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Abstract

We presentigeneraframenork for designingoptimaltransmitspectrgor symmetricbit-rateDigital Sub-
scriberLine (DSL) servicesjn particularHDSL2. Usingthe channelandinterferencdransferfunctions
andSNRestimatesye setup andsolve anoptimizationproblemto maximizethe capacity Sizablegains
in performancenamins(or bit rates)esult. Furthermoreby design thespectraarespectrallycompatible
with otherservices.While the framawork is quite general— it doesnot dependon the exact choiceof
modulationschemefor example— it is alsoextremelysimpleandof low computationatompleity. Our
resultscanbe usedeitherfor dynamicallyadaptingthe signalingspectrao accounfor changingnoiseor
interferenceconditionsor for thedesignof new fixedtransmitspectraimasksusingworst-casanalysis.

1 Intr oduction

Digital SubscribelLines(DSLs) are standardelephondines (twistedpairs) configuredto carry high bit-ratetraffic

(> 1 Mbps). DSL modemsalongwith cablemodemsform a growing market for wire-basecdhigh-speednodems.
Thesemodemsexploit largetransmissioandwidthg> 1 MHz for DSLs)in orderto deliver high datarates.Several
DSL servicedxDSL in general)exist andarecatayorizedaccordingo thebit ratesthey deliver. Someof thekey ones
are:

ADSL — Asymmetric DSL. This serviceis designedo provide a full-duplex high-speedon the orderof 6 Mbps)
downstream(from centraloffice to subscriberchannelanda low-speed(on the orderof 640 kbps)upstream
(from subscribeto the centraloffice) channebver eachtwistedpair.

VDSL — Very high bit-rate DSL. Thisyet-to-be-standardizesrvicewill provideafull-duplex symmetricorasym-
metrichigh-bit-rate(on theorderof 50 Mbps) channelbver a singletwistedpair lessthan3 to 6 kft long.

HDSL2 — High bit-rate DSL 2. This soon-to-be-standardizeérvicewill provide afull-duplex 1.544 Mbpssignal
transmissiorserviceover a singletwistedpair (< 18 kft long) withoutrepeaters.

DSLsor twistedpairsarebundledtogethetinto groupsin a binderandcarry differentxDSL services.Crosstalk
(nearend (NEXT) andfarend (FEXT)) resultsdue to proximity of differentlinesin a binder (seeFigure 1) and
significantly limits achievablebit-rates[1]. In this paperwe develop optimal transmitspectrausingjoint signaling
techniquedor crosstalkavoidanceand optimal power distribution to maximizebit rates. By design,we maintain
spectracompatibilitywith existing neighboringservices This problemwasfirst solvedin [2] but only for self-NEXT
(NEXT from sameserviceines)andAWGN. In this paperwe solvetheproblemin presencef self-NEXT, self-FEXT,
AGN (Additive GaussiarNoise),andinterferencdrom otherservices.
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The transmitspectrafor Digital SubscribelLines (DSLs) needto achiese high uncodedperformancenaigins.
High performancemaigins ensurethatthe DSL serviceremainsrobust to noiseand cross-talkinterferencg NEXT
and FEXT). Simultaneouslythesetransmitspectramust be spectrallycompatiblewith existing services. Spectral
compatibility ensureghat the deploymentof DSL servicewill not adwerselyaffect existing serviceson neighboring
lines.

In this paperwe will focuson the generaframawork for distributing transmitpower over frequeng. While the
techniqueslevelopedherearegeneralandnotlimited to xXDSL services)we will presenburresultsin the context of
theHDSL2 service.

Several TLE1.4 contributions have addressedhe issueof transmitspectrafor HDSL2 ( [3] and[4] are some
recentones). To date,all proposedransmitspectrahave beenfixed(i.e., they do not vary with theinterferenceand
noisecombinationspndhave beendefinedn termsof fixedPSDmaskde.g.,OPTIS[3] andMONET-PAM [4]). The
PSDmaskshave beenobtainedasa designcompromiseafter studyingthe performancef the fixed transmitspectra
in the presencef avariety of worst-casenterferers.

Insteadof fixed transmitspectrawe proposeoptimal transmitspecta that adjustto the giveninterferenceand
noisecombinationin orderto maximizeperformancgmaminsor bit rates).

Thekey advantage®f thetechniqueslevelopedhereare:
1. Forthesameinputpower, optimaltransmitspectrayield higherperformancenamginsor bit ratesthanary fixed
transmitspectrg5].
2. Optimaltransmitspectraareinherentlyspectrallycompatiblewith otherservices.
3. Optimalspectracanbe usedwith ary modulationschemeincludingDMT, CARP, QAM, PAM, etc.

4. Nearoptimalspectracanbecomputedalmosttrivially andwith alow computationatompleity. Thealgorithms
caneasilybeimplementedn a DSPchip.

5. Optimaltransmitspectraexist andcanbe efficiently computedevenfor complicatedoopswith bridgedtaps.

Ourresultscanbeusedin a numberof ways,including

1. full dynamic(on-line)adaptatiorof the signalingspectrunto accountfor changingnoiseor NEXT andFEXT
conditions changindine characteristicslueto temperaturegtc.

2. designof new fixedtransmitspectraimaskausingworst-casenalysigthe new maskswould supercedeOPTIS
andMONET-PAM dueto theirimprovedperformance).

3. optimizationof thetransmitspectrunfunderneath’a standardizedpectramask(seecontribution [6]).

Section2 outlinesthe definitionsand notationused. Detailson obtainingoptimal transmitspectraare presentedn
Section3. We discusssimulationresultsin Section4 andpresentonclusionsn Section5.

2 Definitions and Notation

Dueto the closeproximity of thelineswithin abinder, thereis considerablemountof crosstalkinterferencebetween
differentneighboringelephondines. Physically therearetwo typesof interferenceseeFigurel):

Near-end crosstalk(NEXT): Interferencebetweemeighboringdinesthatariseswhensignalsaretransmittedn op-
positedirections. If the neighboringlines carry the sametype of servicethenthe interferences calledself-
NEXT; otherwisewe will referto it asdifferent-servic§DS) NEXT.
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Figurel: NEXT andFEXT betweemeighboringinesin abinder Tx’s aretransmitterandRXx’s arerecevers.

Far-end crosstalk(FEXT): Interferencebetweenneighboringlines that ariseswhen signalsare transmittedin the
samdlirection.If theneighborindinescarrythe sametypeof servicethentheinterferences calledself-FEXT,
otherwisewe will referto it asdifferent-servic§DS) FEXT.

The term self-interfeencerefersto the combinedself-NEXT and self-FEXT. Channelnoiseis modeledas additive
Gaussiamoise(AGN).

We will denotethe upstreananddownstreantransmitfrequengy spectraby S*(f) andS?(f), respectiely. An
Equal PSD (EQPSD)signalingschemen frequeny band B is onefor which S*(f) = S?(f) # 0 for all f in B
(thatis, both upstreananddownstreantransmission®ccugy thebandB in the sameway). An FrequencyDivision
Signaling(FDS) schemén frequeny bandB is onefor which S*(f) = 0 whenS4(f) # 0 for all f in B andvice
versa(thatis, bothtransmissionsccupy orthogonafrequeng bandswithin B.)

3 Optimal transmit spectra

3.1 Absenceof self-interference

In theabsencef self-NEXT andself-FEXT, theinterferenceombinatiorconsistof differentserviceinterferergsuch
asHDSL, T1, ADSL, etc.) andAGN. We obtainthe optimal power distribution in eachdirectionof transmissiorby
theclassicalwaterfilling solution[7].

3.2 Presencef self-interference

Self-NEXT andself-FEXT severely limit the achievablebit-ratesof HDSL2. The optimal signalingschemen the
presencef self-NEXTandAGN is givenin [2]. We have extendedheseresultsto accounfor self-NEXT, self-FEXT,
differentserviceinterferersandAGN (se€[8] for the detailson thesolutionmethod).

A hallmarkof the optimal solutionis the useof FDSto sepaate the upsteamand downsteamtransmissionfn
frequencyegionsfacing high self-NEXT

For example,in Figure2 we plotthe CSAloop 6 channetransferfunctionandself-interferencéransferfunctions
from 39 self-NEXT and 39 self-FEXT interferers. Note that the self-NEXT transferfunction riseswith frequeny
(indicatingthatNEXT is moreintenseat high frequencies).

For a monotonicchannelransferfunction (asshowvn in Figure?2), the upstreamanddownstreantransmitspec-
tra canbe corveniently (yet optimally) separatednto two distinct signalingregions: a low frequeng region using
EQPSDsignalinganda high frequeng region using FDS [8]. Interestingly this continuesto hold even for mary
non-monotonichannetransferfunctions(suchasthosearisingdueto bridgedtaps).

To find the optimal transmitspectrawe maximizethe Shannorcapacityof the HDSL?2 line given the various
interferencesindanaveragepower constraintA simpleiterative algorithmyieldsthe optimal solution[8]:



I
o
&
T

Magnitude Squared

—
~ , Pl i T T
107*° ] ——  Channel .
[ »—=x  self-NEXT 1
--- self-FEXT
1 1 1 1
0 100 200 300 400 500

Frequency (kHz)

Figure 2: Magnitude-squarettansferfunctionsof the channelCSA loop 6 with 39 self-NEXT interferersand39 self-FEXT
interferers.

1. Estimatethe switch-overfrequenciepetweerEQPSDsignalingandFDS.
2. Performoptimalpower distribution within the EQPSDandFDSregionsusingwatetfilling [7,9].

3. Loopbetweenrl and?2 until corvergences reached.

In addition,we have found a simpletestconditionthat closelyapproximateshe optimal switch-over frequenciegor
Stepl [8]. Thisapproximatiorreduceghe above algorithmto a single,computationallysimplestepof waterfilling.

It is key to notethatthe optimaltransmitspectrado notdictateary specificmodulationschemebut rathersimply
describehowv a modulationschemeshould optimally distribute its power over frequeng. Thus, optimal transmit
spectracanbe usedwith a numberof differentmodulationschemesincluding but not limited to DMT, CAP, QAM,
PAM, etc.

4 Simulation Resultsand Discussion

4.1 Simulation Details

Bit ratefixedat1.552 Mbps.

Total averagenput power (one-sided)n eachdirection Pyax = 16.78 dBm.
Differentserviceinterferencanodelsobtainedfrom Annex B of T1.413-1995from [10], the ADSL standard)with
exceptionsasin [11].

Self-NEXT interferencanodeledasa 2-pieceUngermodel[12].

Marginsarecalculatecaccordingto [13].

OPTIStransmitspectraareobtainedby trackingl dBm/Hzbelow the OPTISPSDmaskyse€[3]).
OPTISperformancenamgin numbersarefrom [3] andspectracompatibilitynumbersarefrom [11].

AGN of —140 dBm/Hzaddedo theinterference.

DMT modulationscheme:

Samplingfrequeng f, = 1000 kHz.

Bin width W = 2 kHz.

Numberof bins K = 250.

Startfrequeny = 1 kHz.

Bit errorrate(BER)= 10"

SNRgap=9.8 dB.

No cyclic prefix. No limitation on maximumnumberof bits pertone.



Amplitude (dBm/Hz)

0 100 200 300 400 500
Frequency (kHz)

Figure 3: Optimal transmitspectrafor HDSL2 on CSA loop 6 with 49 HDSL NEXT interferersand AGN of —140 dBm/Hz.
Sincethereis no self-interference-DSis not required.The upstreananddownstreantransmissionemplgs the samespectrum.
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Figure4: Optimaltransmitspectrafor HDSL2 on CSA loop 6 with 25 T1 NEXT interferersand AGN of —140 dBm/Hz. Since
thereis no self-interferencel-DSis not required.The upstreamanddownstreantransmissionemplg/ the samespectrum.

4.2 Examples

Figures3, 4, and5 illustrate the optimal transmitspectraon CSA loop 6 for HDSL2 in the presenceof 49 HDSL,
25 T1, and39 HDSL?2 interferers respectiely. In the caseof differentserviceinterfererstHDSL andT1 in Figures
3 and4), the optimal upstreamand downstreamspectraare the same(EQPSDthroughout). In the caseof HDSL2
interferergFigureb), self-NEXT at high frequenciedorcesthe optimalupstreamanddownstreanspectrao separate
in frequengy giving riseto anFDSregion. As anaddedbonus no echocancellatiod will berequiredin thelargeFDS
region.

Notethatthe optimaltransmitspecta vary significantlywith the interferencecombination.

In the caseof bridgedtaps,the channeltransferfunction hasnulls and varieswith eachloop. This strongly
indicatesthe necessityof a transmitspectrathat canadaptto the channelaswell asinterferenceconditions. Figure
6 illustratesthe optimal transmitspectrafor CSA loop 4 (having bridgedtaps)for HDSL2 in the presenceof 39
self-NEXT and39 self-FEXTHDSL2 interferers.

4.3 PerformanceMar gins

Thenoisemauin or performancenagin of achannefor afixedbit rateandBER measurethemaximumdegradation
(from noiseandinterference)n performancehata channekansustairbeforebeingunableto transmitat thatbit rate
andBER (se€[14]).

Tablel lists the performancenamins of the optimaltransmitspectravs. thoseobtainedusingthe (performance-
standard)OPTIStransmitspectra for CSAloop 6. For differentserviceinterferersHDSL and T1) only the NEXT
powerswereconsideredfor HDSL2, “self” compriseshoth self-NEXT andself-FEXT. Equalperformancenaigins

1Echocancellatioris usedto reduceinterferencebetweerupstreananddownstreantransmissionsn the sameine.
20PTIStransmitspectraareobtainedby trackingl dBm/Hzbelav the OPTISPSDmasks(se€[3]).
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Figure5: Optimalupstreamanddownstreantransmitspectrafor HDSL2 on CSA loop 6 with 39 self-NEXT and39 self-FEXT
interferers EQPSDsignalingtakesplaceto theleft of switch-oser frequeng Mgor andFDSto theright. (Notethatthe placement
of the FDS regionsis nonunique. Here we choosea split suchthat upstreamand dovnstreamtransmissionsise equaltransmit
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powersandresultin equalperformancenagins. Othersplitsarepossible se€[8] for details.)
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Figure6: Optimalupstreamanddownstreamtransmitspectrafor HDSL2 on CSA loop 4 with 39 self-NEXT and39 self-FEXT
interferers EQPSDsignalingtakesplaceto theleft of switch-o/er frequeng Mgor andFDSto theright. (Again we choosea split
suchthatupstreamanddownstreantransmissionsiseequaltransmitpoversandresultin equalperformancenamgins. Othersplits
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Table1: Uncodedperformancemamgins (in dB) for CSA loop 6: OPTISvs. Optimal. OPTISnumberswere obtainedfrom [3].
Diff = Differencebetweerworst-caséOptimalandworst-cas€OPTIS.

OPTIS Optimal
Crosstalksource|| xDSLservice]| Up | Dn | Up | Dn | Diff

49HDSL HDSL2 27 1122|185 18.5| 15.8
25T1 HDSL2 199| 175| 21.3| 21.3| 3.8
39 self HDSL2 21| 9.0 | 18.3|18.3| 16.2
24 self+24T1 HDSL2 43 | 1.7 | 54 | 54 | 3.7

Table?2: Spectral-compatibilitynamgins (in dB) for CSAloop6: OPTISvs. Optimal. OPTISnumbersvereobtainedrom [11].

Optimal
Crosstalksource| xDSL service| OPTIS| Up | Dn
49HDSL HDSL 7.86(OPTISandOptimalnotinvolved)
39HDSL2 HDSL 7.84 | 13.28 20.84
49HDSL2 HDSL 7.26 | 12.71 20.15

wereobtainedfor upstreamanddownstreantransmissionsWe canclearly seethatthe optimal schemeoutperforms
OPTISwith large performancejainsin all the cases.

4.4 Spectral Compatibility

Whenever we optimize the bit rate of any xDSL serviceon a line we needto make surethat this servicedoesnot
significantlyinterferewith the existing surroundingkDSL services.In otherwords,we needto checkif the service
beingoptimizedis spectally compatiblewith existing services.Spectralcompatibilityis measuredn termsof noise
maugins(calledspectracompatibilitymargins) of neighboringservicesn presencef theoptimizedservice.

By design,the optimaltransmitspectraachieve goodspectralcompatibility mamgins. Throughwatekfilling, we
distribute moreHDSL2 power in regionsof low interferenceandlessHDSL2 powerin regionsof high interference.
Thus,we avoid the transmissiorfrequencief neighboringlines andthereforesimultaneouslyeducethe effect of
HDSL2 transmissionsn theseneighborindines.

To illustrate,considerthe spectralcompatibility betweerHDSL2 and HDSL. Table?2 lists the spectralcompati-
bility mamginsof the optimaltransmitspectravs. OPTIS[11] for CSAloop 6. We comparehe performancenaigins
for HDSL in the presencef two typesof interferersotherHDSL linesandHDSL 2 lines. Thecolumn“OPTIS” lists
themaginsobtainedusingOPTIStransmitspectraandthe column“Optimal” liststhemaminsobtainedusingoptimal
transmitspectradifferentfor eachcombinationof interferers).We seethat the optimal spectrahave betterspectral
compatibility maigins than OPTIS. A similar analysiscould be carriedout for T1 and ADSL serviceswith similar
results.

5 Conclusions
1. Optimaltransmitspectracanyield large gainsin performancemargins comparedo fixed-maskschemesWe
cantradetheseincreasegerformancenaminsfor increasedit ratesor decreasedveragetransmissiornpower.
2. Optimaltransmitspectraareinherentlyspectrallycompatiblewith existing services.

3. Optimalspectraarenot boundto ary particularmodulationscheme.



4. Thereexist nearoptimaltransmitspectrahataretrivially comple« to compute gvenfor complicatedoopssuch
asthosewith bridgedtaps.

5. No echocancellatioris requiredin frequeny bandsemploying FDS.

6. Equalperformancamargins can be obtainedfor upstreamand downstreamdirectionsusing optimal transmit
spectra.

7. Transmitspectracanbe adaptedn-lineto changesn line conditions(e.g.,temperatureariations etc.).

8. This schemerequiresknowledgeof the characteristic®f neighboringinterfering services. Thesecan either
be estimatedat start-upor analyzedin a worst-casemannerfor a particularline underconsideration. This
information could also be obtainedfrom a centraloffice databasehat specifiesthe type of servicesin each
bindergroupin thetelephonecable.

References

[1] I. Kalet,“The Multitone Channel, IEEE Trans.Commun.yol. 37,no. 2, Feh 1989.

[2] A. SendonarisyV. Veeraalli and B. Aazhang,"Joint Signaling Strateies for Approachingthe Capacity of
TwistedPair Channels, IEEE Trans.Commun.yol. 46,no0.5, May 1998.

[3] J.GirardeauM. Rude,H. TakatoriandG. Zimmerman,"UpdatedOPTISPSD Mask and Paver Specification
for HDSL2; ANSIT1E1contribution T1E1.4/97-435

[4] S.McCaslinandN.V. Bavel, “PerformancendSpectralCompatibilityof MONET(R1)HDSL2with Ideal Trans-
mit Spectra-PreliminariResults, ANSIT1E1contribution TIE1.4/97-412.

[5] R.V. GaikwadandR.G.Baraniuk,“Optimal TransmitSpectrgor HDSL2; ANSIT1E1contribution T1E1.4/98-
162R1

[6] R.V. Gaikwad and R.G. Baraniuk, “Optimal TransmitSpectrafor HDSL2 undera PeakFrequeng-Domain
Pawer Constraint, ANSIT1E1contribution T1E1.4/98-188R2

[7] R.G.Gallager“Information TheoryandReliableCommunicatiori, New York: Wley, 1968.

[8] R.V. Gaikwad and R.G. Baraniuk, “Optimal SignalingSchemesn the Presenceof Cross-talkinterferencé,
Technicalreport, Departmentof Electricaland ComputerEngineering,Rice University, July 1998.On Web:
www.dsp.rice.edu/ rohitg/pubs.html

[9] J.T. AslanisandJ.M. Cioffi, “AchievablelnformationRateson Digital Subscribet.oops: Limiting Information
Rateswith CrosstalkNoise; IEEE Trans.Commun.yol. 40,no.2, Feh 1992.

[10] American National Standardfor Telecommunications,“Network and Customer Installation Interfaces—
AsymmetricDigital Subscribetine (ADSL) Metallic Interface’; T1.413-1995Anne B.

[11] G. Zimmerman, “Performanceand Spectral Compatibility of OPTIS HDSL2; ANSI T1E1 contribution
T1E1.4/97-237

[12] K. Kerpez,'Full-duplex 2B1Q Single-pairHDSL PerformancendSpectralCompatibility” ANSIT1E1contri-
bution T1E1.4/95-127

[13] G. Zimmerman,'Normative text for SpectralCompatibility Evaluations, ANSIT1E1 contribution T1E1.4/97-
180R1

[14] M. BartonandM.L. Honig, “Optimizationof DiscreteMultitone to MaintainSpectrunCompatibilitywith Other
Transmissiorsystemsn TwistedCopperPairs; IEEE J. SelectAreasCommun.yol. 13,n0.9, pp. 1558-1563,
Dec.1995.



