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EXECUTIVE SUMMARY

Experience from network operations, field research and laboratory experiments indicate that
there is much scope for improving the performance of xDSL systems. Current generation
equipment shows extreme variation in measured performance using noise models developed
from practical observations of real-world non-stationary electrical noise found on subscriber
loops. Research into methods for reducing susceptibility of modems indicates that current
generation modems perform far worse than should be possible to achieve within the scope
existing standards. A related issue to the susceptibility of xXDSL modems to extrinsic noise is
the downstream power back-off regime that often makes modems more vulnerable to
extrinsic noise than might be expected.

A major weakness in current xXDSL modem implementation practices has been identified.
This is margin estimation. Poor performance in this area makes current generation modems
extremely sensitive to non-stationary noise, making broadband connections unreliable, and
subject to persistent disruption due to the behaviour of typical domestic electronic equipment,
which may be faulty from the perspective of EMC but may still be in use. A novel approach to
margin estimation has been studied that could form the basis of a new standardisation effort.

It has been found that non-stationary electrical noise is also a major threat. New noise
models have been developed, that are representative of the most difficult widely found
fluctuating noise sources. These are REIN (Repetitive Electrical Impulse Noise) and IBNE
(Isolated bursts of electrical noise). REIN is mains frequency related and comprises powerful
short noise bursts (up to 1 ms long) repeated at 10ms intervals. IBNE has similar peak
amplitude to REIN, but is infrequent and likely to occur synchronised to some human activity.
It is defined as having a much longer burst length than REIN (10ms tols).

The work has created a much deeper understanding of how modem performance may be
compromised by non-stationary noise in practice, and provided short term remedies that may
be obtained by setting challenging performance targets for vendors that can be achieved
within existing standards, and longer-term approaches that would define new modem
behaviours in the standards to force implementation of good practice.

The work described has had a major impact on the direction of DSL standardisation. It has
raised vendor awareness of the imperative to improve performance, and played a significant
role in driving forward options in ADSL2 and ADSL2plus to provide guaranteed levels of
impulse noise protection under network management control, and ensured that the
functionalities are built into VDSL2 at the outset. There is still much to do however in making
ADSL2 and ADSL2plus optional capabilities mandatory, making the use of the capability
more manageable, and in particular, embedding improved margin estimation and
performance optimisation techniques in future revisions to the xDSL standards. The
possibility of further line coding improvements remains a possibility for a VDSL2 version 2
standard.
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1 INTRODUCTION
1.1 Background

As telecom operators strive to offer ADSL broadband services to more people and/or at
higher bit-rates, the challenges are increased.

Furthermore, the ‘triple play’ of voice, data and video, increasingly of interest to telecoms
operators, will require higher quality transmission than for fast internet alone.

It will become increasingly important that the DSL link is capable of carrying the users’ data
reliably from DSLAM to CPE in the face of the real noise environment, which can be dynamic
thus creating short and long term fluctuations in the link SNR.

1.2 Scope

This document seeks to explore the aspects of ADSL transmission which threaten successful
operation of the service and explore technologies and strategies which can be used to
mitigate these threats.
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2 THREATS TO DSL STABILITY AND PERFORMANCE

An operating modem link is threatened by changes in its noise environment; to counter the
effect of these changes it can adapt or retrain. If, however, the changes are continual the
link can become unserviceable.

When ADSL was developed it was believed that its performance would be limited by
crosstalk. Experience now suggests that long-reach ADSL is usually limited by extrinsic
sources of noise, such as RFI and impulse noise. As the line gets longer the link becomes
more sensitive to noise fluctuation, and the reach limit can be due to the dynamic nature of
the noise rather than absolute noise power level.

A further threat to service is intermittent wiring faults (or high resistance joints) which can
also cause a line to have excessive retrains.

When a DSL circuit becomes unreliable, diagnosing and locating the fault is currently a time
consuming, costly process.

These threats to DSL service will now be explored in more depth, including details of
measurements made both at customer premises and in BT's laboratories at Adastral Park.

2.1 Repetitive Electrical Impulse Noise (REIN)

In diagnosing the problems causing unreliable ADSL operation, one type of noise source has
been particularly noticeable as a source of intermittent DSL operation — Repetitive Electrical
Impulse Noise (REIN).

Potential sources of REIN, as discussed in contribution D-1251 to the ITU-T SG15/Q4
Plenary meeting in Geneva, April 2004 [1], have included

Thyristor/triac power control circuits, e.g. dimmer switches, under-floor heating
controllers, PIR security/courtesy light units, Christmas tree lights

Switched mode power supplies, e.g. high efficiency lighting, TVs, VCRs, PCs,
satellite TV receivers

Arcing thermostats, motor brushes

The threat from such devices should not be underestimated. BT has observed an annual
increase in the number of DSL faults being reported when the Christmas season sees many
thyristor controlled rope lights operated daily for several weeks!

2.1.1 Differential Mode Pickup from Various Househo |d Devices

The chart below shows the PSDs measured in a 10 kHz RBW on the differential mode of a
telephony pair. The measurements were taken in situ at a customer’s premises for several
household devices including

i) a PIR security/courtesy light, with the lamp operating in “dimmed” mode
i) a set of CE marked® Christmas tree decoration rope lights?

iii) a faulty TV set.

! This make of rope lights was later withdrawn from sale as not conformant to its CE marking

? this rope light provides most noise at the halfway-dimmed point of a slow dim/brighten cycle; the
PSD was measured in this state.
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Impact of Electrical Equipment on Telephony Pairs
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Figure 1 Interference From Household Items as Measured DM on Telephony Pairs

These all represent a severe threat to DSL operation on longer lines, such as those lines with
greater than 40 dB insertion loss at 300 kHz.

Note that the finite sweep time of the spectrum analyser used has resulted in what looks like
a comb structure in the frequency domain PSD of the interference from the PIR security light.
Use of “peak-hold” on the spectrum analyser revealed that the peaks were actually
happening in the time domain.

2.1.2 The Rogue TV

In one case, several customers within a hundred yard radius were complaining of intermittent
DSL service. After many engineer visits, the problem was traced to a faulty television set.
The set has a switched mode power supply in which the reservoir capacitor had failed. The
set still produced a picture of adequate quality.

In measurements in the lab, it was discovered that even with loose coupling of the
interference from the TV set into a telephony pair through the in-building wiring, the
differential mode was seeing3 bursts of broadband noise, of up to 1.5 ms duration, with a
PSD peaking around -80 dBm/Hz in the differential mode, as shown in the chart below, which
shows power @ 224 kHz measured in a 10 kHz RBW.

% a high impedance probe was used to measure the differential mode voltage
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TV Interference @ 224.4kHz (dBm)
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Figure 2 Interference From the Rogue TV as Measured DM  on Telephony Pairs

These experiments led to ETSI contribution 044T11 [21] proposing the use of bursts of
AWGN to model REIN rather than a filtered impulse.

The diagram below shows the same signal, this time the waveform was captured in the time
domain using a digital storage oscilloscope.

0.35

0.3

0.25 4

0.2

0.15 4

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Figure 3 Oscillogram of DM Pickup on Telephony Pair fr ~ om Rogue TV
Three aspects of the time domain signal are important:

The bursts of noise are separated by 10 ms*

* measured in the UK, which has 50 Hz mains electricity. Some noise sources produce their pulses at
mains zero crossing, others at some other point in the half cycle. In regions where the mains
frequency is 60 Hz, the burst separation will be approximately 8.3 ms.

D B2.2 : Enhanced DSL Algorithms 15/78 Public



IST - 6th FP
Project Deliverable Contract N°507295

The bursts are complex in nature and long-lasting
Each noise burst is different

These aspects have played a major part in determining the noise model proposed by BT in
the REIN test methods proposed to the ITU, ETSI and the DSL Forum.

2.1.3 DSL only Needs to Work In CE Compliant Emissi  ons, Does It Not?

Network operators cannot assume that all the electrical equipment in use in the vicinity of
their customers will be working in accordance with the requirements of CE marking.

As the rope lights and rogue TV show, equipment which is fit for purpose, at least as far as
the end user is concerned, may be emitting interference at levels way in excess of the
requirements set under EU legislation. Tracking down this equipment is time consuming and
costly, requiring the use of specialist staff who could be better deployed on other tasks.

In a more recent example, a satellite receiver was traced as the source of emissions
affecting many tens of ADSL broadband customers. In this case, the owner of the satellite
receiver was not an xDSL broadband customer and the equipment was working to his
satisfaction.

In such a case in the UK, the broadband network operator has little power to demand that a
third party stop using a particular piece of electrical equipment assuming the source of the
interference is located. Whether this is the case in other countries will depend on local
legislation. Rulings by the local regulator will also determine who carries the burden for
policing emissions.

Usable transmission capacity exists between the noise bursts, which ADSL transmission
systems should be capable of exploiting. In order to fully exploit the capacity between noise
bursts, the dynamic behaviour of the channel SNR estimation in the modem receiver must be
carefully designed.

In the case of noise bursts causing complete symbol erasure, it would seem to be desirable
not to include the impact of these noise bursts in the moving SNR average, thereby allowing
the remaining capacity to be used to best effect.

2.2 Isolated Burst Noise Events (IBNE)

In an investigation in Scotland, many ADSL circuits were losing synchronisation at the same
time on a particular industrial estate. Investigation with a spectrum analyser eventually
showed that an occasional burst of broadband noise was being coupled into the telephony
wires from an unknown source. The PSD during the noise events was roughly -100 dBm/Hz
and the burst duration was roughly 10 ms. The lines involved were relatively long, with
insertion loss values of about 50 dB at 300 kHz. Service specific face plates® had already
been fitted to reduce the severity of the problem by improving the twisted pair balance.

The problem was easily reproduced in the lab environment, but further tests showed that the
ability of a modem to withstand a relatively long erasure varied widely across the modems
tested.

® The service specific face plate is a full ADSL POTS splitter, fitted at the BT master socket at
customer premises where link stability is an issue
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2.3 Fluctuating Crosstalk

Fluctuating crosstalk has been observed to cause DSL modems to lose synchronisation both
in the BT network and in laboratory measurements. In one case, a BT customer on a long
line found that his newly installed ADSL link stopped working when an adjacent business
installed 10 ISDN lines, significantly increasing the amount of ISDN crosstalk.

Note that DMT low-power modes could potentially act as fluctuating crosstalk sources, as the
modems would reduce their transmit power in the absence of data to transmit. There is a
case for developing a fluctuating noise model corresponding to a community of ADSL
modems hopping between low power and normal modes of operation.

In calculating the channel noise estimate, it seems likely that a fast attack, slow decay
mechanism is desirable, to prevent data bits returning to a region of spectrum where it is
likely that other DSL crosstalk will soon return.

2.3.1 Experiment Exploring Fluctuating Crosstalk

An experiment was designed to explore the impact of a fluctuating crosstalk environment on
an ADSL modem operating towards the limit of its reach capability. The results of the
experiment will be covered in section 3.3, where we report the performance of current
generation ADSL DSLAMSs against the threat from fluctuating crosstalk.

To simulate what could happen after a power cut, where all DSL types could come on within
a few minutes of each other, the experiment was designed to subject a line to the following
10 crosstalk scenarios in sequence, allowing about a minute between each condition and the
next.

Quiescent. The modem is trained in this condition.
1 ISDN crosstalk source

10 ISDN

10 ISDN+1HDSL

10 ISDN+3 HDSL

10 ISDN+3 HDSL+1 ADSL

10 ISDN+3 HDSL+3 ADSL

10 ISDN+3 HDSL+6 ADSL

10 ISDN+3 HDSL+11 ADSL

10 ISDN+3 HDSL+19 ADSL

The wanted signal and crosstalk are shown for each of these simulated conditions on the
charts below, for a loop with insertion loss of 30 dB @ 300 kHz.
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Wanted Signal and Crosstalk - Various Scenarios
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Figure 4 Wanted Signal PSD and Crosstalk PSD in Fluct

uating Crosstalk Study

The chart below shows a prediction of the resulting SNR at the modem receiver after
equalising the wanted signal to compensate for the insertion loss of the cable.

Estimated SNR on 30 dB loop - Various Crosstalk Sce  narios
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60 |
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g
* 40
z
n
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Figure 5 SNR at Various Stages of Fluctuating Crossta |k Study
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This could result in the bit allocation tables similar to those shown in the chart below, from
which it is apparent that in order to maintain equal pain as the crosstalk environment
changes, the bit allocation tables must change substantially.

Bit Allocation Tables for 4 Mbit/s on 30 dB loop - Various Crosstalk Scenarios

15

— No Xtalk
10 ISDN
13 4 10 ISDN+3 HDSL
——10 ISDN+3 HDSL+3 ADSL
——10 ISDN+3 HDSL+19 ADSL

14

12 4

114

10 4 --\

Bits per Carrier
o ~

0 0.2 0.4 0.6 0.8 1 1.2
Frequency (MHz)

Figure 6 Predicted Bit Allocation Table at Various St  ages of Fluctuating Crosstalk Study

It should be noted that these curves are predictions of likely bit allocation tables, based on
the predicted SNR values shown in Figure 5, assuming that bits are allocated to equalise
margin on a per carrier basis.

These predictions how us that the largest changes are expected to occur as the first
disturber of each DSL type is turned on. The charts below indicate how the bit allocation
tables could change at each of these steps.
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Figure 7 Estimated Changes to Bit Allocation Tables During Fluctuating Crosstalk Study

Finally, the network operator is not in control of the power to the customer premises
equipment. Broadband customers will turn their modems on or off at will. Fluctuating
crosstalk is, therefore, an awkward fact of life.

Transitions into and out of ADSL/2/2+ low power modes, which attempt to reduce transmit
power substantially in the absence of ATM traffic over the broadband channel, are also
potentially a source of fluctuating crosstalk.

2.4 Non-stationary RFI

Currently, ADSL modems are tested in the presence of simulated crosstalk which can
include an array of RF carriers without modulation.
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In reality, the ADSL downstream will see impact from LW and MW AM transmitters or even
from systems such as Digital Radio Mondiale. Furthermore, these signals may be subject to
fading, especially at night. Some modern AM transmitters even vary the carrier power with a
time scale of seconds, to keep the modulation index as close to 100% as practical, in order
to save power at the transmitter.

The impact of modulated carriers on the DMT receiver is quite markedly different from the
impact of the carrier alone, as a simple experiment can quickly show.

In Europe, by international agreement, transmissions in the MW and LW bands are centred
on carriers at multiples of 9 kHz, with 9 kHz channel spacing.

Some MW & LW carriers will even lie exactly on the frequencies occupied by DMT carriers.
The table below shows the frequencies at which n*9 kHz is closest to the ADSL DMT carrier
frequencies.

. nearest Freq
o carrier : .

carrier idx freq / Hz multiple of | Difference

9 kHz / Hz / Hz
48| 207000 207000 0
96 414000 414000 0
144] 621000 621000 0
192| 828000 828000 0
240| 1035000 1035000 0
25( 107812.5 108000 187.5
73| 314812.5 315000 187.5
121| 521812.5 522000 187.5
169| 728812.5 729000 187.5
217| 935812.5 936000 187.5
23 99187.5 99000 187.5
71| 306187.5 306000 187.5
119| 513187.5 513000 187.5
167| 720187.5 720000 187.5
215| 927187.5 927000 187.5
2 8625 9000 375
50( 215625 216000 375
98| 422625 423000 375
146] 629625 630000 375
194| 836625 837000 375
242| 1043625 1044000 375
46| 198375 198000 375
94 405375 405000 375
142 612375 612000 375
190 819375 819000 375
238| 1026375 1026000 375
27| 116437.5 117000 562.5
75| 323437.5 324000 562.5

Table 1 Frequencies Where DMT Carriers Lie on or Near Mu  ltiples of 9 kHz

It will be noted, for example, that 621 kHz is an exact multiple of both 9 kHz and 4.3125 kHz.

Several major transmitters operate at 621 kHz using AM, such as RTBF Radio 1/La Premiere
in Belgium.
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Where the RF carrier lies exactly on a DMT tone, that carrier will only impact that one DMT
bin, as the diagram below shows. In this diagram, all the tiles of a DMT decoder constellation
have been overlaid, revealing that the RF carrier causes an offset from the notional centre
point of the constellation. Differences between the RF carrier frequency and the DMT bin
frequency show up as a rotation of this vector about the centre point of the constellation tile.

Bins 143/144/155 Constellation, unmodulated RF carr ier within 10 Hz of 621 kHz

+ bin 143 with 621 kHz carrier
1 . bin 144 with 621 kHz carrier
+ bin 145 with 621 kHz carrier

Figure 8 Impact of RF Carrier Without Modulation on DMT Receiver Constellation

The diagram also shows that the impact of an unmodulated carrier at 621 kHz on the
adjacent DMT carriers is negligible, as would be expected.

When modulation is added, however, the picture changes substantially because the
modulation sidebands will not be suppressed by the DMT sin(x)/x channel characteristic.

The diagram below illustrates the modulated carrier which was used in the simulation of this
effect.
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Sample of RFI signal, RF power=-98 dBm, AM SWN (-1 dB, 7kHz ban  d limit)
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Figure 9 Test Signal Used in Investigation of Impact of Modulation on DMT

The chart below shows the impact of speech weighted noise, modulated on an RF carrier at
621 kHz using AM, on the DMT carrier at 621 kHz and on the adjacent DMT carriers.

The impact of the modulated signal is clearly visible on the DMT carrier at 621 kHz.
However, whereas the presence of the RF carrier alone did no damage to the adjacent DMT
carriers, the impact of the modulation can be clearly seen in the adjacent bins.

Bins 143/144/155 Constellation, unmodulated carrier ~ and SWN AM modulated carrier at 621 kHz

18
16
14
1.2 . * . « bin 143 SWN modulated AM 621 kHz
bin 144 SWN modulated AM 621 kHz
1 x 3 = bin 145 SWN modulated AM 621 kHz
* bin 143 with 621 kHz carrier
. bin 144 with 621 kHz carrier
08 P + bin 145 with 621 kHz carrier
0.6
04
0.2
L L e e e e e
0 0.2 0.4 0.6 038 1 12 14 16 18 2

Figure 10 Impact of Modulated Test Signal on DMT Rec  eiver Constellations
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Exactly what the impact of such behaviour will be on ADSL modems is unclear, as much of
the behaviour of the DMT receiver is unspecified. VDSL modems will have to deal with this
type of interference from SSB-SC transmissions as well. It is, however, clear that the
dynamic characteristics of the SNR computation will be key to the best compromise between
maximising capacity and maximising stability.

One point to note is that the simulation used in this example did not attempt to simulate the
effect of the TEQ. The TEQ may well place a null or nulls in the vicinity of the largest AM
carriers.

In the case of RTBF “La Premiere” operating on 621 kHz (DMT bin #144) for example, there
is the possibility that during a brief gap in a spoken word programme, the moving average
noise figure on bins #143 and #145 could collapse, thereby allowing data bits to return,
because the unmodulated carrier alone does not impact transmission on the adjacent DMT
bins.

Of course, on resumption of the modulation, data transmitted on bins #143 and #145 would
then be prone to error. Fast attack, very slow decay in computing the moving noise average
will help to maximise loop stability.

2.5 Wiring Faults
Wiring faults can show up in several ways.

Oxide layers in joints which have degraded can sometimes cause rectification effects. Whilst
the presence of a rectifying element need not in itself damage DMT transmission, for
example where POTS is also present on the line the DC power feed present keeps the diode
in a constant state of forward or reverse bias, the cable impedance will change substantially
when the POTS DC voltage is reversed, as can happen during ringing, as one leg will
essentially be disconnected or reconnected as the bias state of the diode is reversed.

Also, work on adjacent pairs can sometimes cause vibration, in turn leading to sudden
changes in the loop impedance at poor joints.

ADSL can often function with impaired margin on lines where one leg is completely
disconnected. However, these lines will obviously receive no POTS service and the poor
balance of the resulting transmission will mean that ADSL signal is very prone to common
mode interference problems.

In self-install scenarios, micro-filters may have been incorrectly installed. Alternatively, the
customer may be trying to get ADSL connectivity on the POTS side of a service specific front
plate. These mistakes should be easy to diagnose and being hard errors will always be there
until resolved.

Unfortunately, if a customer reports an intermittent fault on a line, it is well known within BT
that the act of a field engineer ringing that customer back can clear some faults, as a result of
a small scale weld happening as a spark jumps across an oxide layer at a poor quality joint.

The most appropriate action for the operator to take on detection of a line fault is to repair
that fault. Perhaps, therefore, the most appropriate ADSL system response is to report the
presence of the fault, when its characteristic behaviour is detected.

2.6 Spectrum Shaping

In DSL deployments where the use of DSL remotes is envisaged, one strategy which can be
used to minimise mutual impact of cabinet-based DSL and exchange-based DSL is shaping
the downstream transmit PSD for equipment located at the cabinet.
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One such solution has been proposed and embodied in the UK Access Network Frequency
Plan version 3. This calls for shaping of the spectrum of downstream transmissions from
cabinet-based equipment such that in frequency regions where significant overlap exists,
their PSD is no greater than ADSL/ADSL2+ transmissions from the exchange would have
been, until a frequency (the maximum usable frequency) is reached above which exchange-
based ADSL2+ would have little or no capacity in any case. Above this frequency, ADSL2+
and VDSL systems can operate at whichever is the lower - nominal transmit PSD or -49
dBm/Hz. The band plan chosen is essentially plan 997 up to 7.05 MHz.

This approach has been described in ITU-T contributions 2005/ES-026 and 2005/ES-031.

The technique for controlling the spectral shaping is based on five parameters and the
premise that ISDN terminals should be allowed universal deployment.

a) A cabinet assigned loss (CAL) figure. Essentially this approximates the insertion loss
measured in dB at 300 kHz of the cables from the exchange to the cabinet. A
compromise figure is used where diverse routes are followed between exchange and
cabinet.

b) A 3 parameter model approximating the cable insertion loss (in dB) with frequency
H(f). In the expression, f is measured in MHz

Hf)=CAL* (a+b*sqrt(f)+c*f)

¢) A minimum usable PSD figure, used to control the compromise between the impact of
exchange-based and cabinet-based services. The lower the minimum usable PSD,
the lower will be the impact of cabinet-based services on exchange-based services,
but the greater the capacity lost from the cabinet will be.

The maximum usable frequency can be inferred from this figure.

The graphs below show the PSD masks which result for cabinet assigned loss values in
steps of 10 dB from 0 to 80 dB, using the minimum usable PSD suggested in the May 2005
draft of the ANFP [39].
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ANFP v3 Downstream PSD Masks for Cabinet Located Eq  uipment
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Figure 11 ANFP Issue 3, PSD Mask for Cabinet Deployed  Equipment in UK, Various CALs

The choice of DMT for ADSL and VDSL lends itself to spectral shaping. This is discussed in
more detail in chapter 3.

2.7 Power Back-Off Behaviour
This is related to the topic of margin estimation.

A rate adaptive profile defines three margin levels, a minimum operating margin, a target
margin and a maximum margin.

It is highly desirable that the network operator has the flexibility to decide the trade off
between transmit power (and hence likely crosstalk levels) and network resilience by
ensuring that all three parameters function to the operator's advantage.

The text in G.992.3 is open to interpretation. In section 7.10.3 on page 62, it states:

“Within those constraints, the receiver shall select the values as to optimize in the
priority listed:

1) Maximize net data rate for all bearer channels, per the allocation of the net data rate,
in excess of the sum of the minimum net data rates over all bearer channels (see
7.10.2).

2) Minimize excess margin with respect to the maximum noise margin MAXSNRM
through gain scalings (see 8.6.4). Other control parameters may be used to achieve
this (e.g., PCB see 8.13.3)"

A common preferred behaviour is that transmit power should not be reduced until the
receiver margin exceeds MAXSNRM, allowing the operator to choose the amount of spare
margin allowed in its network wherever possible.
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3 PERFORMANCE OF CURRENT GENERATION
ADSL/ADSL2+

This section presents measurements of performance of current generation of modems when
facing the threats covered in the previous section.

3.1 Repetitive Electrical Impulse Noise

Experiments were performed in the lab, using the set-up shown below, to explore the impact
of simulated REIN on the performance of some typical ADSL modems.

Attenuato

Simulater
Impuls
Noise

Hi-Z
Ty T,
I Test ‘g} g% ]
ATU-C Splittel Loe;p ‘ é %‘ Splitter | | ATU-R
10CW balanced 50W urbalanced

co 5CW unbalance 10CW balance

Line POTs
Circuit Hi-Z Set

Attenuator
Simulated
Crosstalk noise
and RFI

Figure 12 Laboratory Test Set Up for REIN Testing

The simulated crosstalk noise is typically based on the Werner® model computation of the
1 percentile worst case crosstalk using a fixed number of disturbers operating over the full
cable length, possibly with the addition of some RF carriers without modulation.

The modem was operated in the presence of ETSI model A noise generated by DLS-400 line
simulators at the nominal level, with or without REIN comprising AWGN bursts of 250 us
duration and PSD -90 or -110 dBm/Hz. The maximum reach at which the modem would stay
in sync for a period of 2 minutes after training was recorded.

¢ J. J. Werner's classical paper describing the impairments affecting xDSL transmission and a method
for estimating the capacity of a twisted pair channel in a crosstalk dominated environment can be
found in [40].

D B2.2 : Enhanced DSL Algorithms 27178 Public



IST - 6th FP
Project Deliverable Contract N°507295

Due to time constraints, no attempt was made to measure BER in these tests, but the
maximum reach at which BER<1e-7 will never be greater than the reaches recorded here!

Using fixed-rate profiles in non-interleaved mode, the results shown below were obtained.

— —modem A (ADSL A noise)
D/S Reach vs Rate, with and without repetitive nois e = = = modem A (ADSL A noise + bursts @ -110 dBm/Hz)
modem A (ADSL A noise + bursts @ -90 dBm/Hz)
7000 — —modem B (ADSL A noise)
= = = modem B (ADSL A noise + bursts @ -110 dBm/Hz)
modem B (ADSL A noise + bursts @ -90 dBm/Hz)
6000 ~ )
= =~ - =— =—modem C (ADSL A noise)
< ~ E - - = = modem C (ADSL A noise + bursts @ -110 dBm/Hz)
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5 4000
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Figure 13 Reach as Function of Fixed Rate Profile Bit Rate with/without REIN

During this test, the reported margin was also recorded, with the results as shown below.
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Figure 14 Impact of REIN on Reported Margin at REIN Li  mited Reach

Note that different implementations reported wildly different values for the margins in near
identical conditions. In particular, modem C repeatedly reports a higher margin than A or B in
the presence of the REIN.

Using rate-adaptive, non-interleaved profiles, the results shown below were obtained.
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Figure 15 Impact of REIN on Rate Adaptive Modes, 6d B Target Margin, Fast Channel

Note that in rate adaptive mode, the performance of modem C collapsed. Possibly as a result

of its optimistic margin calculation, it over estimates its own attainable bit rate and then
cannot maintain sync in the presence of the REIN bursts at -90 dBm/Hz.

Using fixed-rate, interleaved profiles, with interleaver depth set to “medium” on the DSLAM
element manager downstream and “low” upstream, the results are better than was seen with
non-interleaved profiles, as the chart below shows.
With ADSL DSLAMs and many CPE it is difficult to relate the setting chosen for interleaver

depth to RS and framing parameters without using sophisticated equipment such as a

Tracespan ADSL protocol analyser. This makes it impractical for an operator to discover the
framing settings actually in use in the network. This is revisited in section 4.7.
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Rate vs Reach on interleaved profiles
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Figure 16 Reach as Function of Fixed Rate Profile Bit Rate with/without REIN, Interleaver On

However, the results are still considerably poorer than is theoretically possible. If erasure
driven decoding was mandatory, the capacity lost to REIN could be as low as that needed to
provide RS overhead equal in rate to the rate of data lost to symbols erased by REIN.

To illustrate this principle, with 250 us bursts of REIN every 10 ms, 2 symbols could be
erased in 40. Therefore, by replacing 5% of the line’s REIN-free capacity by RS overhead
and using 10 ms interleaver depth, it should be possible to continue error free transmission,
with just 5% reduction in capacity.

Steps will of course need to be taken to protect the CPE digital phase-locked loop and
adaptive equalisers from the unwanted side-effects of the REIN. Indeed, the performance
target may need to be reduced by more than 5% to take into account the increased jitter
when operating in the presence of REIN.

However, the observed reduction in usable capacity at a given reach was substantially more
than 5% for all three modems, when subject to REIN at -90 dBm/Hz.

3.1.1 Further Investigation of Margin Estimation in Rate Adaptive Modes

In order to gain more insight into the behaviour of current generation ADSL2+ broadband
systems, a further experiment was carried out to explore the impact of the target margin
parameter on a broadband link’s ability to remain stable in the presence of REIN.

Using an ADSL2+ line simulator, ADSL2+ crosstalk simulator and noise injector, an ADSL2+
DSLAM and a source of REIN, the ability of a group of ADSL2+ CPE to operate in REIN was
explored.

The crosstalk simulator was used to inject simulated self crosstalk at the level predicted for
20 ADSL2+ circuits operating in a single binder.

The REIN was injected at the CPE at either -90 dBm/Hz or -106 dBm/Hz, with burst length
250 us and repetition rate 100 Hz.
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The experiment was carried out for several lengths of simulated 0.5 mm cable.

The profiles used were non-interleaved, with bit rate set to 32 kbit/s min and 24 Mbit/s max
rate adaptive, unless otherwise stated. Initially, a target margin of 6 dB was used.

If the link did not remain stable for two minutes after training, a profile with a 3 dB higher
target margin was used, until the target margin reached >30 dB at which point the link was
declared unusable. The target margin required for stable operation’ and the bit rate achieved
at this target margin were recorded.

The results reveal a wide variation in the ability of ADSL2+ CPE to calculate the attainable bit
rate when operating in the presence of REIN.

One CPE alone was able to operate with the target margin set to 6 dB in most cases. This is
heading towards the right behaviour from the operator’s point of view, because for this CPE
alone, no special action would need to be taken for customers whose lines were subject to
REIN. This CPE was calculating the attainable bit rate most realistically.

This leads naturally to the opinion that margin as currently defined in terms of stationary
crosstalk alone is not a sufficient measure of line impairment. Enhancements are needed to
characterise non-stationary impairments. A single metric will not be sufficient. A multi-
variable margin definition is needed. Different classes of noise may be best served by
specific measures, however, the objective is to define a multi-variable metric capable of
covering a significant range of threats.

The target margin settings and achieved bit rates in the presence of REIN @ -106 dBm/Hz
are shown in the graphs below.

Margin Required for Link Stability in REIN @ -106 d  Bm/Hz
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Figure 17 Target Margin Required for Link Stability in R EIN @ -106 dBm/Hz

" It is acknowledged that the possibility remains that errors are still occurring in this condition, of
course, which would lead to lost frames/packets at the higher layers. In a more sophisticated test, test
data could be passed from DSLAM to CPE to validate that no packets/frames were being lost.
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Figure 18 Bit Rate vs IL(300kHz) in REIN @ -106 dBm /Hz

The graph above also shows the bit rates achieved by the modems in the absence of REIN
and with a target margin of 6 dB, illustrating the substantial performance loss when REIN is
present even at modest levels.

Interestingly, the graph also reveals that there are some reach values where the rate
adaptive mode cannot achieve stable operation even before the addition of REIN, again
pointing the finger of suspicion at the modem'’s ability to estimate margin, but this time with
stationary crosstalk.

The target margin settings and achieved bit rates in the presence of REIN @ -90 dBm/Hz are
shown in the graphs below.
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Margin Required for Link Stability in REIN @ -90 dB m/Hz
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Figure 19 Target Margin Required for Link Stability in REIN @ -90 dBm/Hz
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3.1.2 Impact of Target Margin Parameter — REIN Not  Present During Training

In this test, the REIN is not present at the time of training, but is introduced later. If the link
drops on introduction of the REIN, the target margin is increased by 3 dB and the test run
again, until the target margin is found at which stable operation is maintained even after
enabling the REIN.

Naturally, a higher target margin is required to ensure that stable operation can be
maintained when the REIN is introduced. The graphs below show the target margin settings
and downstream bit rates which were achieved in this test.

It is noticeable that the bit rates achieved in this test were all lower than the rates achieved
when REIN was present during training.
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Figure 21 Target Margin Required for Link Stability, REI N @ -90 dBm/Hz Started After Training
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Figure 22 Bit Rate vs IL(300kHz), REIN @ -90 dBm/Hz Introduced After Train-Up

3.2 Isolated Impulses/Noise Events

After learning of the case of the Scottish industrial estate and the isolated noise events, an
experiment was devised to explore the ability of several ADSL2+ modems to withstand
isolated noise bursts.

Using an ADSL2+ line simulator, ADSL2+ crosstalk simulator and noise injector, an ADSL2+
DSLAM and a source of white noise with programmable burst length, the ability of a group of
ADSL2+ CPE to withstand an isolated burst of white noise was explored.

The crosstalk simulator was used to inject simulated self crosstalk at the level predicted for
an additional 19 ADSL2+ circuits operating in the same binder.

The burst of white noise was injected at the CPE at either -90 dBm/Hz or -106 dBm/Hz. The
duration was initially set to 1 s. If the modem dropped the link within two minutes of the noise
event, the duration was reduced to 700 ms and the experiment was repeated. Further
additional durations of 500 ms, 300 ms, 200 ms, 100 ms, 70 ms, 50 ms, 30 ms, 20 ms,

10 ms, 7 ms, 5 ms, 3 ms and 1 ms were tried until the modem link remained in
synchronisation for 2 minutes after the noise event.

The experiment was carried out separately for several lengths of simulated 0.5 mm cable.

The profiles used were non-interleaved, either 6 dB or 9 dB target margin with bit rate set to
32 kbit/s min and 24 Mbit/s max rate adaptive, unless otherwise stated.

The results, documented in DSL Forum contribution dsl2005.523.00, [30], and the related
ITU-T contribution 05/ES- reveal a wide variation in the ability of ADSL2+ CPE to withstand
isolated noise events.
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3.2.1 IBNE Resilience, -106 dBm/Hz Burst, Rate Adap tive Operation
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Figure 23 Longest Survivable IBNE (-106 dBm/Hz) vs |  L(300kHz), Rate Adaptive

On the longest lines, some CPE could withstand noise events of 200 ms duration, whilst
others could not handle even 5 ms disruption. It will also be noticed that increasing the target
margin generally allowed the CPE to withstand longer noise events.

The bit rates at which the modems achieved synchronisation in these tests are shown in the
graph below.
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Figure 24 Bit Rates Attained During IBNE Tests

3.2.2 IBNE Resilience, -90 dBm/Hz Burst, Rate Adapt ive Operation
The results recorded when the white noise burst PSD was increased to -90 dBm/Hz are
shown below.
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Figure 25 Longest Survivable IBNE (-90 dBm/Hz) vs IL  (300kHz), Rate Adaptive
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Again a wide spread of results can be observed, with the most resilient modems maintaining
synchronisation in the face of very lengthy noise events compared with the most easily
perturbed.

The bit rates, of course, were very similar to those recorded in the previous page.

3.2.3 IBNE Resilience, -106 dBm/Hz Burst, Fixed Rat e Operation

The experiment was repeated using a fixed rate profile, 576 kbit/s bit rate downstream, with
results as shown below.
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Figure 26 Longest Survivable IBNE (-106 dBm/Hz) vs |  L(300kHz), 576k Fixed Rate
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3.2.4 IBNE Resilience, -90 dBm/Hz Burst, Fixed Rate  Operation
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Figure 27 Longest Survivable IBNE (-90 dBm/Hz) vs IL  (300kHz), 576k Fixed Rate

Again, a very wide spread of results can be observed between the most resilient modem and
the least resilient.

These results were also presented in DSL Forum contribution 2005.523.00 [30] and the
related ITU-T contribution ES-023 [14].

There should be little surprise that by changing CPE, BT was able to resolve the problem for
many of the affected users on the industrial estate. However, such a wide spread of results
may mean that ADSL/2/2+ test methods need further enhancement to reduce the spread of
performance between vendors or that the definition of margin requires extension to include
realistic account of the impact of non-stationary components present at the CPE.

3.3 Fluctuating Crosstalk

In a lab experiment designed to investigate the impact of fluctuating crosstalk on an ADSL
link, the built-in noise models in an ADSL line simulator were used to generate a variety of
crosstalk scenarios, containing a mix of ISDN, HDSL and ADSL FEXT disturbers.

The first step was to determine the line length at which an ADSL modem could train and
maintain sync at a bit rate of 4 Mbit/s in the presence of 10 ISDN+3 HDSL+19 ADSL
disturbers. This was found to be possible on a simulated 0.5 mm loop with insertion loss of
39 dB @ 300 kHz.

When the experiment was run, introducing the crosstalk sources as detailed in section 2.2,
the introduction of the 1* ADSL crosstalk source either caused a burst of errors or complete
loss of synchronisation, even though the line could operate successfully at the chosen bit
rate with the final mix of disturbers.

When the time spent in each crosstalk state was increased, the effects were substantially
reduced, i.e. the evidence points to a lack of bit-swap bandwidth.
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However, it seems possible that a situation could occur where two ADSL modems could find
themselves in a deadly embrace where the introduction of a 2" ADSL modem (i.e. the 1%
source of ADSL FEXT) causes a 1% modem to lose sync and vice versa a few seconds later,
if the modems are operating at high bit rate and towards the limit of reach.

The cause of the burst of errors is essentially a result of the finite rate at which the modem
can move transmission capacity around in response to a changing SNR profile.

ADSL has a slow response to changing crosstalk. It can only swap one bit on one pair of
carriers at once. ADSL2/2+ has a significantly enhanced mechanism for revising the bits/gain
tables, enabling more rapid response to changing crosstalk and reducing the likelihood that a
link will lose sync in response to a crosstalk change.

3.4 Non-stationary RFI

It is expected that ADSL modems will behave differently in the presence of modulation on an
AM carrier than in the presence of the carrier without modulation. This is primarily because
the statistics of the noise signal observed on the DMT receiver are quite different in the two
cases. As no guidance is provided in the ADSL specification for how to deal with time varying
noise, a variation in performance between CPE is to be expected.

An experiment has been designed to investigate the impact of the modulation, although the
experiment has not yet been carried out in the laboratory.

A test signal comprising an array of AM carriers, some modulated with music, some
modulated with speech, spanning the MW and LW bands has been generated, the
frequencies and powers being as shown in the table below.

RF carrier Carrie.r power Speech or | Nearest DMT tone N | Delta / kHz

freq/kHz | DM on line / dBm music freq / kHz
198 -43 Speech 198.3750 46 0.3750
234 -58 Music 232.8750 54 1.1250
621 -50 Music 621.0000 144 | 0.0000
747 -54 Music 746.0625 173 0.9375
801 -59 Music 802.1250 186 1.1250
954 -60 Music 953.0625 221 0.9375
1017 -57 Music 1017.7500 236 0.7500
1152 -62 Music 1151.4375 267 0.5625
1296 -52 Music 1298.0625 301 2.0625
1413 -63 Music 1414.5000 328 1.5000

Table 2 Breakdown of RF Carriers Used in Assessing Impa  ct of Modulation

The same array of carriers has also been generated, each at the same nominal power as in
the previous case, but without any modulation.

An ADSL link is then established through a line simulator, using the noise injector in the line
simulator to add the test signal to the differential mode at the CPE.

D B2.2 : Enhanced DSL Algorithms 40/78 Public



IST - 6th FP
Project Deliverable Contract N°507295

The bit rate and margin reported in the two scenarios is noted, along with the number of code
violations at the CPE, for a variety of line lengths, using both fixed rate and rate adaptive
modes of operation.

Although the design of this experiment has reached an advanced stage, further laboratory
work is needed to establish the degree of impact of the modulation on current ADSL modem
performance.

3.5 Intermittent and Other Wiring Faults

A sudden change in the resistance of a bad joint will change the insertion loss of the line.
This will almost certainly cause loss of sync followed by a retrain.

Such sudden changes often occur when the line voltage is reversed, such as during ringing
according to country specific signalling.

An experiment could be devised where the characteristics of a faulty joint are emulated using
bare wires in a weak electrolyte. A modest DC current through the loop will cause formation
of hydrogen on the negative wire. A line reversal would be accompanied by fresh electrolytic
activity resulting in a change to the DC resistance.

Further research is needed to investigate the nature of the conditions arising as a result of
poor joints, to investigate whether two sets of equaliser coefficients could be used for the
normal and line reversed conditions or whether a full retrain is in fact inevitable.

3.6 Spectrum Shaping

3.6.1 ADSL

Current ADSL systems do not support spectrum shaping. This means that their deployment
at remote locations is likely to be troublesome. Crosstalk from remote deployed ADSL
equipment into circuits originating from the exchange may mean that those circuits operating
from the exchange stop working.

Use of ADSL at the cabinet is therefore prohibited under the UK ANFP.
3.6.2 ADSL2/ADSL2+

(G.992.3 (ADSL2) and G.992.5 (ADSL2+) both support spectrum shaping. However, the
current specification imposes constraints on the amount of shaping, essentially limiting the
shaping to no more than 20 dB attenuation at any given frequency.

Simulations of an ADSL2+ modem have shown, however, that it is difficult to justify this
constraint.

This will be considered further in chapter 4.

3.7 Power Backoff Behaviour

One important element in the stable operation of a broadband network is an understanding of
the power back-off behaviour.

The downstream PSD from a selection of current generation DSLAMs was therefore
measured across a variety of line lengths, using a cable simulator.

3.7.1 ADSL

The transmit PSD was recorded for several ADSL DSLAMs at a variety of different line
lengths simulated using a DLS-400 line simulator. No simulated crosstalk was injected on the
line during these measurements.
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Each DSLAM was configured for fully rate adaptive operation downstream, with target bitrate
in the range 32k-8Mbit/s, no interleaving and margin profile configured as 0/6/31 dB.

The charts below show the PSD for the Equipment Under Test (EUT) for various line

insertion loss values.

Figure 28 Transmit Power Back-off Behaviour, Quiet Lin

The following downstream attenuation and margin values were recorded during testing:

e, ADSL DSLAM A/CPE A

Line IL @ 300 kHz / dB 15|25(35|45|55|65 |75
Downstream Margin / dB 10(7 |3 |5 |5 |5 |4
Downstream Atten / dB 19 132 |42 |52 |60 | 60|60
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Figure 29 Transmit Power Back-off Behaviour, Quiet Lin e, ADSL DSLAM B/CPE B
The following downstream attenuation and margin values were recorded during testing:

LinelL@ 300kHz/dB |5|15|25|35|45 |55
Downstream Margin/dB |6 |6 |5 |5 |6 6

Downstream Atten / dB 4121|33|44 525 |60
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Figure 30 Transmit Power Back-off Behaviour, Quiet Lin e, ADSL DSLAM C/CPE C
The following downstream attenuation and margin values were recorded during testing:

LinelL@ 300kHz/dB |5 |15|25 |35 |45 |55 65 | 75
Downstream Margin/dB | 10 | 10 | 8 6 6 6 5 1|5
Downstream Atten/dB | 10 | 21 | 33.5|44.5 | 53.5|59.5 | 66 | 66

3.7.1.1 Observations on ADSL Downstream Power Back-Off Behaviour

ADSL (G.992.1) specifies mandatory power back-off behaviour that is in essence only
dependent on the attenuation of the loop.

Even so, the power back-off behaviour observed differs between the DSLAM/CPE
combinations tested.

3.7.2 ADSL2+

The downstream transmit PSD was recorded for several ADSL2+ DSLAMs at a variety of
different line lengths simulated using a Spirent DLS-410E ADSL2+ line simulator. No
simulated crosstalk was injected on the line during these measurements.

Each DSLAM was configured for fully rate adaptive operation downstream, with target bitrate
in the range 32k-24Mbit/s, no interleaving and margin profile configured as 0/6/31 dB.
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The measurements are summarised in the charts below, each of which shows the
downstream PSD measured for one ADSL2+ DSLAM/CPE combination.

Figure 31 Transmit Power Back-off Behaviour, Quiet Lin e, ADSL DSLAM D/CPE D

The following downstream attenuation and margin values were recorded during testing:

LinelL@ 300kHz/dB |5 15 |25 |35 |45 |55 |65 |75
Downstream Margin/dB | 7.3 6.1 |60 |6.1 [6.0 |63 |6.2 |64

Downstream Atten / dB 8.7|21.2|32.7|42.4|53.0|63.1|64.5|64.5
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Figure 32 Transmit Power Back-off Behaviour, Quiet Line , ADSL DSLAM E/CPE E
The following downstream attenuation and margin values were recorded during testing:

LineIlL@ 300kHz/dB |5 |15 |25 |35 |45 |55 |65
Downstream Margin/dB | 8.2 |65 |78 |64 |6.2|6.3]|6.4

Downstream Atten / dB 9.0|215(33.0|425|53 |63 |63
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Figure 33 Transmit Power Back-off Behaviour, Quiet Line , ADSL2+ DSLAM F/CPE F
The following downstream attenuation and margin values were recorded during testing:

LinelL@ 300kHz/dB |5 15 |25 |35 (45 |55 (65 |75
Downstream Margin/dB | 6.1 |6.1 (6.1 |6.1[6.1 |6.2|6.1|6.2
Downstream Atten/dB | 125|235 |35.5| 46 |57.5|63 | 63 |63

In an associated experiment, a simulated mix of crosstalk from ISDN, ADSL2+, HDSL 2-pair
and 3-pair 2M systems was also injected at the line simulator ports, using DSLAM E and
CPE E. In this case, no transmit power back-off was observed. This establishes that CPE
overload is not the reason for the transmit power back-off.

D B2.2 : Enhanced DSL Algorithms 47/78 Public



Project Deliverable

IST - 6th FP
Contract N°507295

Figure 34 Transmit Power Back-off Behaviour, Noisy Lin

The following downstream margin values were recorded during testing:

e, ADSL2+ DSLAM E/CPE E

Line IL @ 300 kHz / dB
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6.1 6.1
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Holding off transmit power backoff until a threshold is reached is good for network stability,
because immunity to impulsive noise pickup is enhanced, but there is a penalty to be paid in
terms of total network capacity, resulting from the increased crosstalk into adjacent pairs.

The radically different behaviours of the DSLAM and CPE combinations tested make it
harder for a network operator to predict how the network will behave in a real deployment.
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4 SHORT TERM SOLUTIONS

In this chapter, we explore areas where it is believed there is scope for improvement of the
performance of xDSL broadband links within the scope of the G.992.x ADSL standards as
they now stand.

4.1 Repetitive Impulse Noise

REIN is often identified as a combination of high reported margin being accompanied by a
high number of code violations and/or modem retrains.

If REIN is identified as a problem on a line, enabling modest interleaving and RS overhead
will give additional protection against the impact of the REIN. It can stop a line retraining
completely.

Currently CPE are far from equal in the degree to which they can withstand REIN. Operators
are encouraged to ensure that CPE which they supply to customers has been tested for
REIN resilience either by the vendor or using other test lab facilities to ensure that the
customer enjoys a high quality service.

CPE manufacturers are encouraged to test their designs in the presence of simulated REIN
and improve the resilience of their designs against REIN. It is hoped that this will improve the
performance and/or reliability of all ADSL modems operating in the presence of REIN. A
change in software/firmware can make a dramatic difference to REIN resilience.

A significant improvement can be obtained by ensuring that CPE are capable of erasure
driven decoding to maximise the efficiency of the RS error correction process. Information
from walking the trellis, in particular the final path error metric from the output of the Viterbi
decoder, can be used to indicate with high confidence those symbols which have suffered
erasure. If the location of an error in an RS codeword is known, the error correction capability
of the RS code is increased, potentially doubling its ability to correct errors.

Submissions to the ITU-T (e.g. HH-023, Hawaii, January 2005) and ETSI have caused much
discussion about whether erasure driven RS decoding should be normative in the CPE.

4.2 Fluctuating Crosstalk

A major bottleneck in ADSL is the rate at which bit-swap can be achieved in response to a
changing crosstalk environment.

ADSL2/2+ offers wider bit-swap bandwidth than ADSL. It is expected that an ADSL2 link
making full use of the wider bit-swap bandwidth will enjoy a reduced likelihood of loss of
sync.

Seamless transmit power adaptation will also help the links remain stable in the face of a
changing crosstalk environment.

Turning off any power-saving modes which reduce xDSL transmit power in situations of no
traffic will also reduce the likelihood of problems being created by fluctuating crosstalk.

It is of course impossible to prevent users turning their CPE off.

4.3 Non-stationary RFI

Again, the relative agility of ADSL2/2+ in terms of the bit-swap bandwidth should help provide
a quick win.

The TCM Viterbi decoder is more likely to fail if errors are present in several DMT bins
processed in sequence.
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An improvement in resilience against RFI will be available with ADSL2/2+, when receiver
determined tone ordering is introduced, provided that the CPE makes the right decision.

Frequency interleaving will definitely assist the trellis to correct the errors caused by
moderate RFI pickup, by removing the bunching of errors which would be the case if DMT
bins were processed in sequential order by frequency.

However, because the RFI environment changes slowly from day to night, the relative
strengths of the interference sources will vary. Therefore, the optimum tone ordering table
calculated during training to minimise correlation between successive data at the input to the
trellis decoder at night will differ from the optimum tone ordering calculated during the day.

Unfortunately, G.992.3 [35] specifically states that the tone ordering coefficients “shall not
change through on-line reconfiguration, i.e., through PMD.Reconfig and PMD.Control
Primitive)”. There would appear to be potential for improvement here.

It remains to be seen how well vendors implement the tone ordering decision at the CPE or
even if the next iteration of the DSL Forum Test and Interoperability Plan will include a test to
check that frequency interleaving is being used to advantage in situations where strong RF
interferers are present.

Indeed, will operators even have visibility of the tone ordering tables in use?
4.3.1 RFI Cancellation

Several authors suggest that RFI can be suppressed by actively subtracting it from received
signals. One variation is to observe the incoming common mode signal on the line and train
an adaptive equaliser to produce the signal to subtract to cancel out the received RFI. This
can even be done in the analogue domain.

Specifically for ADSL, and for the case where an RF interferer is strong enough to disable
one or more DMT tones, it is possible to subtract the same interferer from nearby bins by
forming a weighted sum of the disabled bins and subtracting it. This can place a null about
the RF signal, substantially cancelling it and its sidebands. See patent application
WO03/049396.

4.4 Intermittent Wiring Faults

An intermittent wiring fault will show up in the form of unexpected changes in the reported
loop attenuation. However, this assumes that a monitoring process is in place. Location of
the bad joint may require the use of before and after TDR techniques, with a trained eye
looking for where the TDR trace has changed, although a sufficiently bad fault can be seen in
TDR even if it's not varying during measurement.

A potential strategy to help identification of lines with rectifying junctions, which can happen
as a result of the formation of an oxide layer at a joint, could be to look for lines where there
is correlation between line reversal, for example during ringing, and ADSL retrains. This
could help bring the network closer to the required quality for the triple-play of voice, data
and video and help with proactive fault repair.

Such an activity, bringing together logs from two different operating divisions has potential
regulatory and data protection issues, however.

4.5 Spectral Shaping

(G.992.5 (ADSL2+) does support spectrum shaping. However, the current specification
imposes constraints on the amount of shaping, essentially limiting the shaping to no more
than 20 dB attenuation at any given frequency.
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Simulations of an ADSL2+ modem have shown, however, that it is difficult to justify this
constraint.

The constraint arises from the carrier “splash” which results from the rectangular symbol
window. ADSL2+, however, does support windowing, albeit the current G.992.5 specification
only allows 8 coefficients to be defined, the remaining 24 coefficients of the window filter
being deduced from the specified 8 using symmetry properties.

Figure 35 Controlling DMT Symbol Splash Using ADSL2+ Transmit Window

The graph above illustrates the splash obtained from a simulation of a DMT transmitter using
carriers between 500 kHz and 1 MHz in three cases:

a) The red trace shows the splash resulting when only the unmodified rectangular
transmit window is applied.

b) The blue trace shows the impact of a raised cosine transmit window,

c) The green trace shows a transmit window filter especially designed to bring down
nearby splash

In the case of the raised cosine window, the 8 window coefficients used were
Wi ={0.0096, 0.0356, 0.0771, 0.1328, 0.2008, 0.2789, 0.3643, 0.4542 }

In the case of the transmit window optimised to reduce close by splash, the 8 window
coefficients used were

Wi ={0.0799, 0.0782, 0.1294, 0.1777, 0.2407, 0.3076, 0.3830, 0.4600 }

As a more concrete example of how spectral shaping could be achieved in ADSL2+, we
consider the case of ADSL2+ equipment located at a UK cabinet, with a cabinet assigned
loss of 40 dB @ 300 kHz.
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Figure 36 Deep Notches Required by ANFP i3 are Facili tated Using Transmit Windowing

The black trace on the graph above shows the UK ANFP v3 (May 2005 draft) transmit PSD
mask for equipment located at a cabinet with CAL=40 dB. Three transmit window options
have been explored for this case:

a) no transmit window (red trace)
b) raised cosine transmit window (blue trace)
c) transmit window optimised to control nearby splash (green trace)

In each case, transmit power was shaped using a modest number of break points.as shown
in the table below:

Carrier | PSD
Index | dBm/Hz
32 -45
46 -63
69 -72
70 -80
130 -90
131 Off
199 Off
200 -52
511 -52

Table 3 Breakpoints For an ANFP Downstream PSD Shape a t Cabinet, CAL 40 dB
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Linear interpolation of PSD (in dBm/Hz) against log carrier index is used to calculate the PSD
between breakpoints.

Note that the ANFP is clearly violated if transmit windowing is not applied. Both the raised
cosine and “optimised” windows allow implementation of the desired shape, but the
optimised transmit window allows deeper notches to be seen close to the active carriers.

In submission 2005/ES-026, BT presented the results of its simulations of an ADSL2+
transmitter using windowing, showing how it was apparently feasible to implement the
shaping required for the ANFP static spectrum management regime for cabinet deployment
of ADSL2+ in the UK.

4.6 Upstream Spectral Shaping

In the UK static spectrum management scheme, ADSL2+ Annex M operation would violate
the PSD limits set in the ANFP. At the same time, the potential increase in upstream
capacity, which would result from using a greater upstream bandwidth, is useful.

In the long term, the addition of upstream PSD shaping to ADSL2/2+ would allow the
maximum possible upstream capacity to be achieved within the bounds set by local industry
and regulatory bodies, such as the NICC within OfCom.

Because of the risk of NEXT affecting downstream transmissions on long lines, it remains
important for network resilience, that the operator, rather than the end-user, controls the
upstream PSD shaping. Extended bandwidth operation would then only be allowed on the
shorter categories of line length.

This subject was explored in ITU-T contribution 2005/ES-024 [15] which showed how
upstream power shaping could enhance usage of the spectrum under the ANFP issue 3.

In the ANFP, lines are categorised as long, medium, short or extra short according to their
insertion loss measured at 100 kHz.

The graph below shows the unmodified ADSL upstream spectrum along with the upstream
PSD mask for customer premises equipment on long lines as defined in the UK ANFP.
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Figure 37 ADSL Annex A Upstream Transmit PSD and ANFP i3 up.long PSD mask

The graph below shows how double bandwidth upstream operation along with upstream
PSD shaping could allow better use to be made of the PSD mask in this case.

Figure 38 Extended ADSL2+ Upstream Transmit PSD and A NFP i3 up.long PSD mask

The graph below shows the most advantageous case, for an extra_short line as defined in
the ANFP, and how double bandwidth upstream operation along with upstream PSD shaping
could allow better use to be made of the PSD mask in this case.
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Figure 39 Extended ADSL2+ Upstream Transmit PSD and AN FP i3 up.extra_short PSD mask

Annex M of G.992.5 does allow the use of upstream power shaping, but with only 4
breakpoints. 7 breakpoints have been used in the construction of this PSD shape, However,
much can be achieved with the 4 breakpoints allowed.

4.6.1 Benefits Resulting From Extended Upstream wit  h PSD Shaping

The available upstream capacity has been estimated for 20 ISDN and 20 ANFP optimised
extended u/s bandwidth ADSL2+ circuits operating in a binder along with a single 3-pair 2M
HDSL circuit operating over the same reach. A variety of line lengths have been chosen, with
one taken from each of the ANFP categories. This allows comparison of Annex A and
extended bandwidth operation when optimised for UK ANFP application. The results are
shown in the table below:

Loop UK Annex A ANFP Optimised
Insertion Loss ANFP ADSL2+ Double Bandwidth
at 100kHz Loop U/S Capacity U/S Capacity

Category kbit/s kbit/s
32 dB Long 500 550
28 dB Medium 640 875
24 dB Short 770 1150
20dB Extra Short 900 1500

Table 4 Impact of Extended Upstream with PSD Shapin g on Capacity
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It should be noted that the G.992.5 standard only makes provision for 4 upstream
breakpoints, whereas the above calculations were made using use of the additional capacity
in the short and extra short reach categories would certainly be useful.

4.7 Understand The Network
A strategy for a network operator to take:
identify the lines where errors and retrains are most likely
ensure that error correction is being used to maximum advantage
o this could mean enabling the interleaver on these lines

A series of questions a network operator could ask in a more detailed network study could
be:

What are the error statistics in the network?
Which lines are suffering the highest error rates?

What is the most likely threat on those lines: crosstalk, RFI, REIN, isolated noise
bursts or wiring faults?

How many lines are using TCM?

Are all the lines with the highest error rates using TCM?

Is the interleaver enabled on those lines with a REIN problem?
What RS & interleaving settings are in use?

0 There have been cases where DSLAMs / CPEs are negotiating framing
parameters which are not useful, resulting in very low INP values, e.g. 0.1

4.7.1 Observing and Optimising Framing Parameters - INP

Currently, it is difficult to observe the framing and RS parameters. A sub-set of CPE allow
key DMT framing parameters to be observed. Neither are they necessarily visible through the
DSLAM element manager. Control of these parameters is even more difficult for the
operator.

This led to several ITU-T contributions to the G.ploam interested parties HA-056 [9], HA-057
[10] and HA-059 [11], seeking the ability to observe, to control and to optimise the framing
parameters more directly, including the concept of INP. INP is a simple parameter through
which the operator can request a certain level of impulse noise protection, measured in DMT
symbols, e.g. an INP of 2 would allow loss of 2 DMT symbols within the interleaver depth.
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5 LONGER TERM OPTIONS

In this section, areas are explored which are not believed to be possible within the scope of
the current standards, requiring either proprietary solutions or revisions to the G.992.x
standards.

5.1 Improved Noise Modelling and DSL Link Test Meth  ods

When the MUSE project started, there were no specific tests dealing with non-stationary
noise and testing its effects on DSL links, except for tests using isolated impulses or Cook
pulses.

It is hoped that through the development and new noise models, the DSL system vendors
will gain a better understanding of the threats to DSL service resulting in better performing,
more resilient DSL links and a better customer experience.

With this in mind, many contributions have been submitted into the bodies responsible for
xDSL test plans, describing measurements taken in the field and at BT's Adastral Park
laboratories and proposing new noise models.

References [1], [2], [3], [4], [6], [18], [19], [20] and [22] deal with the topic of repetitive
electrical impulse noise, its modelling, how a test could be structured and how performance
targets could be set substantially above the level of performance observed from modems
currently in the field.

References [14] and [31] deal with the topic of isolated noise bursts, its modelling in the test
laboratory and how performance targets could be set, to raise the performance of the
modems with the poorest resilience towards the performance of the best. This could make all
the difference between a modem losing synchronisation after a noise burst and merely
making a few errors. In terms of the impact on pay video services, this difference would be
immense.

By defining tests which better replicate these threats to DSL service and setting performance
targets which are challenging but achievable, it is hoped that performance of DSL links will
be raised in the presence of these threats.

Of course, there is no guarantee that REIN and isolated bursts of noise are the only
problems affecting DSL transmission on the longest lines. REIN has, however, been
observed in around 10% of a small sample of long lines which were studied in great detalil
and a reduction in the large difference between the best performing modems and the worst
currently observed would certainly help network stability.

5.2 Advanced Coding Options
5.2.1 Basic xDSL Simulation

Simulations were performed of the various error control coding techniques described below
using a basic simulation of an ADSL encoder and decoder. Whilst the simulation was by no
means a full G.992.1 implementation, sufficient functionality was included to allow
exploration of the benefits of the various error control coding schemes.

The impact of stationary white noise on links operating at gross data rates of 1, 2, 4 and 8
Mbit/s was explored. Where net data rate was reduced as a result of additional error
correction coding, a rule of thumb of 3 dB additional noise margin per bit per carrier was
used to adjust results to roughly the same net data rate.

The following bit simulation scenarios were used:

Target Gross Bit Rate | Active Carriers | Bits per Carrier
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1.024 Mbit/s 50-113 4
2.048 Mbit/s 48-133
4.096 Mbit/s 46-173
6.144 Mbit/s 43-196 10
8.192 Mbit/s 40-211 12

Table 5 Simulation Scenarios for Various Bit Rates

A limit of 20 ms was set on the delay through each error control codec, ignoring the impact of
finite computation time.

The effects of receiver DPLL clock jitter resulting from the AWGN was not included in this
simulation work, the study was on the impact of AWGN on modulation & error control coding
alone.

In addition, some laboratory measurements were performed using current generation ADSL
reference modems.

5.2.2 Current Technology — No Error Correction Code

The chart below shows the BER vs AWGN PSD for the ADSL DMT line code for the five
scenarios above.

BER vs AWGN PSD - No Advanced Line Code
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Figure 40 How BER Varies with Channel Noise and Bits  Per Carrier
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5.2.3 Current Technology — Wei 16-state 4-D Trellis

The chart below shows the creditable coding gain (approx 4dB) achieved by using trellis
code modulation for each of the 5 scenarios. As using the trellis costs 0.5 bits/carrier, the
AWGN PSD values from the “no trellis” simulation have been increased by 1.5 dB to
estimate the BER/AWGN characteristic at the same net data rate.

. . . . . No FEC 11.5 bpc (est) ----- Trellis 11.5 bpc net
Effect on BER of Trellis Code Modulation with Viter ~ bi Decode No FEC 9.5 bpﬁ (e(st)) _____ Trellis 9.5 bpﬁ net
No FEC 7.5 bpc (est) Trellis 7.5 bpc net
1.0E+00 No FEC5.5bpc (est)  ----- Trellis 5.5 bpc net

NoFEC3.5bpc(est)  ----- Trellis 3.5 bpc net

1.0E-01
1.0E-02
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1.0E-04

BER

1.0E-05

1.0E-06

1.0E-07 4
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1.0E-09 ‘ ‘ : ‘ ‘ ‘ ‘ ‘ ‘
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Figure 41 Impact of Trellis Code on Channel BER

From these simulations the coding gain of the trellis code modulation scheme is immediately
apparent. Where crosstalk or other stationary noise sources are limiting the system reach,
use of the trellis results in extra margin.

In G.992.1 trellis capability is optional. So, in the case where the DSLAM is trellis capable
but the customer’s CPE is not, the network operator could advise the customer to upgrade.
Unfortunately there is no simple way to detect whether the CPE is capable, nor indeed
whether TCM is actually being used already. It would be useful for the operator to be able to
find these things out, perhaps by asking the DSLAM.

The ADSL2/2+ specifications G.992.3/G.992.5 mandate support for the trellis, so as
networks replace ADSL line cards by ADSL2/2+ and as customers upgrade their equipment,
there should be a reduction in the number of lines subject to high bit error rates.

Note that the trellis code is of most value in protecting against signals whose spectral
characteristics do not change greatly with time, such as crosstalk and some RFI signals,
where the trellis then allows occasional receiver soft errors to be corrected, effectively
increasing the potential reach of a service by up to 3-4 dB. This is essentially because the
trellis code only protects the LSBs. Noise fluctuations only have to perturb the next bit up to
produce errors which the trellis decoder cannot repair.
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5.2.4 Current Technology — Reed Solomon Codes

A question which arose during the work behind preparation of this document is whether the
use of erasure driven decoding should be made mandatory in the ADSL2/2+ specifications.

The error correcting capability of the RS decoder is doubled, if the positions of the errors can
be flagged to the RS decoder.

In the case of a DSL link operating in the presence of REIN, there is very likely to be a clear
difference in the RMS error (or final Viterbi path error metric) for the duration of the noise
burst. This could be used as the basis of an erasure flagging mechanism to the RS decoder.

This becomes especially important for the higher bit rates wanted by the end users, because
of the finite size of the interleave RAM. The ability to double (or at least nearly double) the
error correction efficiency of the RS decoder will help mitigate the impact of the falling
maximum interleave depth imposed by the finite RAM size.

5.2.5 Current Technology — Concatenated Trellis & R eed Solomon Codes

In a stationary noise environment when using the non-interleaved path, the simulation
showed that use of both the trellis and the RS code did not result in increased coding gain.

This behaviour was confirmed using a laboratory experiment.

An ADSL DSLAM and modem where the RS framing parameters could be directly controlled
were used to investigate the amount of stationary crosstalk which could be injected at a
given line simulator reach. The crosstalk level was increased in 0.5 dB steps until the link lost
synchronisation. No benefit in increased margin could be identified at a given user payload
rate.

This experiment, of course, explores the behaviour at relatively high error rates, without
interleaving. It does not attempt to observe the error floor over long periods.

RS protection, when used in conjunction with modest interleaving, is on the other hand vital
where REIN or other impulsive noise sources are a problem, causing the loss of entire
symbols of data. The us of RS and interleaver also protects against the inevitable transmitter
clips in DMT symbols with an unusually large peak to mean ratio.

Other workers have reported anecdotally that with modest interleaving RS coding may
improve the error performance in conjunction with trellis code in some circumstances.

5.2.6 Alternative Technology — Turbo Codes

As long ago as 1998, turbo codes were proposed as an efficient means of increasing the
reach of ADSL systems. In ITU-T SG15/Q4 technical contributions IC-087 (Irvine, California,
9-13" April 2001) and RN-085 (New Jersey, 21-25 May 2001) Vocal Technologies Ltd
suggested that advanced codes should be introduced into the upcoming ADSL2 and
ADSL2+ standards. AT&T also presented several technical contributions on turbo codes.

Turbo codes have successfully been used to reduce transmit power requirements in digital
satellite broadcasting and in the transmission of pictures from recent Mars surface
exploration projects.

The technique consists of the use of two (or more) parallel convolutional coders, usually but
not necessarily identical, where the same data is passed through both coders, but in a
different order. Uniform or pseudo random interleaving appears to offer the best results.

Decoding is performed iteratively, by a soft-in, soft-out decoder. Each step of the decoding
process must decorrelate the soft information from the current input bits before presenting
the soft output information; each step must produce soft information for its decisions alone.

D B2.2 : Enhanced DSL Algorithms 60/78 Public



IST - 6th FP
Project Deliverable Contract N°507295

Iteration can continue until either the decoded information does not improve in quality or an
iteration limit is reached.

A less desirable property of Turbo codes is that they exhibit an “error floor” — that is once
BER has dropped to 10° or so, the rate at which BER drops decreases. This is because
when errors do occur, they tend to be accompanied by a further burst of errors. The
consequence of this is that turbo codecs are often accompanied by an outer RS codec, to
remove the errors inherent in the decoded data.

AT&T presented a method of interleaver design, claiming to reduce this error floor, in their
ITU-T contribution RN-029 at Red Bank, May 2001. ENST Bretagne, likewise, have claimed
an error floor lower than 107°.

A useful resource for learning the basics about Turbo codes is the “Block Turbo Coding”
page on the ENST Bretagne web-site at http://www-sc.enst-bretagne.fr/btc.html

5.2.7 Alternative Technology — Low Density Parity C  heck

LDPC codes can also be decoded using iterative decode techniques. Whilst their coding gain
is generally not as high as for turbo codes, they do not suffer the drawback of the error floor.

In recent contributions to the ITU-T VDSL2 standardisation process, for example Metalink’s
contribution to ITU-T SG15/Q4 2004/SI-059 G.vdsl: Extending the Loop Reach of VDSL2,
[4], the subject of advanced coding has again been raised, as a way of increasing bit rate at
a given reach in a crosstalk limited installation.

Whilst the use of advanced coding schemes such as Turbo codes or LDPC codes is certainly
attractive in correcting the errors resulting from stationary crosstalk and AWGN, the
technology must be challenged with non-stationary noise of the types which occur in real
deployment.

Such a challenge would establish whether either code would still require the use of an outer
code, such as RS, accompanied with modest interleaving.

5.2.8 Alternative Technology — Multi-pass 2-D Reed  Solomon
5.2.8.1 Description of 2D RS Technique

Given that existing xDSL chip vendors have already invested in RS codec technology, it was
felt worthwhile to investigate whether the multi-pass approach used in the LDPC and Turbo
Trellis error correction schemes could be used to advantage with an RS based FEC scheme,
although obviously, the RS decoder lacks the ability to use soft decision information so
important in the Turbo code’s success.

A scheme was devised where rather than operating on a vector of bytes, the 2D RS coder
acts on an array of data, adding error correction check bytes to columns and rows of data
separately, as shown for row ‘c’ and column ‘2’ in the diagram below.
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Table 6 How 2D Reed Solomon Coding Could be Impleme  nted

User data is placed in the cells shaded in light blue, filling left-to-right then row-by-row.

The cells shaded yellow will contain RS data computed from individual rows or columns and
the cells shaded green will contain column checksums computed on the row checksum
bytes.

Row RS check bytes are computed by calculating the check bytes separately for each of the
rows containing user data, in this case, rows ‘a’ through ‘f'.

Then column RS check bytes are computed by calculating the check bytes separately for
each of the columns containing user data, in this case, columns ‘0’ through ‘9'.

Decoding consists of multiple passes through the data. The number of passes is not known
in advance, although an upper limit can be set to break out of situations where convergence
does not occur. 10 iterations could be used as the upper limit. If no corrections were possible
in the pass, or the iteration limit has been reached, iteration stops.

In each pass, normal RS correction techniques (including the available erasure information)
are used to correct each row originally containing user data. Any rows which are not
correctable can be marked. Then each column is corrected using erasure information
gleaned from the immediately preceding row-by-row correction if possible.

In setting the parameters of the coding scheme, the percentage overhead target was at least
10% in all scenarios, whereas for the Trellis the percentage overhead reduces as the number
of bits per carrier increases.

Gross | Bytes percentage | 2D RS percentage | 1D RS

Data Passed | overhead Coding overhead Codeword

Rate in 20ms | for Scheme for size for

(Mbit/s) Trellis Used RS2D approx same
overhead
with R=16

1 2560 12.5% (50,2)x(51,4) 11.5% 139

2 5120 8.33% (72,4)x(72,4) 10.8% 148

4 10240 | 6.25% (101,6)x(101,6) | 11.5% 139

6 15360 | 5% (124,6)x(124,8) | 11.0% 146

8 20480 | 4.17% (144,8)x(144,8) | 10.8% 148
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Note that (A,B)x(C,D) implies that rows are length A bytes in length, including B bytes of
checksum data and that columns are C bytes in length, including D bytes of checksum data.

5.2.8.2 Simulation Results

The simulation showed that in no case could a 2D-Reed Solomon code outperform the
combination of Reed-Solomon and Trellis at a given percentage overhead. It is perhaps
unfair to have expected a new single code to have both good erasure protection and good
correction of soft errors from white noise.

The 2D-RS code did however have interesting behaviour, in that the slope of the BER vs
AWGN power curve was dramatically increased, effectively being vertical for some cases,
when compared with a 1D RS-code with the same percentage overhead.

This shows that an iterative/multi-pass approach to error correction has additional error
correction ability over and above a 1D single pass approach.

The likelihood is that the hard nature of the RS decode process causes information loss.
Trellis, by comparison, is able to make use of soft decision data.

5.2.8.3 Areas For Future Research
There is scope for fine tuning the application of RS as an inner code.

Rather than adding RS overhead to all the encoded bits of the transmitted constellation
value, a scenario where a Gray code is used to encode the constellation X & Y values could
be envisaged. In such a scenario, only the bits most likely to change (i.e. to the immediately
preceding or following constellation value in the Gray code) would be protected. This leads to
the need to protect no more than 4 bits per carrier (2 bits for each of X and Y). The outer
code would still be used to protect against occasional errors in the upper bits.

This is precisely the purpose for which Ungerboek used cosets. It isn’t clear exactly how a
Gray code would achieve this purpose, but may still be worthy of some investigation.

5.3 Margin Estimation

Current generation modems characterise the noise environment on the line using a single
scalar — the noise margin. G.992.1 does not define how this quantity should be computed; it
merely specifies that when the reported margin reaches 0 dB, bit errors will start to be
present in the transmitted data stream with an error rate higher than 10”.

Whilst this is OK for noise with stationary statistics e.g. crosstalk, it is less meaningful in the
presence of non-stationary noise, and is particularly meaningless in the case of REIN, where
one is more interested in the link capacity between REIN bursts than in how severe the REIN
is.

Also, a tightening of the definition of margin is essential if DSM techniques are to be
considered seriously. All modems should use the same definition of margin in order to
ensure that :

the network stability is maximised (benefit to operator)

modems operating in the same line conditions get roughly the same capacity
(fairness amongst end users)
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5.3.1 The Impact of Poor Margin Estimation

The principal result of poor margin estimation is that rate adaptive modes become less
reliable. If a modem is unable to correctly estimate the impact that the noise environment on
a line will have on its operation, it may over-estimate the line’s capacity and suffer a high
error rate on entry to showtime, dropping the link within just a few seconds.

This behaviour has been observed both in the laboratory using non-stationary noise models
such as that developed for REIN testing and in the real network. These tests were described
in section 3.1, where indeed it was found that some modems’ ability to determine capacity in
the presence of non-stationary noise is very poor.

Sometimes it is possible to use a higher margin setting to achieve synchronisation,
sometimes it is possible to use a profile with a lower maximum bit rate set to achieve
synchronisation. In other cases, it may be necessary to enable interleaving.

Whatever the final solution, the process makes the administration of large networks more
expensive and far from the “zero touch, self service, real time” sought by the operators.

5.3.2 How to calculate margin in REIN

To maximise the ability to transmit data on the line in the presence of REIN, the CPE must
accurately calculate the usable capacity on the line between bursts of noise in order to
determine the modulation depth to use on each carrier.

At the same time the modem must attempt to characterise the REIN impact, to get a more
accurate estimate of the usable capacity on the link and to aid link management through
dynamic line code management (DLCM). The ability to discriminate between mains related
noise and other isolated impulse noise events could also be useful.

Characterisation could estimate how many DMT symbols at the estimated bit rate are likely
to suffer symbol erasure, this information being used to set the INP value or the proportion of
RS overhead required. If the period of the noise bursts can be determined, this information
could also be used to set an upper bound on the interleaver depth required.

Such a classification would result in 4 measurements: error-free margin, proportion of
symbols in error, a flag where periodicity is identified and the likely periodicity.

We can either suppose periodicity set by the local mains frequency or we can try to detect it
blind: such detection could use autocorrelation on the erasure history, or perhaps the Viterbi
metric history, the latter being immune from errors in detecting erasures.

Alternatively, the modem could separately maintain average margin figures for symbols
where there is known to have been an error or correction made in the trellis decode process,
from those where no error was detected. At the crosstalk limited reach, these two figures
would be quite close in value. On lines where REIN is limiting reach, it is likely that a large
difference would exist. Counts could also be maintained of error free symbols and those
containing or suspected of containing errors, allowing selection of the amount of RS
overhead to be optimised.

Alternatively margin could be measured (where the mains frequency is 50 Hz) using 40
separate averages, for symbols N*40+1, N*40+2 and so on. This would reveal any 100 Hz
structure in the noise.

A similar scheme could be used to look for 120 Hz structure in regions where the AC
distribution frequency is 60 Hz, albeit a dithering sequence (e.g. measure over 33 symbols,
again over 33 symbols, then over 34 symbols) would be needed, as 120 Hz is not an exact
sub-multiple of 4 kHz.
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Such schemes would need to be made resilient against the short term fluctuations in AC
mains frequency. An obvious way to do this would be for the CPE to observe the mains and
phase lock its REIN countermeasures to it.

To add further complexity, some sources of REIN, rope lights with effects for example, do not
maintain a fixed phase relationship with the AC power cycle, making it harder to detect this
structured noise. The noise bursts occur at the point of the cycle where the thyristor/triac is
fired, with a secondary, smaller burst at the zero crossing where the thyristor/triac is
guenched.

5.3.3 Strategies For Modulated RF Carriers

In the presence of modulated RF carriers, again it is not clear how the margin of the system
should be defined. Should the receiver use the average value of the noise power received on
a DMT catrrier, the peak value or some other function of the received power?

Using the peak received error power will certainly lead to a more robust transmission system,
but keeps the channel capacity further away from the limits predicted by Shannon, as the
modem will not be able to utilise the capacity available when the disturbance caused by the
modulated carrier is less than the peak.

One message is clear. If the decision is taken to squeeze the DSL link for capacity in the
presence of modulated RF carriers, use of frequency interleaving will be essential to
maximise the potential for the trellis code to correct the soft errors which result from
operating closer to the edge.

By interleaving regions of the spectrum that have relatively stationary noise characteristics
with regions where RF carrier modulation causes a changing noise characteristic, the error
correction capability of the trellis will be maximised by removing the correlations present in
the error signals on adjacent DMT carriers.

If, on the other hand, carriers are processed sequentially, there will tend to be clustering of
soft errors on sequential values presented at the input to the Viterbi trellis decoder from the
carriers in the vicinity of the RFI source. These will then exceed the correction capability of
the trellis and be converted to hard errors.

The envelope of both speech and music has strong content below 10 Hz. Crosstalk, on the
other hand, does not, assuming that low power modes are not being used. This could form
the basis of an algorithm for determining where a DMT carrier is being affected by a
modulated RF signal.

ADSL2/ADSL2+ introduce the capability to utilise receiver determined tone ordering. The
ability to maximise link capacity in the presence of modulated RF carriers will depend on
using this capability.

RFI from digital transmissions, such as Digital Radio Mondiale, will generally be more
stationary in nature as a result of the modulation process. Multi-path fading at night will still
result in slow variation of the envelope of the received signal, however.

5.4 Advanced Line Characterisation
Some relatively simple checks can help identify the main threat to DSL on any patrticular line.

If the statistics of the noise are relatively constant, then the most likely source of problems is
crosstalk or noise within the modem analogue front end.

If there is regular extreme variation between low noise and complete erasure, REIN is likely
to be found.
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In simulation work, it has been found that the Viterbi decoder chosen path error metric is a
useful indicator of the quality of the received symbol. The chart below shows the path error
metric for a 4 Mbit/s channel, operating in the presence of REIN.

Viterbi Decoder Final Path Error Metric in REIN
-120 dBm/Hz background channel noise
250 us -90 dBm/Hz REIN bursts

120

100

80

60 -
— Seriesl

Chosen Path Error Metric

40

20 A

0 100 200 300 400 500 600 700 800
Symbol Number

Figure 42 Viterbi Final Path Metric in REIN

The high contrast ratio between good and bad symbols is characteristic of the impact of
REIN and easily detected. The sum of the squares of the deviations of the received symbol
from the nominal constellation grid points can also be used as a metric, if the trellis/Viterbi
decoder is not in use. The resulting graph will have much in common with the graph shown
for the final Viterbi path error metric.

The chart below shows the final Viterbi path error metric both for the case where the
simulated modem is operating in a channel impaired by REIN bursts with PSD -90 dBm/Hz
and with a background noise level of -120 dBm/Hz between bursts. Overlaid is the Viterbi
path error metric for the case where the modem simulation is operating at the point where
BER was roughly 1e-7 with trellis on. This illustrates that a threshold of around 40 or 50 for
the final path error metric could be used as a flag to mark a symbol as an erasure.

Obviously the actual threshold will be implementation dependant.
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Viterbi Decoder Final Path Error Metric in REIN
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Figure 43 Viterbi Path Metric in REIN cf Steady AWGN f or BER le-7

If the impairment sources are generally stationary, such as in those cases where crosstalk
and modem imperfections are limiting performance, the cumulative Viterbi path error metric,
when plotted as a function of the number of values presented to the Viterbi decoder, will
essentially be a straight line of constant slope, as shown in the graph below. In this case, the
simulation condition was AWGN at a level of -108.2 dBm/Hz, the value at which BER was
roughly 1e-7 with trellis on.

The graph below shows the impact of this on 9 successive symbols as they were processed
by the trellis decoder. Each series traces the value of the Viterbi error metric for 1 DMT
symbol as the received QAM values are passed through the trellis decoder.
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Figure 44 Cumulative Path Error Metric in AWGN,

Shown for Several DMT Symbols

If the graph showing the error metric deviates significantly from straight line form, such as in
the case of an RF transmission appearing unexpectedly, the slope of the cumulative error
metric curve can help identify the location of the new source of interference.

The graph below shows the cumulative Viterbi path

error metric in the case of transmission

over a channel with white noise and a single RF interferer before the bit allocation tables

have changed in response to the RF source.

Again, each series represents the path followed by the path error metric as a single DMT
symbol is processed. The results of processing several symbols are shown, illustrating how

the slope varies even with a notionally fixed noise p

ower.

It will be noted that there is a distinct step in the path traced by the Viterbi path error metric in
the region of DMT carrier #140 as a result of the presence of the RF carrier at 603 kHz.
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Figure 45 Cumulative Path Error Metric in AWGN + 1 RF,  Shown for Several DMT Symbols

The graph below illustrates the final Viterbi path error metrics observed in a DMT modem
simulation for various levels of AWGN in the channel, showing how there is good correlation
between the final path error metric and the bit error ratio in the resulting data.

Viterbi Decoder Final Path Error Metric + AWGN BER=1e-1
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Figure 46 Cumulative Path Error Metric in AWGN, Correlat  ion with BER
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The conclusion is that the Viterbi path error metric has many useful properties. These may
not yet be being fully exploited.

5.5 Predictive Data Tranmsission

In the case of REIN, when the position of a noise burst is known, the position of the next
noise burst can be predicted with high confidence, because the noise is often generated at
the zero crossing point of the mains power cycle in the case of switched mode power
supplies, or at a fixed point in the mains cycle in the case of triac/thyristor power control
circuits.

In this case, a black-box model can be used to characterise the noise. The model could have
as few as 2 parameters, the duration of “noise on” and the duration of “noise off”. Optionally,
the channel capacity during noise on and noise off conditions could be separately
characterised in additional parameters.

The reasoning is clear. If the receiver knows when to expect the next noise burst, in theory, it
could send a message back to the transmitter, requesting that certain symbols should not be
used for data transmission.

Other potential solutions could include
a retransmission protocol, where latency is not a problem, or

transmitting the same data on multiple symbols when there is likelihood of erasure.

5.6 Vector Equalisation

In section 3 of [38] Cioffi notes that if one DSLAM carries all the connections to an access
network, then it is possible to equalise the systems as an ensemble to suppress both FEXT
and NEXT. It is possible to describe the operations as networks of trained equalisers: The
claim is made that the equalisation can be done perfectly.

Also, Cioffi observes that a full MIMO equalisation need not be done in many cases, the
matrix is sparsely filled. In other words, just a few pairs dominate the crosstalk into each pair.

The potential performance gains from vectoring are substantial. In [34] Cioffi et al show that
the reach of Gigabit Ethernet can be increased from 150m of category-5 wire to 300m of
voice grade 4-pair final drop wire through the use of vectoring.

In Europe, local loop unbundling may mean that this approach is of less interest, because
multiple operators will have physical access to the network.

5.7 Transmit and Receive Windowing

A problem inherent in DMT is its relatively poor selectivity. Unless an RFI or noise source lies
exactly on a DMT carrier frequency, many adjacent carriers can be affected by the noise
source.

By implementing transmit and receive windowing on the downstream direction, the selectivity
can be substantially improved in the receiver and the amount of frequency domain splash
substantially reduced in the transmitter, albeit at the cost of time domain equaliser
performance.

Transmit windowing allows an enhanced PSD shaping capability, giving the potential for
deep notches in the transmission plan, without the need for bespoke filtering. Transmit
windowing is currently possible in the ADSL2+ alternate framing mode.
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ITU-T submission 2005/ES-026 [16] requested that the ITU-T consider adding a similar
alternate framing mode to the ADSL2 standard, raising the possibility of improved spectral
shaping with ADSL?2 in the longer term.

Receive windowing allows a reduction in the size of the guard band between the end of the
ADSL2/2+ transmission band and the start of VDSL transmissions at nominal power from the
cabinet, by reducing the impact of the “splash” of the VDSL transmissions into the ADSL.

5.8 Assistance to the Network Operator

There is much scope for enhancing the operator’s ability to probe the modem state from a
central terminal.

Some parameters that could be of benefit to an operator include:
Margin, separate averages for symbols with/without good CRC
o Alternatively margin for symbols with good CRC and %symbols with bad CRC
SNR per carrier, separate averages for symbols with/without good CRC
Margin per symbol, separate averages for symbols with/without good CRC
Rx Pwr per carrier, separate averages for symbols with/without good CRC
A measure of the percentage of symbols which have a bad CRC

An indication of the predominant degradation, be it crosstalk, RFI, impulse noise or a
sudden change in the received QAM grid, which could indicate an intermittent wiring
fault.

0 An assessment of the degree of degradation would also help
5.8.1 Accuracy of Reported Information
Where parameters are being reported, there is wide variation across modems.

In a recent experiment, a line simulator was set to model 0.4mm cable with an insertion loss
of 50 dB at 300 kHz. A mix of ISDN, ADSL and 2-pair and 3-pair 2M HDSL crosstalk noise
was injected into the simulated line. The exact detail of the resulting mix is less important
than to note that the mix was not changed over the course of the experiment.

A variety of ADSL DSLAM platforms and ADSL modems were then connected through to the
line simulator. In each case, the ADSL profile used was non-interleaved, 576 kbit/s fixed rate
downstream and 64-288 kbit/s rate adaptive upstream, with 0/3/31 dB margin set
downstream and 0/6/31 dB margin upstream.

The downstream line attenuations reported by the DSLAMs were then recorded to see how
much variation in reported attenuation was observed. The results recorded are summarised
in the chart below, where the reported attenuation is divided into 2 dB bins and the chart
shows the number of times a particular attenuation was reported across the DSLAM/CPE
combinations used.
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Figure 47 Reported Line Attenuation Values, Loop Ins  ertion Loss 50dB at 300 kHz

The average of the reported line loss figures was 56 dB with a standard deviation of roughly
5 dB.

That the reported loss was not 50 dB is expected, because BT practice is to measure line
loss at 300 kHz alone, whereas the modem theoretically reports DSLAM Tx power — CPE Rx
power, measured across all the active DMT carriers.

The graph below shows the expected relationship for BT 0.5mm cable between loop loss at
300 kHz and LATN and SATN as defined in the ADSL2+ ITU-T standard, using the
assumption that when the signal power has dropped to -96.5 dBm/Hz at the customer
premises, that the bins above the frequency will be turned off.
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Nevertheless, whilst a degree of variation is to be expected, because of component
tolerances and the different spectral usage which will result from use of many different
modems, with outliers found up to 15 dB away from the average reported value, the result is
that the reported attenuation is of little value to the network operator.

Potentially, the inaccuracy also undermines confidence in practical implementations of DSM,
other measurements more directly affecting DSM operation may be similarly inaccurate?

In a scenario where published deployment limits are used, this can also lead to customer
dissatisfaction. For example, at the time of writing this report, BT currently uses a
deployment limit of 43 dB (insertion loss at 300 kHz) for its 2 Mbit/s broadband product. An
end user on a line with 47 dB insertion loss at 300 kHz, whose modem reports line loss
values which are optimistic by 12 dB would find it frustrating that his modem reports line loss
as 35 dB, but the network operator still denies the end user access to the 2 Mbit/s product.

Improving the accuracy of reporting line loss will reduce the number of dissatisfied customers
and increase the usefulness of the metric to the network operator.

Bridged taps pose another problem in that their presence in the network results in potentially
quite deep notches in the line insertion loss as a function of frequency. A measurement of
line insertion loss as a function of carrier index is much more useful for the operator to
identify the presence of bridged taps than a scalar measure of attenuation.

ADSL2 and ADSL2+ help by tightening the definition of attenuation, separately recording line
attenuation and signal attenuation, the latter depending on which tones are actually in use
during showtime on a given line. They also help by providing vector quantities from which the
line insertion loss H(f) and the noise PSD can be derived. If H(f) is known the loop length
estimation becomes easier.
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5.9 Do ADSL Profiles Restrict Operator Flexibility?

ADSL line profiles were initially created with the aim of simplifying the network operator’s
task. Rather than having to program many separate parameters, the operator could bundle
the many parameters associated with a product offering into a single entity — the service
profile. For example, the BT Broadband 1 Mbit/s broadband product maps onto a single
ADSL service profile “IPStream1000” and all of BT's customers subscribing to the 1 Mbit/s
broadband service will be connected to DSLAM ports where IPStream1000 is the profile.

However, as operators increasingly seek to maximise the capacity of the network across the
whole community of users, it is becoming apparent that the ADSL profiles are constraining
the possibilities.

For example, in order to extract the maximum total capacity across a set of ADSL lines, each
line may require slightly different bit rates. Some lines, because of REIN or other non-
stationary noise, might require more margin or use of the interleaver for stable operation. In
the ultimate case, every line in a DSLAM could be configured with slightly different
parameters.

The time has now come to consider whether ADSL profiles are now too rigid.

Some DSLAMs limit the total number of profiles which can be in concurrent use. In such
cases, the total capacity is compromised by the need to impose common solutions across
the user community.

For example, if the DLM control system was based around 20 possible downstream bit rate
settings, each with 1 fast and 3 interleaved options, along with 5 possible upstream bit rate
settings, each again with 1 fast and 3 interleaved options, then 1600 profiles would be
required to represent all possibilities.

A compromise between the operational complexity of maintaining every parameter would be
to split the parameters into logically connected groups, such as

downstream margins & rates
downstream interleaver settings
upstream margins and rates
upstream interleaver settings
downstream PSD control
upstream PSD control

Using the same example, instead of 1600 there would now be a total of 38 profile elements
20 downstream bit rate/margin profiles
4 downstream interleaver modes
10 upstream bit rate/margin profiles
4 upstream interleaver modes
1 downstream PSD control
1 upstream PSD control

The operator still retains the relative simplicity of maintaining 6 parameters instead of many
dozens, but now has the flexibility of independent selection between upstream and
downstream.
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5.10 Transmit Power Back Off

The G.992.3 specification calls for transmit power in excess of the maximum margin
configured in the profile to be minimised, yet measurements of some systems have shown
that transmit power in excess of the target margin is apparently being minimised.

Lab measurements of two ADSL2+ DSLAMs showed that they were holding receiver margin
down to 6 dB when a max SNR margin value of 31 dB had been specified. It may be
preferable to see more control over the trade-off between the instability resulting from
reduced transmit power at 6 dB margin and reduced capacity resulting from crosstalk when
holding transmit powers high, without having to tailor the margin on a line-by-line basis.

The consequence is that the DSL community must start discussion about what behaviour is
desirable. It may be necessary to introduce a 4™ margin parameter, to establish explicitly the
maximum receiver margin which can be allowed before transmit power back-off is applied at
the DSLAM.

To illustrate this with a concrete example, a margin profile of 3/6/18/24 dB would then imply
four regions of operation:

1. Transmit Power Back Off, 18dB margin at time of training, maximum bit rate
2. Maximum transmit power, falling margin (6-18 dB), maximum bit rate
3. Maximum transmit power, 6 dB margin, falling bit rate between min and max
4. Maximum transmit power, Falling Margin (3-6 dB), Minimum Bit Rate
A link retrain would be forced if receive margin later moved outside the region 3-24 dB.

A description such as that shown above removes a possible ambiguity in G.992.3’s definition
of the power back-off behaviour. Furthermore, the presence of the 4" margin control
parameter and implementations honouring this behaviour, will allow operators consistent
control of the trade-off between stability and reduced cross-talk.

Similar arguments apply to power back-off control of the CPE upstream signal.

In efforts to design a Dynamic Line Management system, in particular, it is imperative that
transmit power control systems perform predictably, that specifications are tight enough to
give system designers the information they need and that test procedures check the resulting
implementations thoroughly.

5.11 Network Investment

The following are unlikely to be attractive strategies because of the value of the existing plant
and the high cost of replacing or upgrading it, but are worth a brief look.

It is worth noting that the economic justification of DSL is plant reuse with ho new
expenditure except the end electronics. If wholesale network replacement was envisaged
then fibre access would be a better option.

5.11.1 Repair Faults

This is the normal practise anyway for the network, and so is not an extra cost for DSL. ltis
mentioned to emphasize:

The DSL modem is not expected to invisibly overcome every kind of network fault.

The modem may be useful in the repair process, perhaps indicating there is a fault,
perhaps partially diagnosing what is wrong.
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5.11.2 Replace Aluminium

In the UK aluminium cables were briefly popular during the 1960s and 1970s. However, they
are prone to become brittle. Fitment of copper tails can reduce the likelihood of churn related
wiring changes causing problems for other users at a flexibility point. The vibration from
making an insulation displacement connection on one customer’s circuit has been known to
cause failures in joints elsewhere in a cabinet!

Replacement by copper can substantially reduce the insertion loss at high frequencies. This
is because aluminium has a lower conductivity than copper, so to perform similarly at
telephony frequencies the wires had to be larger. Specifically, to get the same resistance per
kilometre, the cross sectional area x conductivity has to be the same as for copper. At higher
frequencies the signal only travels in the wire’s circumference (skin effect), and to the same
depth in copper and in aluminium. Although the aluminium wires have larger circumference,
it's not large enough to compensate for the decreased conductivity.

5.11.3 Use Higher Spec Cables

The cables in use in the voice band telephony network were not originally intended to carry
such high frequencies. Cables could be replaced by cables with better crosstalk
characteristics and better balance, as would result from using a tighter twist. The increase in
electrical length is matched with an even more significant reduction in the amount of
crosstalk coupling.

A significant extension in reach or bit-rate can be seen, in those cases where FEXT is
limiting the reach of the service.

Unfortunately, the level of FEXT suffered by a customer is determined by the section of cable
with the worst crosstalk coupling, so extensive replacement may be required. New build
could use data grade cables from day one, but records must be kept of where such new
cables are installed.

Such a strategy could be particularly useful for VDSL, where FEXT significantly affects
reach.

5.11.4 Improve Balance at Customer Premises

If the problem is with electromagnetic coupling from sources of RFI or REIN, such signals are
largely present in the common mode on the pair. Improving the balance of the termination at
the customer premises can help reduce the conversion from common mode to differential
mode and hence the PSD of the unwanted signal at the modem interface.

In the UK network, the ringing circuit is a source of imbalance. By inserting a service specific
splitter or a bell-wire inductor, the balance can be improved. Both, however, would require a
customer premises visit.

REIN has affected broadband service at the homes of two of the contributors to this
document. In one case, the source was an arcing thermostat on a gas boiler, the impact of
the REIN being sufficient to make the ADSL link lose synchronisation. In this case, the bell
wire for the in-house wiring was disconnected at the master socket. This improved the cable
balance sufficiently (or reduced the RF pickup coupling into the differential mode sufficiently)
that the modem has now remained in sync for more than 1 month.
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6 CONCLUSIONS

There is much scope for improving the performance of xXDSL systems, as the field research
and laboratory experiments performed in the course of preparing this document have amply
demonstrated.

The key conclusions of these studies are as follows:

New noise models have had to be developed to characterise xXDSL modem
performance for the real world noise environment on subscriber lines. The most
significant being REIN and IBNE. Form field experience we conclude that:

o Finding and eliminating REIN sources is difficult, expensive, and sometimes
impossible. The key is to be robust by default, and to have options to improve
performance in hard cases where service compromises may be necessary

o Finding the sources of IBNE is harder and most often impossible.
0 The performance of xXDSL modems can and should be improved.
0 QoS sensitive video & voice will need this improved immunity.

Standards compliant modems exhibit extreme variability in susceptibility to non-
stationary noise due to vendors’ design choices.

0 Reported noise and margin parameters can be wildly inaccurate, which
compromises network and service management.

o0 Reported information is little help in detecting problems due to non-stationary
noise.

A key design deficiency in DSL modems is margin estimation

0 The standards do not give useful guidance on what is required for margin
estimation in the presence of non-stationary noise.

0 Accurate margin estimation and understanding of the noise statistics is
particularly important in rate adaptive modes.

o Poor margin estimation is a major cause of instability when pushing towards
maximum performance.

0 Current FEC schemes can be much improved when linked to improved margin
estimation, and can provide critical data for the margin estimation process.

0 A two state noise model could be the key element of a new approach to
margin estimation.

0 Advanced coding schemes such as turbo codes do not of themselves solve
the non-stationary noise problem, but may be exploited usefully to provide
enhanced performance if coupled with, and parameterised by reference to an
improved margin estimation process.

A better service experience could be provided to the end customer:
0 Less likely to suffer service disruption due to modest levels of interference
o0 Reduced service down time, based on effective problem identification.
o0 Remedial options for enhanced noise immunity.

The consistency of behaviour of both DSLAMs and CPE can be improved.

DB2.2:
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o

Accuracy of reported parameters.

Define carefully the margin parameters to reduce the wide difference in
implementation of downstream power back-off.

CPE Immunity to REIN and isolated burst noise events can be improved.

The standards contributions arising from the work reported have played a significant
role in advancing standardisation to address the problems identified, and to focus the
attention of the DSL design community. These have had the following objectives:

(0]

o

Demonstrating that crosstalk isn’t the only significant noise impairment.

Providing a set of noise models and tests representing a broader set of real-
world impairments.

Set challenging but achievable performance targets, mindful of test burden.

Ensure standards mandate implementation of those parameters needed by
operators to achieve error free operation in real networks.

Ensure that standards do not place restrictions preventing the implementation
of achievable targets.

Ensuring greater visibility of and influence over error control/framing settings
through the DSLAM.

Defining tools to allow use of ADSL2/2+/VDSL remote terminals, using PSD
shaping at the cabinet.
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