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Abstract

Wepresentageneralframework for designingoptimaltransmitspectrafor symmetricbit-rateDigital Sub-
scriberLine (DSL) services,in particularHDSL2. Usingthechannelandinterferencetransferfunctions
andSNRestimates,wesetupandsolveanoptimizationproblemto maximizethecapacity. Sizablegains
in performancemargins(or bit rates)result.Furthermore,by design,thespectraarespectrallycompatible
with otherservices.While the framework is quitegeneral— it doesnot dependon theexactchoiceof
modulationscheme,for example— it is alsoextremelysimpleandof low computationalcomplexity. Our
resultscanbeusedeitherfor dynamicallyadaptingthesignalingspectrato accountfor changingnoiseor
interferenceconditionsor for thedesignof new fixedtransmitspectralmasksusingworst-caseanalysis.

1 Intr oduction

Digital SubscriberLines(DSLs)arestandardtelephonelines (twistedpairs)configuredto carry high bit-ratetraffic
( ��� Mbps). DSL modemsalongwith cablemodemsform a growing market for wire-basedhigh-speedmodems.
Thesemodemsexploit largetransmissionbandwidths( ��� MHz for DSLs)in orderto deliverhighdatarates.Several
DSL services(xDSL in general)exist andarecategorizedaccordingto thebit ratesthey deliver. Someof thekey ones
are:

ADSL — Asymmetric DSL. This serviceis designedto provide a full-duplex high-speed(on theorderof � Mbps)
downstream(from centraloffice to subscriber)channelanda low-speed(on the orderof ���	� kbps)upstream
(from subscriberto thecentraloffice)channelovereachtwistedpair.

VDSL — Very high bit-rate DSL. Thisyet-to-be-standardizedservicewill provideafull-duplex symmetricorasym-
metrichigh-bit-rate(on theorderof 
�� Mbps)channeloverasingletwistedpair lessthan � to � kft long.

HDSL2 — High bit-rate DSL 2. Thissoon-to-be-standardizedservicewill providea full-duplex �	 
���� Mbpssignal
transmissionserviceoverasingletwistedpair ( � ��� kft long)without repeaters.

DSLsor twistedpairsarebundledtogetherinto groupsin a binderandcarrydifferentxDSL services.Crosstalk
(near-end (NEXT) and far-end (FEXT)) resultsdue to proximity of different lines in a binder (seeFigure 1) and
significantlylimits achievablebit-rates[1]. In this paperwe develop optimal transmitspectrausingjoint signaling
techniquesfor crosstalkavoidanceandoptimal power distribution to maximizebit rates. By design,we maintain
spectralcompatibilitywith existingneighboringservices.Thisproblemwasfirst solvedin [2] but only for self-NEXT
(NEXT fromsameservicelines)andAWGN.In thispaper, wesolvetheproblemin presenceof self-NEXT, self-FEXT,
AGN (AdditiveGaussianNoise),andinterferencefrom otherservices.
�
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The transmitspectrafor Digital SubscriberLines (DSLs) needto achieve high uncodedperformancemargins.
High performancemargins ensurethat the DSL serviceremainsrobust to noiseandcross-talkinterference(NEXT
and FEXT). Simultaneouslythesetransmitspectramust be spectrallycompatiblewith existing services. Spectral
compatibilityensuresthat thedeploymentof DSL servicewill not adverselyaffect existing serviceson neighboring
lines.

In this paperwe will focuson thegeneralframework for distributing transmitpower over frequency. While the
techniquesdevelopedherearegeneral(andnot limited to xDSL services),wewill presentour resultsin thecontext of
theHDSL2service.

Several T1E1.4contributionshave addressedthe issueof transmitspectrafor HDSL2 ( [3] and [4] aresome
recentones).To date,all proposedtransmitspectrahave beenfixed(i.e., they do not vary with the interferenceand
noisecombinations)andhavebeendefinedin termsof fixedPSDmasks(e.g.,OPTIS[3] andMONET-PAM [4]). The
PSDmaskshave beenobtainedasa designcompromiseafterstudyingtheperformanceof thefixedtransmitspectra
in thepresenceof avarietyof worst-caseinterferers.

Insteadof fixed transmitspectra,weproposeoptimal transmitspectra that adjustto thegiveninterferenceand
noisecombinationin order to maximizeperformance(marginsor bit rates).

Thekey advantagesof thetechniquesdevelopedhereare:

1. For thesameinputpower, optimaltransmitspectrayield higherperformancemarginsor bit ratesthanany fixed
transmitspectra[5].

2. Optimaltransmitspectraareinherentlyspectrallycompatiblewith otherservices.

3. Optimalspectracanbeusedwith any modulationscheme,includingDMT, CAP, QAM, PAM, etc.

4. Near-optimalspectracanbecomputedalmosttrivially andwith alow computationalcomplexity. Thealgorithms
caneasilybeimplementedona DSPchip.

5. Optimaltransmitspectraexist andcanbeefficiently computedevenfor complicatedloopswith bridgedtaps.

Our resultscanbeusedin a numberof ways,including

1. full dynamic(on-line)adaptationof thesignalingspectrumto accountfor changingnoiseor NEXT andFEXT
conditions,changingline characteristicsdueto temperature,etc.

2. designof new fixedtransmitspectralmasksusingworst-caseanalysis(thenew maskswouldsuper-cedeOPTIS
andMONET-PAM dueto their improvedperformance).

3. optimizationof thetransmitspectrum“underneath”astandardizedspectralmask(seecontribution[6]).

Section2 outlinesthe definitionsandnotationused. Detailson obtainingoptimal transmitspectraarepresentedin
Section3. We discusssimulationresultsin Section4 andpresentconclusionsin Section5.

2 Definitions and Notation

Dueto thecloseproximity of thelineswithin abinder, thereis considerableamountof crosstalkinterferencebetween
differentneighboringtelephonelines.Physically, therearetwo typesof interference(seeFigure1):

Near-endcrosstalk(NEXT): Interferencebetweenneighboringlinesthatariseswhensignalsaretransmittedin op-
positedirections. If the neighboringlines carry the sametype of servicethenthe interferenceis calledself-
NEXT; otherwise,wewill referto it asdifferent-service(DS)NEXT.
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Figure1: NEXT andFEXT betweenneighboringlinesin abinder. Tx’saretransmittersandRx’s arereceivers.

Far-endcrosstalk(FEXT): Interferencebetweenneighboringlines that ariseswhensignalsare transmittedin the
samedirection.If theneighboringlinescarrythesametypeof servicethentheinterferenceis calledself-FEXT;
otherwise,wewill referto it asdifferent-service(DS)FEXT.

The term self-interferencerefersto the combinedself-NEXT andself-FEXT. Channelnoiseis modeledasadditive
Gaussiannoise(AGN).

We will denotetheupstreamanddownstreamtransmitfrequency spectraby ��������� and ��������� , respectively. An
Equal PSD (EQPSD)signalingschemein frequency band � is onefor which ���������! "���	�#���%$ &� for all � in �
(that is, bothupstreamanddownstreamtransmissionsoccupy theband � in thesameway). An FrequencyDivision
Signaling(FDS)schemein frequency band � is onefor which �����#���' (� when ���	�#���)$ *� for all � in � andvice
versa(thatis, bothtransmissionsoccupy orthogonalfrequency bandswithin � .)

3 Optimal transmit spectra

3.1 Absenceof self-interference

In theabsenceof self-NEXTandself-FEXT, theinterferencecombinationconsistsof differentserviceinterferers(such
asHDSL, T1, ADSL, etc.) andAGN. We obtaintheoptimalpower distribution in eachdirectionof transmissionby
theclassicalwater-filling solution[7].

3.2 Presenceof self-interference

Self-NEXT andself-FEXT severely limit the achievablebit-ratesof HDSL2. The optimal signalingschemein the
presenceof self-NEXTandAGN is givenin [2]. Wehaveextendedtheseresultsto accountfor self-NEXT, self-FEXT,
differentserviceinterferers,andAGN (see[8] for thedetailson thesolutionmethod).

A hallmarkof theoptimalsolutionis theuseof FDSto separatetheupstreamanddownstreamtransmissionsin
frequencyregionsfacinghighself-NEXT.

For example,in Figure2 weplot theCSAloop � channeltransferfunctionandself-interferencetransferfunctions
from ��+ self-NEXT and ��+ self-FEXT interferers. Note that the self-NEXT transferfunction riseswith frequency
(indicatingthatNEXT is moreintenseathigh frequencies).

For a monotonicchanneltransferfunction(asshown in Figure2), theupstreamanddownstreamtransmitspec-
tra canbe conveniently(yet optimally) separatedinto two distinct signalingregions: a low frequency region using
EQPSDsignalinganda high frequency region usingFDS [8]. Interestingly, this continuesto hold even for many
non-monotonicchanneltransferfunctions(suchasthosearisingdueto bridgedtaps).

To find the optimal transmitspectra,we maximizethe Shannoncapacityof the HDSL2 line given the various
interferencesandanaveragepowerconstraint.A simpleiterativealgorithmyieldstheoptimalsolution[8]:
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Figure2: Magnitude-squaredtransferfunctionsof the channelCSA loop 6 with ,�- self-NEXT interferersand ,�- self-FEXT
interferers.

1. Estimatetheswitch-over frequenciesbetweenEQPSDsignalingandFDS.

2. Performoptimalpowerdistributionwithin theEQPSDandFDSregionsusingwater-filling [7,9].

3. Loopbetween1 and2 until convergenceis reached.

In addition,we have founda simpletestconditionthatcloselyapproximatestheoptimalswitch-over frequenciesfor
Step1 [8]. Thisapproximationreducestheabovealgorithmto a single,computationallysimplestepof water-filling.

It is key to notethattheoptimaltransmitspectradonotdictateany specificmodulationscheme,but rathersimply
describehow a modulationschemeshouldoptimally distribute its power over frequency. Thus, optimal transmit
spectracanbeusedwith a numberof differentmodulationschemes,includingbut not limited to DMT, CAP, QAM,
PAM, etc.

4 Simulation Resultsand Discussion

4.1 Simulation Details

Bit ratefixedat �� 
�
	. Mbps.
Totalaverageinputpower(one-sided)in eachdirection /10�2435 � � 768� dBm.
Differentserviceinterferencemodelsobtainedfrom Annex B of T1.413-1995(from [10], theADSL standard),with
exceptionsasin [11].
Self-NEXTinterferencemodeledasa 2-pieceUngermodel[12].
Marginsarecalculatedaccordingto [13].
OPTIStransmitspectraareobtainedby tracking � dBm/Hzbelow theOPTISPSDmasks(see[3]).
OPTISperformancemargin numbersarefrom [3] andspectralcompatibilitynumbersarefrom [11].
AGN of 9 � �	� dBm/Hzaddedto theinterference.

DMT modulationscheme:
Samplingfrequency ��:; � ���	� kHz.
Bin width <= >. kHz.
Numberof bins ?@ A.�
�� .
Startfrequency = � kHz.
Bit errorrate(BER)= � �CB�D .
SNRgap= +  � dB.
No cyclic prefix. No limitation onmaximumnumberof bitspertone.
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Figure3: Optimal transmitspectrafor HDSL2 on CSA loop E with F - HDSL NEXT interferersandAGN of G;HIFKJ dBm/Hz.
Sincethereis no self-interference,FDSis not required.Theupstreamanddownstreamtransmissionsemploy thesamespectrum.
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Figure4: Optimal transmitspectrafor HDSL2 on CSA loop E with LNM T1 NEXT interferersandAGN of G;HOF�J dBm/Hz. Since
thereis noself-interference,FDSis not required.Theupstreamanddownstreamtransmissionsemploy thesamespectrum.

4.2 Examples

Figures3, 4, and5 illustratethe optimal transmitspectraon CSA loop � for HDSL2 in the presenceof �P+ HDSL,
.�
 T1, and ��+ HDSL2 interferers,respectively. In thecaseof differentserviceinterferers(HDSL andT1 in Figures
3 and4), the optimal upstreamanddownstreamspectraarethe same(EQPSDthroughout). In the caseof HDSL2
interferers(Figure5), self-NEXTathigh frequenciesforcestheoptimalupstreamanddownstreamspectrato separate
in frequency giving riseto anFDSregion. As anaddedbonus,noechocancellation1 will berequiredin thelargeFDS
region.

Notethat theoptimaltransmitspectra varysignificantlywith theinterferencecombination.

In the caseof bridgedtaps,the channeltransferfunction hasnulls andvarieswith eachloop. This strongly
indicatesthenecessityof a transmitspectrathat canadaptto thechannelaswell asinterferenceconditions.Figure
6 illustratesthe optimal transmitspectrafor CSA loop � (having bridgedtaps)for HDSL2 in the presenceof �	+
self-NEXTand ��+ self-FEXTHDSL2 interferers.

4.3 PerformanceMar gins

Thenoisemargin or performancemargin of achannelfor afixedbit rateandBERmeasuresthemaximumdegradation
(from noiseandinterference)in performancethatachannelcansustainbeforebeingunableto transmitat thatbit rate
andBER(see[14]).

Table1 lists theperformancemarginsof theoptimaltransmitspectravs. thoseobtainedusingthe(performance-
standard)OPTIStransmitspectra2 for CSA loop � . For differentserviceinterferers(HDSL andT1) only theNEXT
powerswereconsidered;for HDSL2, “self” comprisesbothself-NEXT andself-FEXT. Equalperformancemargins

1Echocancellationis usedto reduceinterferencebetweenupstreamanddownstreamtransmissionson thesameline.
2OPTIStransmitspectraareobtainedby tracking Q dBm/Hzbelow theOPTISPSDmasks(see[3]).
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Figure5: Optimalupstreamanddownstreamtransmitspectrafor HDSL2 on CSA loop E with ,�- self-NEXT and ,�- self-FEXT
interferers.EQPSDsignalingtakesplaceto theleft of switch-over frequency RTS�UWV andFDSto theright. (Notethattheplacement
of the FDS regionsis nonunique.Herewe choosea split suchthat upstreamanddownstreamtransmissionsuseequaltransmit
powersandresultin equalperformancemargins.Othersplitsarepossible;see[8] for details.)

0 100 200 300 400 500

−50

−45

−40

−35

Upstream

Frequency (kHz)

A
m

pl
itu

de
 (

dB
m

/H
z)

0 100 200 300 400 500

−50

−45

−40

−35

Downstream

Frequency (kHz)

A
m

pl
itu

de
 (

dB
m

/H
z)

E2FM    

Figure6: Optimalupstreamanddownstreamtransmitspectrafor HDSL2 on CSA loop F with ,�- self-NEXT and ,�- self-FEXT
interferers.EQPSDsignalingtakesplaceto theleft of switch-over frequency RTS�UWV andFDSto theright. (Againwechooseasplit
suchthatupstreamanddownstreamtransmissionsuseequaltransmitpowersandresultin equalperformancemargins.Othersplits
arepossible;see[8] for details.)



Table1: Uncodedperformancemargins (in dB) for CSA loop E : OPTISvs. Optimal. OPTISnumberswereobtainedfrom [3].
Diff = Differencebetweenworst-caseOptimalandworst-caseOPTIS.

OPTIS Optimal
Crosstalksource xDSL service Up Dn Up Dn Diff

49HDSL HDSL2 2.7 12.2 18.5 18.5 15.8
25T1 HDSL2 19.9 17.5 21.3 21.3 3.8
39self HDSL2 2.1 9.0 18.3 18.3 16.2
24self+24T1 HDSL2 4.3 1.7 5.4 5.4 3.7

Table2: Spectral-compatibilitymargins(in dB) for CSA loop E : OPTISvs.Optimal.OPTISnumberswereobtainedfrom [11].

Optimal
Crosstalksource xDSL service OPTIS Up Dn

49HDSL HDSL 7.86(OPTISandOptimalnot involved)
39HDSL2 HDSL 7.84 13.28 20.84
49HDSL2 HDSL 7.26 12.71 20.15

wereobtainedfor upstreamanddownstreamtransmissions.We canclearlyseethat theoptimalschemeoutperforms
OPTISwith largeperformancegainsin all thecases.

4.4 SpectralCompatibility

Whenever we optimizethe bit rateof any xDSL serviceon a line we needto make surethat this servicedoesnot
significantlyinterferewith theexisting surroundingxDSL services.In otherwords,we needto checkif theservice
beingoptimizedis spectrally compatiblewith existing services.Spectralcompatibilityis measuredin termsof noise
margins(calledspectralcompatibilitymargins)of neighboringservicesin presenceof theoptimizedservice.

By design,theoptimal transmitspectraachieve goodspectralcompatibilitymargins. Throughwater-filling, we
distributemoreHDSL2 power in regionsof low interferenceandlessHDSL2 power in regionsof high interference.
Thus,we avoid the transmissionfrequenciesof neighboringlines andthereforesimultaneouslyreducethe effect of
HDSL2transmissionson theseneighboringlines.

To illustrate,considerthespectralcompatibilitybetweenHDSL2 andHDSL. Table2 lists thespectralcompati-
bility marginsof theoptimaltransmitspectravs.OPTIS[11] for CSA loop 6. We comparetheperformancemargins
for HDSL in thepresenceof two typesof interferers;otherHDSL linesandHDSL2 lines.Thecolumn“OPTIS” lists
themarginsobtainedusingOPTIStransmitspectraandthecolumn“Optimal” liststhemarginsobtainedusingoptimal
transmitspectra(differentfor eachcombinationof interferers).We seethat theoptimalspectrahave betterspectral
compatibilitymargins thanOPTIS.A similar analysiscould be carriedout for T1 andADSL serviceswith similar
results.

5 Conclusions

1. Optimal transmitspectracanyield largegainsin performancemarginscomparedto fixed-maskschemes.We
cantradetheseincreasedperformancemarginsfor increasedbit ratesor decreasedaveragetransmissionpower.

2. Optimaltransmitspectraareinherentlyspectrallycompatiblewith existingservices.

3. Optimalspectraarenotboundto any particularmodulationscheme.



4. Thereexist near-optimaltransmitspectrathataretrivially complex to compute,evenfor complicatedloopssuch
asthosewith bridgedtaps.

5. No echocancellationis requiredin frequency bandsemploying FDS.

6. Equalperformancemargins canbe obtainedfor upstreamanddownstreamdirectionsusingoptimal transmit
spectra.

7. Transmitspectracanbeadaptedon-lineto changesin line conditions(e.g.,temperaturevariations,etc.).

8. This schemerequiresknowledgeof the characteristicsof neighboringinterferingservices. Thesecaneither
be estimatedat start-upor analyzedin a worst-casemannerfor a particularline underconsideration.This
informationcould alsobe obtainedfrom a centraloffice databasethat specifiesthe type of servicesin each
bindergroupin thetelephonecable.
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