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Dynamic Spectrum Management
— A methodology for providing significantly higher broadband

capacity to the users

JOHN M. CIOFFI” AND MEHDI MOHSENI

Dynamic Spectrum Management (DSM) methods are overviewed and analyzed in terms of benefit

to DSL performance, rates, ranges and operational costs. Two DSM steps are recommended for near-
term and longer-term improvements in DSL: (1) transmit power-minimization at fixed good quality

of service by all or many DSLs in service, and (2) cooperative physical-layer signal vectoring at line-
terminal access multiplexers. These steps are show to make 100 Mb/s symmetric DSL services
practically viable everywhere DSL subscribers demand service.

1 Introduction

The successful installation of a largely fiber-based
network over the past two decades has encouraged
higher access network speeds, a trend expected to
continue. While high capacity can be delivered to
individual customers over leased fiber facilities,
lower cost access alternatives have become increas-
ingly interesting. In particular, the world-wide suc-
cess of the digital subscriber line (DSL) service,
which can deliver increasingly high speeds on the
existing copper twisted pair at a fraction of the cost
of leased facilities, intensifies interest to best use this
copper.

Cable television facilities have been upgraded to
include a portion of fiber, enlarging the bandwidth

to each customer and to provide two-way digital
communication allowing fast internet and digital
voice services to be provided on that facility, thus
creating competition for incumbent telephone-com-
pany service providers. Thus, telephone companies
have then studied the business case to enlarge the
fiber network closer to, but not all the way to the cus-
tomer with connections to the households that utilise
the already existing copper lines. During the last
years there has been an interesting evolution of the
DSL technology that provides higher and higher
capacity. The increase in capacity depends on a set of
factors like length of the copper line, diameter on the
twisted pairs, degree of symmetrical and asymmetri-
cal traffic, the coding, etc. To be able to make good
broadband demand forecasts, it is of crucial impor-
tance to understand the technological evolution.

This paper gives perspectives of the new Dynamic
Spectrum Management (DSM) methods, which have
the potential to increase the data rate capacity for
broadband significantly compared with the DSL
methods used today. Dynamic Spectrum Manage-
ment (DSM) automates the provisioning, mainte-

nance, and operations of DSL. Figure 1 decomposes
a typical service provider’s DSL costs into equipment
and operations. The fraction of cost attributed to
operations is already more than half for most service
providers (and as high as 70 — 80 % in countries with
higher labor costs) and increasing relative to equip-
ment Costs.

Customer service (truck rolls) visits contribute most
of the “operations” cost. Higher DSL service rates at
any given range (loop length) increase the probability
of a customer service visit and consequently increase
operations costs. The exact DSL data rate and range
and consequent cost depend on the service provider,
local practices and demand, and the cost of labor.
Some service providers with longer loops already
incur very large operational costs while others with
largely urban populations and short loops (and per-
haps lower local labor costs) have not yet experi-
enced operations costs as high, but will eventually.

This overview of DSM suggests and details two steps
in DSL evolution that allow significant operational-
cost decrease each while progressively increasing the
data rates at those lower operational costs: The first
step is most simply and colloquially described as
“stop hogging”. This step introduces a politeness in
DSL transmission spectra that allows each user to get
excellent quality of service without overwhelming
(via crosstalk) other DSL signals in the same trans-
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Figure 1 DSL cost decomposition

1) J. Cioffi is also with ASSIA Inc and SBC and many of the results in this paper merit credit to ASSIA and SBC.
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mission binder. This step is more formally described
as “adaptive spectrum” control. Section 2 describes
the adaptive spectrum concept and provides some
DSM example improvements from DSL customers in
service — this first step can be implemented largely
on existing DSL service platforms with increasingly
automated (software) use of information and controls
available in those platforms. The second step is more
long-term and involves conscious signal alignment of
different transmissions through vectored DSLAMS
that attach to many or all of a line terminal’s distribu-
tion lines. Section 3 projects the further improve-
ments of this second future 3rd-Generation-DSLAM
DSM step. DSM is presently a standards project in
the T1E1.4 American group and the current draft is at
[1], while a complete list of many contributions to
that DSM effort is in [2]. Other overview references
occur in [3] - [5].

2 Adaptive spectra and the DSM
center
Figure 2 illustrates the generic DSM Center that
accepts and processes data before providing recom-
mendations to a service provider’s maintenance and
provisioning tools. The types of data that can be
forwarded to the DSM Center include line margins,
transmit power levels used, bits/tone tables, insertion-
loss per tone, noise per tone, actual power-spectral-
density levels/tone, errored seconds, and known loop
conditions like bridged taps, loop lengths, and binder
taper-code/service-area (allowing the knowledge of
other lines in the same binder).

The types of recommendations that are returned after
processing can be the data rates (and associated relia-
bilities of achievement), allowed maximum margins,
forward-error-correction choices, and power-spectral
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Figure 2 DSM Center and DSL

densities. Such recommendations can change daily or
even more often, especially as DSL speeds increase
and approach levels where a service-visit without
DSM would be too likely.

2.1 The ADSL RT and DSM

Figure 2 also illustrates a classic problem for the
growing DSL service provider, mixture of an existing
DSL service and a new DSL service from a fiber-fed
terminal in the same binder. Movement of the exist-
ing subscriber to the fiber terminal may not occur
immediately (or ever) and increases operational costs.
The fiber fed lines are usually short. Practice today
(despite standards indications to the contrary) is for
the fiber line to play at full power (say 20 dBm in
ADSL) and the long line to play at reduced power
(say 12 dBm) because of ill-conceived spectrum
masks in current static spectrum management stan-
dards. Actually, the short line creates a very large
crosstalk into the long line, reducing the rate of or
disrupting the existing long-line customer. The short
line meanwhile plays with 100 -100,000 times the
power it needs to achieve a high data rate with no
errors.

The situation in Figure 2 can be described by the rate
region shown for two users in Figure 3. The rate

Current “static” spectrum management

long .
Spectral pair 1

Spectral pair 2

short

Figure 3 2-user rate region
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region in Figure 3 illustrates that different combina-
tions of data rates are possible but each such combi-
nation requires a different pair of spectra. Static spec-
trum management’s use of worst-case spectra causes
a much smaller region to be achievable. The rate
region is particularly appropriate for the situation

of ADSL remote-terminal/central-office mixture.

Figure 4 illustrates at its top the bit distribution of a
customer in service on a 13.6 kft loop in the USA and
various rates below. Several newer RT ADSL circuits
are crosstalking in the same binder and cause the

“HOG” (margin=30dB)

NS

“POLITE" (margin << 30 dB)

Figure 5 Illustration of water-filling for both hog
and polite DSL modems

rapid bits/tone drop in spectrum use for this medium-
length line, rendering a service data rate of only

384 kb/s. This line is also using only 14 dBm of
transmit power (instead of the full 20 dBm) because
of a concern that such transmit power would cause an
excess power spectral density of more than —40 dBm/
Hz (an optional limit suggested in some current static
spectrum management [6]). This limit is intended to
protect HDSL circuits from down-to-up ADSL
NEXT. The spectrum in Figure 4 also suggests that
HDSLs are present in the binder (because it slopes up
in downstream spectrum instead of immediately ris-
ing in the 140-250 kHz range). However, the HDSLs
in this binder are all operating with highly excessive
margins, so an increase of ADSL spectra could be
possible (high HDSL margins are common — cursory
calculations can show the likelihood of long-length
HDSL in the same binder as a very long ADSL,
where both are at margin limits, occurs in about one
binder out of 100,000 or more — the cost of repairing
such a rare event might well be less than the service
revenue lost by lowering the rates of millions of
ADSL customers). Thus, simply increasing the
ADSL power to the allowed maximum of 20.5 dBm
increases the data rate to 904 kb/s. Alternatively, if
all the RT lines in this binder operate with minimum
power for 16 dB of margin at 1.536 Mb/s (and even
at rates as high as 3—6 Mb/s), the 13.6 kft loop sees
much less crosstalk and actually operates itself in
excess of 1.536 Mb/s (the same speed as before the
RT is installed and still with 14 dBm of transmit
power). Thus DSM provides two solutions for this
line, either one of which would lead to very large
data rate increase. Similar rate increases have been
independently noted in [5], [7] and [8].

2.2 lterative water-filling

The analysis of the situation shown in Figures 2 — 4 is
often called “iterative water-filling”. Water-filling is
a term (see [6]) used to describe the calculation of the
best spectrum for a transmission line, in particular a
DSL loop. The water-filling procedure is illustrated
in Figure 5 for both a “hogging” modem that uses too
much power and a polite modem. In both cases trans-
mitted power is viewed as “water” poured from
above into the noise-to-signal-ratio frequency curve
NSF(f). The dark region is the best power spectral
density that can be used on this line viewed by itself
without knowledge of other lines. The impolite or
“hog” modem continues to pour energy in until the
source is exhausted, while the polite modem only
uses enough energy to ensure no errors (or high qual-
ity of service).

Water-filling is typically approximated within various

practical constraints by the DMT DSL modems that
are used in most DSL services (see [9] for a discus-
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sion of how simple PSD constraints can be used with
water-filling to implement “optimum spectrum man-
agement.”). Polite water-filling modems transmit at
no greater than some service-provider-specified max-
imum rate (usually the maximum rate the customer
was offered or purchased). At this rate, good DSL
modems then minimize the power they need to
achieve this rate with some maximum margin, typi-
cally called MAXSNRM in DSL standards. In partic-
ular, polite-water-filling spectrum use also avoids or
reduces noise/crosstalk in bands where crosstalk is
damaging, more important yet than simple power
reduction. When this is implemented correctly, “hog-
ging” DSL lines that use too much power are elimi-
nated, greatly reducing crosstalk. The DSM center
recommends data rates and the MAXSNRM to the
various DSL lines of the service provider. There is
no coordination of the modems other than the usual
service provider’s specification of maximum data
rates and maximum margin to be attempted by any
given customer. The results can be simulated in

a computer simulation by simply running the water-
filling procedure for each line successively with all
other spectra (and thus consequent crosstalk) viewed
as noise. Repeatedly iterating this process imitates the
actual binder action, allowing the “iterative water-fill-
ing” to project the performance of the system. Note
this simulation is very different from the incorrect
static-spectrum-management assumption that each
line uses a fixed spectrum — the results are also often
very different. (The assumption is incorrect because
ADSL modems do not have fixed spectra.)
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Figure 6 Margins for 1.536 Mb/s DSL

An unfortunate note:

Figure 6 illustrates the measured and reported mar-
gins for several different manufacturers” modems (the
names have been removed and simply referred to as
“modem1,” “modem?2,” etc.). All the manufacturers
here exceeded an already high 16 dB MAXSNRM
required by the service provider by a significant
amount to as much as 13,000 ft (at 1.536 Mb/s). The
excessive margins are an artefact of early ADSL stan-
dards limiting the amount of power back-off that can
be imposed by a receiving modem running water fill-
ing to 14.5 dB, which is clearly not enough in Figure
6. This high-margin problem can be repaired by
DSLAM software releases that allow the DSM Center
to specify the initial transmit spectrum/power level as
a function of line history (so a line with 20 dB more
margin than the maximum required would be trained
on its next initialization at a power level 20 dB lower
for example).

ﬂ
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2.3 DSM for higher asymmetric speeds
without RT mixture
Many service providers may not have RTs or mix-
tures of fiber-fed and central office loops in the same
binder. Nonetheless, the simple “iterative water-fill-
ing” DSM procedure of Section 2.2 still leads to large
improvements, especially at higher data rates because
shorter lines do not excessively transmit power. Thus,
the dominant impairment at higher speeds, crosstalk,
is reduced substantially from “shorter lines.” An
example appears in Figure 7.

In this DSM simulation, a service provider desired

6 Mb/s at 3 km for video expansion of their DSL ser-
vices. Static spectrum management with assumptions
of fixed spectra and “hogging” DSL modems leads to
the results on the left (ochre) in each pair of columns
where 6 Mb/s is not achievable or just barely achiev-
able. However, with simple limiting of MAXSNRM
to 6 dB and aversion of HDSL in the same binder,

the DSM results (on the right [brown] in each pair

of columns) show plenty of extra data rate (or extra
safety for ensuring the rate). The result is true whether
the lines are “bunched” (all in the last 2.5 to 3 km) or
“uniform” (uniformly distributed between O and 3
km). In particular, with HDSL in other binders and
polite operation, the DSM situation shows 8 — 9 Mb/s,
leaving some room for non-ideal effects. Operation
without politeness clearly will not be possible.

2.4 Ultimate limits of balanced adaptive
spectra
Figure 8 illustrates the ultimate limits of non-vectored
uncoordinated transmission systems using iterative
water-filling. In this figure, no spectral limits are
placed on any DSL system downstream or upstream
and each adapts for best symmetric transmission rate.
All lines are the same length, which represents a
worst-case situation (mixtures of shorter lines and

longer lines allows the shorter lines to use less power,
use higher frequencies, and thereby yet less crosstalk
into the longest lines). The entire binder of 25 lines
was active and 1 % worst-case crosstalk coupling
between all pairs of lines was used.

Also shown in Figure 8 is a best-case fixed-spectra
(PAM or “SHDSL-like”) symmetric data rate. The
range is doubled for both 10 Mb/s symmetric service
and 5 Mb/s symmetric service by iterative water-fill-
ing (two bonded 5 Mb/s make one 10 Mb/s symmet-
ric service). It can also be shown that this symmetric
performance with iterative water-filling will not sig-
nificantly reduce the data rate of any existing ADSL
service if instead some of the lines in the binder were
asymmetric instead of symmetric. However, the fixed
spectra SHDSL-like choice essentially annihilates
ADSL performance if in the same binder.

2.5 Band preference

Band preference in water-filling can essentially
achieve optimum (largest) rate regions (such as in [8],
[9]). In band preference, the DSM Center is presumed
to know all the crosstalking paths and line lengths
(while in Subsections 2.1-2.4, just worst-case
assumptions were made and no line knew the length
of any other and adapted only locally). This central
knowledge is called “Level Two” coordination in the
DSM standard [1]. In this case a coordinated alloca-
tion of energy can be determined by jointly optimiz-
ing all spectra used at the DSM Center. Such best
spectra can be imposed by setting PSDMASK para-
meters (for instance see ADSL2 standards G.992.3
[10] or G.992.5 [11] — so-called “spectrum toolbox”
or tssi parameters) for each line on a basis of the
DSM Center predictions of binder performance. Such
“band preference” can force a short line to use higher
frequencies even though lower frequencies would
have been better in iterative water-filling with no
spectral masks imposed. Figure 9 illustrates an
upstream VDSL rate region increase from the use of
band preference for two lines of lengths 600 meters
and 900 meters in upstream VDSL for “998-Plan”
[13] iterative water-filling with noise A ([13]) and for
water-filling using band preference with PSDMASK
levels of =72 dBm/Hz below 5 MHz and -55
dBm/Hz above 5 MHz on the 600 meter line, and
—50 dBm/Hz on the 900 meter line. The data rate on
the shorter line is dramatically improved with band
preference.

To the extent that Noise A is based on static ADSL
models, Figure 9 represents worst-case performance
because the ADSLs then are not modelled correctly
(they water-fill also, so model “A” noise in standards
is grossly incorrect, but used anyway here). Note that
6 Mb/s on the 900 m loop upstream can be achieved
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while nearly 20 Mb/s upstream occurs on the 600 m
loop. These rates are considerably higher than what
would be achieved if fixed spectra were used on the
VDSL lines and more than double what is achievable
with fixed spectra today.

Figure 10 illustrates that band preference provides
most of its gain when mutually crosstalking loops
have very different lengths. As the lengths approach
the same, no band preference is necessary and all iter-
ative water-filling loops can use the same PSD mask
levels. A single 900 m or longer loop was held at

10 Mb/s (80 % of its maximum rate when no other
loop is present) while a single other loop was varied
in length between 600 m and 900 m. The vertical axis
plots the fraction of the maximum short-loop rate that
is achieved with and without band preference.

2.6 Intermittent and impulse noise

Impulse noise is by its very nature not well character-
ized in DSL. A better term would be “intermittent
noise” because customer premises (and sometimes
other locations) noise can last much longer than 1 ms
and can be repetitive and frequency selective. When
it occurs in many cases, even interleaved operation of
a DSL modem is insufficient to prevent severe erro-
neous seconds. Not all lines are “chronic” as such and
have this problem. In fact, only a small percentage
may be so adversely affected — but those lines can
dominate operations costs through truck rolls to re-
wire the customer’s premises. Increase of transmit
power is of very little benefit for this type of noise.
Proprietary “impulse-skewed-loading” assumes some
consistency to noises that just may not often be valid.

The practical solution is forward error correction with
sufficiently high percentage of parity to eliminate the
errors on a line. Interleaving will not help remove the
effect of an intermittent noise that is continuing to
occur several times within an interleave depth. One
might define a chronic line as

Chronic line: A line for which even interleaved
forward-error correction is not sufficient to pro-
duce very low or zero errors.

In ADSL and VDSL, Reed-Solomon (RS) codes are
used and are characterized by N bytes in a codeword,
of which P are parity bytes, and the remaining K = N
— P carry all other information. In an RS code, 7 = P
bytes in error can be corrected if erasures are used,
which is common with DSL systems and intermittent
noise. If no erasures are used, then 7 = P / 2 erroneous
bytes can be corrected.

Correct-Chronic-Line Simple Rule: If the frac-
tion of erroneous seconds (or time intervals) is
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denoted f,,,,,s then the selection of t | N > f 100
will correct the errors and the line will no longer
be chronic.

The above rule essentially presumes any interleaving
uniformly distributes errors, so is somewhat of a best
case, but could be applied in an ADSL system. Usu-
ally P = 16 is the maximum value in DSL, so the
fraction ¢/ N is increased by decreasing N. The code-
word length N is supposed to be programmable in
ADSL standards, but it is not a parameter included in
present management interfaces to the telco. It should
be. Only the telco can make reliable assessment of
the correct N value by evaluation of error perfor-
mance and customer-service need. Decrease of N
reduces the data rate on the line. However, chronic
lines have poor or no data rate because of all the bit
errors, so reduction in data rate using a lower N value
that increases the effective throughput is an improve-
ment.
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ADSLI1 [12] and VDSLI [13] standards allow N to be
set by the ATU-C. Thus, motivated DSLAM (or RT)
manufacturers who want their customers to have bet-
ter ability to correct intermittent noise will add the
ability to change the default DSLAM N value on
chronic lines (note the default N is often very good
for lines without impulse problems or lines for which
the current interleaving is sufficient to eliminate
impulse errors, but not for chronic lines).

ADSL2 [10], [11] standards instead allow the ATU-R
to select the N parameter according to two supplied
parameters: Impulse “length” (INP) and maximum
interleaving delay (DELAYMAX). The impulse
length in ms is computed by (INP/4) ms. The DELAY-
MAX is given in ms and must be at least 4 ms.
Unfortunately, current versions of the standards
(which need an FEC amendment) only allow an
impulse “length” of up to 2 DMT symbols (or 500
microseconds). A loading-algorithm engineer could
use the following formulas to convert the supplied
maximum delay and now renamed “impulse strength
indication INP” into the usual FEC parameters
(where 7 = P, the number of parity bytes chosen by
the receiver if erasures are used, and r = P/ 2 if no
erasures are used and rate includes information and
synch/control bits)

8

(INP/4) > ('rate in k:bps)
D’ = depth in bytes = (D

rate in_kbps
(DELAY MAX) x (neteig ko)
1)

N = +1=

DELAYMAX

burst length 2)

where burst length (/NP / 4) and DELAYMAX again
are in ms. Then the remaining G.992.3/5 [10], [11]
DMT/framing parameters (M, T, L, see [yy]) can be
computed and S (number of symbols/codeword)
inferred for all latency paths as well as the values of
B (the rate) for each frame bearer and latency path.
Also once N is known, then D = ND’, the interleave
depth in codewords. For current largest value of

INP = 2 and smallest value of DELAYMAX = 4, one
finds that N = 8 - ¢, which with strong error correction
so t = 16 leads to a smallest blocklength of N = 128,
much larger than would occur on chornic lines
according to (2).

An unused bit in the NPAR(3) of G.994.1 [14] used
to convey INP will now allow an increase in INP to
4,8, and 16 in the addendum to the ITU ADSL2 and
ADSL2+ standards about to be released in 2004.
With such values at lower data rates, all practical
values of N could be attained, thus allowing ADSL.2
to have almost as good error protection on chronic
lines as ADSL1 where the DSLAM controls instead
directly the N value. While maintaining the specified
(DELAYMAX/burstlength) ratio, the ATU-R in
ADSL2 should not pick a small # parameter just to
decrease N. Such a poor strategy would increase the
depth but not assist the chronic line — the choices
should be made to obey the chronic line rule, which
forces a larger value of ¢. Even approximate adher-
ence to the above mathematical rules should assist on
chronic lines. Service providers with DSM capability
may well train the modem several times, each time
increasing the INP value in ADSL2 until zero (or
decreasing the N value in ADSL1 while holding ¢ or
parity constant) until small numbers of code viola-
tions and/or errored seconds are observed over a time
period determined by the service provider.

An example of the delay necessary to eliminate all
impulses measured (about 33,000) in France Tele-
com’s network appears in Figure 11. Even in this
study, many of the most severe impulses (those per-
sisting much longer than 1 ms in intermittent pat-
terns) could not be recorded, but the trend in the
graph to the right as P/ N increases would also be
such that eventually as long as a few bits make it
through the channel, the line can function (albeit at
a lower data rate). Figures 12(a) and 12(b) illustrate
a severe chronic American customer in service (with
complaints to provider).

This chronic customer sees about 34,000 code viola-
tions in a 15-minute interval, about 60 % of the bytes
are in error. Thus, with erasures then a code with

N =24 and P = 16 would correct all errors. This line
otherwise has a maximum attainable rate in excess
of 5 Mb/s and would function at 1.5 Mb/s with such

Telektronikk 4.2004



error correction with no customer complaint at this
maximum rate for which the customer paid. Figure 13
illustrates the concept of the DSM Center in this case,
monitoring perhaps over a significant period of time
(could be days or weeks) for code violations and then
training the customer at an appropriate level. If the
customer later desired a 5 Mb/s service, then the telco
would know before provisioning that service that cus-
tomer-premises wiring needs replacement (or a split-
ter perhaps located at the entry point) to reduce or
eliminate the problem. The service provider might so
notify the customer and advise of a charge covering
the 5 Mb/s-upgrade service visit.

Both the ADSL1 and ADSL?2 methods can be exe-
cuted with a MAXSNRM also implied as in Sub-
sections 2.1-2.5. The power used for a lower N will
be higher, but still the minimum necessary to guard
against stationary and crosstalk noise.

3 Signal alignment and DSM
vectoring
Figure 14 illustrates the concept of a vectored
DSLAM. All lines emanating from an LT are co-
ordinated so that transmitted downstream signals are
aligned or co-generated. Similarly received upstream
signals are synchronized and aligned also. Such sys-
tems can eliminate ALL upstream NEXT and FEXT
theoretically (even if the NEXT comes from signals
that are not coordinated). Such systems can also elim-
inate all downstream FEXT (but not NEXT). Up-
stream NEXT is cancelled on each tone by subtract-
ing constructed crosstalk of other users.

FEXT is eliminated in both directions via triangular-
ization of the matrix binder response, followed by a
successive cancellation on each tone of the effects of
previously decoded (or previously precoded down-
stream) signals on other users on that same tone. These

fiber ar
multichannel
DSL

Central office ¢

Switch
router

Figure 14 Basic signal alignment with vectored DSLAM
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results are independent of the frequency band planning
that is used. Allocating more downstream frequencies
favors downstream rates, but does not change the elim-
ination of crosstalk fundamentals of FEXT and NEXT
upstream and only FEXT downstream.
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3.1 Bonding versus vectoring

Bonding is a link-layer (TPS-PMS) multiplexing and
de-multiplexing of data rates on several lines used

to service a single DSL customer. Vectoring is the
co-generation of physical-layer (PMD) transmitted
signals, co-processing of physical-layer received sig-
nals, or both. Bonded lines may optionally also be
vectored for the receivers on both sides (in which
case NEXT and FEXT both can be eliminated if all
the lines in a binder are coordinated and bonded, so
there is then no crosstalk of any type upstream or
downstream). More realistically, when only a few
lines (say 2 or 4) are bonded, there is no advantage
in terms of data rate per line with respect to just vec-
toring and no bonding. Bonding increases the speed
of a service by using more lines. Vectoring instead
increases the speed of a DSL service by better coordi-
nated signal processing. Either can be used without
the other or together.

3.2 Vectored signal processing structures
for DSM
Figures 15 and 16 illustrate the basic processing
structures for upstream and downstream (DMT-
based) DSL systems with presumed digital duplexing
on all lines [13] and all such lines using the same
DMT symbol phase. For upstream, signals are co-
received. Any locally generated downstream signals
can be removed through crosstalk cancellation, which
is essentially a multi-dimensional echo canceller, and
is not shown. On each tone the remaining structure in
Figure 15 first conditions the signal to a triangular
interference structure through a matrix filter. One of
the users will have no crosstalk whatsoever on each
tone and is decoded first. Then that user’s influence
on the next user is constructed and removed from all
subsequent user’s decoding, one by one, in a succes-
sive process independently of each DMT tone. The
matrix filter and triangular feed-back structure
depend on knowledge of the exact binder crosstalk
matrix and noise autocorrelation matrix. The matrix
filter also rejects all NEXT from uncoordinated
crosstalk signals.

Figure 16 illustrates the dual downstream (per tone)
transmit structure that uses a matrix triangular pre-
coder, followed by a matrix pre-filter to co-generate
all signals.

3.3 Ultimate limits of signal alignment DSM
Figures 17(a) and 17(b) illustrate the increase in data
rates over those of Subsection 2.4 and Figure 8 over
iterative water-filling alone. Note that 100 Mb/s sym-
metric speeds (thus 200 Mb/s asymmetric) is possible
at 1500” or 500 m while 10 Mb/s symmetric is possi-
ble to 7000’ or 2 km. 100 Mb/s on two lines is about
900 m in range.
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3.4 Finding MIMO (binder identification)
The identification of the crosstalk transfer functions
between lines, both gain and phase, is necessary for
vectored transmission. This is an extension of the
insertion loss gain/phase presently reported by
ADSL2 and ADSL2+ modems to inter-wire transfer
functions. There are several sophisticated methods
for identifying such crosstalk coupling, and only the
simplest is described here for two cases: (1) synchro-
nized start and (2) unsynchronized start.

Synchronized start:

Synchronization of the lines upon start-up means that
they all train at the same time. This is feasible with
bonded lines and in certain situations with no bond-
ing also. Figure 18 illustrates the basic concept, which
is that each line transmits independently (or a variant
is all transmit at the same time, but with clearly dis-
tinct robust, i.e. “white” training sequences) at one
time only during training a sequence that is used not
only to determine insertion loss gain/phase on that
line, but also to determine the FEXT transfer function
from/to (upstream/downstream) all other lines in the
binder. All XTU-R modems know the time slot of
their line as well as all other lines through the single-
sided coordination at the line terminal (or fiber-fed
DSLAM). The learned transfer functions are com-
bined into a matrix of transfer functions. QR factor-
ization (see Figures 15 and 16, which is a factoriza-
tion of the binder matrix transfer function at each
tone into the product of an orthogonal matrix Q and a
triangular matrix R) is then executed upon the result-
ing matrix to obtain the settings for the matrix filters
and triangular processing of Figures 15 and 16. With
digital duplexing on all lines to the same symbol
clock, this process is independent for each tone of a
DMT system. An overall bit/data assignment for all
users (picking an acceptable point in the vectored rate
region) can then be made. The learned downstream
transfer functions must be reported back to the coor-
dinated side via a reverse or secure channel (in much
the same way that ADSL2 returns the insertion loss
HLIN[n]).

For systems with overlapping spectra, the NEXT
transfer functions can be simultaneously learned for
downstream into upstream (and for upstream into
downstream where desired) at the same time. Thus,
only one transmitter is active at each time (or orthog-
onal to signals sent by all other transmitters).

Asynchronous training:

Asynchronous systems will be slaved to the same
master symbol clock with digital duplexing on all
lines in the same line terminal as with all vectoring
systems. However, the individual customers may
train at different times (representing time of energy
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excitation, offering of service, retraining for any rea-
son, etc.). In this case upstream, a modem beginning
its own training needs to energize at a low but detect-
able energy level. The upstream co-reception process
will detect the new user and subtract all other users’
signals (since they are in operation and detectable —
a line for which signals are not detectable most of the
time would retrain anyway, see synchronous train-
ing). In this case, the new row of the channel matrix
would be determined (again independently for each
tone) with the on-line transfer and all the FEXT cou-
pling then known and used in subsequent calculation.
For downstream asynchronous start, for full perfor-
mance gain, all remotes have to be capable of either
(1) determining downstream FEXT from a new sub-
scriber themselves or (2) collecting packets of chan-
nel outputs periodically or on command that are
returned to the central processor. This is called
“Level 3” coordination in the DSM standard and
preferred (so that client modems are otherwise not
unduly pressed in terms of processing capability).

3.5 Phantom of the DSL

Figure 19 illustrates the basic concept of a phantom
signal for two twisted pairs (the use of the term
“phantom” is somewhat misguided as the signal is
very real and exists — indeed the phantom is what cre-
ates what we normally call crosstalk, which exists).
For quad situations, the phantom component can be
high. Typically, the phantom is defined between

Training
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J—E—F time

Vectored
LT

Training
signal

time

Figure 18 Synchronous training illustration

Figure 19 Illustration of phantoms (see [1])

135



136

— 3by3channel VC
— 2by2 channel VC

Data rate (Mbps)

1000 3000 5000 7000 9000
Cable length (feet)

Figure 20 Illustration of quad capacity (2 loops or
used with phantoms so 3 loops)

hypotentical “center tap voltages” of the two pairs,
denoted AVP in Figure 19. In reality, there are four
conductors that create three closed loops, not two, if
appropriately terminated and excited as a group. The
third or extra loop can have very real and significant
data-carrying capacity. It can thus be exploited in
bonded and vectored schemes. The gain can be more
than 50 % or less depending on loop geometries,
imperfections, and coupling. Bonding lines with
significant coupling may indeed be physically and
practically difficult, except for the case of so-called
“quads” where the four wires of a single quad twisted
as an ensemble (so a twisted quad) may in many
cases be maintained to a customer. The concept of

a quad generalizes to any number of conductors but
would then require yet further bonded and vectored
use of multiple pairs. In reality, this is a random pos-
sibility for transmission that is very real (i.e. not a
phantom) but would not be reliable unless pairs were
selected carefully for customers. The data rates for
vectored quads (based on French cable) are shown
in Figure 20.

Such auto-selection and routing of pairs in a cable in
a distribution frame and at customer premises may be
possible in multiple-dwelling units or elsewhere and
likely represents the last known physical capacity in
the copper loop plant that can be exploited to squeeze
the very last highest rates from copper. It would be
highly adaptive and capacity would need to be
assessed by a DSM center on a binder-to-binder basis
for the various customers. Given the high costs of
fiber in the very last segments of the network, this
last frontier of bandwidth in phantoms may need to
be someday exploited. Fortunately, DSM offers sig-
nificant bandwidth increase of very large factor even
without exploitation of this last opportunity.

3.6 Data-dependent DSM

The exploitation of silent intervals that abound in
data transmission (and even in video when video is
off) create a very interesting possibility for DSM that
has not yet been exploited in a centrally coordinated
manner. The use of vectoring allows several opportu-
nities for such systems. Silent signals on other lines
reduce crosstalk for the period of silence, meaning
another victim line could increase its rate during that
time frame. Futhermore, a vector transmitter could
actually exploit crosstalk from other lines to reinforce
a signal when its nominal signal is silent, allowing a
statistical boost in data rate over the theoretical level
of “no FEXT and no NEXT” so actually not only is
noise low, but signal received is higher also. The
shortest lines in a binder would benefit most when
longer lines are silent and can temporarily boost the
short-line’s rate.

4 Conclusion

Dynamic Spectrum Management through automated
intelligent control of basic DSL line parameters can
significantly reduce operations costs for DSL service
providers. Simultaneously, data rates can be substan-
tially increased, readily to 100 Mb/s symmetric ser-
vices on no more than two lines to 1 km range and
beyond. The ultimate limits of DSM may require new
chips and vectored equipment, but a great deal of
improvement is possible with existing systems through
the use of basic MIB parameters and procedures
already inherent in existing DSL systems like ADSL.

DSL methods through the use of DSM can resurrect
a viable broadband strategy with good operational
cost and excellent service providers, enabling a real
worldwide and sustainable broadband revolution.

No other solution has such realistic promise. These
higher speeds will establish a continuing improved
business case for wider bandwidth telephone com-
pany networks via the higher speed lower-cost copper
connection to the customer.
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