of operation and requests that the CO select
this mode. Instead the CO unit requests the CP unit for a
capabilities list request. The two modems then exchange
capabilities lists and negotiate operating modes. Once the exchange
and negotiation are complete, the CP unit selects the mode of
operation via the MS message.

CLR_ CL_ ACK(1) MS_ ACK(1)

Table 5.8. Example 2 Extended Transaction A:C Followed by Basic
Transaction A

CP Unit CO Unit CP Unit CO Unit CP Unit CP Unit CO Unit

MS_ REQ-CLR_ CLR_ CL_ ACK(1) MS_ ACK(1)
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Chapter 1. Introduction to DSL 1.1 The Telephone Loop Plant

1.2 DSL Reference Model

1.3 The Family of DSL Technologies

1.4 DSL Protocol Reference Model

Digital subscriber line (DSL) technology transforms an ordinary
telephone line into a broadband communications link, much like
adding express lanes to an existing highway. DSL increases data
transmission rates by a factor of twenty or more by sending signals
in previously unused high frequencies. DSL technology has added a
new twist to the utility of twisted-pair telephone lines.

Top

1.1 The Telephone Loop Plant

The twisted-wire pair infrastructure (known as the loop plant)
connects customers to the telephone company network. The loop plant
was designed to provide economical and reliable plain old telephone
service (POTS). The telephone loop plant presents many challenges
to high-speed digital transmission: signal attenuation, crosstalk
noise from the signals present on other wires in the same cable,
signal reflections, radio-frequency noise, and impulse noise. A
loop plant optimized for operation of DSLs would be designed quite
differently. Local-loop design practices have changed relatively
little over the past 20 years. The primary changes have been the
use of longer-life cables and a reduction in loop lengths via the
use of the digital loop carrier (DLC). In recent years, primarily
in the United States, many thousands of DLC remote terminals
(DLC-RTs) have been placed in neighborhoods distant from the
central office. Telephone and DSL service is provided directly from
the DLC-RT. DSL performance is improved because the DSL signals
traverse only the relatively short distance (generally, less than
12,000 feet) from the DLC-RT to the customer site. However, DSLs
must cope with the huge embedded base of loop plant, some of which
is 75 years old.

The term loop refers to the twisted-pair telephone line from a
central office (CO) to the customer. The term originates from
current flow through a looped circuit from the CO on one wire and
returning on another wire. There are approximately 800 million
telephone lines in the world.

The loop plant consists of twisted-wire pairs, which are
contained within a protective cable sheath.
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In some parts of Europe and Asia the wires are twisted in
four-wire units called "quads." Quad wire has the disadvantage[1]
of high crosstalk coupling between the four wires within a quad.
Within the CO, cables from switching and transmission equipment
lead to a main distributing frame (MDF). The MDF is a large wire
cross-connect frame where jumper wires connect the CO equipment
cables (at the horizontal side of the MDF) to the outside cables
(at the vertical side of the MDF). The MDF permits any subscriber
line to be connected to any port of any CO equipment. Cables
leaving the CO are normally contained in underground conduits with
up to 10,000 wire pairs per cable and are called feeder cables,
E-side, or F1 plant. The feeder cables extend from the CO to a
wiring junction and interconnection point, which is known by many
names: serving area interface (SAI), serving area concept box (SAC
box), crossbox, flexibility point, primary cross-connection point
(PCP). The SAI contains a small wire-jumper panel that permits the
feeder cable pairs to be connected to any of several distribution
cables. The SAI is at most 3,000 feet from the customer premises
and typically serves 1,500 to 3,000 living units. The SAI is a
wiring cross-connect field located in a small outside cabinet that
permits the connection of any feeder wire pair to any distribution
wire pair. The SAI predates DLC. The SAI contains no active
electronics, and is located much closer to the customer than the
carrier serving area (CSA) concept originally developed for
DLC.

[1] Chapter 10 shows that such high crosstalk coupling can be an
advantage when all four wires are used in a coordinated way by a
single customer, but otherwise this characteristic is a
disadvantage.

Top

1.2 DSL Reference Model

As shown in the generic DSL reference model in Figure 1.1, a DSL
consists of a local loop (telephone line) with a transceiver at
each end of the wires. The transceiver is also known as a modem
(modulator/demodulator). The transceiver at the network end of the
line is called the line termination (LT) or the transmission unit
at the central end (TU-C). The LT may reside within a digital
subscriber line access multiplexer (DSLAM) or a DLC-RT for lines
fed from a remote site. The transceiver at the customer end of the
line is known as the network termination (NT) or the transmission
unit at the remote end (TU-R).

Figure 1.1. DSL Reference Model
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The majority of DSLs are served via copper lines extending all
the way from the central office to the customer's premises as shown
in Figure 1.1. To address DSL's limited line reach, a repeater may
be placed near the midpoint of the copper line to boost the signal
on the line. However, installation of midspan repeaters has a high
material and labor cost. More often, DSL service for customers in
areas distant from a CO have DSL service enabled by the placement
of a DLC-RT in their neighborhood as shown in Figure 1.2. The DSL
signals traverse the relatively short copper wire between the
customer and the DLC-RT. The link between the CO and DLC-RT is
usually optical fiber. Alternatively, distant areas may also be
served via a DSLAM located at a remote site; sometimes the DSLAM
may be located within a building having many customers.

Figure 1.2. Digital Loop Carrier Reference Model

Figure 1.3 shows the network architectures for a voice-band
modem, private-line DSL, and switched DSL services. The voice-band
modem transmission path extends from one customer modem, a local
line, the public switched telephone network (PSTN), a second local
line, and a second customer modem. In contrast, the extent of DSL
transmission link is a customer-end modem (TU-R), a local line, and
a network-end modem (TU-C), with the digital transport through the
remainder of the network being outside the scope of the DSL
transmission path. The private-line service is not

Pgina 15 de 586DSL Advances

25/10/2006file://C:\Documents and Settings\Julian\Configuracin
local\Temp\~hh99FC.htm


	
switched within the network and thus provides a dedicated
connection between two endpoints. The private-line architecture may
contain a service-provisioned cross-connection within the central
office. The switched DSL service permits the customer to connect to
many end points simultaneously or sequentially. Often, the TU-C for
the switched DSL service resides within a DSLAM. The switching or
routing functions may reside within the DSLAM or in separate
equipment.

Figure 1.3. Comparative Network Architectures

Top

1.3 The Family of DSL Technologies

Several species of DSL have resulted from the evolution of
technology and the market it serves. The earliest form of DSL, 144
kb/s basic rate ISDN, was first used for ISDN service in 1986, and
then was later applied to packet mode ISDN DSL (IDSL), and local
transport of multiple voice calls on a pair of wires (DAML: digital
added main line). Basic rate ISDN borrowed from earlier voice band
modem technology (V.34), and T1/E1 digital transmission technology
(ITU Rec. G.951, G.952).

As shown in Figure 1.4, DSL transmission standards have evolved
from 14.4 kb/s voice-band
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modems in the 1970s to 52 Mb/s VDSL in the year 2001. This has
been an evolution, with each generation of technology borrowing
from the prior generation.

Figure 1.4. Evolution of DSL Technology (Note: Dates indicate
publication of relevant standards.)

High bit-rate DSL (HDSL) was introduced into service in 1992 for
1.5 Mb/s (using two pairs of wires) and 2 Mb/s (using two or three
pairs of wires) symmetric transmission on local lines. HDSL greatly
reduced the cost and installation time required to provide service
by reducing the need for midspan repeaters and simplifying the line
engineering effort. HDSL is widely used for private line services,
and links to remote network nodes such as digital loop carrier
remote terminals and wireless cell sites. In 2000, HDSL2 was
introduced to accomplish the same bit-rate and line reach as HDSL
but using one pair of wires instead of the two pairs required for
HDSL. Both HDSL and HDSL2 operate over CSA (carrier serving area)
length lines consisting of up to 12 kft[2] of 24 AWG wire, 9 kft of
26 AWG wire, or a proportionate length of mixed wire gauges. HDSL2
is spectrally compatible with other services in the same cable
within the CSA line lengths but may not be spectrally compatible if
a midspan repeater is used to serve longer lines. HDSL4, using
trellis-coded pulse amplitude modulation (TC-PAM) for two pairs of
wires, achieves spectral compatibility for 1.5 Mb/s transport on
longer loops. By reaching up to 11 kft on 26 AWG lines without
repeaters, HDSL4 further reduces the need for repeaters. The
complementary pair of technologiesHDSL2
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(for CSA lines) and HDSL4 (for longer lines)provide a lower cost
and spectrally compatible means to provide symmetric 1.5 Mb/s for
nearly all lines. Chapters 4 and 6 discuss HDSL2 and HDSL4,
respectively. Chapter 6 also addresses the symmetric SHDSL
technology.

[2] 1 kft equals 1,000 feet.

Asymmetric DSL (ADSL) service was introduced in 1995 and
employed the following new technology aspects:

z Higher downstream bit rates are achieved via transmission
asymmetry, using a wider bandwidth for downstream transmission and
a narrower bandwidth for upstream transmission.

z Near-end crosstalk is reduced by partial or full separation of
the upstream and downstream frequency bands.

z Simultaneous transport of POTS and data is achieved by
transmitting data in a frequency band above voice telephony.[3]

[3] In some parts of Europe, ADSL operates in a frequency band
above Basic Rate ISDN (4B3T).

z Use of advanced transmission techniques (trellis coding,
Reed-Solomon codes with interleaving, and DMT modulation).

z Rate-adaptive transmission that adjusts to the highest bit
rate allowed by the unique conditions for each line.

ADSL is widely used for applications benefiting from the
bit-rate asymmetry, for example, high-speed Internet access and
workstation access for small business offices and home work offices
(SOHO). ADSL supports downstream bit-rates up to 8 Mb/s and
upstream bit-rates up to 900 kb/s on short lines (less than 6 kft)
with moderate line noise. However, to assure service to more lines
with more noise, ADSL service is most often provided at bit-rates
of 2 Mb/s or less downstream and 128 kb/s or less upstream. At
mid-year 2002, there were 26 million ADSLs in service worldwide,
with approximately 80 percent of the lines serving residential
customers and 20 percent of the lines serving business customers.
The early deployments of ADSL employed a splitter at both ends of
the line to combine the 03.2 kHz analog voice signal with the ADSL
signals in a higher frequency band. The development of the "G.lite"
(ITU Rec. G.992.2) standard introduced the concept of enabling
customer self-installation without a splitter at the customer end
of the line. This reduced the labor cost to install the service.
Field trials of G.lite demonstrated that an in-line filter must be
inserted in series with most types of telephone sets to prevent
problems for both the voice transmission as well as the digital
transmission. Subsequently, it was determined that the in-line
filters permitted effective operation of the full-rate ADSL (T1.413
and ITU Rec G.992.1), whereas G.lite is restricted to about 1.5
Mb/s downstream. As a result, the large majority of current ADSL
installations use full-rate ADSL self-installed by the customer,
placing an in-line filter by every telephone in their premises.
Because ITU Recs. G.922.1 and G.992.2 were derived from the earlier
T1.413 standard, all these ADSL standards are very similar, and
most ADSL equipment supports all three standards. Chapter 3
discusses ADSL in more detail.

Single-pair high-bit-rate DSL (SHDSL) products were available by
the end of 2000 based on the ITU Rec. G.991.2 standard. Like the
nonstandard 2B1Q SDSL systems, SHDSL supports symmetric
transmission at bit-rates from 192 kb/s to 2.32 Mb/s while
providing at least 2,000 feet greater line reach than SDSL.
Furthermore, the SHDSL specifications provided for the use of
multiple pairs of wires and midspan repeaters to achieve greater
bit-rates and line lengths. SHDSL uses trellis coded
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pulse amplitude modulation (TC-PAM), which is also used for
HDSL2 and HDSL4. Chapter 6 discusses SHDSL in more detail.

Table 1.1. Comparison of DSL Technologies

XDSL Technology

ADSL Full rate

ADSL-Lite "g.Lite"

HDSL, HDSL2, HDSL4 SDSL SHDSL IDSL VDSL

Data rates 192k8 Mb/s DS

64900 kb/s US

256k1.5 Mb/s DS

64400 kb/s US

1.5 Mb/s symmetric

256k2 Mb/s symmetric

192 k2.3 Mb/s symmetric

128k or 144kb/s symm.

1252 Mb/s DS

626 Mb/s symmetric

Loop reach mixed gauge wire

15 kft reach at lower rates

15 kft reach at lower rates

HDSL & HDSL29 kft, HDSL411 kft (x2 with repeater)

16 kft @ 256kb/s, 7 kft @ 1.5Mb/s

20 kft @ 256 kb/s, 9 kft @ 1.5 Mb/s

15 kft reach, repeater for x2 reach

3 kft @ 26M/4M

1 kft @ 26 Mbs symmetric

Service types

Data & POTS Shared line

Data & POTS Shared line

DS1 private line

Data only Data and optional digitized voice

Data only

Data and POTS

Principle applications

Internet access, data

Internet access, data

Data, voice trunking

Data Data, voice Data Video, Internet access, data

Modulation DMT DMT 2B1Q-HDSL

TC-PAM-HDSL2&4

2B1Q TC-PAM 2B1Q Multiple (CAP, QAM, DMT, FMT)

Common protocols

PPP over ATM

PPP over ATM

DS1 Frame Relay

ATM Frame Relay

ATM

Standard ITU G.992.1

T1.413

ITU G.992.2

ITU G.991.1-HDSL

T1.418-HDSL2

None ITU G.991.2

T1.601 T1 Trial use standard

Number of wire pairs

One pair One pair 2 pairs: HDSL, HDSL4

1 pair: HDSL2

One pair One pair (2 pair option doubles the bit rate)

One pair One pair (1, 2 or 4 pairs in EFM area)

DS: Downstreamdata rate towards the customer

US: Upstreamdata rate from the customer
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e>5.11.3 Message Segmentation

Note that in the above transactions, some messages can become
rather large when passing messages that contain the identification
and standard information parameter fields. Excluding the two FCS
octets and any octets inserted for transparency, the maximum
message length in a frame is 64 octets. If a message is longer than
64 octets, then it must be segmented into two or more messages. The
message types that can be segmented are those that contain the
parameter octets, namely, CL, CLR, MP, and MS.

Prestandard very high-bit-rate DSL (VDSL) systems were used in
field trials in 2000. VDSL supports asymmetric bit-rates as high as
52 Mb/s downstream or symmetric bit-rates as high as 26 Mb/s. The
key distinction of VDSL is its limitation to very short loops, as
short as 1,000 feet for the highest bit-rates or up to about 4,000
feet for moderate data rates. The very short line length operation
depends on shortening the copper line by placing an optical network
unit (ONU) close to the customer site and then connecting one or
more ONUs to the network with a fiber. Like ADSL, VDSL is a rate
adaptive system that provides for simultaneous transmission of data
and an analog voice signal. Chapter 7 discusses VDSL in more
detail.

The term xDSL applies to most or all types of DSL technology.
Chapter 5 discusses ITU G.994.1 (g.handshake), which DSL
transceivers use to negotiate a common operating mode.

Figure 1.5 shows the upstream and downstream rates supported by
the various DSL technologies with the symmetric technologies (ISDN,
SHDSL, HDSL) residing along a line of symmetry, and the rate
adaptive technologies (ADSL, VDSL) covering a broad range of
bit-rates with the corresponding maximum line lengths
indicated.

Figure 1.5. DSL Data Rates

Symmetric: same data rate in both directions

Top
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When a receiving station is parsing a segmented message, the
receiving station sends an ACK(2), which indicates to the sending
station that it is ready to receive the remainder of the message.
Once the complete message is received, the receiving station
responds with an ACK(1) or other appropriate response.

5.11.4 Example Transactions

In this section, we provide some example G.994.1 sessions to
demonstrate the handshake process.

Example 1: Table 5.7 shows the use of a transaction sequence
that combines basic transaction C with A. The CP unit first
initiates a capabilities list request where the two units exchange
and negotiate capabilities via the CLR and CL messages. The CP unit
then selects the mode of operation via the MS command (basic
transaction A).

Example 2: Table 5.8 shows an example transaction that combines
extended transaction A:C with basic transaction A. First the CP
unit selects a mode of operation and requests that the CO select
this mode. Instead the CO unit requests the CP unit for a
capabilities list request. The two modems then exchange
capabilities lists and negotiate operating modes. Once the exchange
and negotiation are complete, the CP unit selects the mode of
operation via the MS message.

Table 5.7. Example 1Basic Transaction C Followed by Basic
Transaction A

CP Unit CO Unit CP Unit CP Unit CO Unit

CLR_ CL_ ACK(1) MS_ ACK(1)

Table 5.8. Example 2 Extended Transaction A:C Followed by Basic
Transaction A

CP Unit CO Unit CP Unit CO Unit CP Unit CP Unit CO Unit

MS_ REQ-CLR_ CLR_ CL_ ACK(1) MS_ ACK(1)

1.4 DSL Protocol Reference Model

Figure 1.6 shows the open systems interconnection (OSI) protocol
reference model with additional detail shown for the physical
layer. The structure within the physical layer is largely due to
the contributions of Les Humphrey. The protocol reference model
provides a structure to organize complex communications systems.
The layered approach hides details of information from the
subsystem, invoking the service of a particular layer. Thus, an
application on a host requesting communication with its peer
application does not need to know the details of its physical
connection to a data network, communications used between itself
and the network, or even the details of the protocols exchanged
between the hosts supporting the application. The layered approach
also simplifies the analysis of complex communication systems by
segmenting the systems into several well-defined portions,
facilitates reuse of portions of communications systems, and allows
upgrades of portions of a communications system independently of
each other.

Figure 1.6. Protocol Reference Model
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Chapter 2. Review of Transmission Fundamentals for DSLs 2.1
Introduction

2.1.1 The Additive White Gaussian Noise (AWGN) Channel

2.1.2 Margin, Gap, and Capacity

2.2 Baseband Transmission

2.2.1 The 2B1Q Line Code (ISDN and HDSL)

2.2.2 Pulse Amplitude Modulation (PAM)

2.2.3 Alternate Mark Inversion (AMI)

2.2.4 ANSI T1 Transmission (T1.403)

2.3 Passband Transmission

Pgina 22 de 586DSL Advances

25/10/2006file://C:\Documents and Settings\Julian\Configuracin
local\Temp\~hh99FC.htm


	
2.3.1 Quadrature Amplitude Modulation (QAM)

2.3.2 Carrierless Amplitude/Phase Modulation (CAP)

2.2.3 Constellations for QAM/CAP

2.3.4 Complex Baseband Equivalents

2.4 Equalization

2.4.1 Linear Equalization

2.4.2 Decision Feedback Equalization

2.5 Discrete Multitone Transmission (DMT)

2.5.1 Capacity of the AWGN Channel

2.5.2 Basic Multichannel Transmission

2.5.3 Loading Algorithms

2.5.4 Channel Partitioning

2.5.5 Discrete Multitone Transmission (DMT)

2.6 Impairment Modeling

2.6.1 Background Noise

2.6.2 Other Noises

2.6.3 Radio Noise

2.6.4 Combining Different Crosstalk Signals and Noise

2.6.5 Total Noise Power Spectral Density
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2.2 Baseband Transmission

Baseband codes are distinguished from passband codes (See
Section 2.3) in that baseband codes can transmit energy at DC (f =
0), while passband codes transmit at a frequency spectrum
translated away from DC. Baseband line codes in DSLs have N = 1 and
appear in the earliest DSLs: Examples are T1, ISDN, and HDSL.

2.2.1 The 2B1Q Line Code (ISDN and HDSL)

The 2B1Q baseband line code is heavily used in early DSLs. The
2B1Q line code ideally uses a basis
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function[2]

[2] The sinc function is

which leads to the independence of successively transmitted data
symbols when sampled at multiples of the symbol period. Thus, in
the modulation of Section 2.1, N = 1, b = 2, M = 4, and the encoder
is memoryless. On an ideal channel with no distortion, a
corresponding matched filter in the receiver also maintains the
independence of successive symbol transmissions. In practice, the
sinc function cannot be exactly implemented, and transmission
through the bandlimited channel distorts this basis function
anyway. Thus, compromise pulse masks that attempt to predistort the
transmit basis function to incur minimum distortion have been
incorporated into the ISDN and HDSL standards documents [2,3] and
are further detailed in [1].

The signal constellation for 2B1Q appears is basically 1, 3 (see
[1]). The number of bits in a group is b = 2, and each group of
bits maps into one of the four data symbol values. A
one-dimensional value for x could be computed as x = 2m - 3, m =
0,1,2,3. The name "2B1Q" derives from the mneumonic "2 bits per 1
quartenary" symbol. Because the transformer/hybrid coupling to the
transmission line does not pass DC, baseband line codes like 2B1Q
undergo severe distortion, and a straightforward implementation of
a symbol-by-symbol detector will likely not perform acceptably. The
receiver must compensate for the transformer and line distortion
using the DFE of Section 2.5.

For purposes of analysis, the following function characterizes
the one-sided output power-spectral density of the transmit shaping
filters where the use of a rectangular basis function (with
additional

gain ) was assumed, along with a unity-DC-gain nth-order
Butterworth filter,

where and R = 135 . For ISDN: n = 2 Vp = 2.5 V, 1/T = f0 = f3db
= 80 kHz, so the data rate is 160 kbps; and for HDSL: n = 4 Vp =
2.7 V, 1/T = f0 = 392kHz, f3db = 196 kHz, so the data rate is 784
kbps (per line).

The probability of error, given an AWGN channel, is

with a straightforward encoder mapping. The gap for 2B1Q is 9.8
dB at Pe = 10

-7. ISDN and HDSL also mandate an additional 6 dB of margin,
leaving ISDN and HDSL at least 16 dB below the best theoretical
performance levels. Additional loss of several dB occurs with ISI
(see Section 2.5) on
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most channels. Thus, uncoded 2B1Q is not a high-performance line
code, but clearly the transmitter is fairly simple to implement.
The receiver for improved performance is more complex than
necessary, leading in part to 2B1Q's later reduced use in DSL.

2.2.2 Pulse Amplitude Modulation (PAM)

2B1Q generalizes into what is known as pulse amplitude
modulation (PAM), but has the same basis function as 2B1Q
modulation, and simply has M = 2b equally spaced levels
symmetrically placed

about zero, b = 1, ..., . The number of dimensions remains N =
1, and PAM also uses a memoryless encoder, x = 2m - (M - 1), m = 0,
..., M - 1 or a code like gray code in 2B1Q. Approximately a 6 dB
increase in transmit power is necessary for the extra constellation
points associated with each additional bit in a PAM constellation
if the performance is to remain the same (i.e., Pe is constant).
Eight-level PAM is sometimes called "3B1O" and is used in
single-line HDSL

or HDSL-2 standards[3] (see Chapters 5 and 6). In general for
PAM,

[3] The original HDSL makes use of 2 twisted pair (or 3 in
Europe) while HDSL-2 uses only 1 twisted pair.

where T = 1/f0 is the symbol period, R is the line impedance
(typically 100 to 135 Ohms), and Vp = (M - 1)dmin/2 is the peak
voltage. The power spectral density of the transmitted signal
similarly generalizes to

with and f3dB equal to the cut-off frequency of a nth order
(Butterworth) transmit filter. The data rate is log2 (M)/T bps. The
probabilty of error is

assuming again an input bit encoding that leads to only 1 bit
error for nearest neighbor errors. For more details on different
baseband transmission methods like Manchester, differential
encoding, J-ISDN, BnZs, HDB, and 4B5B, see [1].

While relatively harmless at low speeds, 2B1Q, and more
generally PAM, should be avoided in DSL at symbol rates exceeding
500 kHz. Wideband PAM unnecessarily creates unacceptably high
and
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unyielding crosstalk into other DSLs.

2.2.3 Alternate Mark Inversion (AMI)

Alternate mark inversion (AMI) is less efficient than PAM and
used in early T1 transmission. The modulation basis function is
dependent on past data symbols in that a 0 bit is always
transmitted as a zero level, but that the polarity of successive
1's alternate, hence the name. One recalls that early data
communciations engineers called "1" a "mark." Thus, AMI is an
example of sequential encoding. The basis function can contain DC
because the alternating-polarity symbol sequence has no DC
component, thus the sinc basis function can again be used. However,
the distance between the signal level representing a zero, 0 Volts,
and 1 (either plus or minus a nonzero level) is 3 dB less for the
same transmit power as binary PAM, so

This 3 dB performance loss simplifies receiver processing. An
AMI transmitter is shown in Figure 2.6. Differential encoding of
binary PAM signals ("1" causes change, "0" causes no change)
provides signal output levels of and -. The difference between
successive outputs (+1, 0, or -1) is then input to the basis
function shown to complete modulation. The receiver maps

Figure 2.6. Encoder/modulator for AMI.

The transmit power spectral density of AMI is shaped as

assuming 6th-order Butterworth transmit filtering and no
transformer high pass. A high pass filter

that represents a transformer is sometimes modeled by an
additional factor of where ft is the 3dB cut-off frequency of the
high pass).

ANSI T1 transmission uses AMI with the basis function shown in
Figure 2.7.

Figure 2.7. T1.403 "T1" pulse shape (basis function after 1-D
operation in T1 alternate mark inversion (AMI), 1 = 648 ns).
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2.2.4 Successive Transmission

Data transmission consists of successive transmission of
independent messages over a transmission channel. The subscript of
n denoting dimensionality is usually dropped for one dimensional
transmission and a time-index subscript of k is instead used to
denote the message transmitted at time t = kT, or equivalently the
kth symbol. Thus, xk corresponds to one of M possible symbols at
time k. The corresponding modulated signal then becomes

a sum of translated single-message waveforms. The symbols xk may
be independent or may be

generated by a sequential encoder. A receiver design could
sample the output of matched filter (-

t) on an AWGN channel at time instants t = kT. The design of the
modulation filter (t) may not be such that successive translations
by one symbol period are orthogonal to one another. However, this
property is desirable and the function is called a Nyquist pulse
when it satisfies the orthogonality constraint

Nyquist pulses exhibit no overlap or intersymbol interference
between successive symbols at the matched-filter output in the
receiver. The Nyquist criterion can be expressed in many
equivalent

forms, but one often encountered is that the combined
transmit-filter/matched-filter shape q(t) =
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ocTableCell vAlign=top>

ACK(1)

MS_

ACK(1)

Example 2: Table 5.8 shows an example transaction that combines
extended transaction A:C with

(t)* (-t) should have samples q(kT) = k or the "aliased"
spectrum should be flat,

The function is a Nyquist pulse, but also one that "rings"
significantly with time, because the amplitude of the sinc function
at non-sampling instants decays only linearly with time away from
the maximum at time t = 0. This leaves a transmission system
designed with sinc pulses highly susceptible to small timing-phase
errors in the sampling clock of the receiver. There are many
Nyquist pulses, but perhaps the best known are the raised-cosine
pulses, which satisfy the Nyquist criterion and have their ringing
decay with 1/t3 instead of 1/t. These pulses are characterized by a
parameter that specifies the fraction of excess bandwidth, which is
the bandwidth in excess of the minimum 1/T necessary to satisfy the
Nyquist criterion with sinc pulses. The raised cosine pulses have
response

The actual pulse shapes for transmit filter and receiver filter
are square-root raised-cosine pulses and have transform and
time-domain impulse response:

This pulse convolved with itself (corresponding to the
combination of a transmitter and receiver matched filter) is a
raised-cosine pulse. The time and frequency response of a
square-root raised cosine transmit filter appear in [1].

Top
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basic transaction A. First the CP unit selects a mode of
operation and requests that the CO select this mode. Instead the CO
unit requests the CP unit for a capabilities list request. The two
modems then exchange capabilities lists and negotiate operating
modes. Once the exchange and negotiation are complete, the CP unit
selects the mode of operation via the MS message.

2.3 Passband Transmission

Passband line codes have no energy at or near DC. The reason for
their use in DSLs is because DSLs normally are transformer coupled
(for purposes of isolation) from transceiver equipment, and thus
the transformers pass no DC or low frequencies. This section
reviews four of the most popular passband transmission line
codes.

2.3.1 Quadrature Amplitude Modulation (QAM)

Quadrature amplitude modulation (QAM) is a N = 2-dimensional
modulation method. The two basis functions are (for transmission at
time 0):

where (t) is a baseband modulation function like sinc or a
square-root raised cosine pulse shape. The multiplication of the
pulse shape by sine and cosine moves energy away from baseband to
avoid the DC notch of the twisted-pair transformer coupling. QAM
pulses suffer severely from line attenuation in DSLs and
compensation is expensive. Some proprietary DSL systems with QAM.
QAM is often used in voiceband modem transmission where
line-characteristics are considerably more mild over the small 34
kHz bandwidth, allowing DC to be avoided and a receiver to be
implemented with tolerable complexity. (See Section 2.4 on
equalization.)

For successive transmission, QAM is implemented according to

in which one notes the sinusoidal functions are not offset by kT
on the kth symbol period. Because of the presence of the sinusoidal
functions and the potential arbitrary choice of a carrier frequency
with respect to the symbol rate, QAM functions do not appear the
same within each symbol period.

That is, QAM basis functions are not usually periodic at the
symbol rate, xn (t) xn (t + kT), even if the same message is
repeatedly transmitted. However, the baseband pulse is repeated
every symbol period. This aperiodicity is not typically of concern,
but the use of periodic functions can allow minor simplification in
implementation in some cases with the so-called "CAP" methods of
the next subsection.

2.3.2 Carrierless Amplitude/Phase Modulation (CAP)
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Carrierless amplitude/phase modulation (CAP) was proposed by
Werner, who notes that the carrier modulation in QAM is superfluous
because the basic modulation is two-dimensional and a judicious
choice of two DC-free basis functions can sometimes simplify the
transmitter implementaton [10]. The potentially high receiver
complexity of QAM is still apparent with CAP (see Section 8.4.2 of
[1]on Equalization).

CAP basis functions appear the same within each symbol
period:

Successive transmission is implemented with

This form is a more natural extension of one-dimensional
successive transmission and the basis-function concept. There is no
carrier frequency, and fc is simply a parameter that indicates the
center of the passband used for transmission, whence the use of the
term "carrierless," while nevertheless the amplitude and phase of
x(t) are modulated with the two-dimensional basis set. CAP
transmission systems are not standardized for use in DSL, but have
been used by a few vendors in proprietary implementations [9] and
appear in HDSL reports (see Chapter 4).

CAP and QAM are fundamentally equivalent in performance on any
given channel given the same receiver complexityonly the
implementations differ, and only slightly. For other quadrature
modulation schemes, see [1].

2.3.3 Constellations for QAM/CAP

The easiest constellations for QAM are the QAM square
constellations, which are essentially the same as two PAM
dimensions treated as a single two-dimensional quantity. Indeed,
square QAM and PAM are essentially equivalent when appropriate
normalization to the number of dimensions occurs, . Figure 2.8
shows SQ QAM constellations for even and odd numbers of bits per
two-dimensional symbol. The expressions for probability of error
are then

Figure 2.8. QAM/CAP square constellations.
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Another popular series of constellations for b 5 are the cross
constellations that use the general constellation shown in Figure
2.9 and have relationship to probability of symbol error

Figure 2.9. General QAM cross for b > 4 and odd.
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2.3.4 Complex Baseband Equivalents

Figure 2.10 shows a passband transmission system's energy
location. The designer only cares about the region of bandwidth
used and not the entire transmission band.

Figure 2.10. Passband channel input and output spectra.

Typically, these systems are two-dimensional and many designers
prefer to describe the transmission system with scalar complex
(rather than real) functions and analysis. There are two types of
complex representations in common use: baseband equivalents that
are most useful in analyzing QAM systems and analytic equivalents
that are most useful in analyzing CAP systems. We first define the
complex data symbol xb,k = x1,k + jx2,k.

A QAM waveform is determined by taking the real part of the
complex waveform

where xa (t) is the analytic equivalent of the QAM signal. The
baseband equivalent is just
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d of responding with ACK(1) as in basic transaction A, the CO
unit requests that the capabilities list be exchanged. Once the two
units exchange capabilities and negotiate mode of operation, a
follow-up transaction is needed for mode selection.

In transaction B:C, the CP unit requests that the CO unit select
the mode of operation via a MR message, but instead of the expect
MS response of basic transaction B, the CO unit requests a
capabilities list request, where both units exchange their
capabilities list and negotiate the mode selection. A follow-up
transaction is needed for the mode selection.

The baseband equivalent does not explicitly appear to depend on
the carrier frequency and essentially amounts to shifting the
passband signal down to baseband. That is,

The baseband equivalent output of a noiseless linear channel
with transfer function H(f) can be found as

Defining P(f) = H(f - fc)(f) as the pulse response of the
channel, and scaling the channel output (signal and noise) down by
a factor of (to eliminate the extra square-root 2 factors in the
normalized basis functions of QAM and the artificial doubling of
noise inherent in the complex representation) produces the
convenient complex baseband channel model

where xb,k are complex symbols at the channel input and nb (t)
is complex baseband equivalent

white noise with power spectral density 22 or equivalently 2 per
real dimension. This baseband equivalent channel has exactly the
same form as with successive transmission with real baseband
signals such as PAM, except that all quantities are complex. Thus,
PAM is a special case. This representation allows a consistent
single theory of equalization/modulation as will be followed by
subsequent sections of this text and generally throughout the DSL
industry.

CAP systems can also be modeled by a complex equivalent system
above except that the channel output is still passband and is the
analytic signal

where and the noise is statistically again WGN with power
spectral density 2 per real dimension.

In either the QAM or CAP case, a complex equivalent channel has
been generated and the effects of carrier and/or center frequencies
can be subsequently ignored in the analysis, which can then
concentrate on detecting xb,k from the complex channel output.

Top
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In transaction D:C, the CP unit proposes a mode of operation via
the MP message and requests that the CO unit select the operating
mode. Instead of the expected MS message from the CO unit of basic
transaction D, the CO unit requests a capabilities list request,
where both units exchange their capabilities list and negotiate the
mode selection. A follow-up transaction is needed for the mode
selection.

5.11.3 Message Segmentation

Note that in the above transactions, some messages can become
rather large when passing messages that contain the identification
and standard information parameter fields. Excluding the two FCS
octets and any octets inserted for transparency, the maximum
message length in a frame is 64 octets. If a message is longer than
64 octets, then it must be segmented into two or more messages. The
message types that can be segmented are those that contain the
parameter octets, namely, CL, CLR, MP, and MS.

When a receiving station is parsing a segmented message, the
receiving station sends an ACK(2), which indicates to the sending
station that it is ready to receive the remainder of the message.
Once the complete message is received, the receiving station
responds with an ACK(1) or other appropriate response.

5.11.4 Example Transactions

In this section, we provide some example G.994.1 sessions to
demonstrate the handshake process.

Example 1: Table 5.7 shows the use of a transaction sequence
that combines basic transaction C with A. The CP unit first
initiates a capabilities list request where the two units exchange
and negotiate capabilities via the CLR and CL messages. The CP unit
then selects the mode of operation via the MS command (basic
transaction A).

Example 2: Table 5.8 shows an example transaction that combines
extended transaction A:C with basic transaction A. First the CP
unit selects a mode of operation and requests that the CO select
this mode. Instead the CO unit requests the CP unit for a
capabilities list request. The two modems then exchange
capabilities lists and negotiate operating modes. Once the exchange
and negotiation are complete, the CP unit selects the mode of
operation via the MS message.

Table 5.7. Example 1Basic Transaction C Followed by Basic
Transaction A

CP Unit CO Unit CP Unit CP Unit CO Unit

CLR_ CL_ ACK(1) MS_ ACK(1)

Table 5.8. Example 2 Extended Transaction A:C Followed by Basic
Transaction A

CP Unit CO Unit CP Unit CO Unit CP Unit CP Unit CO Unit

MS_ REQ-CLR_ CLR_ CL_ ACK(1) MS_ ACK(1)

2.4 Equalization

Equalization is a term generally used to denote methods employed
by DSL receivers to reduce the
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mean-square ISI. The most common forms of equalization for DSLs
appear in this subsection.

2.4.1 Linear Equalization

Linear equalizers are very common and easy to understand, albeit
they often can be replaced by nonlinear structures that are less
complex to implement and that work better, but are harder to
understand. Nonetheless, this study begins with linear equalization
and then progresses to better equalization methods in later
subsections. The basic idea of linear equalization is to invert the
channel impulse response so that the channel exhibits no ISI.
However, straightforward filtering would increase the noise
substantially, so the design of an equalizer must simultaneously
consider noise and ISI. Noise enhancement is depicted in Figure
2.11. The equalizer increases the gain of frequencies that have
been relatively attenuated by the channel, but also simultaneously
boosts the noise energy at those same frequencies. The boosting of
noise is called noise enhancement.

Figure 2.11. Illustration of noise enhancement with linear
equalizer.

The Minimum-Mean-Square Error Linear Equalizer (MMSE-LE) appears
in Figure 2.12. A matched filter for the channel pulse response and
sampler precede a linear filter whose transfer function is selected
to minimize the mean-square difference between the channel input
and the equalizer output. This filter's response has setting has
D-transform

Figure 2.12. MMSE linear equalizer.

where SNR = Ex/2 and R(D) is the discrete-time transform of the
samples of r(t) = p(t)*p*(-t).[4] The equalizer need only be
symbol-spaced (implemented at the symbol sampling instants in
discrete time), but some implementations often combine the matched
filter and linear filter into a single filter called a fractionally
spaced equalizer. This single combined filter must be implemented
at a sampling rate at least twice the highest frequency of the
channel pulse response. The MMSE value in either implementation
is

[4] Ex and 2 must consistently be for the same number of real
dimensions.
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where w0 is the center tap (time zero sample) in the
discrete-time symbol-spaced response wk . A symbol-by-symbol
detector processes the equalizer output. The scaling just prior to
the detector removes a small bias inherent in MMSE estimation [12].
The performance of the MMSE-LE is characterized by an unbiased
signal-to-noise ratio at the detector

This receiver signal-to-noise ratio is equivalent to that
characterizing an AWGN channel's ML receiver for independent
decisions about successive transmitted symbols. Thus, a probability
of error can be approximated by assuming the error signal is
Gaussian and computing Pe according to well established formula for
PAM and QAM. For instance, square QAM on a bandlimited channel
using an MMSE-LE with SNRLE,U computed above has probability of
error

Other formulae for other constellations with an MMSE-LE can
similarly be used by simply substituting SNRLE,U for SNR in the
usual AWGN channel expression.

2.4.2 Decision Feedback Equalization

Decision feedback equalization (DFE) avoids noise enhancement by
assuming past decisions of the symbol-by-symbol detector are always
correct and using these past decisions to cancel ISI. The DFE
appears in Figure 2.13.

Figure 2.13. Decision-feedback equalizaton.

The linear filter characteristic changes so that the combination
of the matched filter and linear feedforward filter adjust the
phase of the intersymbol interference so that all ISI appears to
have been caused by previously transmitted symbols. Because these
previous symbols are available in the receiver, the feedback filter
estimates the ISI, which is then subtracted from the feedforward
filter output in the DFE. The DFE always performs at least as well
as the LE and often performs considerably better on severe-ISI
channels where the noise enhancement of the LE is unacceptable.
Clearly, the LE is a special case of the DFE when there is no
feedback section.
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The best settings of the DFE filters can be obtained through
spectral ("canonical") factorization of the channel autocorrelation
function,

where > 0 is a positive constant representing an inherent
gain in the channel and G(D) = 1 + g1 D + g2 D

2 + g3 D3 = ... is a monic (g0 = 1), causal (exists only for
non-negative time instants), and

minimum-phase (all poles/zeros outside the unit circle)
polynomial in D.[5] Also, is monic, anti-causal, and maximum-phase.
The feedforward

filter has setting

[5] The factor G(D) can be obtained by finding roots of
magnitude greater than one, or can be directly computed for finite
lengths in practice through a well-conditioned matrix operation
known as Cholesky factorization.

and the combination of the matched-filter and feedforward filter
is known as a mean-square whitening matched filter (MS-WMF). The
output of the MS-WMF is the sequence X(D)G(D)+E(D), a causally
filtered version of the channel input plus an error sequence E(D)
that has minimum mean square amplitude among all possible filter
settings for the DFE. Because this sequence is causal, trailing
intersymbol interference may be eliminated without noise
enhancement by setting B(D) = G(D). The sequence E(D) is "white,"
with variance 2DFE = 2/. Thus the signal to noise ratio at the DFE
detector is

The SNR of a DFE is necessarily no smaller than that of a linear
equalizer in that the linear equalizer is a trivial special case of
the DFE where the feedback filter is B(D) = 1. The DFE MS-WMF is
approximately an all-pass filter (exactly all-pass as the SNR
becomes infinite), which means the white input noise is not
amplified nor spectrally shapedthus, there is no noise enhancement.
As such, the DFE is better suited to channels with severe ISI, in
particular those with bridge taps or nulls. Also, recalling that
the channel pulse response may be that of an equivalent white noise
channel, narrowband noise appears as a notch in the equivalent
channel. Thus the DFE can also mitigate narrowband noise much
better than a linear equalizer. The DFE is intermediate in
performance to a linear equalizer and the optimum
maximum-likelihood detector.

The removal of bias is also evident again for the MMSE-DFE in
Figure 2.13. Error propagation is a severe problem in
decision-feedback equalization and occurs when mistakes are made in
previous decisions fed into the feedback section. Reference [1]
investigates the problem and solutions.

In practice, the filters of either a LE or a DFE are implemented
as finite-length sums-of-products (or FIR filters). Such
implementations are better understood and less prone to numerical
inaccuracies, while simultaneously lending themselves to easy
implementation with adaptive algorithms. See [1] for a development
of finite-length equalizers.
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t channel has exactly the same form as with successive
transmission with real baseband signals such as PAM, except that
all quantities are complex. Thus, PAM is a special case. This
representation allows a consistent single theory of
equalization/modulation as will be followed by subsequent sections
of this text and generally throughout the DSL industry.

CAP systems can also be modeled by a complex equivalent system
above except that the channel output is still passband and is the
analytic signal

where and the noise is statistically again WGN with power
spectral density 2 per real dimension.

In either the QAM or CAP case, a complex equivalent channel has
been generated and the effects of carrier and/or center frequencies
can be subsequently ignored in the analysis, which can then
concentrate on detecting xb,k from the complex channel output.

d of responding with ACK(1) as in basic transaction A, the CO
unit requests that the capabilities list be exchanged. Once the two
units exchange capabilities and negotiate mode of operation, a
follow-up transaction is needed for mode selection.

In transaction B:C, the CP unit requests that the CO unit select
the mode of operation via a MR message, but instead of the expect
MS response of basic transaction B, the CO unit requests a
capabilities list request, where both units exchange their
capabilities list and negotiate the mode selection. A follow-up
transaction is needed for the mode selection.

In transaction D:C, the CP unit proposes a mode of operation via
the MP message and requests that the CO unit select the operating
mode. Instead of the expected MS message from the CO unit of basic
transaction D, the CO unit requests a capabilities list request,
where both units exchange their capabilities list and negotiate the
mode selection. A follow-up transaction is needed for the mode
selection.

5.11.3 Message Segmentation

Note that in the above transactions, some messages can become
rather large when passing messages that contain the identification
and standard information parameter fields. Excluding the two FCS
octets and any octets inserted for transparency, the maximum
message length in a frame is 64 octets. If a message is longer than
64 octets, then it must be segmented into two or more messages. The
message types that can be segmented are those that contain the
parameter octets, namely, CL, CLR, MP, and MS.

When a receiving station is parsing a segmented message, the
receiving station sends an ACK(2), which indicates to the sending
station that it is ready to receive the remainder of the message.
Once the complete message is received, the receiving station
responds with an ACK(1) or other appropriate response.

Top

Top
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5.11.4 Example Transactions

In this section, we provide some example G.994.1 sessions to
demonstrate the handshake process.

Example 1: Table 5.7 shows the use of a transaction sequence
that combines basic transaction C with A. The CP unit first
initiates a capabilities list request where the two units exchange
and negotiate capabilities via the CLR and CL messages. The CP unit
then selects the mode of operation via the MS command (basic
transaction A).

Example 2: Table 5.8 shows an example transaction that combines
extended transaction A:C with basic transaction A. First the CP
unit selects a mode of operation and requests that the CO select
this mode. Instead the CO unit requests the CP unit for a
capabilities list request. The two modems then exchange
capabilities lists and negotiate operating modes. Once the exchange
and negotiation are complete, the CP unit selects the mode of
operation via the MS message.

Table 5.7. Example 1Basic Transaction C Followed by Basic
Transaction A

CP Unit CO Unit CP Unit CP Unit CO Unit

CLR_ CL_ ACK(1) MS_ ACK(1)

Table 5.8. Example 2 Extended Transaction A:C Followed by Basic
Transaction A

CP Unit CO Unit CP Unit CO Unit CP Unit CP Unit CO Unit

MS_ REQ-CLR_ CLR_ CL_ ACK(1) MS_ ACK(1)

2.5 Discrete Multichannel Transmission (DMT)

The concept of multichannel transmission is one often used
against a formidable adversary, following the old adage: "divide
and conquer," where the adversary in this case is the difficult
transmission characteristic of the DSL twisted pair. Multichannel
methods transform the DSL transmission line into hundreds to
thousands of tiny transmission lines, each of which is easy to
transmit on. The overall data rate is the sum of the data rates
over all the easy channels. The most common approach to the
"division"is transmission in non-overlapping narrow bands. The
"conquer" part is that a simple line code on each such channel
achieves best performance without concern for the formidable
difficulty of intersymbol interference, which only occurs when wide
bandwidth signals are transmitted.

Multichannel line codes have the highest performance and are
fundamentally optimum for a channel with intersymbol interference.
A key feature of multichannel transmission for DSLs is the adaption
of the input signal to the individual characteristics of a
particular phone line. This allows considerable improvement in
range and reliability, two aspects of an overall system design that
can dominate overall system cost. Thus, multichannel line codes
have become increasingly used and popular for DSLs.

Multichannel transmission methods achieve the highest levels of
performance and are used in ADSL and VDSL. The equalizers of
Section 2.4 only partially mitigate intersymbol interference and
are used in suboptimum detection schemes. As the ISI becomes
severe, the equalizer complexity rises rapidly and then performance
loss usually widens with respect to theoretical optimums. The
solution,
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as originally posed by Shannon in his famous mathematical theory
of communication (see references in [1]) is to partition the
transmission channel into a large number of narrowband AWGN
subchannels. Usually, these channels correspond to contiguous
disjoint frequency bands, and the transmission is called
multicarrier or multitone transmission. If such multitone
subchannels have sufficiently narrow bandwidth, then each has
little or no ISI, and each independently approximates an AWGN. The
need for complicated equalization is replaced by the simpler need
to multiplex and demultiplex the incoming bit stream to/from the
subchannels. Multicarrier transmission is now standardized and used
because the generation of the subchannels can be easily achieved
with digital signal processing. Equalization with a single wideband
carrier may then be replaced by no or little equalization with a
set of carriers or "multicarrier," following Shannon's optimum
transmission suggestion, and can be implemented and understood more
easily. The capacity of a set of such parallel independent channels
is the sum of the individual capacities, making computation of
theoretical maximum data rates or use of gaps for practical rates
easy.

The basic concept is illustrated in Figure 2.14. There, two DSL
transmission line characteristics are posed, each of which would
have severe ISI if a single wideband signal were transmitted.
Instead, by partitioning the transmit spectrum into narrow bands,
then those subchannels that pass through the channel can be loaded
with the information to be transmitted. Note the receiver has a
matched filter to each transmit bandpass filter, thus constituting
an easily implemented maximum likelihood receiver (without need for
Viterbi sequence detection, even on a channel with severe spectral
filtering). Better subchannels get more information, whereas poor
subchannels get little or no information. If the subchannels are
sufficiently narrow, the
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