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Abstract

We have inventeda new modemtechnologyfor transmittingdataon corventionaltele-
phonelines (twistedpairs)at high speedsThis discovery is timely, asnew standardsrebeing
developedfor this Digital SubscribeLine (DSL) technologyat this very moment.The poten-
tial market for thenew modemtechnologyis massie, asthetelephoneserviceproviderswish
to offer Internetaccesgo the massesisingthe currentphonelinesinto thehome.

Key to the deploymentof any new serviceis the distribution of power over frequency
for new serviceanustbe designedo be rohustto interfelencethat might be causedoy other
serviceghatarecarriedby neighboringelephondines. As well, new servicexannotinterfere
with existing services.

We have madetwo discoreries. Thefirstis anoptimizationtechniquehatprovidesthebest
possibledistribution of power (over frequeng) for ary new DSL servicegiventheinterference
from otherknown serviceghatarecarriedby neighboringtelephondinesin the samecable.
The seconds a power distribution schemehatminimizestheinterferencecausedy the nev
DSL serviceinto neighborindines.

This new modemtechnologycanbeappliedto mary channeldesideshetelephonehan-
nel (for example,coaxialcables power lines, wirelesschannelsandtelemetrycablesusedin
geophysicalvell-loggingtools).
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1 Background

1.1 Twistedpairs

Telephoneserviceis providedto mostbusinesseandhomesvia a pair of copperwires(a “twisted

pair’). A telephonecable containsmary twisted pairs: 25 twisted pairs are groupedin close
proximity into 2 “binder groups;, andsereral bindergroupsare packedtogetherto form a cable.
The two terminationsof a telephonecableare at the user(subscriberendandat the telephone
compaiy (centraloffice, CO) end. We will usethe terms*“twisted pair,” “line,” and“subscriber
loop” interchangeablyn thesequel.

Voice telephory usesonly thefirst 4 kHz of bandwidthavailableon the lines. However, one
can modulatedatato over 1 MHz with significantbit rates. Only recentlyhave schemedeen
developedto exploit the additionalbandwidthof the telephonechannel. A plot of the frequeny
responsef atypicaltelephonehanneis givenin Figurel.

1.2 Overview of sewvices

In the pastfew years,a numberof serviceshave begunto crowd the bandwidthof the telephone
channel.Someof theimportantservicesare:

POTS — “Plain Old TelephoneSewice!” Thisisthebasictelephoneservicecarryingvoicetraf-
fic in the0 — 4 kHz bandwidth.Cornventionalanalogmodemsalsousethe samebandwidth.

ISDN — Integrated ServicesDigital Network. This serviceallows end-to-enddigital connec-
tivity at bit ratesof upto 128 kbps(kilo-bits-persecond).

T1 — Transmissionl. This is a physicaltransmissionstandardfor twisted pairs that uses24
multiplexed channelqeachat 64 kbps)to give a total bit rate of 1.544 Mbps (Mega-bits-
persecond)lt usescostlyrepeaters.

HDSL — High bit-rate Digital SubscriberLine. Thisis afull-duplex (two-way) T1-like (1.544
Mbps)signaltransmissiorserviceusingonly two twistedpairsandno repeaters.

ADSL — Asymmetric Digital SubscriberLine. Over one twisted pair, this serviceprovidesa
high-speedon the orderof 6 Mbps) dowvnstream(from centraloffice (CO) to subscriber)
channeko eachuseranda low-speedon the orderof 640 kbps)upstrean(from subscriber
to the centraloffice) channel.This servicepreseresthe POT S serviceover a singletwisted
pair.

VDSL — Very high bit-rate DSL. This yet-to-be-standardizeskervicewill provide a very high
speedon the orderof 25 Mbps) downstreanchannelo subscriberainda lower speedup-
streanchanneto thecentraloffice overasingletwistedpairlessthan3 to 6 kft long. Furthey
it will preserethe POTS service.

10
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Figurel: Frequeng responsef atwistedpair telephonechannel.

HDSL2 — High bit-rate Digital SubscriberLine 2. This soon-to-be-standardizexkrvicewill
provide full-duplex 1.544 Mbpssignaltransmissiorservicein both directions(full duplex)
overasingletwistedpair (< 18 kft long) without repeaters.

“GDSL” — General Digital SubscriberLine. This hypotheticalservicewould (for illustration

purposestarry 25 Mbpsfull-duplex datarateover a singletwistedpair (seeSections2.2.2
and4.6.10).

“VYDSL2" — Very high bit-rate DSL Line 2. This hypotheticalservicewould (for illustration
purposes)arry 12.4 Mbps full-duplex datarate over a single twisted pair lessthan 3 to
6 kft long (seeSection2.2.3and4.6.10).

Currently all theabore mentionedservicehave an ANSI standardexceptfor VDSL, HDSL2,
“GDSL” and“VDSL2". We useagenericDSL (xDSL) servicefor all our analysis.For concrete-

nesswe presentesultsoptimizingtheHDSL2,“GDSL”, andVDSL2 servicesin thefaceof noise
andinterferencdrom neighboringservices.

1.3 Crosstalkinterference

1.3.1 NEXT and FEXT

Dueto the closeproximity of the lineswithin a binder thereis considerablemountof crosstalk

interferencebetweendifferent neighboringtelephonelines. Physically there are two types of
interferencgseeFigure?):

1Theideais generalndcanbe appliedto any communicationghannethatexhibits crosstalkinterference.

11



TX]- ) g
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Rx3 Tx3

Figure2: NEXT andFEXT betweemeighboringlinesin atelephonecable. Tx’s aretransmitterandRx’s
arerecevers.

DSOUT-NEXT  AGN SeHNEXT self-FEXT

DSIN-NEXT DSWJFEXT DSOUTFEXT

Figure3: NEXT (DSIN-NEXT andself-NEXT),andFEXT (DSIN-FEXT andself-FEXT) modeledasad-
ditive interferencesourcesAGN denotesheadditive Gaussiamhannehoise. DSOUTNEXT andDSOUT
FEXT representheinterferencdeakingoutinto otherneighboringservices.

Near-end crosstalk(NEXT): Interferencdetweemeighborindinesthatarisesvhensignalsare
transmittedn oppositedirections. If the neighboringlines carry the sametype of service
thenthe interferencas calledself-NEXT; otherwisewe will referto it asdifferent-service
NEXT.

Far-end crosstalk (FEXT): Interferencebetweemeighboringlinesthatariseswhensignalsare
transmittedn thesamedirection.If theneighborindinescarrythesametypeof servicethen
theinterferences calledself-FEXT, otherwisewe will referto it asdifferent-servicé&EXT.

Figure 3 shaws that crosstalkinterferencecan be modeledas additive interference. Since
neighboringlines may carry eitherthe sameor a differentflavor of service,therearethreecate-
goriesof interferencgseeFigure3):

1. Self-interferencéself-NEXT andself-FEXT)betweerlinescarryingthe sameservice.

2. Interferenceanto a channelcarryingserviceA fromotherlines carryingservicesotherthan
A (DSIN-NEXT andDSIN-FEXT).

3. Interferencdroma channelcarryingserviceA into otherlines carryingservicesotherthan
A (DSOUTFNEXT andDSOUTFEXT).

Channehoisewill bemodeledasadditive Gaussiamoise(AGN).

12



1.3.2 Notation for self-NEXT and self-FEXT

Hereis somenotationto keepthingsclearin thesequel Numberthe M twistedpairs(lines)in the
cablewith indexi € {1,..., M}, anddenotethedirectionof transmissiowith index o € {u, d},
with v = upstream(to the centraloffice) andd = downstream(from the centraloffice). All the
twistedpairsin the cablebundleareassumedo carrythe sameservice.Let o be the complement
directionof o: @ = d, d = u. Denotethetransmittersaandreceversonline ; as:

T?: transmitter(Tx) ontwistedpair¢ in directiono.

Ry: recever (Rx) ontwistedpair i in directiono.

Ideally, 77 intendsto transmitinformationonly to R?. In areal systemhowever, 7?'s signal
leaksinto the recei/erst- and RZ. Usingour notation this self-interferenceorrespondso:

Self-NEXT: Crosstalkfrom Ty into R? for all j # i, 0 € {u, d}.

Self-FEXT: Crosstalkfrom 77 into R¢ for all j # 4, 0 € {u, d}.

In a full-duplex xXDSL service,eachtwisted pair i supportstransmissiorand receptionin
both directions(usingechocancelers)so eachline ¢ hasa full setof transmittersandrecevers:
{T¥, R, T¢, RY}. With perfectechocancellation thereis no crosstalkfrom 77 into R?. We
will assumehis for the balanceof this documentalthoughthis crosstalkcould be dealtwith in a
fashionsimilarto self-NEXT andself-FEXT.

1.4 Capacity and performancemargin

The ChannelcapacityC' is definedasthe maximumnumberof bits per secondhatcanbetrans-
mitted over a channelwith an arbitrarily small bit error probability The achievablerate R4 for

a channelis ary transmissiorrate belov or equalto capacityi.e., R4 < C. Anotherchannel
performancenetricis performanceanargin (or marmgin). It is defined(in dB) as

SN Ryec )

margin = 10 logqg (W

whereS N R, is therecevedsignal-to-noiseatio (SNR)and SN R, is the minimumreceved
SNRrequiredto achieve a fixedbit error probability (BER) at a giventransmissionmate. The per
formancemagin of achannefor afixedbit errorprobabilitymeasurethe maximumdegradation
(from noiseandinterference)n achiezablebit ratethata channelcansustainbeforebeingunable
to transmitat that bit rate for a fixed BER (see[12]). The higherthe performancemamgin of a
channehtagiventransmissiomateandfixed BER, the morerohustit is to noiseandinterference,
i.e.,thebetteris its performance.
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2 Problem Statement

2.1 General statement
Givenanarbitrarycommunicationghannebith:

1. Self-interferencéself-NEXT andself-FEXT)betweerusersof serviceA,

2. Interferencefrom usersof different serviceswith usersof service A (DSIN-NEXT and
DSIN-FEXT),

3. Interferencefrom usersof serviceA into usersof differentservicestDSOUTNEXT and
DSOUTFFEXT), and

4. Otherinterferencgincludingnoise),
maximizethe capacityof eachuserof service A without significantperformance(capacityor
maigin) degradatiorof the otherservices.

Hereservicescould refer to differentpossiblesignalingschemes.Usersreferto the generic
Tx-Rx pairs.

2.2 Particular statementfor DSLs

2.2.1 HDSL2 sewice

As aspecialcaseof thegeneraproblemwewill look into aparticularmproblemof subscribetoops.
In particulay we canphraseour statemenin thelanguagef HDSL2[2]. Here ,thecommunication
channeis the collectionof twistedpairsin thetelephonecable interferencas causedy:

1. Self-NEXT andself-FEXT betweemeighboringHDSL2 lines (self-NEXTdominatesover
self-FEXT[8]),

2. DSIN-NEXT andDSIN-FEXTfrom T1, ISDN, HDSL andADSL,
3. Interferencdrom HDSL2 into otherservicessuchasT1, ISDN, HDSL andADSL, and
4. Channehoise,whichwe will modelasAGN.
We wish to maximizethe capacityof the HDSL2 servicein presencef otherHDSL2, T1,

ISDN, HDSL, ADSL, VDSL linesandevenservicemnot yetimaginedwhile maintainingspectral
compatibilitywith them.We will considerHDSL2 servicein Sectionst.4t04.7.

The HDSL2 serviceis intendedto fill a key needfor fast(1.544 Mbps) yet affordablefull
duplex serviceover a single twisted pair. Efforts to definethe standardare being mountedby
severalcompaniesindthe T1E1standardsommittee. Thetwo key issuegacingHDSL2 standards
committeeare:

14



Spectral optimization. All currentproposedschemes$or HDSL2 achiese therequireddatarates
with satishctorymaginsonly in completasolation.

However, dueto the proximity of the linesin a cable,thereis considerabldDSIN-NEXT,
DSIN-FEXT, self-NEXT and self-FEXT interferencefrom T1, ISDN, HDSL, ADSL and
HDSL2into HDSL2 — thisinterferenceaeduceghe capacityof the HDSL2 service.

Simultaneouslythereis considerabl®© SOUFNEXT andDSOUTFEXT interferencdrom
HDSL2into T1,ISDN, HDSL andADSL. This problemis known asspectal compatibility.
Theschemailtimatelyadoptedor HDSL2 mustnotinterfereoverly with otherDSL services
likeT1, ISDN,HDSL, andADSL.

Modulation scheme.At presenno systemhasbeendevelopedthatsystematicallyoptimizesthe
HDSL2 spectrumand reducesnterferenceeffects both fromandinto HDSL2. Further a
modulationschemdor HDSL2 hasnotbeendecideduponatthistime.

2.2.2 “GDSL" sewice

The “GDSL” servicewill enablevery high bit-rate full-duplex, symmetrictraffic over a single
twisted pair. We assumehatthe lines carrying GDSL servicehave goodshieldingagainstself-
NEXT. In this casejnterferencas causedy:

1. Self-NEXT andself-FEXT betweemeighboring'GDSL” lines (self-FEXTdominatesover
self-NEXT)

2. DSIN-NEXT andDSIN-FEXT from T1, ISDN, HDSL,HDSL2 andADSL,

3. Interferencdrom “GDSL” into otherservicessuchasT1, ISDN,HDSL,HDSL2andADSL,
and

4. Channehoise whichwewill modelasAGN.

We wish to maximizethe capacityof the “GDSL” servicein presencef other*GDSL”, T1,
ISDN, HDSL, ADSL, HDSL2linesandevenservicesnotyetimaginedwhile maintainingspectral
compatibilitywith them.Thespectrabptimizationissues similarto theonediscussedior HDSL2
case,andwe needto find an optimaltransmitspectrumfor “GDSL". Further a goodmodulation
schemeneeddo beselected.

2.2.3 “VYDSL2" sewice

Opticalfiber lines having very high channelcapacityandvirtually no crosstalkwill be installed
in the future up to the curb of eachneighborhoodFTTC). Thefinal few thousandeetup to the
customepremisesouldbecoveredby twistedpairs.In sucha scenariohigh bit-rateasymmetric-
traffic services(like VDSL) and symmetric-trafic services(like “VDSL2") over short length
twistedpariswould becomemportant. For illustration of sucha potentialfuture servicewe pro-
posea hypothetical'VDSL2” servicethatwould carry very high bit-rate symmetrictraffic over

15



shortdistancdoopson a singletwistedpair. In the“*VDSL2"” casetheinterferencewill becaused
by:

1. Self-NEXT andself-FEXT betweemeighboring'VDSL2” lines (both self-NEXTand self-
FEXTare dominant)

2. DSIN-NEXT andDSIN-FEXT from T1, ISDN, HDSL, HDSL2,VDSL andADSL,

3. Interferencdrom “VDSL2" into otherservicessuchasT1, ISDN, HDSL, HDSL2,VDSL
andADSL, and

4. Channehoise whichwewill modelasAGN.

Again, we wish to maximizethe capacityof “WVDSL2” in presencef all the otherinterferers.To
achieve thiswe needto find optimaltransmitspectraeanda goodmodulationscheme.

3 Previous Work

Herewe discusgrior work pertainingto HDSL2 service.

3.1 Static PSDMasksand transmit spectra

The distribution of signalenegy over frequeng is known asthe powerspectal density(PSD).

A PSD maskdefinesthe maximumallowable PSDfor a servicein presencef ary interference
combination. The transmitspectrumfor a servicerefersto the PSD of the transmittedsignal.

Attemptshave beenmadeby several groupsto comeup with PSD masksfor HDSL2 that are

robustto both self-interferencandinterferencdrom otherlines. Oneway of evaluatingchannel
performances by fixing the bit rateandmeasuringhe performancenargins[12]: Thehigherthe

performancenawgin for a givendisturbercombinationthe morerobustthe HDSL2 serviceto that

interferenceThetermcrosstalkhereimpliesself-interferencglusinterferencdrom otherlines.

To the bestof our knowledge,no onehasoptimizedthe PSD of HDSL2 linesin presencef
crosstallkandAGN. Thesignificantcontributionsin thisareaMONET-PAM andOPTIS|[1, 2,4, 5]
suggesh staticasymmetrica(in input power) PSDmaskin orderto attemptto suppresslifferent
interferers. The PSD maskssuggestedn [1, 2, 4, 5] have a differentmaskfor eachdirection
of transmission. Furthermore the techniquesn [1, 4] usedifferentupstreamand downstream
averagepowersfor signaltransmissionHowever, the maskis static, implying it doesnot change
for differing combination®f interferers.

Optis[5] is currentlythe performancestandardor HDSL2 service.

The transmitspectrumalways lies belowv a constrainingPSD mask(whenimposed). Spec-
ifying a constrainingPSD maskonly limits the peaktransmitspectrum.We do PSDs(transmit
spectrapndnot masksn this documentunlessstatedotherwise In Sectiord.11we indicateideas
to getPSDmasks.
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3.2 Joint signalingtechniques

Self-NEXTis thedominantself-interferenceomponenin symmetric-data-ratéuyll-duplex, long-
lengthline xDSL service(e.g.,HDSL2). Onesimpleway of completelysuppressingelf-NEXT
is to useorthogonal signaling (for example,time division signaling (TDS), frequeng division
signaling(FDS),or codedivision signaling(CDS)).In TDS, we assigndifferentdifferentservices
to differenttime slots.In FDS,we separatén frequeng theserviceghatcouldinterferewith each
other In CDS, a uniquecodeor signatureidentifieseachdirectionof transmission.Further in
CDS eachtransmitspectrumoccupiesthe entire available bandwidthfor all of thetime. CDSis
similar to code-dvision multiple acces§CDMA), but hereinsteadof multiple accessve separate
the upstreananddownstreantransmitspectrausingdifferentcodes.

Thechoiceof orthogonakignalingschemealepend®ntheintent. We will seethatFDSisin a
senseptimalunderanaveragepower constrainseeSection4.5.12).

To eliminate self-NEXT using FDS, we would force the upstreamtransmitters{7*, i =
1,..., M} andthedownstreantransmitter{T¢, i = 1, ..., M} to usedisjointfrequeny bands.
Theupstreamanddownstreantransmissionareorthogonalandhencecanbe easilyseparatetby
the correspondingecevers. Sincein a typical systemFDS cutsthe bandwidthavailableto each
transmitterto 1/2 theoverallchannebandwidthwe have anengineerindgradeof: FDSeliminates
self-NEXTand therefore increasessystemcapacity; howerer, FDS also reducesthe bandwidth
availableto ead transmitter/eceiverpair and therefore deceasessystencapacity Whenself-
NEXT is not severeenoughto warrantFDS, both upstreamanddownstreantransmittersoccugy
theentirebandwidth.In this casetheupstreamanddownstreandirectionshave the sametransmit
spectrumwe referto thisasequalPSD(EQPSD)signaling.

On atypical telephonechannelthe severity of self-NEXT varieswith frequeng. Therefore,
to maximizecapacitywe maywishto switchbetweerF-DSandEQPSDdependingnthe severity
of self-NEXT. Sucha joint signalingstratey for optimizing the performancen the presencef
self-NEXT andwhite AGN wasintroducedn [3].

The schemen [3] is optimized,but only for an over simplified scenario(and thereforenot
usefulin practice).In particular [3] doesnotaddresself-FEXTandinterferencdrom otherlines
asconsideredn thiswork. Further [3] doesnotaddresspectrakcompatibilityissue.

All otherschemedor joint signalingemploy adhoctechniquedor interferencesuppression
[1,2,4,5].

3.3 Multitone modulation

Multicarrier or discretemultitone(DMT) modulation[6] canbereadilyusedto implementacom-
municationsystemusingawide variety of PSDs.Multitone modulationmodulatesdataover mul-
tiple carriersandadjuststhe bit ratecarriedover eachcarrieraccordingo the signalto noiseratio
(SNR)for thatcarriersoasto achieve equalbit errorprobability(BER) for eachcarrier(seeFigure
4).

OrthogonalFDS signalingis easilyimplementedisingthe DMT: we simply assigntransmit-
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Figure4: Multicarrier or discretemultitone(DMT) modulationmultiplexesthe dataonto multiple orthog-
onalcarrierwaveforms.

ter/recever pairsto distinct setsof carriers. Note, however, that multitone modulation is def-
initely not the only modulation schemethat can be usedto implement (optimal) transmit
spectra We canjustaswell useothertechniquessuchasCAP, QAM, multi-level PAM, etc.

3.4 Summary of previouswork

Thecurrentstateof theartof DSL technologyin generabndHDSL2in particularcanbedescribed
asfollows:

e Ad hocschemegsometimeseferredto as“optimized”) have beendevelopedthat attempt
to dealwith self-interferencend DSIN-NEXT and DSIN-FEXT aswell asspectralcom-
patibility of the designedservicewith otherservices However, thesescheme$y no means
optimizethe capacityof the servicesonsidered.

e An optimalsignalingscheméhasbeendevelopedn [3] for the caseof self-NEXT only. The
developmenbf [3] doesnotaddresgrosstalkirom othersourcessuchasDSIN-NEXT and
DSIN-FEXT, or self-FEXT. Thedevelopmentf [3] alsodoesnotaddresspectrakcompati-
bility of thedesignedservicewith respecto otherservices.

4 New, Optimized Signaling Techniques

The proposedechniquesombinea numberof ideasinto onesignalingsystemthat optimizesits
performanceivenmary differentpossiblecombinationf interferers.Theseideasinclude:
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1. Givenexpressiongor thecrosstalirom otherservice{DSIN-NEXT andDSIN-FEXT)into
anxDSL channebndchannehoise(AGN), ourschemeomputesheoptimaldistributionof
poweracrossfrequencyhat maximizeshe capacity(seeSectiord.4). Thisdistributionuses
thesamdransmitspectrun(EQPSDsignaling)in bothupstreananddownstreandirections.

2. Givenexpressiondor the self-NEXT and self-FEXT crosstalkin an xDSL channelalong
with interferencefrom other services(DSIN-NEXT and DSIN-FEXT) and channelnoise
(AGN), our schemecomputeghe optimal distribution of poweracrossfrequencythat max-
imizesthe capacity This distributioninvolvesequalPSD (EQPSD)signalingin frequeng
bandswith low self-interferenceprthogonakignaling(FDS)in frequeng bandswhereself-
NEXT dominatesotherinterferencesourcegSection4.5), andorthogonakignaling(multi-
line FDS introducedin Section4.3)in frequeng bandswhereself-FEXT is high (Section
4.6).

3. Givendifferentchannel,noise,andinterferencecharacteristicbetweenlines, our scheme
chooseghe optimal signalingstratgly (EQPSD,FDS or multi-line FDS)in eachfrequeng
bin (seeSection4.7)to maximizethe channekapacity

4. Givenanadditionalpeak-paver constraintn frequeng, our schemecomputeghe optimal
transmitspectrahat maximizethe capacityandchoosethe optimaljoint signalingstrateyy
(EQPSDFDSandmulti-line FDS)for agivenchannelnoiseandinterferenceharacteristics
(seeSectionst.8and4.9).

5. We presenbptimalandnearoptimalsignalingstratgiesin caseof non-monotonichannel,
self-NEXT andself-FEXT transferfunctions(seeSectiord.100on bridgedtaps).

We will presentheaboveideasin thefollowing sectionsn thecontext of agenericxDSL line
carryingsymmetric-dataateservicedike HDSL2,“GDSL”, and“VDSL2” servicesNotethatthe
technigueslevelopedherecanbe appliedto a more generalcommunicationghannebwith inter
ferencecharacteristicsharacterizely self-interferencanddifferent-servicenterferencenodels.
Further we canextendthis work to applyto channelghatsupportasymmetricdatarates(different
in eachdirection),for e.g.,ADSL, andVDSL. We canfollow a similarapproachof binningin fre-
gueng andthenanalyzingthe signalingstratgy in eachbin. In the asymmetricablata-ratecase,
theratio of the averagepower betweerupstreananddownstreandirectionsneedgo be known.

We will presentbackgroundnaterialandour assumption#n Section4.1. In Section4.2 we
give detailsaboutthe interferencenodelsandthe simulationconditions.Section4.3 looks at the
varioussignalingschemesve will employ. We will presenthe optimal transmitspectrumusing
EQPSDsignalingin Section4.4 in the presencef only different-servicenterferenceand AGN.
Sections4.5 and 4.6 detail the new signalingstratgiesto obtainan optimal and/orsuboptimal
transmitspectrumin the presenceof self-interferencedifferent-servicanterferenceand AGN.
Section4.7 derves someresultsapplicablewhen neighboringlines vary in channel,noiseand
interferenceharacteristicsSectionst.8,and4.9 presenpptimaltransmitspectraunderadditional
peak-paver constraintin frequeng. We presentoptimal and nearoptimal signalingschemedor
non-monotoniachannel,self-NEXT, and self-FEXT transferfunctionsin Section4.10. Finally,
Sectiond.11presentseveralnew ideasextendingtheresultspresentedhere.
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Note: All the transmitspecta are optimal(i.e., yield the maximunpossiblebit ratesor per-
formancemamins) giventhe assumption#n Section4.1 (seeSection#4.4.2,4.5.3,and 4.6.3for
additionalassumptionsandthat oneof the specifigoint signalingstrategiesis employedverthe
channel(seeSectiongt.4,4.5,and4.6).

4.1 Assumptions,Notation, and Background

We presentbackgroundmaterialand someof the standardassumptiongnadefor simulations.
Theseassumptionapplythroughouthe documentunlessnotedotherwise.

1. Channehoisecanbe modeledasadditve Gaussiamoise(AGN) [13].

2. Interferencdrom otherservicegDSIN-NEXT andDSIN-FEXT)canbemodeledasadditive
coloredGaussiamoise[13].

3. We assumehe channelcanbe characterizedsa LTI (linear time invariant) system. We
divide the transmissiorbandwidth B of the channelinto narrav frequeng bins of width
W (Hz) eachandwe assumehatthe channel noiseandthe crosstalkcharacteristicvary
slowly enoughwith frequeng thatthey canbe approximatedo be constantover eachbin
(For agivendegreeof approximationthe fasterthesecharacteristicsary, the morenarrov
thebinsmustbe. By lettingthenumberof bins K — oo, we canapproximateary frequeng
characteristiavith arbitrary precision? We usethe following notationfor line i on the
channelkransferfunction[10]

o _ | Hi i |f—ful <%,
He(f)I" = { 0  otherwise (1)
self-NEXT transferfunction[8]
o | X if |f— ful <%,
Hy (f)]" = { 0  otherwise (2)
andself-FEXTtransferfunction[9]
o [ Fiyp if|f—fil <,
[Hr(f)I" = { 0  otherwise (3)

Here f,, arethe centerfrequenciegseeFigures5 and6) of the K subchannelgbins) with
index k € {1,...,K}. Wewill employ theseassumptionsn Sections4.5.4,4.6.6,4.6.8
and4.7.1. The DSIN-NEXT and DSIN-FEXT transferfunctionsarealsoassumedo vary
slowly enoughthatthey canbesimilarly approximatedby aconstantaluein eachfrequeng
bin.

Note thatthe conceptof dividing a transferfunctionin frequeng binsis very generaland
caninclude nonuniformbins of varyingwidths or all bins of arbitrarywidth (i.e., the bins
neednotbenecessarilyarrav).

2We divide thechannelnto narrav frequeng bins(or subchanneldpr ouranalysisonly. Thisdoesnotnecessarily
meanthatwe needto useDMT asthe modulationscheme.
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. Echocancellations goodenougtthatwe canignorecrosstalkrom 7?7 into R?. We canrelax
this assumptionn somecasesvherespectralregionsemploy FDS signaling(seeSections
4.5,4.6,4.7,4.9,and4.10).

5. All sourcef DSIN-NEXT canbelumpedinto onePSDD Sy ( f) andall sourcef DSIN-
FEXT canbelumpedinto onePSDDSg(f).

[o2]

. All sourcesf self-NEXT canbeaddedo form oneoverall self-NEXT source.

\‘

. All sourcesf self-FEXTcanbeaddedo form oneoverall self-FEXT source.

(o]

. Spectrabptimizationis doneundertheaveraganputpowerconstraintj.e.,theaveraganput
poweris limited to Py,., (Watts).

9. ThePSDsof theupstreamanddownstreantransmissiordirectionscanbe written usingthe
notationintroducedn Sectionl.3.2. Thereare M interferinglinescarryingthesameservice
withindexi € {1,..., M }. Denotethedirectionof transmissionvith index o € {u, d}, with
u = upstrean{to CO) andd = downstrean{from CO). Denotetheupstreamanddowvnstream
PSDsonline ¢ as:

S(f): PSDontwistedpair: in upstreandirectionu.

S¢(f): PSDontwistedpair in downstreandirectiond.
Further we denotethe upstreamanddownstreamPSDon line 7 in a genericfrequencybin
(or subdannel)k as:

s¥(f): PSDontwistedpair: in upstreandirectionu.

s¢(f): PSDontwistedpairi in downstreandirectiond.
Note: Whenwe referto s?( f) we meanPSDon twistedpair i in agenericbin, demodulated
to basebandf € [-W, W]) for easeof notation.Whenwe referto s°(f) we meanPSDon

agenerictwistedpair in agenericbin, demodulatedo basebandf € [—W, W]) for easeof
notation.

10. We assumea monotonedecreasinghanneltransferfunction. However, in casethe chan-
nel transferfunction is non-monotonigqe.g.,in the caseof bridgedtapson the line), our
optimizationtechniquesanbe appliedin eachindividual bin independently This scenario
makesthe power distribution problemmoredifficult however (seeSectiord.10).

11. We assumeve desireequalchannelcapacitiesn upstreamanddownstreandirections(ex-
ceptwhenthe channelnoise,andinterferencecharacteristichetweeninesvary asin Sec-
tion 4.7).
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4.2 Interfer encemodelsand simulation conditions

The interferencanodelsfor differentserviceshave beenobtainedirom Annex B of T1.413-1995
([9], the ADSL standard)with exceptionsasin T1E1.4/97-2377]. The NEXT couplingmodel
is 2-pieceUngermodelasin T1E1.4/95-1278]. BER wasfixedat 10~7. Our optimal casere-

sultsweresimulatedusingDiscreteMultitone TechnologyDMT) andwerecomparedvith thatof

MONET-PAM [1]. MONET-PAM usesDecisionFeedbackEqualizerdDFE) [20] in therecevers
alongwith multi-level pulseamplitudemodulation(PAM) scheme.The magin calculationsfor

DFE mamgins weredoneper T1E1.4/97-180R111], Section5.4.2.2.1.1. AGN of power —140

dBm/Hzwasassumedhn bothcasesMONET-PAM usesPAM with 3 bits/symbolanda baudrate
of fbaud= 517.33 ksymbols/s. The actualupstreamand downstreampower spectracan be ob-

tainedfrom [1]. MONET-PAM spectras linearly interpolatedrom 2x 1552/3Hz sampleddata.
ThePAM line-transformehpf corner thatis, the startfrequeng is assumedo beat1 kHz. A 500

Hz rectangulairule integrationis carriedout to computemargins. TherequiredDFE SNRmaigin

for 10~7 BERIis 27.7 dB.

To implementour optimal signalingschemewe usedDMT with startfrequeng 1 kHz and
samplingfrequeng of 1 MHz. This givesusabandwidthof 500 kHz and250 carrierswith carrier
spacingof 2 kHz. No cyclic prefix (usedto combatintersymbolinterferencg1SI)) wasassumed,
sothe DMT symbolrateis sameasthe carrier spacingequalto 2 kHz. However, the scheme
caneasilybe implementedy accountingor anappropriatecyclic prefix. The additionof cyclic
prefix lowersthe symbolrateandhencdowersthetransmissiomate.No limit wasimposedonthe
maximumnumberof bits percarrier(thisis oftendonefor simulations) Evenwith a 15 bits/carrier
limit, theresultsshouldnot changevery much,assomeof thetestrunsshaw.

4.3 Signalingschemes

Thejoint signalingtechniquesisedin theoverall optimizedsignalingschemesiseoneof thebasic
signalingschemegseeFigure?7) in differentfrequenyg binsdependingn the crosstalkandnoise
combinationin thosebins.

Figure? illustratesthethreesignalingschemeseQPSD FDSandmulti-line FDS(in thecase
of threelines)? The Figureshaws in frequeng bin k the PSDsfor eachcase(recallthe notation
introducedn Sectior4.1, Item 9):

e Whencrosstalkand noiseare not significantin a frequeng bin, EQPSDsignalingis pre-
ferredasit achieres higherbit rate thanthe othertwo orthogonalsignalingschemegsee
Section4.5.5). In EQPSDsignaling, the upstreamand dowvnstreamPSDsare the same

(s (f) = s{(f)).

e Whenself-NEXT is high andself-FEXT is low in a bin andthereare a large numberof
neighboringlines carryingthe sameservicetogethey FDS signalingyields the highestbit
ratesby eliminating self-NEXT (we prove this in Section4.5.5). In FDS signaling,eath
frequencybin is further dividedinto two halves with all the upstreanP SDsbeingsamefor

3Thesignalingscheme€£QPSD FDS,andmulti-line FDSwork in generafor M lines.
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Figure8: Model for combinedadditive interferencefrom otherserviceDSIN-NEXT and DSIN-FEXT)
pluschannehoise(AGN).

all the lines and all the downstreamPSDsbeing samefor all the lines (s*(f) L s¢(f)).
This type of orthogonalsignalingcompletelyeliminatesself-NEXT but doesnot combat
self-FEXT.

e In frequeng binswhereself-FEXTis high,usingFDSis notsufficientsinceself-FEXT still
exists. In this case,doing multi-line FDS eliminatesself-FEXT aswell asself-NEXT and
this achiazesthe highestbit rateswhenthereareony afew linesandself-FEXTis highand
dominantover self-NEXT (we prove thisin Section4.6). In multi-line FDS signalingeat
line getsa sepaatefrequencyslot (W/M for M linescarryingthe sameservice)in eachbin
andthe upstreamand downstreamPSDsfor eachline arethe same(s7(f) L s7(f) Vi #
i, 0 € {u,d}).

We will seein future sectiongheexactrelationshipghatallow usto determinevhichscheme
is optimalgivenaninterferenceandnoisecombination.

4.4 Optimization: Interfer encefromother sewvices(DSIN-NEXT and DSIN-
FEXT) — Solution: EQPSDsignaling

In thisscenariogachxDSL line experienceso self-interferencéFigure8 with neitherself-NEXT
norself-FEXT).Thereis only DSIN-NEXT andDSIN-FEXT from otherneighboringservicesuch
asT1,ADSL, HDSL, etc.,in additionto AGN. Thesolutionis well known, but will beusefullater
in thedevelopmenbf thesubsequenovel (Sectionst.5,4.6,4.7,and4.11)signalingschemes.

4.4.1 Problemstatement

Maximize the capacityof anxDSL line in the presencef AGN andinterferencg DSIN-NEXT
andDSIN-FEXT) from otherservicesundertwo constraints:

1. The averagexDSL input power in onedirection of transmissiommustbe limited to P,
(Watts).

2. Equalcapacityin bothdirections(upstreamanddownstream¥or xDSL.

Do thisby designinghedistribution of enegy overfrequeng (thetransmitspectrumpf thexDSL
transmission.
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4.4.2 Additional assumption
We addthefollowing assumptiorio theonesin Sectiord.1 for this case:

12. Both directions(upstreamand downstream)of transmissiorexperiencethe samechannel
noise(AGN) anddifferentserviceinterferencg DSIN-NEXT andDSIN-FEXT).

4.4.3 Solution

Consideraline (line 1) carryingxDSL service.Line 1 experiencesnterferencédrom otherneigh-
boring services(DSIN-NEXT and DSIN-FEXT) and channelnoise N,(f) (AGN) but no self-
NEXT or self-FEXT (seeFigure8).

TheDSIN-NEXT andDSIN-FEXT interference&eanbemodeledascoloredGaussiamoisefor
calculatingcapacity[13]. Recallthat DSy (f) is the PSDof the combinedDSIN-NEXT andlet
DSr(f) is the PSDof the combinedDSIN-FEXT. Let S*(f) and S?(f) denotethe PSDsof line
1 upstream(u) directionanddownstream(d) directiontransmittedsignalsrespectiely. Further
let C* andC? denotethe upstreamanddownstreandirectioncapacitief line 1 respectiely. Let
H¢(f) denotethe channeltransferfunction of line 1. The twisted pair channelis treatedas a
Gaussiarchannelwith coloredGaussiamoise. In this casethe channelcapacity(in bps)is given
by [14]

u_ > Ho(HPs"(f) ]
o= g [ [ DR b “
e Hops')
d_ o c
=D e ll TN + DSx () + DS ©
Thesupremunis takenover all possibleS®(f) andS¢( f) satisfying
S“(f) > 0Vf, SUf) >0V,
andtheaveragepower constraintgor thetwo directions
2 [7SU(F)df < P and 2 [ SUS)df < P (6)
0 0

It is sufiicientto find theoptimal S*( f) which givesC*, sincesettingS?(f) = S*(f) Vf, givesthe
capacityC¢ = C* asseenfrom (4) and(5). Thus,the optimalupstreananddownstreanmchannel
capacitiesaareequal(C* = C1).

The optimal power distribution in this caseis obtainedby the classical‘waterfilling” tech-
nique[16]. Theoptimal S*(f) is givenby

(f) B { 2\ — No(f)+DSn (f)+DSr(f) for fe E

S |Ho()? 7
opt otherwise, 0

with \ a Lagrangemultiplier and E the spectralregion where S*(f) > 0. We vary the value

of X suchthat Sy, (f) satisfieswith equalitythe averagepower constraintin (6). The equalityis
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Figure9: Flowchartof the optimalschemeo determine®SDmaskusingonly EQPSDsignaling.

satisfiedfor asinglevalueof A giving usauniqueoptimalPSDS;, ; (f). PluggingtheoptimalPSD
Sei (f) In (4) yieldsthe capacityC* underthe averagepower constraint.This procedureyieldsa

uniqueoptimaltransmitspectrumsy, , (f) [14].
Keynote:S?(f) = S*(f) Vf — EQPSDsignaling.

Figure9 givesaflowchartto obtaintheoptimaltransmitspectrunusingonly EQPSDsignaling
in the presencef DSIN-NEXT, DSIN-FEXT andAGN. It usesthe classicwaterfilling solution
to obtainthe transmitspectrum. The novelty is in applyingthis to xDSL scenarioto achieve a
dynamictransmitspectrum(differentfor eachinterferenceype).

The channelapacitiecanbe calculatedseparatelyor eachdirectionof transmissionn case
of nonuniforminterferencebetweenthe two directions,i.e., whenthe additionalassumptiorin
Sectiond.4.2doesnot hold. Thetransmitspectran generawill bedifferent(S<¢(f) # S*(f)) for
this case put will still occupy thesamebandwidth.

4.4.4 Examples

In this Sectionwe presensomeexamplesor theHDSL2 service.An averagaenput powver (Pyax)

of 20 dBmandafixedbit rateof 1.552 Mbpswasusedfor all simulations.Theperformancenaigin

wasmeasuredn eachsimulationandthe comparisorwith otherstatictransmitspectralobtained
from static PSD masks)proposeds presentedn Section4.5.11. Figure 10 shaws the optimal
upstreamanddownstreantransmitspectrunfor HDSL2 in the presencef DSIN-NEXT from 49
HDSL interferersand AGN (—140 dBm/Hz). Note the deepnull in the transmitspectrumfrom

approximately80 to 255kHz. This resultsfrom “watekfilling” — the peakof the first mainlobe
of HDSL liesin thevicinity of 80to 255kHz.

Figure11 shows the optimal upstreamand downstreantransmitspectrunfor HDSL2 in the
presencef DSIN-NEXT from 25 T1 interferersandAGN (—140 dBm/Hz).
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Figurel0: Optimaltransmitspectrunof HDSL2 (on CSAloop6) with 49 HDSL DSIN-NEXT interferers
andAGN of —140 dBm/Hz.
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Figurell: Optimaltransmitspectrunof HDSL2 (on CSAloop6) with 25 T1 DSIN-NEXT interferersand
AGN of —140 dBm/Hz.
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The optimal transmit spectrafor the two casesare significantly differ ent, evidenceof the
fact that the optimal transmit spectrawill changedependingon the nature of the interfer-
ence.

Summary: Recallthediscussioron staticPSDmasksof Section3.1. We have seenthatthe
optimaltransmitspectrunvariessignificantlywith theinterferencecombination Thewaterfilling
solutionyields a uniquetransmitspectrumfor eachinterferencecombination[14]. The optimal
transmitspectrumadaptsto minimize the effect of the interferencecombination. The optimal
transmitspectrdor upstreananddownstreandirectionarethe samg EQPSDsignaling)andthus,
employ thesameaveragepowerin eachdirection.

4.5 Optimization: Interfer encefrom other services(DSIN-NEXT and DSIN-
FEXT) plus self-interference(self-NEXT and low self-FEXT) — Solution:
EQPSDand FDS signaling

In thisscenariceachxDSL line experienceself-interferencé¢high self-NEXT andlow self-FEXT)
in additionto AGN and DSIN-NEXT and DSIN-FEXT from other services(seeFigure 3) in a
genericxDSL service.This is the caseof interestfor HDSL2 sewvice.

4.5.1 Self-NEXT and self-FEXT rejection using orthogonal signaling

As we sav in Section3.2,orthogonakignalingcancompletelyrejectself-NEXT. In addition,FDS
givesbetterspectralcompatibilitywith otherserviceghanotherorthogonalschemedike TDS or
CDS(seeSectiord.5.12for aproof). Thereforewe choosedo usethe FDS schemdor orthogonal
signaling. Recallthe FDS signalingtradeof: FDS eliminatesself-NEXT andthereforeincreases
systemcapacity;however, FDS alsoreduceghe bandwidthavailableto eachtransmitter/receier
pair andthereforedecreasesystencapacity

To eliminateself-FEXTusingorthogonakignaling,we would forceead upstreantransmitter
T3 to beorthogonato all othertransmitters’}, j # i. Usingmulti-line FDS, we would separate
eachT into differentfrequeng bands.Unfortunately this would reducethe bandwidthavailable
to eachtransmitterto 1/M theoverallchannebandwidth.In atypicalimplementatiorof HDSL2,
M will lie betweenl and49; henceorthogonalsignaling(multi-line FDS) for eliminatingself-
FEXT is worth the decreasen capacityonly whenself-FEXT is very high. We will show later
in Section4.6 that multi-line FDS givesgainsin capacitywhenthereare only a few numberof
interferinglinescarryingthe sameservice(M = 2 to 4)

In this scenario,we assumeself-NEXT dominatesself-FEXT and self-FEXT is not very
high (seeFigure6 and[8]), sowe will designa systemherewith only self-NEXT suppression
capability However, self-FEXT still factorsinto our designin animportantway. Thisis a new,
non-trivial extensionof thework of [3].
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4.5.2 Problemstatement

Maximize the capacityof anxDSL line in the presencef AGN, interferencg DSIN-NEXT and
DSIN-FEXT) from otherservicesandself-NEXT andself-FEXTundertwo constraints:

1. The averagexDSL input power in eachdirectionof transmissiormustbe limited to Py.x
(Watts),and

2. Equalcapacityin bothdirections(upstreamanddownstream¥or xDSL.

Do this by designingthe distribution of enegy over frequeng (the transmitspectrum)of the up-
streamanddownstreanxDSL transmissions.

4.5.3 Additional assumptions

We addthefollowing assumptionso theonesin Sectiord.1for this case:

12. Thelevel of self-FEXT is low enoughin all binsthatit is not necessaryo useorthogonal
signalingbetweendifferenttransmitter/receier pairs operatingin the samedirection (see
Sectior4.5.1).

13. All the M linesconsideredireassumedo have the samechannelandnoisecharacteristics
andfacethe samenterference&combination(interferencecombinatiorrefersto combination
of differentinterferingservices)n bothtransmissiorirections(upstreananddownstream).
We will develop someresultsin Section4.7 for whenthis doesnot hold true. Thus,we
assumehatthe upstreanPSDsof all linesarethe same(S*( f)) andthe downstreamPSDs
of all linesarethesame(S?( f)). Thatis,

S“(f) = Szu(f)a iefl,...,M}
S4f) = Sif), ie{l,...,M}. (8)

14. Thecouplingtransferfunctionsof NEXT andFEXT interferencearesymmetricabetween
neighboringservices. For example,eachline hasthe sameself-NEXT transferfunction
Hy(f) andself-FEXTtransferfunction H( f) for computingcouplingof interferenceower
with ary otherline. However, we developsomeresultsn Sectiord.7whentherearedifferent
NEXT andFEXT couplingtransferfunctionsbetweerines.

4.5.4 Signalingscheme

Sincethe level of self-NEXT will vary with frequeng (recall Figure 6), it is clearthatin high
self-NEXT regionsof the spectrumporthogonalsignaling(FDS, for example)might be of usein
orderto rejectself-NEXT. However, in low self-NEXT regions,thelossof transmissiofbandwidth
of FDS may outweighary gainin capacitydueto self-NEXT rejection. Therefore we would like
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our signalingschemeo be generalenoughto encompasboth FDS signaling, EQPSDsignaling,
andthespectrunof choicesn betweenOur approachs relatedto thatof [3].

Key to our schemas thatthe upsteamand downsteamtransmissionsisedifferenttransmit
specta. All upstrean(to CO) transmitters/;* transmitwith the spectrumS*(f) All downstream
(from CO) transmitterd’¢ transmitwith thespectrumS<( f) Implicit in our schemes thefactthat
in this case self-NEXTdominatesself-FEXTand self-FEXTis small. If not, it would not be wise
to constain all 7' to the sametransmitPSD.

Our goal is to maximize the upstream capacity (C*) and the downstream capacity (C%)
given an averagetotal power constraint of P,,,, and the equal capacity constraint C* = C“.

Considethecaseof two lineswith thesameservice.Line 1 upstreantapacityis C* andline 2
downstreantapacityis C¢. Underthe Gaussiarthannebhssumptionwe canwrite thesecapacities
(in bps)as

c =

w1 Ho(f)[* S"(¢)
pl, ) o ll T N(F) + DSw () + DS () + [ Hx (D S0) + [He ()P S“(f)] v

9)

and

c? =

sup

) 2 qd
[, l” Ho(f) ()
Su(f),54(5) "0

df.

No(f) + DSy (f) + DSp(f) + [Hy ()] S4(f) + | Hr (f)[* Sd(f)] d
(10)

Thesupremunis takenoverall possibleS*(f) andS¢(f) satisfying

S“(f) > 0Vf, SUf) >0V,

andthe averagepower constraintgor thetwo directions

2/°° SU(f)df < P, and 2/°° SUF)Af < Prna. (11)
0 0

We cansolwe for the capacitiesC* andC? using“waterfilling” if we imposethe restriction
of EQPSD thatis S*(f) = S?(f) Vf. However, this giveslow capacities Thereforewe employ
FDS(S*(f) orthogonato S%( f)) in spectraregionswhereself-NEXT is largeenougHto limit our
capacityandEQPSDin theremainingspectrum.This givesmuchimprovedperformance.

To easeour analysis,we divide the channelinto several equalbandwidthsubchannelgbins)
(seeFigure5) andcontinueour designandanalysison onefrequeng bin £ assuminghesubchan-
nelfrequeng responsegl)—(3). RecallthatFigure6 shavs thatthe channelandself-interference
frequeny responsearesmoothandjustifiesourassuminghemflat over narrov subchannelg-or
easeof notation,in this Sectionset

H=H;;, X=X, F=F; in(1)-3) (12)
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Figure 12: Upstreamanddownstreamtransmitspectrain a singlefrequeng bin (o« = 0.5 = EQPSD
signalinganda. = 1 = FDSsignaling).

and
N = No(fx) + DSn(f&) + DSk (fr), (13)

thenoisePSDin bin k. Notethat N consistof both AGN plusanyinterference(DSIN-NEXTand
DSIN-FEXT)fromotherservices Let s*(f) denotethe PSDin bin £ of line 1 upstreandirection
ands?(f) denotethe PSDin bin k of line 2 downstreandirection(recallthe notationintroduced
in Section4.1, Iltem 9). The correspondingapacitiesof the subchannek aredenotedoy ¢* and

cd,

We desirea signalingschemehatincludesFDS, EQPSDandall combinationsn betweenn
eachfrequeny bin. Thereforewe divide eachbin in half* anddefinetheupstreananddownstream
transmitspectraasfollows (seeFigurel?2):

o2 if |f] <Y,
s(f) = A—a)2= it L <|f|<W, (14)
0 otherwise

and

2L if 22 < |f|<W, (15)
0 otherwise

8d(f)={

Here P, is the averagepower over frequeng range[0, W] in bin £ and0.5 < o« < 1. When
a = 0.5, s*(f) = sU(f) Vf € [0,W] (EQPSDsignaling);whena = 1, s%(f) ands?(f) are
disjoint(FDSsignaling).Thesewo extremetransmitspectraalongwith otherpossiblespectrgfor
differentvaluesof o) areillustratedin Figure12. The PSDss( f) ands?(f) are“symmetrical”or
powercomplementaryo eachother Thisensureshattheupstreanmanddownstreanctapacitiesare
equal(c* = ¢%). Thefactora controlsthe power distributionin thebin, andW is the bandwidthof
thebin.

4The power split-upin abin doesnot necessariljnave to be 50% to the left side of the bin and 50% to the right
sideof the bin asshavn in Figure12. In generalary 50% — 50% power-complementargplit-up betweenopposite
directionbinswill work.
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Next, we shav thatgiventhis setup,the optimal signalingstrategy usesonly FDS or EQPSD
in eat subdannel

4.5.5 Solution: Onefrequencybin

If we definetheachievablerateas

RA(Su(f)asd(f)) = /OW log, [1 + N+sd€;)(}f()fs“(f)F df, (16)
then
= max Ra(s“(f),s%(f)) and c*= max Ra(s*(f),s"(f)). (17)

0.5<a<1 0.5<a<1

Dueto the power complementaritpf s*(f) ands?(f), thechannekapacities* andc? areequal.
Thereforewe will only considertheupstreantapacityc* expressionFurther we will useR 4 for
RA(s“(f),s%(f)) in the remainderof this Section. Substitutingfor the PSDsfrom (14) and (15)
into (16) andusing(17) we getthefollowing expressiorfor the upstreantapacity

Cu

W; a2P, H (1-a)2P, H
v W W
2 O_ggaél log, |1+ N+ (1—a%‘2/PmX I azﬁ;np +log, 1+ N+ QQIVDIT/nX I (1—a‘)/3PmF :
(18)
Let G = 28 denotethe SNRin thebin. Then,we canrewrite (18) as
ct =
log, |1+ oGH +log, |1+ (1~ a)GH
a — (0] (0] .
055021 2 B T T 14 (1 —)GX +aGF| 82| T 11aGX + (1 - )GF
(19)

Note from (17) and(19) that the expressiomafterthe max in (19) is the achievablerate R 4.
Differentiatingthe achievablerate(R 4) expressiorin (19) with respecto « givesus
ORA w {[ 1+(1—-a)GX + aGF
1+

da  2In2 (1—a)GX + oGF + oGH

GH(1+ (1 — a)GX + aGF) — «GH(—GX + GF)
(11 (1= a)GX + aGF)? ] +

l 1+ aGX + (1 —a)GF

1+aGX+(1—a)GF+(1—a)GHX

~GH(1+aGX + (1 — a)GF) — (1 — )GH(GX — GF)
1+aGX + (1 - a)GF)? ] } (20)
= GQ2a-1)[2X = F)+G(X? - F?) - H1+GF)| L, (21)
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Figurel3: R4 is monotonicin theintenal o € (0.5, 1].

with L > 0 Vo € (0, 1]. Settingthederivative to zerogivesusthesinglestationarypointa = 0.5.
The achievablerate R4 is monotonicin theintenal o € (0.5,1] (seeFigure 13). If the value
a = 0.5 correspond$o a maximum,thenit is optimalto performEQPSDsignalingin this bin. If
thevaluea = 0.5 correspond$o a minimum,thenthe maximumis achievedby thevaluea = 1,
meaningit is optimalto performFDS signalingin this bin. No othervaluesof o are an optimal
option(seeFigurel4).

The quantitya = 0.5 corresponddo a maximumof R4 (EQPSD)if andonly if % <0
Va € (0.5,1]. Forall o € (0.5, 1], thequantity(2«. — 1) is positive and2£4 is negative if andonly
if (see(21))
20X -F)+GX*-F)-H(1+GF) <0.

Thisimpliesthat
G(X?-F’-HF)< H-2(X -F).

Thus,theachievablerate R 4 is maximumat«a = 0.5 (EQPSD)

. H—-2(X-F)
2 2 _
if X*—F°—HF <0 andG>X2—F2—HF (22)
o H-2(X-F)
H 2 2 - -
if X*—F°"—HF >0 andG<X2—F2—HF' (23)

In a similar fashiona. = 0.5 correspond$o a minimumof R4 if andonly if ‘96% > 0Va €
(0.5,1]. Thisimpliesthata: = 1 correspondgo a maximunof R4 (FDS)sincethereis only one
stationarypointin theintenal « € [0.5, 1] (seeFigure13). For all « € (0.5, 1], 33% is positive if
andonly if

20X -F)+GX?>-F)-H(1+GF) > 0.

Thisimpliesthat
G(X?—F?—HF)>H-2(X - F).
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Figurel4: EQPSDandFDSsignalingin a singlefrequeng bin.

Thus,theachiezablerate R 4 is maximumata = 1 (FDS)

H-2(X - F)

H 2 2

if X°—F°—HF <0 andG<X2—F2—HF (24)
o H-2(X-F)

if X2—F?2_—HF d Bt s 25

[ >0 an G>X2—F2—HF (25)

Thus,we candeterminewhetherthe valuea = 0.5 maximizesor minimizesthe achievable
rateby evaluatingthe above inequalities.If o« = 0.5 correspond$o a maximumof R4, thenwe
achieve capacityc* by doing EQPSDsignaling. If o = 0.5 correspond$o a minimumof R4,
thenwe achieve capacityc* by doing FDS signaling. This canbe summedn testconditionsto
determinghesignalingnature(FDSor EQPSD)in agivenbin. Using(22) and(24) we canwrite

If X2—F?2_—HF <0 then

o 2P EQPSD p _o(x — F) 6)
=2 "X = 1)
NW FDS X2—-[F2_HF
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Also, using(23) and(25) we canwrite

If X2—F?2—HF >0 then

o 2P EQPSD _9(x - ) -
o > 2 _ 2 _ :
NW FDS X?—-F?—-HF
Thus,we canwrite theupstreantapacityc® in afrequeng bin k£ as
Wlog, [1 + W@HF)] , Ifa=0.5,
ct = (28)
Wiog, |1+ 2], ita=1.

Note: Its alwaysoptimal to do either FDS or EQPSDssignaling; thatis, o = 0.5 or 1 only.
FDS signalingschemes a subsetof the more generalorthogonalsignalingconcept. However,
of all orthogonalsignalingschemesFDS signaling givesthe bestresultsin termsof spectal
compatibility under an average power constaint and henceis usedhere (seeproof in Section
4.5.12).

4.5.6 Solution: All frequencybins

We saw in Section4.5.5how to determinghe optimalsignalingschemgFDS or EQPSD)in one
frequeny bin for the upstreamanddownstreandirections.In this Sectionwe will applythetest
conditionsin (26) and (27) to all the frequeng bins to determinethe overall optimal signaling
scheme.Further using“waterfilling” (this comprisesf the classicalwaterfilling solution[14]
andanoptimizationtechniqueto computecapacityin the presencef self-interferencg¢l6]) opti-
mizethe power distribution over the binsgiventhe averageinput power (Py,.y)-

We divide the channelinto K narrav subchannel®f bandwidthi (Hz) each(seeFigure
5). For eachsubchannek, we computethe respectie channeltransferfunction (Hq(fx), self-
NEXT (Hy (fi)), self-FEXT (Hp(fi)), DSIN-NEXT (DSy(fi)), DSIN-FEXT (DSr(f:)) and
AGN (N,(fr))- Then,by applying(26) and(27) to eachbin £ in thegenericxDSL scenarigwith
the usualmonotonicityassumptionasoutlinedin Section4.1);? we candivide thefrequeny axis
(K bins)into 3 majorregions:

1. Theright sideof (26) < 0 for bins[1, Mg|. Thesebinsemploy EQPSDsignaling(since
powerin everybinis > 0).

2. Therightsideof (27) < 0 for bins[M, K]. Thesebinsemploy FDSsignaling(sincepower
in everybinis > 0) andMg < Mp.

SWhenthe channelransferfunctionis non-monotonigasin the caseof bridgedtaps)a bin-by-binapproachmay
berequiredto achieve the optimal power distribution (seeSectior4.10).
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3.

Thesignalingschemeswitchesdrom EQPSDto FDSsignalingat somebin Mgor, Whichlies
in therangeof bins (Mg, Mr).

Figure 15 illustratesthe situationof the 3 bins Mg, Mr and Mgsr. In the next Sectionwe
developanalgorithmto find the optimalbin Mgyr andthe optimal power distribution.

4.5.7 Algorithm for optimizing the overall transmit spectrum

To find the optimal EQPSDto FDS switch-over bin Mgor andthe optimalpower distribution over
all bins:

10.
11.

. Setup equispacedrequeny bins of width W (Hz) over the transmissiorbandwidthB of

the channel. The bins shouldbe narrav enoughfor the assumptiongl)—(3) of Section4.1
to hold.

. Estimateheinterferencéd DSIN-NEXT, DSIN-FEXT, self-NEXT andself-FEXT)andnoise

(AGN) PSDs.Lumpthecorrespondingnterferencéd®SDstogethelinto onePSD.

. Computethebins My and My using(26) and(27) asoutlinedin Section4.5.6.
. Chooseaninitial estimateof Mgor (Mg is agreatstart).

. Chooseaninitial distribution of how muchproportionof thetotal power (Ppax) Shouldgoin

thespectrunto theleft of Mror andhow muchshouldgo to theright. Denotethesepowers
by Pr andPr = P,.. — Pg respectiely.

. Usewaterfilling to distribute thesepowers(Pr and Pr) optimally over frequeny [14, 16]

with EQPSDsignalingin bins[1, Mg.r] andFDSsignalingin bins[ Mgy + 1, K|. Compute
the subchannetapacityc* in eachbin using(28). Calculatethe channelcapacityC" by
summingall subchannetapacities.

. Re-estimate¢he powers P and Pp.

. Repeatsteps6 to 7 for a rangeof powers P and Py in searchof the maximumchannel

capacityC*. This searchs guaranteedtb corverge|[3].

. Re-estimate¢heoptimal EQPSDto FDS switch-over bin Myop.

Repeastepss to 9 for arangeof bin valuesfor Myor.

Choosedhebin numberwhichyieldsthe highestchannekapacityC* asthetrueoptimalbin
Mior afterwhichthesignalingswitchesrom EQPSDto FDS.
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Figure15: Upstreamanddownstreantransmitspectrashaving regionsemploying EQPSDandFDS sig-
naling. Thebins[1, Myor] empley EQPSDsignalingandthe bins[Mgaor + 1, K] employ FDSsignaling.
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Notes:

1. Standardninimization/maximizatiomoutines(like fminin thesoftwarepackagevViIATLAB)
canbeusedto searchor the optimalpowers Py and Py..

2. We canusefastalgorithmdik ethe GoldenSectionSearct{19] to find theoptimalbin Mg
This routinetries to braclet the minimum/maximumof the objective function (in this case
capacity)usingfour function-evaluationpoints. We startwith atriplet (p, ¢, r) thatbraclets
theminimum/maximumWe evaluatethefunctionatanew pointx € (g, r) andcomparehis
valuewith thatatthetwo extremetiego form anew bracletingtriplet (p, ¢, ) or (g, z, r) for
theminimum/maximunpoint. We repeathis bracletingprocedurdill thedistancebetween
theouterpointsis tolerablysmall.

4.5.8 Fast,suboptimal solution for the EQPSDto FDS switch-over bin

In the estimationof the optimal bin Mgsr We have obsenedin practicethat Mgor =~ Mg, typi-

cally within 1 or 2 binsespeciallywhenself-interferencelominateghetotal crosstallk(seeSection
4.5.11).In thecaseof low AGN anddifferent-servicéenterferencehe suboptimakolutionis asub-
stantiallyoptimizedsolution. Thus,with significantlylesscomputationakffort thanthe algorithm
describedn Sectio4.5.7,a nearoptimalsolutioncanbe obtained.Evenif a searchis mounted
for Mgor, we suggesthatthe searcrshouldstartat Mz (andmoveto theright).

Algorithm to implementthe suboptimakolution:

1. PerformStepsl and?2 of thealgorithmof Section4.5.7.

2. Computethebin Mg using(26) asoutlinedin Sectior4.5.6.
3. Setthe EQPSDto FDSswitch-overbin Mgsor equalto Mg.
4,

Obtainthe optimal power distribution andthe channelcapacityC* by performingStepsb
through8 of thealgorithmin Sectior4.5.7.

459 Flow of the scheme

Considera line carryingan xDSL servicesatisfyingthe assumption®f Sections4.1 and4.5.3.

Lines carryingthe samexDSL serviceanddifferentxDSL servicesnterferewith the line under

considerationWe wishto find theoptimaltransmitspectrunfor thexDSL line underconsideration
(seeproblemstatemenin Sectiorn4.5.2).

1. Determinethe self-NEXT andself-FEXT levelsdueto otherxDSL lines, bin by bin. These
canbedetermineckitherthrough:

(a) aworst-casdoundof their levelsdeterminedy how mary linesof thatxDSL service
couldbeatwhatproximity to thexDSL line of interest;or

39



(b) an adaptve estimation(training) procedureun whenthe modem“turns on’” In this
procesghe CO will evaluatethe actualnumberof active self-interferingxDSL lines
andthe proximity of thoselineswith theline of interest.

2. DetermineDSIN-NEXT andDSIN-FEXT levels,bin by bin. Thesecanbedeterminecither
through:

(a) a worst-caseéboundof their levels determinedby how mary lines of which kinds of
servicecouldbeatwhatproximity to thexDSL line of interest;or

(b) anadaptve estimation(training) procedurerun whenthe modem®“turns on”. In this
procedureno signaltransmissionis donebut we only measurehe interferencdevel
onthexDSL line attherecever. Finally, thecombinedDSIN-NEXT andDSIN-FEXT
canbe estimatedyy subtractinghe self-interferencdevel from the level measuredt
therecever.

3. anadaptve estimation(training) procedureun whenthemodem‘turnson”.
4. Optimizethe spectrunof transmissiomusingthealgorithmsof Sectiorn4.5.70r 4.5.8.
5. Transmitandreceve data.

6. Optional: Periodicallyupdatenoise and crosstalkestimatesand transmitspectrumfrom
Stepsl-3.

Figurel6 illustratesa flowchartshoving the stepsfor the optimalandthe suboptimakolution.

4.5.10 Grouping of bins and wider subchannels

Theoptimalandnearoptimal solutionsof Sectionst.5.7and4.5.8divide thechanneinto narrov
subchannelébins)andemploy theassumptionasdiscussedh Sectionst.1and4.5.3.1n thecase
of self-interferencethe resultingoptimal transmitspectrumusesFDS andis “discrete” (a “line
spectrum”).Sucha transmitspectrums easilyimplementedria a DMT modulationschemejput
is not easyto implementwith othermodulationschemedike PAM, multi-level PAM, or QAM
[20]. In addition,the DMT schemecanintroducehigh lateny which maybe a problemin some
applicationsThus,onemaywantto useotherlow-lateny modulationrschemesln suchascenario,
we cancombineor groupFDS binsto form wider subchannelandthenemploy otherbroadband
modulationschemes.This may resultin differentperformancemaigins but we believe that the
changein mamgins would not be significant. An alternatve broadbandnodulationschemeike
multi-level PAM or QAM would usea decisionfeedbackequalize{DFE) [20] at therecever to
compensatéor the channehttenuatiorcharacteristi¢seeSectiord.11.4for furtherdiscussion).

Figure17 shows onepossibleway of groupingthe bins. Theleft-hand-siddiguresshav the
optimal upstreamand downstream‘discrete” transmitspectraS®(f) and S¢(f) as obtainedby
thealgorithmof Sectiond.5.7. Theright-hand-siddiguresshon the sameoptimaltransmitspectra
afterappropriategroupingof binsresultingin “contiguous”transmitspectraWhile grouping,only
thebinsemplgying FDS signalingaregroupediogetherandthe leftmostbinsemplg/ing EQPSD
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EQPSDandFDSsignaling.
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Figurel7: JointEQPSD-FDSsignalingfor a channel:“discrete”and “contiguous”transmitspectra.Top
figuresshav the upstreanandbottomfiguresshav the dovnstreantransmitspectra.

signalingareretainedasthey are. In this particularcase we have groupedthe bins suchthatthe
upstreamand downstreamcapacitiesare equal(C* = C?). The upstreamransmitspectrumis
completely‘contiguous”while the downstreanspectrunis “contiguous”exceptfor one“hole” as
shovnin Figurel?.

Note: Thisis not the only way that the bins can be grouped The bins can be groupedin
a variety of differentways giving mary differentoptimal transmitspectra. Particular modula-
tion schemesndspectracompatibilitywith neighboringservicesnayinfluencetheway binsare
grouped.Further groupingof bins may leadto differentinput powersfor oppositedirectionsof
transmission.

We look at anotherpossibleway of groupingbins suchthat we achiere equal performance
marginsandequalupsteamanddownsteamaverage powes. This couldbeapreferredgrouping
for symmetricdata-rateservices.
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Algorithm for “contiguous” optimal transmit spectra: Equal margins and equal average
powersin both directions:

1. Solvefor theoptimaltransmitspectrumS®( f) accordingo thealgorithmsin Sectionst.5.7,
4.5.8,0r 4.6, whereS*(f) is the waterfilling solution(referto [14] if the spectralregion
employs EQPSDor multi-line FDSsignalingandto [16] if thespectraregionemploysFDS
signaling)(seeSectionst.5and4.6). This givesa discretetransmitspectrumsS®( f).

2. Denotethe spectralregion emplogying FDS signalingas Erps andthe spectralregion em-
ploying EQPSDsignalingas Exqpsp.

ObtainS¢(f) from S*(f) by symmetryi.e., S¢(f) = S*(f) in EQPSDandmulti-line FDS
regionsandS?(f) L S*(f) in FDSspectraregions.Merge S¢(f) andS%(f) to form S(f)
as

Sd(f) Vfin Eggpsp,
SUf) Vfin Eeps, (29)

S(f) = 54
S(f) = 54

whereuU representghe unionof thetwo transmitspectra.

C

3. Estimatebins M¢ € (Mg, K], and Mg € (M, K|. Groupthebinsof S(f) to obtain
upstreamanddownstreantransmitspectraas

S(f) Vf in EEQPSD, and
Sopt(f) = Vfinbins(Mc, Mg|, (30)
0 otherwise

S(f) Vfin Ergpsp, and
S (f) = Vf in bins (Mgar, Mc], and
opt - Vf in bins (MG, K],

0 otherwise

(31)

4. Iteratepreviousstepfor variouschoicesof M- andMg. Thebin M is chosersuchthatwe
getequalperformancenamginsin bothdirectionsof transmissiorandthebin M is chosen
suchthatupstreanmanddownstreandirectionshave equalaveragepowers.

The resultingtransmitspectraSt,, () and S%,(f) areanothemanifestatiorof the groupingof
bins andyield equalperformancemamins (equalcapacitiesyand equalaveragepowersin both

directionsof transmission.

4.5.11 Examplesandresults
In this Section,we presentsomeexamplesand resultsfor the HDSL2 service. AGN of —140

dBm/Hzwasaddedo theinterferencecombinationin all simulations.Table1 lists our simulation
resultsperformancemagins and compareshem with resultsfrom [1]. The simulationswere
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Tablel: Uncodedperformancenangins (in dB) for CSANo. 6: MONET-PAM vs. Optimal.

MONET-PAM | “Our-PAM”
Crosstalksource| xDSLservice| Up | Dn | Up | Dn | Optimal | Diff

49HDSL HDSL2 9.38| 3.14 || 10.05| 3.08 18.75 || 15.67
39 self HDSL2 10.3| 6.03 || 11.18| 6.00 18.39 || 12.39
25T1 HDSL2 19.8| 20.3 | 14.23| 20.29| 21.54 7.31

Bit ratefixedat 1.552 Mbps.
Diff = DifferencebetweerOptimalandworst-caséOur-PAM”.

Table2: Uncodedperformancenangins (in dB) for CSANo. 6: Optimalvs. Suboptimal.

Crosstalksource | xDSL Optimal Myor || Fast,suboptimal| My || Diff
service | schemgdB) schemddB)
1 self HDSL2 27.68 11 27.68 10 0
10 self HDSL2 21.94 10 21.94 10 0
19 self HDSL2 20.22 8 20.22 8 0
29 self HDSL2 19.13 8 19.13 8 0
39 self HDSL2 18.39 9 18.39 9 0
10self+ 1I0HDSL | HDSL2 12.11 60 11.46 19 | 0.65
10self+10T1 HDSL2 7.92 27 7.90 23 || 0.02

Bit ratefixedat1.552 Mbps.
Diff = DifferencebetweerOptimalandsuboptimakcheme.

donefor the CarrierServingArea (CSA) loop number6, which is a 26 AWG, 9 kft line with no
bridgedtaps. The column“Our-PAM” refersto ourimplementatiorusingT1E1.4/97-180R]11]
of the PAM schemgMONET-PAM) suggestedby the authorsin [1] usingtheir transmitspectra.
We believe the slight differencesn magins betweenMONET-PAM and “Our-PAM” exist due
to slight differencedn our channel self-NEXT andself-FEXT models. The useof “Our-PAM”
maigins allows us a fair comparisorof our optimal resultswith otherproposedransmitspectra.
ThecolumnsUp andDn referto the upstreananddownstreanperformancenamginsrespectrely.
ThecolumnOptimalrefersto theperformancenaginsobtainedusingtheoptimaltransmitspectra.
The columnDiff shavs the differencebetweerthe performancenamginsfor the optimaltransmit
spectrumandthe MONET-PAM transmitspectrum(using“Our-PAM” maigins). A full-duplex bit
rateof 1.552 Mbpsanda BER of 10~ 7 wasfixedin orderto getthe performancemangins. The
HDSL2 standardeommitteedesiresa high uncodedmangin (preferablymorethan6 dB). Tablel
shawvsthatwe achieve very high uncodednaginsfar exceedingcurrentschemes.

Table2 shaws the differencebetweerthe optimal solutionof the signalingschemgusingthe
optimal Mgor) andthefastapproximatesuboptimakolution(using Mgor = M) for avariety of
interferinglines. ThecolumnDiff (in dB) notesthedifferencan performancenaiginsbetweerthe
optimalschemeandthe suboptimalscheme Note thatthereis hardly ary differencebetweerthe
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Figure18: Optimalupstreantransmitspectrumfor CSA Loop6 (HDSL2 transmitspectrunwith 39 self-
NEXT + 39 self-FEXT). EQPSDsignalingtakes placeto the left of bin 9 (indicatedby solid line); FDS
signalingtakesplaceto theright (indicatedby dashedine).

two whenself-interferencelominateghe total crosstalk.This is a very significantresultfrom an

implementatiorview point for it showns thatnear-optimal signaling can be obtained with very

little computational effort. The optimal solutionrequiresa somavhatcomplicatedoptimization
over the bins startingfrom Mg and moving towardsthe right. Our resultsclearly indicatethat
the nearoptimal solutioncangive extremelyattractve resultswith no searchfor the optimal bin.

Further this suggestshatthe optimalbin Mxyr is closerto My than My andsooneshouldsearch
for it to theimmediateright of M.

An optimalupstreantransmitspectrunin the caseof self-interferencés illustratedin Figure
18. The Figureshaws the optimal upstreanmtransmitspectrunfor HDSL2 servicein the presence
of self-NEXT andself-FEXTfrom 39 HDSL2 disturbersandAGN of —140 dBm/Hz. Thedown-
streamtransmitspectrafor the HDSL2 serviceare symmetricwith the upstreantransmitspectra
asdiscussecarlier

Figurel9illustratesoptimal“contiguous”transmitspectrdor the samecaseof 39 self-NEXT
andself-FEXT disturberswith AGN of —140 dBm/Hz. The “contiguous”transmitspectravere
obtainedby groupingthe binsasoutlinedin Section4.5.10(C* = C%). The upstreananddown-
streamdirectionsexhibit the sameperformancenaiginsandusedifferentpowers.

Figure20 illustratesanothersetof optimal“contiguous”transmitspectraor the samecaseof
39 self-NEXT andself-FEXTdisturbersvith AGN of —140 dBm/Hz. Thesé‘contiguoustransmit
spectravereobtainedoy groupingthebinsasoutlinedin thealgorithmof Sectiord.5.10suchthat
now we have bothequalperformancenamgins (equalcapacitiesandequalaveragepowersin both
directionsof transmission.
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Table3: Spectral-compatibilitynaigins: MONET-PAM vs. Optimal

MONET-PAM Dn “Our-PAM” Optimal
CrosstalkSrc | xDSL Srvc || CSA6 | CSA4 || CSA6 | CSA4 || CSAG | CSA4
49HDSL HDSL 8.53 8.09 8.09 7.78
39HDSL2Up | HDSL 10.1 10.9 9.74 | 10.53 | 15.44| 15.60
39HDSL2Dn | HDSL 8.28 7.99 7.74 7.53
39HDSL ECADSL 8.43 9.55 7.84 9.02
39HDSL?2 ECADSL 9.70 11.7 8.17 | 10.00 6.93 9.10
49HDSL ECADSL 8.12 9.24 7.52 8.7
49HDSL?2 HDSL 7.10 6.91 14.95 | 15.12

4.5.12 Spectralcompatibility

Whenwe optimizethe capacityof anxDSL servicein the presencef interfererswe mustensure
that the optimizedxDSL serviceis not spectrallyincompatiblewith otherservices.Thatis, the

performancanamgins of otherservicesnustnot significantlydegradedueto the presencef that

xDSL. Our optimal xXDSL transmitspectrainvolve waterfilling (after choosingthe appropriate
joint signalingstratgy). To maximizexDSL capacitywe distribute more power in regions of

lessinterferenceand vice versa. This implies the serviceswhich interferewith xDSL seeless
interferencen spectraregionswherethey have morepower andvice versa.This suggestshatthe

spectralcompatibility magins for otherservicesn the presencef optimizedxDSL PSDshould
behigh.

Table3 listsoursimulationresultsfor HDSL2 serviceandcompareshemwith resultsfrom [1].
Thesimulationsveredonefor the CSAloop number6 (26 AWG, 9 kft, no bridgedtaps)andCSA
loop number4 (26 AWG, bridgedtaps). The column“Our-PAM” refersto our implementation
usingT1E1.4/97-180R111] of the PAM schemgMONET-PAM) suggestedby the authorsn [1]
usingtheir transmitspectra.We believe the slight differencesn magins betweenVIONET-PAM
and“Our-PAM” exist dueto the differencesn our channel,self-NEXT and self-FEXT models.
ThecolumnOptimallists the performancenarginsof thexDSL serviceunderconsideratiorusing
the optimal transmitspectrumonly whenHDSL?2 is a crosstalksource. The useof “Our-PAM”
maigins allows us a fair comparisonof our optimal margins with the other proposedtransmit
spectraFrom Table3, we canclearly seethatthe optimaltransmitspectrumhasa high degreeof
spectracompatibilitywith the surroundingnterferinglines.

Our optimal resultsin caseof self-NEXT andself-FEXT give rise to FDS signaling,which
hasa pealky PSDin binsemploying FDS.All orthogonalschemesike FDS, TDS, andCDSgive
self-NEXT rejectionandcantransmitatthe samebit rate.But, usingFDSis betterthanCDSsince
thereis againin the performancenagin of theinterferingline. We now prove thatFDSsignaling
giveshigherspectraktompatibilitymaginsthanotherorthogonakchemesike CDS.

Theorem: Let the line underconsideratiorbe the signalingline (with PSD S in a
singlebin) andtheline thatinterfereswith this line betheinterferingline (with PSD
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Case 1: Interference uses CDS Case 2: Interference uses FDS

PSD A PSD A
S S
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Figure21: Transmitspectraof signalingline (S), interferingline (Y andZ ), andlumpedchannehoise(N ).
FDS schemgCase2) for interferingline yields highercapacityfor signalingline (S) thanotherschemes
like CDS(Casel ).

s%(f) ands?(f) in asinglebin). Then,usingan FDS schemensteadof CDSscheme
for theinterferingline resultsn highercapacityfor thesignalingline underanaverage
powerconstaint anda Gaussiarthanneimodel.

Proof: Considerasusualthe scenaricof onesinglefrequeng bin of width W (Hz) asillustrated
in Figure21. In this Figure, S is the transmitspectrumof the signalingline underconsideration
(for exampleT1, HDSL, ADSL, etc.),Y andZ representhedifferentserviceinterferencgpowers
from a neighboringinterferingline (for exampleHDSL2) and N representshe lumpedchannel
noise(AGN) andotherdifferent-servicenterference Therearetwo case®f interest:

Casel: Theinterferingline usesa CDS signalingscheme.In this casethe power in a singlebin &
(P,,,) is uniformly distributedthroughouthebin resultingin aflat PSD,i.e.,

S(f) = (/) = a.

We assuméhe subchannelrequeng responsegl)—(3) andthe notationintroducedn (12)

and(13). We assuméherethatthe NEXT and FEXT couplingtransferfunctionsbetween
differentservicelines arethe sameasthatfor same-servicéines. Thus,we canwrite the

differentserviceinterferencgowerin signalingline bin £ as

DSx(f)+ DSp(f) = s“(/)X +s*(f)F
= aX +aF. (32)

We defineY andZ as
Y = a(X -F)
Z = 2aF. (33)
Using(33) we canwrite theinterferencgpowerin (32) as
DSn(f)+ DSk(f) =Y + Z.
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Case2: Theinterferingline usesan FDS signalingscheme.n this casethe power in asinglebin k
(P,,,) is distributedin only half the bin, resultingin apealky PSD.i.e.,

o [ 20, iff <,
S(f)—{o, it <w,

and,

f

E

NI

- =

d _ Oa S
s(f)_{Qa, <Ifl<w.
We assumehe subchannelrequeng responsegl)—(3) andthe notationintroducedn (12)
and(13). We assumeéherethatthe NEXT and FEXT couplingtransferfunctionsbetween
differentservicelines arethe sameasthat for same-servicéines. Thus,we canwrite the
differentserviceinterferencgpowerin signalingline bin k£ as

DSy(f) + DSr(f) = s“(f)X +s*(f)F

20X, |if \f\g%,
{2aF, if W< |f<wW. (34)

Using(33) we canwrite theinterferencepowerin (34) as

psw(n+Dsun ={ 5 * % 1Y

Gettingbackto theproblem we considerasinglesignalingline (line 1). We divide thesignal-
ing line channelnto narrav subchanneléor bins)andwe analyzea narrav subchannet. We use
the standardassumptionsf Sectiord.1. We canwrite the upsteamsubdannelcapacityof bin &
of thesignalingline in Casel as

W S S
scasel) = — dmli4e—2  Joimlie—2
ci(Casel) 21n2{n[ +Y+Z+N]+ n[ +Y+Z+N]}’ (35)
andin Case2 as
. W S S
Cl(CaseQ)_21n2{ln[1+2Y+Z+N]—Hn[l_'_Z—i-N]}' (36)

Computethe capacitydifferencesn thetwo casesas

w
= c¢{(Case2) — c¢{(Casel) = D In

<1 + m) (1 +2Z+N)] ) (37)
1+ v5w)

Takingthe partialderivative of D with respecto Y we get

oD W 1 1
Y 2" |[Y+Z+N)(Y+Z+N+S) (2Y+Z+N)(2Y+Z+N+S)]
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Let

U =Y+Z+N,
V. = Y+Z+N+S

NotethatU, V' > 0 andthatwe canrewrite the partialderiative of D with respecto Y as

oD W l1 1 ] W [Y2+(U+V)Y

>0. (38)

oY 2 |UV U+ V+Y)| m2” |[UVU+VV+Y)|~

Further g—e . 0. Theslopeof D with respecto Y is alwayspositveandhencec}(Case2) —
c*(Casel) is alwaysincreasingvith Y, whichimpliesthat

¢! (Case2) — c¢j(Casel) VY > 0.

WhenY < 0, i.e.,whenFEXT is higherthanNEXT in abin (F > X), we canredefineY andZ
as
Z =2aX, and,Y = a(F — X).

We canthenfollow thesameanalysisandshow thatthecapacitye) (Case2) is greatethanc}(Casel).

Thus,we have proventhat FDS schemeaatherthanCDS schemdor interferinglines, results
in highercapacitiedor signalinglinesunderanaverage powerconstaint. Q.E.D.

Interestinglythepower-pealy FDStransmitspectrashouldbevery compatiblewith the ADSL
standardsinceADSL canbalancenow mary bits it placesin eachof its DMT subchannelssing
abit loadingalgorithm[17].

4.6 Optimization: Interfer encefr om other sewvices(DSIN-NEXT and DSIN-
FEXT) plus self-interference(self-NEXT and high self-FEXT) — Solu-
tion: EQPSD,FDS and multi-line FDS signaling

In thisscenariove have self-interferencéself-NEXT andhigh self-FEXT)in additionto AGN and
DSIN-NEXT andDSIN-FEXT from otherservicegseeFigure3) in agenericxDSL service.This
is the caseof interestfor “GDSL”, “VDSL2”, and HDSL2 (with a small number of lines).

4.6.1 Self-FEXT and self-NEXT rejection using multi-line FDS

To rejectself-FEXT and self-NEXT, we usemulti-line FDS (seeSection4.3 andFigure7). In
multi-line FDS we separateeachline by transmittingon eachin differentfrequeny bands.This
reduceghe transmissiorbandwidthto 1/M the total channelbandwidth,with M the numberof
lines carryingthe serviceunderconsideration.Thus, multi-line FDS signalingcanincreasethe
capacityonly whentherearea few numberof lines.

We will designa systemherethat hasboth self-NEXT and self-FEXT rejectioncapability
Thus,this senesasthecompletesolutionundertheassumptiong Sectiord.1 andthe constraints
of limited averageinput power (Ppa.x) andequalcapacityin bothdirections.

51



4.6.2 Problemstatement

Maximize the capacityof anxDSL line in the presencef AGN, interferencg DSIN-NEXT and
DSIN-FEXT) from otherservicesandself-NEXT andself-FEXTundertwo constraints:

1. The averagexDSL input power in eachdirectionof transmissiormustbe limited to P,
(Watts),and

2. Equalcapacityin bothdirections(upstreamanddownstreamfor xDSL.

Do this by designingthe distribution of enegy over frequeng (the transmitspectrum)of the up-
streamanddownstreanxDSL transmissions.

4.6.3 Additional assumptions

We addthefollowing assumptionso theonesin Sectiord4.1.:

12. All the M linescarryingthexDSL serviceareassumedo have the samechannelandnoise
characteristiceind facethe sameinterferencecombinationin both transmissiordirections
(upstreamanddownstream)Referto Sectiond.7 for resultswhenthis doesnot hold true.

13. Thecouplingtransferfunctionsof NEXT andFEXT interferencearesymmetricabetween
neighboringservices. For example, eachline hasthe sameself-NEXT transferfunction
Hy(f) andself-FEXTtransferfunction H( f) for computingcouplingof interferenceower
with ary otherline. However, we developsomeresultsn Sectiord.7whentherearedifferent
NEXT andFEXT couplingtransferfunctionsbetweerines.

4.6.4 Signalingscheme

Thelevel of self-NEXT andself-FEXT variesover frequeny (recall Figure6). In regionsof low
self-NEXT andlow self-FEXT, EQPSDsignalingis the bestchoice. In spectralregionsof high
self-NEXT but low self-FEXT, orthogonakignalingschemdike FDSis preferreddueto its self-
NEXT rejection,aswe sav in Section4.5). But, in regionsof high self-FEXT, multi-line FDS
signalingmight berequiredfor gainingcapacity

Key to our schemas thatthe upsteamand downsteamtransmissionsf ead of the M lines
usedifferenttransmitspecta.

4.6.5 Solutionusing EQPSDand FDS signaling: All frequencybins

First, we assumeéhat self-FEXT is smallandthen,using EQPSDor FDS signalingin eachbin,
we find the solutionfor all frequeng bins asoutlinedin Sections4.5.4— 4.5.8. Thus,we ob-
tain the optimal (or suboptimal)lEQPSDto FDS switch-over bin Myor underthe low self-FEXT
assumption.
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Next, we relax the self-FEXT assumptiorand openthe possibility of multi-line FDS. We
searcheachbin to seeif we needto switchfrom EQPSDto multi-line FDS or FDSto multi-line
FDS.This may not necessarilyield the optimal solutionfor the transmitspectrumgiventhatwe
usea joint signalingschemecomprisingof the threesignalingschemeg¢EQPSD,FDS andmulti-
line FDS). But, this analysisis tractableand gives significantgainsin channelcapacityandis
presenteadhext.

4.6.6 Switchto multi-line FDS: One frequencybin

Considerthe caseof M lineswith significantself-FEXT interferencebetweenthem. We divide
the channelnto severalequalbandwidth(1¥ Hz) bins (seeFigure5) andperformour analysison
onefrequeny bin £ assumingsubchannefrequeng response$l)—(3). We employ the notation
introducedin (12) and(13). Let s}(f) denotethe PSDin bin £ of line 1 upstreandirectionand
s¢(f) denotethe PSDin bin k of line 1 downstreamdirection (recall the notationintroducedin
Sectiond.1,Item9). Let P,, betheaveragepower overthefrequeny range|0, IW].

Next, we determinewhenwe needto switchto multi-line FDSin a givenbin to completely
rejectself-FEXT.

EQPSD to multi-line FDS: Figure 22 illustratesthe two possiblesignalingscheme€£QPSD
andmulti-line FDSin bin £ of eachline for the caseof M = 3 lines. We will considerine 1

for our capacitycalculations.Line 1 upstreamand downstreamcapacitiefor EQPSDsignaling
aredenotedby ¢ popsp andc! popsp respectiely. Similarly, line 1 upstreamand downstream
capacitiegor multi-line FDSsignalingaredenotedy ¢} y;rps andef yrpg respectiely. Sincethe
upstreamanddownstreantransmitspectraof line 1 in bin £ for EQPSDandmulti-line FDS are
thesamewe have:

d d
cqf,EQPSD = C1,EQPSD> qu,MFDs = C1,MFDS
Thus,wewill considermonly theupstreantapacitiesn our futurediscussion.

Underthe Gaussiarthannebssumptionwe candefinethe EQPSDupstreantapacity(in bps)
as

u st(f)H
1 pqrsp = W log, ll + N sl‘fX g ] ; (39)
where P :
u _ od _ Wmv if |f| € [07W]7
si(f) =si(f) = { 0 otherwise
Let G = 2P= denotethe SNRin thebin. Thenwe canrewrite ¢t ,,psp, @S
u GH
¢inqpsp = W log, [1 Tyrax+ GF] ' (40)
Similarly, we candefinethe multi-line FDS upstreantapacity(in bps)as
u w st(f)H
C{ MFDS = i log, ll + 1(N) ] ) (41)
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multi-line FDS
i), s9(h) 4 sa(), sdhA sy(f), s34
3a 3a 3a
2a 2a 2a
a a a
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Figure22: EQPSDandmulti-line FDSsignalingin frequeng bin k for M = 3 line case.

where up o
8114(]0) — { Wma if ‘f‘ € I:O’ﬁ] )

0, otherwise
andG = 7= is the SNRin thebin. Thenwe canrewrite ¢t \ g as

u %1% M
CLMFDS = 77 log, [1 + ?GH ; (42)
Definethedifferencebetweerthetwo capacitiesas
D= C%,MFDS - CT{,EQPSD' (43)

We wishto determinavhenit is betterto do multi-line FDSthanEQPSD)|.e.,whenis thecapacity
ci vrps greatethancy pqopsp- Thismeansve needaconditionfor whenD > 0. Substitutingrom
(40)and(42)into (43)wegetD > 0 iff

2+G(X +H) - (1+ %Gﬂ)ﬁ 2+ GX)

G((1+ YGH)Y - 1) “

F>
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Figure23: FDSandmulti-line FDSsignalingin frequeng bin k for M = 3 line case.

Similarly, EQPSDis better(giveshighercapacity)thanmulti-line FDSwhenD < 0, i.e., iff

2+ G(X +H) - (1+ 4GH)" 2+ GX)
G((1+%Gﬂ)ﬁ—1> '

F < (45)

We cancombine(44) and(45) into onetestconditionthattells usthe signalingschemedo usein a
singlefrequeng bin

multi —line FDS 9 1 G(X + H)] - (1+ %GH)Y (2+ GX)

F (46)

EQPSD G ((1+ YGH)Y - 1)

FDSto multi-line FDS: Figure23illustratesthetwo possiblesignalingscheme$DSandmulti-
line FDSin bin k£ of eachline for thecaseof M = 3 lines. We will considelline 1 for our capacity
calculationsLine 1 upstreananddownstreancapacitiegor FDSsignalingaredenotedy cf ppg
andcg{FDS respectrely. Similarly, line 1 upstreamanddownstreancapacitiedor multi-line FDS

55



signalingaredenotedy ¢ \;zps andcf \ppg respectiely. Sincethe upstreamand downstream
transmitspectraof line 1 in bin £ for EQPSDandmulti-line FDS arethe samewe have:
qu,FDs = C?,FDS? qu,MFDs = C(li,MFDS

Thus,we will consideronly the upstreantapacitiesn our futurediscussionUnderthe Gaussian
channelbssumptionwe candefinethe FDS upstreantapacity(in bps)as

u w st (f)H
CLFDS = 5 log, ll + m] ; (47)

where
2w if |f| € [0, %
u — w » 2D
si(f) { 0, otherwise

Let G = 2C= denotethe SNRin thebin. Thenwe canrewrite ¢} pp,g as

u w GH
CLFDS = 5 log, [1 + m] : (48)
Similarly, we candefinethe multi-line FDS upstreantapacity(in bps)as
“ w sY(f)H
C1,MFDS = ﬁlng [1 + I(N) ] ; (49)
where ur W
u _ Tma If‘f‘e[oaﬁv
si(f) = { 0, otherwise
andG = 2= is the SNRin thebin. Thenwe canrewrite ¢t \ ) as
. w M
CLMFDS = 37 log, [1 + EGH ; (50)
Definethedifferencebetweerthetwo capacitiesas
D = ¢} yrps — €1 pps- (51)

We wishto find outwhenit is moreappropriatdo performmulti-line FDSthanFDS,i.e.,whenthe
capacitycy irps is greatetthancy rpg. Forthis,we needaconditionfor whenD > 0. Substituting
from (48)and(50) into (51) wegetD > 0 iff

(1+GH) - (1+4GH)"

F> 5 (52)
G ((1 + MGH)Y - 1)
Similarly, FDSis better(giveshighercapacity)thanmulti-line FDSwhenD < 0, i.e., iff
1+ GH) — (1+2GH)™
F < ( ) ( 2 ) . (53)

G((1+ YGH) - 1)
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We cancombine(52) and(53) into onetestconditionwhich tells usthe signalingschemeo use

.. 2
multi —ilne FDS (1+GH) — <1+¥GH)M

F ” <> (54)
FDS G ((1+%eH)" 1)
Thus,we canwrite the genericupstreantapacityct for bin £ of line 1 as
Wlog, |1+ e frss] - if EQPSD
=1 Wiog, [1 + %] . ifFDS (55)
| W log, [1+ 25=A], if multi-line FDS

4.6.7 Switchto multi-line FDS: All frequencybins

We saw in the previous Sectionhow to determineif we needto switchto multi-line FDS from
EQPSDor FDSin agivenbin. We alreadyhave the optimal solutionassumingeQPSDandFDS
signalingscheme(from Section4.5). Now, we apply the conditions(46) and (54) to eachbin
k. Interestingly dueto the assumedanonotonicityof self-FEXT, self-NEXT andchannelransfer
function,we candivide thefrequeng axis(all K bins)into 4 majorregions:

1. Usingtestcondition(46), we find thatbins[1, Mgayrps] employ EQPSDsignaling.

2. Usingtestcondition(46), we find thatbins [ Mgamrps + 1, Myrpserps] €mploy multi-line
FDS signaling. Note that Myirpserps = Mpor Obtainedfrom optimizationprocedureof
Sectiorn4.6.5.

3. Usingtestcondition(54), we find thatbins [Myrps2rps + 1, Mrpsamrps] €mploy FDSsig-
naling.

4. Using testcondition (54), we find that bins [ Mepsamrps + 1, K] emplogy multi-line FDS
signaling.

FigureZ4i|IustrateSthe3 binSMEQMFDs, MMFDSQFDS andMFDSQMFDS andthe EQPSD,FDSand
multi-line FDSregions.In practicewe mainly see2 scenarios:

1. If Mgavurps < Mwurpserps then Mepsovrps = Murpserps, andwe getonly 2 distinct
spectrakegionsasshavnin Figure25:

(a) Bins[1, Mrauvrps] employ EQPSDsignaling.
(b) Bins|[Mganrps + 1, K] emplgy multi-line FDS signaling.

FDSsignalingis notemployedn this case
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u A
S, (M)

EQPSD multi-line FDS FDS multi-line FDS

1 Me2meps Mueps2rps Mepsomros
= Mg2r

Figure 24: Upstreamtransmitspectrunmof line 1 emplg/ing EQPSD,FDS and multi-line FDS signaling
schemedor M = 3 line case. The bins [1, Mgomwps] empley EQPSD,[Mgavrps + 1, Mvrpserps]

emplg/ multi-line FDS, [Myrpserps + 1, Mepsavrns] emploay FDS, and[Mepsamrps + 1, K] employ
multi-line FDS. The downstreanspectrunof line 1 (S¢(f)) is similarto S (f) exceptfor puttingpowerin

thecomplimentanhalvesof FDSbins. Theupstreanspectreof of lines2 and3 aresimilarto S} (f) except
for puttingpower in complementaryhirds of multi-line FDS bins. The downstreanspectrdor lines2 and
3 aresimilar to S} (f) exceptfor putting powver in the complementarhalves of the FDS bins andin the
complementaryhirds of multi-line FDSbins.

2. If Mgovirps = Murpsorps = Mygr thenwe get 3 distinct spectralregions as shovn in
Figure26:

(a) Bins[1, Myrpsorns| employ EQPSDsignaling.
(b) Bins [Myrps2rps + 1, Mrpsamrns] employ FDSsignaling.
(c) Bins|[Mgpsamrps + 1, K| employ multi-line FDS signaling.

Thee is no switch to multi-line FDS signaling within the EQPSDsignaling region (bins
[17 MEZF])

Notethatthebin Myrpserps = Mrgr IS fixedfrom the optimizationprocedurdrom Sectioré.6.5.
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EQPSD multi-line FDS all the way

1 Meamrps Muyrps2ros
= Megar

Figure 25: Practicalobseration numberl: Bins[1, Mgoyrps] empley EQPSD,and bins [Mgayrps +
1, K] employ multi-line FDS. Thereis no FDS spectraportion.

LA
S, (M

EQPSD FDS multi-line FDS

1 Myirpsaros Mepsamrps
= Meoe

Figure26: Practicalobseration number2: Bins [1, Myirpserps] empley EQPSD,bins[Myrpserps +

1, Mrpsamrps) emploay FDS,andbing Mrpsavrps + 1, K| employ multi-line FDS. Thereis no multi-line
FDS spectraportionwithin the EQPSDregion.
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4.6.8 Specialcase:Performanceof 2 lines

Oftenin practicewe mayhave only two twistedpair linescarryingthe sameserviceandinterfering
with eachother It is importantto derive the optimaltransmitspectrunfor sucha scenarioln this
Sectionwe focuson this specialcaseof only 2 lines. We will seethatin this caseit is optimal
to performeithermulti-line FDS or EQPSDsignalingin ead bin. In this scenariowith arbitrary
self-FEXT andself-NEXT we easily seethat thereis no needto perform FDS signaling(reject
self-NEXT only) as multi-line FDS rejectsboth self-NEXT and self-FEXT while achieving the
samecapacityasFDS. Thus,we choosebetweerEQPSDand multi-line FDS signalingschemes
for eachbin to achieve the optimal transmit spectrum.

Let S¥(f) andS{(f) denoteheupstreamanddownstreantransmitspectraof line 1 andS¥( )
andS4(f) denoteheupstreananddownstreantransmitspectraof line 2 respectiely. Lettheline
1 upstreamcapacitybe C* andlet the line 2 downstreamcapacitybe C¢. Underthe Gaussian
channelbssumptionywe canwrite thesecapacitiegin bps)as

o
CY= sup /
SE(£),55(1),55(f) 70

log, [1 N Ho(f) S2(f)

No(f) + DSy (f) + DSr(f) + [Hn(£)? S4(f) + [Hr(f) | S¥(f)

] df, (56)

and

Cé= sup /
S$(£),S¢(f),8¢(5) /0

log, [1 i He (5 S$(5)

No(f) + DSy (f) + DSp(f) + | Hn(f)I* SE(f) + [Hr(f)” SE(S)
Thesupremunis takenoverall possibleS%(f), S¥(f), S¢(f) andS¢(f) satisfying

] df. (57)

S(f) =0, S{(f) =0, S5(f) >0, S§(f) >0,Vf,

andtheaveragepower constraintgor thetwo directions

2 / " S (f)df < P, and 2 / T S < P (58)
0 0

We employ multi-line FDS (S%(f) and S¢(f) orthogonalto S¥(f) and S¢(f)) in spectral
regionswherethe self-FEXT is large enoughand EQPSDin the remainingspectrum.This gives
optimalperformance.

To easeour analysis,asusual,we divide the channelinto several equalbandwidthsubchan-
nels(bins) (seeFigure5) andcontinueour designandanalysison onefrequeng bin £ assuming
subchannelrequeng response$l)—(3). We usenotationintroducedn (12) and(13). Let s¥(f)
ands?(f) denotethe PSDsin bin & of line 1 upstreamanddownstreandirectionsands%(f) and
s3(f) denotethe PSDsin bin & of line 2 upstreamanddownstreandirections.The corresponding
capacitieof thesubchannet aredenotedy c?, ¢4, % andcd.

60



sy 4 sy ¢
d
Sl(f) a=1 Sg(f) a=1
2a 2a
a=0.8 a=0.8
a=05 1-a =05 1-a =05 a=05
al._t_.ZT.._ N Al A
1 a
i
I
1-a=02 ; 1-a =0.2
_________ _! I
0 l-a=0 1-a =0
{ > ° } >
wW/2 w o f wW/2 w o f

Figure 27: Upstreamand downstreamtransmitspectrain a single frequeng bin (a = 0.5 = EQPSD
signalinganda. = 1 = multi-line FDS signaling).

We desirea signalingschemehat canhave multi-line FDS, EQPSDandall combinationsn
betweerin eachfrequeng bin. Thereforewe divide eachbin in half® anddefinethe upstreamand
downstreantransmitspectraasfollows (seeFigure27):

o i<,
s{(f) =si(f)=q A—a)f= if F <|f|<W, (59)
0 otherwise
and o w
N Lk
sy(f) =s5(f) = o if 5 <|[fl<W, (60)
0 otherwise

Here, P,, is the averagepower over frequeny range[0, W] in bin £ and0.5 < o < 1. In this
discussiorwe will only usethePSDss%(f) andsd(f). Whena = 0.5, s¥(f) = s¢(f) Vf € [0, W]
(EQPSDsignaling);whena = 1, s¥(f) andsd(f) aredisjoint (multi-line FDS signaling). The
PSDss¥(f) andsd(f) are“symmetrical’or power complementaryo eachother This ensureshe
capacitieof thetwo linesareequal(c? = c¢). Thefactora controlsthe power distributionin the
bin andW is the bandwidthof the bin.

Next, we shawv thatthe optimalsignalingstrategy usesonly multi-line FDS or EQPSDin eath
subtannel

Theachiezableratefor onefrequeng bin canbewrittenas

st(f)H
()X +s5(f)F

5Thepawer split-upin abin doesnotnecessariljave to be 50% to theleft sideof thebin and50% to theright side
of thebin asshavn in Figure27. In generalary 50% — 50% power complementargplit-up betweendifferent-line
binswill work.

df, (61)

R H0.s80) = [ o |1+
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then

Ra(s3(f), s1(f), 83(f))-  (62)

¢ = max Ra(s{(f),s5(/),s(/)) and ¢ = max

0.5<a<1 1

Dueto the power complementarityf s%(f) andsé(f), thechannekapacitiesareequal(ct = c2).
Thereforewe will only considerthe upstreantapacityc} expressionFurther wewill useR 4 for
RA(s%(f), s4(f), s%(f)) in theremaindeof this Section.Substitutingfor the PSDsfrom (59) and
(60)into (61) andusing(62) we getthefollowing expressiorfor the upstreantapacity

cl =
w a2P,, H (1—a)2Pn H
— 1 1 W 1 1 W .
2 0htae1) 082 + N+ (1—a%/[2/PmX n (l—al)/[Q/PmF +logy |1+ N + 92PuX | o3PuF
(63)
Let G = 2%= denotethe SNRin thebin. Then,we canrewrite (63) as
cl =
log, |1+ aGH log, |14 - )GH
— Inax (0] (6] .
2 052as1 | 2T T I (1-)GX+ (1-a)GF| " ®|" "1+ aGX + aGF
(64)

Using (62) and differentiatingthe achievablerate (R ) expressionin (64) with respecto «
givesus

% — (20— 1)[2(X + F) + G(X + F)? — H]L, (65)
with L > 0 Vo € (0, 1]. Settingthederivative to zerogivesusthesinglestationarypointa = 0.5.
Thus,theachievablerate R 4 is monotonicin theintenal « € (0.5, 1] (seeFigure13). If thevalue
a = 0.5 corresponds$o a maximumof R4, thenit is optimalto performEQPSDsignalingin this
bin. If thevaluea = 0.5 correspond$o a minimumof R4, thenthe maximumof R, is achieved
by thevaluea = 1, meaningt is optimalto performmulti-line FDSsignalingin thisbin. No other
valuesof o areanoptimaloption(seeFigure28).

The quantitya = 0.5 corresponddo a maximumof R4 (EQPSD)if andonly if "’6% <0
Va € (0.5,1]. Forall o € (0.5,1], thequantity (2« — 1) is positive and 284 is negative iff (see
(65))
20X+F)+GX+F)?-H<O.
Thisimpliesthat
H-2(X+F)
(X + F)?

G < (66)

In a similar fashiona = 0.5 corresponds$o a minimumof R4 if andonly if 38% > 0Va €
(0.5,1]. Thisimpliesthata = 1 correspondgo a maximum(multi-line FDS) sincethereis only
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Figure28: EQPSDandmuilti-line FDS signalingin a singlefrequeng bin.

onestationarypointin theinterval « € [0.5, 1] (seeFigure13). Forall o € (0.5, 1], ‘%“ is positive
iff

20X+ F)+G(X+F)’—H>0.
Thisimpliesthat
H-2(X+F)

> X Fy

(67)

The above statementgan be summedin a testconditionto determinethe signalingnature
(multi-line FDSor EQPSD)in agivenbin. Using(66) and(67) we canwrite

“= 3w < (68)
N EQPSD (X + F)?
Thus,we canwrite theupstreancapacityc} in afrequeng bin k£ as
WlOgZ [1 + W}(IM] y |f o = 05’
i (69)

%logQ[l—F%], if o =1.
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Table4: Uncodedperformancenamins (in dB) andchannekapacitiegin Mbps) usingEQPSD,FDS and
multi-line FDSfor HDSL2 (CSANo.6).

‘ Xtalk SrC‘ MEQMFDS ‘ MMFDSQFDS ‘ MFDSQMFDS ‘ C;u ‘ CZU(MFDS)‘ Margin ‘ Diff ‘

1HDSL2 8 11 11 1.5520f 2.3763 27.682 | 9.852
1HDSL2 0 0 0 0.8027| 1.5520 37.534
2HDSL2 9 9 30 1.5520f 1.8293 25.934 | 4.543
2HDSL2 4 4 19 1.1861| 1.5520 30.477

3 HDSL2 8 8 112 1.5520| 1.6067 24.910 | 0.985
3HDSL2 7 7 100 1.4792| 1.5520 25.791

4 HDSL2 8 8 246 1.5520f 1.5520 24186 | O

Diff = Differencebetweerbottomhalf andtop half of eachrow of Margin.

Note: It is globally optimal to employ either multi-line FDS or EQPSDssignaling; thatis,
a = 0.5 or1, only in thecaseof 2 lines.

4.6.9 Flow of the scheme

1. Performstepsl—-3of Sectiord4.5.9.

2. Computebins Mgonmrps, Myrpserps aNdMepsamrps andemploy signalingschemesn bins
asdescribedn Sectior4.6.5.

3. Transmitandreceve data.

4. Optional: Periodically updatenoise and crosstalkestimatesand transmitspectrumfrom
Stepsl-3of Sectiord.5.9.RepeatStep2 from above.

Figure29 givesa flowchartto obtainthe optimaltransmitspectrumusingeQPSD,FDS, and
multi-line FDS(MFDS) signalingin thepresencef self-interferencéself-NEXT andself-FEXT),
DSIN-NEXT, DSIN-FEXTandAGN.

4.6.10 Examplesandresults

Optimaltransmitspectravereusedin all exampleso computeperformancenaiginsandchannel
capacities.

HDSL2 sewice: Table4 lists our simulationresultsperformancenaginsandchannelkcapacities
usingthe EQPSD FDSandmulti-line FDS signalingschemes.

Notes:

1. Samplingrequeng f; = 1000 kHz, Bin width W = 2 kHz andnumberof subchannels
K = 250. Averagenputpower of 20 dBmin eachtransmissiordirection.
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Figure29: Flowchartof the optimalschemeo determinethe transmitspectrunusingEQPSD,FDS, and

multi-line FDS signaling.
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Table5: Uncodedpberformancenamgins (in dB) andchannekapacitiegin Mbps) usingEQPSD,FDS and
multi-line FDSfor “GDSL” (3 kft line).

‘ Xtalk SrC‘ MEQMFDS ‘ MMFDSQFDS ‘ MFDSQMFDS ‘ CZU ‘ CZu(MFDS) ‘ Margin ‘ Diff ‘

1GDSL 505 1253 1253 25.0046, 31.6188 8.21 | 8.49
1GDSL 245 981 981 16.5141| 25.0007 16.70
2GDSL 952 1214 1214 25.0007| 27.3923 6.13 | 291
2GDSL 825 1116 1116 22.0076| 25.0030 9.04

3 GDSL 1186 1212 1212 25.0004| 25.6686 5.05 | 0.75
3 GDSL 1145 1186 1186 24.2172) 25.0008 5.80

4 GDSL 1222 1222 2000 25.0018| 25.0018 4.37 0

Diff = Differencebetweerbottomhalf andtop half of eachrow of Margin.

2. C? denoteghe upstreantapacityof line : usingeQPSDandFDS signalingonly and
C*(MFDS) denoteghe upstreantapacityof line ¢ usingEQPSD FDS andmulti-line
FDSsignalingschemesAll theratesarein Mbps.

3. The columnMargin lists the performancanagin whenthe bit rateis fixed at 1.552
Mbps. In eachrow in the top half the capacityis fixedat C} = 1.5520 andin the
bottomhalf the capacityis fixedat C}*(MFDS) = 1.5520.

4. ThecolumnDiff denoteghegainin performancenamginsbetweerusingeQPSDand
FDSversusEQPSD FDSandmulti-line FDSsignaling,i.e., thedifferencen maigins
betweerthe bottomhalf andtop half of eachrow.

5. EachHDSL2line contributesNEXT andFEXT calculatedusing2-pieceUngermodel
[8].

6. Thesaunsweredonewith nodifferentservice(DS)interferers.Theresultsvouldvary
dependingonthe particularDS interferer(s)resent.

Conclusions:
1. Significantgainsin magin for smallnumberof lines. Thegainsdecreasavith increase
in numberof lines.
2. Thereis no gainin magin usingmulti-line FDSfor 5 or morelines (4 Crosstalkdis-
turbers)for theseliine andinterferencenodels.
“GDSL” sewvice: Table5 lists our simulationresultsperformancenaiginsandchannekapacities
usingthe EQPSD FDSandmulti-line FDS signalingscheme#n the caseof “GDSL”.
Notes:
1. Samplingrequeny f; = 8000 kHz, Bin width W = 2 kHz andnumberof subchannels
K = 2000. Averagenput power of 20 dBmin eachtransmissiorlirection.

2. C! denoteghe upstreantapacityof line ; usingEQPSDandFDS signalingonly and
C'(MFDS) denoteghe upstreantapacityof line : usingEQPSD,FDS andmulti-line
FDSsignalingschemesAll theratesarein Mbps.
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Table6: Uncodedpberformancenamins (in dB) andchannekapacitiegin Mbps) usingEQPSD,FDS and

multi-line FDSfor “VDSL2” (3 Kkft line).

‘ Xtalk Src ‘ MEQMFDS ‘ MMFDSQFDS ‘ MFDSQMFDS ‘ Czu ‘ CZU(MFDS) ‘ Mar gln ‘ Diff ‘
1VDSL2 58 236 236 12.4011| 24.8234 | 16.022 | 18.913
1VDSL2 8 50 50 2.5552 | 12.4001 | 34.935
2VDSL2 160 219 219 12.4003| 18.8073 | 14.074 | 13.476
2VDSL2 46 78 78 44478 | 12.4036 | 27.550
3VDSL2 217 217 217 12.4028| 15.6002 | 12.985| 7.765
3VDSL2 127 127 127 7.3365| 12.4002 | 20.750
4VDSL2 219 219 553 12.4016| 13.77/87 | 12.250| 3.275
4VDSL2 179 179 359 10.1474) 12.4012 | 15.525
5VDSL2 224 224 1014 12.4014| 12.9039 | 11.705| 1.005
5VDSL2 211 211 878 11.6945| 12.4014 | 12.710
6 VDSL2 231 231 1455 12.4025| 12.5278 | 11.280| 0.212
6 VDSL2 229 229 1412 12.2521| 12.4018 | 11.492
7VDSL2 240 240 1880 12.4004| 12.4049 | 10.945| 0.007
7VDSL2 240 240 1878 12.3954| 12.4001 | 10.952

Diff = Differencebetweerbottomhalf andtop half of eachrow of Margin.

3. ThecolumnMargin lists the performancenaigin whenthebit rateis fixedat25 Mbps.
In eachrow in thetop half the capacityis fixedat C}* = 25 andin the bottomhalf the
capacityis fixedat C}*(MFDS) = 25.

4. ThecolumnDiff denoteghegainin performancenaiginsbetweerusingeQPSDand
FDSversusEQPSD FDSandmulti-line FDSsignaling,i.e., thedifferencen maigins
betweerthe bottomhalf andtop half of eachrow.

. Each“GDSL’ line contributes self-NEXT and self-FEXT calculatedusing 2-piece

Ungermodel[8]. In “GDSL’ casethe self-FEXT level is more dominantthan self-
NEXT. To modelthis we take only 1% of the self-NEXT power calculatedusing 2-

pieceUngermodelin our simulations.

6. Thesaunsweredonewith nodifferentservice(DS) interferers.Theresultswouldvary
dependingonthe particularDS interferer(s)resent.

Conclusions:

1. Significantgainsin mamgin for smallnumberof lines. Thegainsdecreasavith increase
in numberof lines.

2. Thereis no gainin magin usingmulti-line FDSfor 5 or morelines (4 Crosstalkdis-
turbers)for thesedline andinterferencenodels.

“VDSL2” sewice: Table6 lists our simulationresultsperformancenargins andchannelcapaci-
tiesusingthe EQPSD FDSandmulti-line FDS signalingscheme#n the caseof “VDSL2".
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Notes:

1. Samplingrequeng f, = 8000 kHz, Bin width W = 2 kHz andnumberof subchannels
K = 2000. Averagenput power of 20 dBmin eachtransmissiorirection.

2. C* denoteghe upstreantapacityof line ; usingEQPSDandFDS signalingonly and
C*(MFDS) denoteghe upstreantapacityof line ¢ usingEQPSD FDSandmulti-line
FDSsignalingschemesAll theratesarein Mbps.

3. The column Margin lists the performanceanagin whenthe bit rateis fixed at 12.4
Mbps. In eachrow in thetop half the capacityis fixedat C}* = 12.4 andin the bottom
half the capacityis fixedat C;*(MFDS) = 12.4.

4. ThecolumnDiff denoteghegainin performancenamginsbetweerusingeQPSDand
FDSversusEQPSD FDSandmulti-line FDSsignaling,i.e., thedifferencen maigins
betweerthe bottomhalf andtop half of eachrow.

5. EachvDSL2line contritutesself-NEXT andself-FEXTcalculatedusing2-pieceUnger
model[8]. In VDSL2 caseself-NEXT andself-FEXT both are high but self-NEXT
dominateself-FEXT.

Conclusions:

1. Significantgainsin mamgin for smallnumberof lines. Thegainsdecreasavith increase
in numberof lines.

2. Thereis no gainin mamgin usingmulti-line FDS for 9 or morelines (8 crosstalkdis-
turbers). Theserunsweredonewith no differentservice(DS) interferers.Theresults
would vary dependingonthe particularDS interfererpresent.

4.7 Joint signalingfor linesdiffering in channel,noiseand interfer encechar-
acteristics

We have sofar looked at a scenariovhereall thelinesin a binderhave the samechannelcharac-
teristicsand experiencesimilar noiseandinterferencecharacteristicen both directionsof trans-
mission. Theseassumptionsnadethe signalingschemesolutionsmoretractable. We alsoneed
to look ata scenaridoetweemeighboringinesin bindergroupswherethe channekharacteristics
vary (e.qg.,differentlengthanddifferentgaugedines) andwe have differentnoiseandinterference
characteristichbetweenupstreamand downstreamtransmissior(e.g., asymmetricakervicedik e
ADSL andVDSL; differentcouplingtransferfunctionin differentdirections).In this Sectionwe
derive resultsfor neighboringlines carryingthe sameservicewhenthey differ in channelnoise
andinterferencecharacteristicsSpecifically we developtestconditionsto determindhesignaling
naturein agivenbin k.

4.7.1 Solutionfor 2 lines: EQPSDand FDS signaling

Considethecaseof 2 lineswith differentchannelnoiseandinterferenceharacteristicsWe again
divide the channelinto several equalbandwidthbins (seeFigure5) and continueour designand
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analysisononefrequeng bin k£ assuminghesubchannerequeng responsegl)—(3). For easeof
notationin this Section for line 1 we set

Hy =H;;, X=X, Fi=F, asin(1)-(3) (70)

andlet
Ny = No(fx) + DS~ (fi) + DSr(fr), (71)

be the lumpednoisePSDin line 1 bin k. Further let P,,; and P, be the averagepowersover
range[0, W] Hz in bin & of line 1 and2 respectiely. Let s*(f) ands?(f) denotethe PSDsin bin
k of line 1 upstreamanddownstreandirectionsands¥(f) andsé(f) denotethe PSDsin bin  of
line 2 upstreamanddownstreamdirections(recallthe notationintroducedn Section4.1,Iltem9).
The correspondingapacitieof the subchannet aredenoteddy c?, ¢, c% andcd.

We desirea signalingschemehatcanhave FDS,EQPSDandall combinationsn betweenn
a frequeng bin. Thereforewe divide eachbin in half and definethe upstreamand downstream
transmitspectraasfollows (seeFigure30):

a2 if [ f] <%,

st(f)=9 Q—a)2 P it T <[f[<W, (72)
0 otherwise
(]‘ - a)ZPmQ if |f| < %7

sy(f) = a2 if 5 <[f[<W, (73)
0 otherwise
a2 if1f] < %5,

s3(f) =49 L—a)22 it T <[f[<W, (74)
0 otherwise
and (1—a)Zm jf |f| < W
w — 27

si(f) = a% if 5 <|fl<W, (75)
0 otherwise

where0.5 < a < 1. We assumehatthe upstreamanddownstreantransmitspectraobey power
complementarityi.e. line 1 putslesspowerwhereline 2 putsmoreandvice versa.Whena = 0.5,
st(f) = s1(f), s3(f) = s3(f) Vf € [0, W] (EQPSDsignaling);whena = 1, st(f) ands§(f) are
disjoint (FDSsignaling).The capacitieof oppositedirectionsareequalfor eachline:

u __ d u __ .d
cf =cf andcy = c;.

Thefactora controlsthe power distributionin the bin, andW is thebandwidthof thebin.

Next, we shawv thatthe optimalsignalingstrategy usesonly FDSor EQPSDin ead subdan-
nel. We alsoderive atestconditionto determinehe optimalsignalingschemeo use.

Theachiezableratefor onefrequeng bin canbewrittenas

st(f)Hy
Ny + s§(f) X1 + s4(f) Py

R s80).550) = [ 10w [14 . 9
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Figure30: Differentline characteristicstUpstreananddownstreantransmitspectran asinglefrequenyg
bin (a« = 0.5 = EQPSDsignalinganda. = 1 = FDSsignaling).

Thus,

ot = max Ra(st(f), s3(/), s3(f)- (77)
We will considerthe upstreancapacityc} expressionfor our analysis. Further we will use R4
for Ra(s¥(f), s4(f), s¥(f)) in theremaindeiof this Section.Substitutingfor the PSDsfrom (72),
(73)and(74)into (76) andusing(77) we getthefollowing expressiorfor the upstreantapacity

¢ = E max
! 2 0.5<a<1
aZP{/lnllHl (1—04)?/[1;71111{1
log, 1+ + log, |1+ .
N, (1—a)€11;m2X1 + aZPVT[,}gFl N, + aQP{/anXl + (l_a)g[meFl

(78)
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Let Gy = #/=1, andG, = 27=2 denotethe SNRsin the bin dueto line 1 andline 2 respectiely.

WNy' &
Then,we canrewrite (78) as
" w
c = Hia)i o
aG1H, (1 - OA)G1H1
1 1 1
{ 082 [ (1—a)GaX; + aG2F1] o8, [ T 15 aGoX, + (1= a)GoF,

(79)

Using (77) and differentiatingthe achievablerate (R 4) expressionin (79) with respecto «
givesus

OR 4
Ja

with L > 0 Vo € (0, 1]. Settingthederivative to zerogivesusthesinglestationarypointa = 0.5.
Thus,theachiezablerate R 4 is monotonicin theintenal « € (0.5, 1] (seeFigure13). If thevalue
a = 0.5 corresponds$o a maximumof R 4, thenit is optimalto performEQPSDsignalingin this
bin. If thevaluea = 0.5 correspond$o aminimumof R4, thenthe maximumis achiezedby the
valuea = 1, meaningt is optimalto performFDS signalingin this bin. No othervaluesof o are
anoptimaloption.

The quantitya = 0.5 corresponddo a maximumof R, (EQPSD)if andonly if ‘%‘ <0
Va € (0.5,1]. Forall a € (0.5, 1], 284 is negative if andonly if (see(80))

G2(X? — F) +2Gy(X, — F\) — G1H,(GoF, +1) < 0.

Thisimpliesthat
GH(XT — F?) +2Go(X1 — F1)

G1 >
' GoF Hy + Hy

(81)

In a similar fashiona = 0.5 correspondd4o a minimum of R4 if andonly if % > 0
Va € (0.5,1]. Thisimpliesthata = 1 correspondgo a maximum(FDS) sincethereis only
onestationarypointin theinterval « € [0.5, 1] (seeFigure13). Forall o € (0.5, 1], % is positive
if andonly if (see(80))

Gi(X? - F?) +2G5(X, — Fy) — G1H (GoF, +1) > 0.

Thisimpliesthat
GH(XT — F}) +2Go(X1 — F1)

G <
' GoF Hy + Hy

(82)

The above statementgan be summedin a testconditionto determinethe signalingnature
(FDSor EQPSD)in agivenbin. Using(81) and(82) we canwrite
9P . EQESD

GH(X? — FP) + 2G5 (X, — 1)
nNMW '

G, =
! Go.F\H, + H,

(83)

<
FDS
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Thus,we canwrite the upstreantapacityc} of line 1 in bin k£ as

Pni1H . _
W10g2 [1 + N1W—|—Pm12()1(1+pl)] ) if o= 05,

¢t = (84)

Y log, [1 + 7]\,15&?211@2}71] , if @ =1.

4.7.2 Solutionfor M lines: EQPSDand FDS signaling

It is straightforvardto generalizethe resultin the previous Sectionto M lineswhereeachline i
hasparameter$i;, G;, P,;, X; andF; fori € {1,..., M }. Furtherweassumehattheself-NEXT
andself-FEXT couplingtransferfunctionsbetweerlines2, - - -, M andline 1 areall thesame.The
testconditionto determinesignalingnature(EQPSDor FDS)in bin £ of line 1 for M line casecan
bewrittenas

EQPSD
g, = 2Pm PP (S, 62X - P + 22X, G (X — ) )
MW 5 (M, G)FiH, + H,
We canwrite the upstreantapacityof line 1 in bin £ as
P Hy i —
W log, [1 + AT Pm)(X1+F1)] , Ifa=0.5,
¢l = (86)
w 2P H i —
5 logy [1 + N1W+2(Z£;Pm.;)F1] ’ if =1.

4.7.3 Solutionfor 2 lines: EQPSDand multi-line FDS signaling

We saw in Section4.6.8thatin the caseof two linesit is optimalto usemulti-line FDSinsteadof
FDSsignaling.In this Sectionwe will derive atestconditionto determineghe signalingnaturein
agivenbin. We usethe notationasintroducedn Sectiord.7.1.

We desirea signalingschemehat supportamulti-line FDS,EQPSD,andall combinationsn
betweenin a frequeng bin. Thereforewe divide eachbin in half and definethe upstreamand
downstreantransmitspectraasfollows (seeFigure31):

o it f] <Y,

S =51 =4 Q=) W< |f<W, (87)
0 otherwise
(1_a)2€[71n2 if |f| < %7

s9(f) = s5(f) = %z if 5 < [fI<W, (88)
0 otherwise

where0.5 < a < 1. We assumehatthe upstreamanddownstreantransmitspectraobey power
complementarityi.e., line 1 putslesspower whereline 2 putsmoreandvice versa.In furtherdis-
cussionwe will usetransmitspectras?(f) andsé(f). Whena = 0.5, s¥(f) = s(f),Vf € [0, W]
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Figure31: Differentline characteristicstUpstreananddownstreantransmitspectran asinglefrequenyg
bin (a« = 0.5 = EQPSDsignalinganda. = 1 = multi-line FDS signaling).

(EQPSDsignaling);whena = 1, s¥(f) ands4( f) aredisjoint (FDS signaling). The capacitiesf
oppositedirectionsareequalfor eachline:

u __ d u __ d
cf =cf andcy = c5.

Thefactora controlsthe power distributionin thebin andW is the bandwidthof the bin.

Next, we shawv thatthe optimalsignalingstrategy usesonly EQPSDor multi-line FDSin eath
subdiannelandderive atestconditionto determinghe signalingschemeo use.

Theachiarableratefor onefrequeng bin canbewritten as

w "1/' I{1
R0 80005300 = [ ows |1+ o TB e
then
ct = mae Ra(s (). 4(0),55(6). (90)

0.5<a<1

We will considetthe upstreantapacityc) expressiorfor ouranalysis.Further wewill useR 4 for
RA(s¥(f), sd(f), s4(f)) in theremaindeof this Section.Substitutingfor the PSDsfrom (72) and
(73)into (89) andusing(90) we getthefollowing expressiorfor the upstreantapacity

ct = E max
-
2 0.5<a<l
a2P1 H (1-a)2Pm H
log, |1+ W +log, |1+ a—
&2 N, 1 (aRPuXs | (a)iPual 82 N, ¢ @Bt | @Bl | (-

(91)

LetG, = %j’;;i, andG, = %’—;@f denotethe SNRsin the bin dueto line 1 andline 2 respectiely.

Then,we canrewrite (91) as
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¢l =

W
2

max
0.5<a<1

log, |1+ oG +log, |14+ — L= )G
B2 T T (1 a)GaXi + (1 —a)GoFr | 082 " T T+ aGoX, + aGaFt | |
(92)

Using (90) and differentiatingthe achievablerate (R 4) expressionin (92) with respecto «
givesus

OR A

o«
with L > 0 Vo € (0, 1]. Settingthederivative to zerogivesusthesinglestationarypointa = 0.5.
Thus,theachievablerate R 4 is monotonicin theintenal « € (0.5, 1] (seeFigure13). If thevalue
a = 0.5 corresponds$o a maximumof R 4, thenit is optimalto performEQPSDsignalingin this
bin. If thevaluea = 0.5 correspond$o aminimumof R4, thenthe maximumis achieved by the
valuea = 1, meaningt is optimalto performmulti-line FDSsignalingin this bin. No othervalues
of o areanoptimaloption.

The quantitya = 0.5 corresponddo a maximumof R, (EQPSD)if andonly if "’a% <0
Va € (0.5,1]. Forall a € (0.5, 1], % is negative if andonly if (see(93))

G2(X, 4+ F)? +2Gy(X, + F) — G H, < 0.

Thisimpliesthat
G2(X| + F1)? + 2G5 (X, + Fy)
H,

Gy > . (94)

In a similar fashiona = 0.5 correspondso a minimumof R4 if andonly if 38% > 0Va €
(0.5, 1]. Thisimpliesthata = 1 correspondgo a maximunof R4 (multi-line FDS)sincethereis

only onestationarypointin theintenal o € [0.5, 1] (seeFigure13). For all « € (0.5, 1], % is
positiveif andonly if (see(93))
G2(Xy + F1)? + 2G5(X, + Fy) — G1H, > 0.
Thisimpliesthat
2(X1+ F)? +2Go (X + F
G1<G2( 1+ F1)? 4+ 2G (X, + 1)' (95)

H,
The above statementgan be summedin a testconditionto determinethe signalingnature
(EQPSDor multi-line FDS)in agivenbin. Using (94) and(95) we canwrite

opn, EQPSD

N W

G3(X1 + F1)? + 2G5 (X, + F)

G
1 A

. (96)

<
multi — lineFDS
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Thus,we canwrite the upstreantapacityc} of line 1 in bin k£ as

Wlog, [1 + wetd ], if o = 0.5,
o (97)

%logQ[l—i—ﬂ;};‘ile], if a=1.

4.8 Optimizing under a PSDmask constraint: No self-interference

In this Sectionwe will imposean additionalpeakpower constraintin frequeng, i.e., a limiting
staticPSD maskconstraint. This implies that no transmitspectrumcanlie above the PSD mask
constraint.This constrainis in additionto the average power constraint.We shall obtainoptimal
transmitspecta for anxDSL line undertheseconstraintsin theabsencef self-interference.

4.8.1 Problemstatement

Maximize the capacityof anxDSL line in the presencef AGN andinterferencg DSIN-NEXT
andDSIN-FEXT) from otherservicesundertwo constraints:

1. ThexDSL transmitspectraarelimited by constrainingstaticPSDmasksR*( f) for upstream
andQ?(f) for downstream.

2. The averagexDSL input power in eachdirectionof transmissiormustbe limited to P,y
(Watts).

Do thisby designinghedistribution of enegy overfrequeng (thetransmitspectrumpf thexDSL
transmission.

4.8.2 Solution

Considera line (line 1) carryingan xDSL service. Line 1 experiencednterferencefrom other
neighboringservices(DSIN-NEXT and DSIN-FEXT) and channelnoise N,(f) (AGN) but no
self-NEXT or self-FEXT (seeFigure8).

The twisted pair channelcan be treatedas a Gaussiarchannelwith coloredGaussiamoise
[13]. Recallthat DSy (f) is the PSDof the combinedDSIN-NEXT and DSg(f) is the PSD of
thecombinedDSIN-FEXT. Let S*(f) andS?(f) denotethe PSDsof line 1 upstrean{u) direction
anddownstream(d) directiontransmittedsignals,respectiely. Further let C* andC? denotethe
upstreamanddownstreandirectioncapacitie®f line 1 respectiely. Let Hq( f) denotehechannel
transferfunctionof line 1.

Thechannekapacitiegin bps)aregivenby [14]

[He ()] S"(f)
No(f)+ DSn(f)+ DSk(f)

w o
C" = sup log, |1+

sy df (98)
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and

i_ %0 |Ho(f)? S4(f)
= )y e [1+No(f))+DSN(f)+DSF(f)

Thesupremunis takenoverall possibleS®(f) andS?( f) satisfyingthe averagepower constraints
for thetwo directions

2 / Y SU(f)df < Poe and 2 / TSPV < P, (100)
0 0

] df. (99)

andthe positivity andnew peakpower constraints

0< S"(f) <Q )V and 0<SUf) < QUSf) VY, (101)

Note thattheseequationsarethe sameas(4)—(6) exceptfor the additionalpeakpower constraint
in frequeng. For discussiorpurposeswe will focuson the upstreamransmission.The same
analysiscanbe appliedto the downstreanchannel.

We wish to maximize(98) subjectto theconstraint$100),(101). Theconstraint100),(101)
aredifferentiableandconcae. Further the objective functionto be maximized(98) is alsocon-
cave (thelog functionis concae). Any solutionto this problemmustsatisfythe necessarkKKT
(Karush-Kuhn-Tucker) [22] conditionsfor optimality. For a concae objectve functionandcon-
cave,differentiableconstraintsary solutionthatsatisfieshenecessariKKT conditiongs aunique
globally optimalsolution[22]. Thus,we seekary solutionthatsatisfieshe KKT conditions since
it is automaticallythe uniqueoptimalsolution.

Theoptimalsolutionto (98),(99),(100),(101)is basicallya“peak-constrainedaterfilling”. ’
Theoptimaltransmitspectrumnis givenby

_ No(/)+DSy())+DSr(f)
A Ho(f)? for f € Epos,
S

opt(f) = Qu(f) fOI‘ .f € Ema.xa (102)

0 otherwise,

with A aLagrangemultiplier. Thespectraregions E,,,s and Ey,.x arespecifiedby

Epe = {/:0<S5"(f) <Q"(f)}, and
Buwe = 4f:5"() > Q"()}- (103)

We vary thevalueof ) to achieve the optimaltransmitspectrumsS;, , (f) thatsatisfieshe average
andpeakpower constraint4100),(101). It canbeeasilyshavn thatthis solutionsatisfieshe KKT
conditionsfor optimality. Substitutingthe optimalPSD S ,(f) into (98) yieldsthe capacityC*

opt
undertheaverageandpeakpower constraints.

Note thatif the maximumallowed averagepower (P,..x) exceedsthe power underthe con-
strainingmaskthen the optimal transmitspectrumis the constrainingPSD maskitself. In the
absenceof an averagepower constraint(but with a peakpower constraint)the optimal transmit
spectrunis againthe constraining?SDmask.

’Peak-constrainedaterfilling can be likenedto filling waterin a closedvesselwith uneven top and bottom
surfaces.

76



_367 -
e——o QOptimal-Dn
-38 OPTIS-Dn -
_40 -
=
I
T -42 .
m
)
° —44 g
©
=
S-46 g
£
<
_48 -
_50 -
_52 -
-54 I I I Y I I I I I
0 50 100 150 200 250 300 350 400 450

Frequency (kHz)

Figure 32: Optimal dowvnstreamtransmitspectrumof HDSL2 (on CSA loop 6) underan OPTIS down-

streamconstrainingPSD maskwith 49 HDSL DSIN-NEXT interferersand AGN of —140 dBm/Hz. The

‘0—o0’ line shavs the peak-constrainedptimaltransmitspectrumandthe ‘—’ line shavs the constraining
OPTISPSDmask.

4.8.3 Examples

In this Sectionwe consideraline carryingHDSL2 serviceunderthe OPTIS[5] constraining?SD
maskandinput power specificationsAn averagenput power (Pp.x) 0f 19.78 dBm anda fixedbit
rateof 1.552 Mbpswasusedfor all simulations.

Figure 32 shaws the optimal downstreamtransmitspectrumfor HDSL2 with OPTIS down-
streamconstrainingmaskin the presenceof DSIN-NEXT from 49 HDSL interferersand AGN
(—140 dBm/Hz). Thekey featuredn the caseof HDSL interferersare:

1. Comparingthe peak-constrainettansmitspectrumin Figure 32 with the unconstrainedh
peakpower onein Figure 10 indicatesthat the peak-constrainedptimal solutiontries to
follow the unconstrainedn peakpower optimal solution. The peak-constrainedptimal
solutionhasanull in thespectrumaroundl1 50 kHz similarto theonein theunconstraineth
peakpowerspectrumThenull in thetransmitspectraoccursn orderto avoid theinterfering
HDSL transmitspectrum.

2. An OPTIStransmitspectrumachiezed by trackingl dBm/Hzbelowv the OPTISPSDmask
throughout,doesnot yield good performancemamgins (seeTable 7). The OPTIStransmit
spectrumooks differentfrom the peak-constrainedptimal spectrum(seeFigure32). The
null in the peak-constrainedptimal spectrum(which is not seenin the OPTIS transmit
spectrumjndicateghatit is suboptimalto distribute poweraccordingo the OPTIStransmit
spectrum.
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Table 7: Uncodedperformancemanins (in dB) for CSA No. 6: OPTIS vs. Peak-constraine@ptimal
“underOPTIS”

OPTIS Optimal Diff
CrosstalkSrc | xDSLservice| Dn | Up | Dn | Up | Dn | Up
A9 HDSL HDSL2 12.24] 2.7 || 13.74] 3.74 | 1.54] 1.03
25T1 HDSL2 17.5 | 19.9] 18.81] 20.43| 1.31| 0.53
39 self HDSL2 9.0 | 2.1 || 1551| 17.58] 6.51 15.48
24self+24T1 | HDSL2 1.7 | 43| 474 | 452 | 3.04| 0.22

Bit ratefixedat1.552 Mbps.

Averagdnputpower=19.78 dBm.

Diff (Dn) = Differencein Downstreanmamgins (Optimal— OPTIS)
Diff (Up) = Differencein Upstreanmaigins (Optimal— OPTIS)

Figure 33 shaws the optimal upstreantransmitspectrumfor HDSL2 with OPTIS upstream
constrainingnaskin thepresencef DSIN-NEXT from 25 T1 interferersandAGN (—140 dBm/Hz).
Again,we comparehe peak-constrainegtansmitspectrunin Figure33 with theunconstraineth
peakpower onein Figure11l. Notethatthe peak-constrainedptimal transmitspectrumputsno
powerin the high-frequeng spectrun(to avoid T1 interferencepsopposedo anOPTIStransmit
spectrum.

4.9 Optimizing under a PSDmask constraint: With self-interference

The solutionoutlinedin the previous Sectionappliesonly in the absencef self-interferenceln
this Sectionwe will find an optimal transmitspectrumin the presenceof additionalself-NEXT
andself-FEXT We will imposea peakpower constraintin frequeng, i.e., a limiting staticPSD
mask constraint,in additionto the averagepower and symmetricbit-rate constraints. We will

obtainthe optimal transmitspecta for an xDSL line undertheseconstraintan the presenceof
self-interference.

4.9.1 Problemstatement

Maximize the capacityof anxDSL line in the presencef AGN, interferencg DSIN-NEXT and
DSIN-FEXT) from otherservices andself-interferencéself-NEXT and self-FEXT) underthree
constraints:

1. ThexDSL transmitspectraarelimited by constrainingstaticPSDmasks*( f) for upstream
andQ4(f) for downstream.

2. The averagexDSL input power in eachdirectionof transmissiormustbe limited to P,
(Watts).

3. Equalcapacityin bothdirections(upstreamanddowvnstreamY¥or xDSL.
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Figure 33: Optimal upstreantransmitspectrumfor HDSL2 (on CSA loop 6) underan OPTISupstream
constrainingPSDmaskwith 25 T1 DSIN-NEXT interferersand AGN of —140 dBm/Hz. The ‘o—o’ line
shavs the peak-constrainedptimaltransmitspectrumandthe‘—’ line shaws the constrainingDPTISPSD
mask.

Do this by designingthe distribution of enegy over frequeng (the transmitspectra)f the xDSL
transmissions.

Additional assumptiongsremadein this caseasgivenin Section4.5.3or 4.6.3dependingon
thesignalingschemaused.

4.9.2 Solution

Consideraline (line 1) carryingxDSL service.Line 1 experiencesnterferencdrom otherneigh-
boringserviceDSIN-NEXT andDSIN-FEXT),channehoiseN,(f) (AGN), andself-interference
(self-NEXT andself-FEXT) (seeFigure3).

We needo find peak-constrainedptimaltransmitspectrgor upstreamanddownstreantrans-
mission.We let the constraining?SDmaskQ( f) bethemaximumof thetwo upstreamanddown-
streamconstrainingmasks(Q*(f) and Q%(f)). We thenemplo the solutionsas describedn
Sections4.5 or 4.6 but limit the peakpower to the constrainingmask@(f). Thus,we obtaina
peak-constrainettansmitspectrumsS,,; (f). Using this mask,we optimally groupthe bins (see
Section4.5.10)to obtainoptimalupstreamanddownstreantransmitspectra(S¥( f) andS¢(f)).
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4.9.3 Algorithm for peak-constrainedoptimization of the transmit spectra
1. ChooseéheconstrainingP’SDmaskas

Q(f) = max(Q"(f), Q*(f)) V.

2. Solwe for the optimal transmitspectrumSg . (f) accordingto the algorithmsin Sections

4.5.7,4.5.8,0r 4.6 with thefollowing addedconstraint:

Se(f) = { Q) Vf Whe.re sU(f) > Q(f), (104)
SU(f) otherwise,

whereS*( f) is thewaterfilling solution(referto [14] if thespectraregionemplo/sEQPSD
or multi-line FDS signalingandto [16] if the spectralregion employs FDS signaling)(see
Sections4.5 and 4.6). This is the peak-constrainedaterfilling solutionin the presence
of self-interferenceAs arguedin the previous Section this solutionsatisfieshe necessary
KKT conditionsfor optimality andtherefores the uniqueoptimalsolution.

3. Denotethe spectralregion emplogying FDS signalingas Erps andthe spectralregion em-
ploying EQPSDsignalingas Erqpsp.

ObtainSd, (f) from S¥,.(f) by symmetryi.e., S%, (f) = S¥,(f) in EQPSDandmulti-line
FDSregionsandSg, (f) L Sk, (f) in FDSspectraregions. Merge Sg,, (f) andS%, (f) to
form Sopi(f) as

SOpt(f) = Sgpt(f) = Sgpt(f) Vfin Eggpsp,
SOPt(f) = Sgpt(f) U Sgpt(f) Vf in EFDSa (105)

whereuU representghe unionof thetwo transmitspectra.
Groupthebinsto obtainupstreananddownstreammasksas

St(f) = Sop(f) Vfin Erpsandwhere Q"(f) > Q*(f),
ST(f) = Sop(f) Vfin Eeps andwhere Q"(f) < Q*(f) (106)

in Epxps and
SY(f) = Sf(f) = Sopt(f) Vf in Eggpsp. (207)

4. Checkif theaveragepower constraints violatedfor upstreanor downstreantransmission.

5. If theaveragepower constrainis violatedfor directiono (i.e., thetotal transmitpowerin the
directiono is morethanP,,,,)® thentransfempowerfrom S¢( f) to S?( f). Transfepowerfirst
from spectrakegionsof S?(f) to S7(f) with theleastS?(f) — S?(f) difference Repeathis
successiely in spectraregionswith increasingS?(f) — S?(f) differenceuntil the average

8Notethatif thetotaltransmitpower in directiono is morethan P, thenthetransmitpowerin directions is less
thanPpax.
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power in both directionsis the same’? We transferpower from onedirectiono to the other
directiono in spectralregionswherethe differencein power betweerthe two transmission
directionss theleastuntil the power betweerthetwo directionsbecomegqual.This powver

transferschemes in a senseoptimal asit tries to even out the powers betweenthe two

directionswith theleastlossin thetotal sumof thetransmitpowersof thetwo directions.

If thedifferenceS?(f)—S?(f) isthesamgor maginally varying)for arangeof frequencies,
thentransferpower from directiono to directiono in thosespectralregionsthat give the
maximumgainin bit ratesfor directiono.

4.9.4 Examplesand  results

In this Sectionwe consideraline carryingHDSL2 serviceunderthe OPTISI[5] constraining?SD
maskandinput power specificationsAn averagenput power (Ppa.x) 0f 19.78 dBm anda fixedbit
rateof 1.552 Mbpswasusedfor all simulations.

Figure34 shaws the optimal upstreananddownstreantransmitspectraor HDSL2 with OP-
TIS constrainingnasksin the presencef self-NEXT andself-FEXTfrom 39 HDSL2 interferers
andAGN (—140 dBm/Hz). Note thatthe optimal upstreanand downstreantransmitspectraare
separatedn frequeng (using FDS signaling)in a large spectralregion in orderto avoid high
self-NEXT. Onthe otherhand,OPTIStransmitspectranhave a large spectraloverlapat lower fre-
guenciegself-NEXT is high here)that significantlyreducesdts performancenagins (seeTable
7).

Figure35 shaws the optimal upstreananddownstreantransmitspectraor HDSL2 with OP-
TIS constrainingnasksin the presencef self-NEXT andself-FEXTfrom 24 HDSL2 interferers,
DSIN-NEXT from 24 T1 interferersandAGN (—140 dBm/Hz). Again, we seethatthe upstream
and downstreamoptimal spectraare separatedn frequeng (using FDS signaling)over a large
spectralregion. However, the EQPSDspectralregion towardsthe beginning of the spectrumis
largerherethanin the previousexample,sincewe have moreDSIN-NEXT from T1.

Key hereis thatoptimaltransmitspectraemploy optimal separationn frequeng of upstream
anddownstreanservicesn thepresencef interferenceThe“1 dB belov OPTIS transmitspectra
do notdothis,andsohave inferior performance.

Table7 compareshe performancenamgins of the OPTIStransmitspectraobtainedfrom the
OPTISPSDmaskby uniformly subtractingl dBm/Hz over the entirefrequeng rangeasin [5])
with the optimaltransmitspectraunderthe OPTISPSDmaskconstraints.Table7 shavs thatthe
optimalschemesignificantlyoutperform€PTISin thecaseof self-interferenceln casesnvolving
differentserviceinterferers(HDSL and T1) the optimal schemeconsistentlyoutperformsOPTIS
by 1 dB or more. Further comparingtheseresultswith thosein Table 1 suggestshatthe OPTIS
PSDmaskis notagoodconstraining®SDmask,sincetheunconstraineth peakpower mamginsin
Table1 aresignificantlyhigherthanthe onesin Table7. ComparingTablesl and7 suggestshat
optimalsignalingwith no peakpower constrainistaticPSDmask)giveshigh performancenaigin

9This approactof transferringoower from directiono to directiona canbelikenedto “stealingfrom therich and
giving to thepoot”
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Figure 34: Optimal upstreamand downstreamtransmitspectrafor HDSL2 (on CSA loop 6) underthe
OPTISupstreamanddownstreanconstraining? SDmaskswith 39 HDSL2 self-NEXT andself-FEXTin-

terferersandAGN of —140 dBm/Hz. The ‘'0o—o’ lines shav the peak-constrainedptimaltransmitspectra
andthe*- - -’ linesshav the constrainingDPTISPSDmasks.
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Figure 35: Optimal upstreamand downstreamtransmitspectrafor HDSL2 (on CSA loop 6) underthe
OPTISupstreamanddownstreanconstraining?SD maskswith 24 HDSL2 self-NEXT andself-FEXT in-
terferers24 T1interferersandAGN of —140 dBm/Hz. The ‘o—ao’ linesshav thepeak-constrainedptimal
transmitspectraandthe - - -’ linesshav the constrainingDPTISPSDmasks.
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gains.

4.10 Bridged taps

Bridged taps (BTs) are short segmentsof twisted pairs that attachto anothertwisted pair that
carriesdatabetweenthe subscribeandthe CO. BTs areterminatedat the otherendwith some
characteristiempedance BTs reflectthe signalson the data-carryindine. Thesereflectionsde-
structvely interferewith thetransmittedsignalover certainfrequenciesThis leadsto nullsin the
channetransferfunctionandthe self-FEXTtransferfunctionatthesefrequenciegseeFigure37).
Thesenulls in the channelransferfunctionsignificantlyreducethe datatransmissiomate. Thus,
bridgedtapsposeanimportantproblemin achiezing high bit ratesover xDSL lines?°

Bridgedtapspresencepcation,andlengthvary accordingo eachloop setup.Thus,theeffect
of BTsonthetransmissiorsignalsis differentfor eachloop. This meanghatthe channekransfer
functionnulls(in frequeng) varyfor eachseparatéine. We needto adaptthetransmitspectrunto
the channelconditionsin order to achieve high bit-rates.We needthe optimal power distribution
thatmaximizeghebit-ratesin the presencef bridgedtapsandinterferenceThis furtherenforces
the needfor optimal dynamictransmitspectraand indicatesthat static transmitspectraare not
a goodidea. In this Section,we presentoptimal and nearoptimal solutionsto find the transmit
spectran the presencef BTs.

4.10.1 Optimal transmit spectra

Optimalsignalingis morecomputationallyexpensve to implementn the presencef bridgedtaps
[3], asthe channeltransferfunctionhasnulls and thuslosesits monotonicity In this scenario,
eventheself-FEXTtransferfunctionhasnulls. In spiteof this, the overall optimalsolutioncanbe
obtainedby a bin by bin analysis:

1. Divide thefrequeng axisinto narrawv binsor subchannelsComputechannekransferfunc-
tion, variousinterferencdransferfunctions,andAGN.

2. Chooseninitial power distribution of P,,,, overall bins.

3. Giventhe powersin eachbin decidethe optimal signalingschemen eachbin. Compute
capacitiedor eachbin andhencecomputechannekapacity

4. Re-distritutethepowersin eachbin by waterfilling [14], [16], decidethe optimalsignaling
schemen eachbin, andre-calculatethe channelcapacity Repeathis stepuntil we find
themaximumpossiblechannekapacity It canbe exceedinglycomputationallyintensve to
find the optimal power distribution over all bins. Therecanbe severallocal maximafor the
channelcapacitycurve, andthereis no guaranteghat a searchalgorithmwill corverge to
theglobalmaximum.

10Bridgedtapscanberemovedfrom xDSL lines, but this is anexpensve (laborintensie) procedure.
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TheoptimalpowerdistributionalgorithmsuggestshatEQPSD FDS,andmulti-line FDSbins
couldberandomlydistributedthroughouthe transmissiobandwidth.The searcHor the optimal
switchoverbinsfrom onesignalingschemeo the othercouldbe exceedinglyexpensve (involving
amulti-dimensionakearch).

4.10.2 Suboptimal transmit spectra

We saw in the previous Sectionthat the optimal transmitspectrumcould be very expensve to
obtain.However, we canalwaysgeta goodsuboptimakolutionfor line ; asfollows:

1. Divide thefrequeng axisinto narrav binsor subchannelasin Sectior4.1. Computechan-
nel transferfunction (H¢(f)), the variousinterferenceransferfunctions(Hy (f), Hr(f),
DSn(f), andDSg(f)), andAGN (N,(f)). Obtainsubchannevalues(H, x, X; x, F; ) for
eachbin using(1)—(3)and(13). Let £ denotethe bin number

2. Usethe conditionevaluationsin (26) and(27) to determinethe signalingschemg EQPSD
or FDS)in eachbin. For eachbin:

o If (X7, — F, — HixF < 0) andtheright sideof (26) < 0, thenemploy EQPSD
signalingin thatbin (sincepowerin every bin > 0).

o If (X}, — F?,— H,F;;, > 0) andtherightsideof (27) < 0, thenemplgy FDSsignaling
in thatbin (sincepowerin everybin > 0).

e Employ FDSsignalingif boththeabove conditionsarenot satisfied.

3. Performtheoptimal power distributionunderaveragepower constrainof P,,,, usingwater
filling techniqug14], [16].

4. Useconditionevaluationan (46) and(54) to determinebinsemploying multi-line FDS.Re-
distribute power optimally usingwaterfilling technique.This stepis optionalandindicates
which binsemploy multi-line FDSsignaling.

Thesuboptimakolutiondetermineshe signalingstratey in eachbin by simple,fastcomparisons
involving transferfunctionsand SNRs. This is followed by a simple optimal power distribution
schemausingthewatekfilling technique.

Notethattheoptimalandsuboptimaklgorithmscanbeimplementedindera peakfrequency-
domainpowerconstaint (static PSD mask). This is achiezed by using peak-constrainedater
filling techniquginsteadof justwaterfilling) for optimalpower distribution (seeSectionst.8and
4.9)in thealgorithmsgivenin Sectionst.10.1and4.10.2.

4.10.3 Examplesand discussion

Optimal transmit spectra: Theoretically the optimaltransmitspectrumin the presencef BTs
canhave severalswitchoverbinsfrom onesignalingschemeo theother(for e.g.,EQPSDto
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FDSandFDSto EQPSDswitchover bins). However, we arguethatin mostof the symmet-
rical data-rateserviceqlike HDSL2 and“VDSL2") thereis only one switchover bin from
EQPSDto FDSinspiteof bridgedtaps.

Asfrequeng increasesheself-NEXT transferfunctionrapidlyincreasesut theself-FEXT
andthechannetransferfunctionsgenerallydecreasevenfor bridgedtapscase(seeFigures
6 and 37). Thus,the quantityXZk — ka — H,; . F;\, tendsto be an increasingfunction
of frequeng or bin numberk, and stayspositive onceit becomegositive. Similarly, the
quantity H; , — 2(X;, — F; ) tendsto decreasavith frequeng or bin numberk andstays
negative onceit becomesegative. Usingthe conditionevaluationg(26) and(27) for all the
frequeny binsindicatethatthereis only oneEQPSDto FDS switchover bin. Our studies
indicatethat is indeedtrue for a wide rangeof loops having bridgedtapsand employing

HDSL2, “VDSL2"” or similar symmetricservices. The optimal switchover bin alongwith

the optimaltransmitspectruncanbe determinedisingthealgorithmin Sectior4.5.7.

Figure 36 illustratesa caseof “contiguous”optimaltransmitspectran caseof aloop with
bridgedtaps(CSA loop 4). We canclearly seethatthe optimaltransmitspectrahave only
onetransitionregion from EQPSDto FDS signaling. The transmitspectrawere obtained
suchthatwe have equalperformancenaigins andequalaveragepowersin bothdirections
of transmission.

Suboptimal transmit spectra: We presentedgtrongargumentsn supportof only oneEQPSDto
FDS switchover bin in the previous paragraphHowever, therecanbe exceptionswhenthe
argumentgdo not hold, andwe have multiple EQPSDandFDSregions(seeFigure37).

Considera hypotheticalcaseof a shortloop (1.4 kft with 3 bridgedtaps) carrying the
“GDSL’ service. The channeltransferfunction, self-NEXT, and self-FEXT transferfunc-
tions areillustratedat the top of Figure37. Note thatfor “GDSL" servicethe self-NEXT
is assumedrery low. Sincethe self-NEXT is low, the non-monotonicityof the self-FEXT
andthe channeltransferfunction lead to distributed EQPSDand FDS regions acrossthe
transmissiorbandwidthasillustratedin the bottom of Figure 37. In sucha scenariothe
optimalpower distributionalgorithmof Sectiornd.10.lis exceedinglydifficult to implement.
Howeverwe caneasilyimplementthe suboptimakolutionasgivenin Section4.10.2

4.11 Extensions
4.11.1 Moregeneralsignalingtechniques

The signalingtechniquesutlined earlier are not the only techniqueghat cangive usimproved
capacityresults.Onepossibleschemas illustratedin Figure38. In thisFigure, U P; and DOW N;

referto line 4, upstreananddownstreandirectionPSDsrespectrely. In thisschemewe usemulti-

line FDSbetweergroupof lines(1 and2) having high self-NEXT andhigh self-FEXT with other
groupof lines(3 and4). However, thereis EQPSDamonggroupof lines(1 and2 employ EQPSD
asdo 3 and4) thathave low self-NEXT andlow self-FEXT within the group. This schemecan
be extendedfor M self-interferinglines (with differentself-NEXT andself-FEXT combinations
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betweerthem)usingcombinatiorof EQPSD FDS,andmulti-line FDSsignalingschemebetween
differentlinesandfrequeng bins.

Theabove schemecanbeappliedin the caseof groupsof lineswith differentself-interference
(self-NEXT andself-FEXT)characteristicbetweerdifferentsetof lines.

4.11.2 Moregeneralinterferer models

If the self-NEXT andself-FEXT interferermodelcannotbe easilycharacterizethy monotonicity
in regions, (thatis, if they vary rapidly andnon-monotonousljrom onesubchanneio the other),
thenwe mustsearchfor the overall optimal solutionon a bin by bin basis.This searchis outlined
in the Section4.100n bridgedtaps.
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Figure38: Alternative signalingschemein presencef highdegreesof self-NEXT andself-FEXTbetween
groupof lines1 and2 andlines3 and4 we emplg/ multi-line FDS. Thereis EQPSDsignalingwithin each
groupoflines(1 and2 employ EQPSDasdo3 and4) thathave low self-interference.

4.11.3 Channelvariations

Somechannelge.g.,thegeophysicalvell-loggingwireline channellundego a significantchange
in channeltransferfunction Hq(f) asa function of temperature. Temperaturevariationsare a
partof natureandhencewe needto continuouslyupdateour channekransferfunctions.Changes
in channelcharacteristiceanchangethe channelcapacity We candevelop an adaptve optimal
transmitspectrunto adjustto theseaswell asary othervariations.

4.11.4 Broadbandmodulation schemes

Wesaw in Sectior4.5.10thatwe caneasilygroupthebinsof theoptimaltransmitspectrunio make
it smoother(with fewer discontinuities) so thatwe could apply differentbroadbandnodulation
schemes Onecanapply differentbroadbandnodulationschemeglik e multi-level PAM, QAM,
CAP  etc.)overlarge spectrakegionsto the optimaltransmitspectrunobtainedaftergroupingthe
bins anddeterminethe performanceanagins. In this case we needto usea DFE at therecever
to compensatéor the severechannelttenuatiorcharacteristicsAll thesebroadbandnodulation
schemeslo not suffer from latenyy asDMT does,but the DFE structureis comple. It is worth-
while to comparethe mamgins obtainedwith broadbandnodulationschemesvith thoseobtained
usingDMT aswell ascompardehe compleity andimplementationssuesnvolved.

4.11.5 Linear power constraintsin frequency

We saw in earlierSectiongt.4— 4.10,optimalpower distributionusingwaterfilling techniqueun-
deranaveragepower constraintandpeak-constrainedaterfilling techniqueaundera peakpower
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constraintin frequeng or averageplus peakpower constraintin frequeng. In general,we can
determinghe optimal power distribution underary setof generalinear power constraintsn fre-

gueng. Further we canemploy oneof thejoint signalingtechniquesliscussedn this document
underthesenew constraintsisingsimilar analysis.

5 Summary of Contrib utions

Thekey differencedrom the prior artare:

1.

10.

Increasedtapacityfor xDSL lines usingoptimalandsuboptimaltransmitspectranvolving
joint signalingschemes.

. “Symmetrical”’ (or powercomplementaryypsteam/downsgamoptimaltransmitspectrum

for axDSL line in presenc®f self-NEXT, self-FEXT, AGN, andotherinterferinglineslike
T1,HDSL, andADSL usingeQPSDandFDSsignaling.

. Fastnearoptimalsolutionfor thetransmitspectrunwhichis computationallyery attractve

andvery easyto implementfor xDSL lines.

. Spectrabptimizationgivesgoodspectraktompatibilitywith otherservicefFDSbetterthan

CDSfor spectracompatibilityunderanaveragepower constraint).

. Dynamictransmitspectrunthatadjustsautomaticallyaccordingo theinterferenceype.
. Multi-line FDSsignalingtechniqudao combatself-FEXT.
. Increaseatapacityfor HDSL2,“GDSL”, and“VDSL2" linesusingmulti-line FDSsignaling

whenappropriate.

. Increaseccapacityin genericxDSL lines when neighboringlines have differentchannel,

noiseandinterferencecharacteristics.

. Concepbof staticestimationof interferencevaluesby readinglook-uptableof thetopology

of thecablegwhichself-interferinginesarewhere)atpowerup.Theself-interferencealues
canbe estimatedn this manner Dynamic measuremenaf interferencevaluesis doneby

“listening” to theinterferenceluringpowerup.(Subtractheestimatedelf-interferencérom

this measuredhterferencdo getthedifferentserviceinterference.)

We canalsointerpretour resultsascapacityestimategivena fixed mamgin in the presence
of fixedinterferers.

Final notes:

1.

We have framedour work within the context of the HDSL2, “GDSL", and“VDSL2” trans-
missionformats.However, ourresultsaremoregeneralandapplyto all channelshatexhibit
crosstalkinterferencdrom neighboringchannelsWe summarizeafew channelsvherethis
techniquecouldbe potentiallyapplied:
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(a) Twistedpairlines(standardelephondines)
(b) Untwistedpairsof copperines
(c) Unpairedcables
(d) Coaxialcables
(e) Powerlines
() Geophysicalvell-loggingtelemetrycables
(g) Wirelesschannels.
2. If astaticmaskis desirede.g.,for easeof implementation)we proposeahatathoroughstudy

be madeof the optimalsolutionsin differentinterferenceandnoisescenariogasproposedn
thisdocumentindthena beststaticcompromising?SDmaskbe chosen.
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Glossary

ADSL: Asymmetricaldigital subscribetine
AGN: Additive Gaussiamoise

BER: Bit errorrate(or probability)

BT: Bridgedtap

CAP: Carrierlesamplitude/pulsenodulation
CDMA: Code-dvision multiple access
CDS: Code-dvisionsignaling

CO: Centraloffice

CSA: Carrierservingarea

DFE: Decisionfeedbackequalization

DMT: Discretemultitonetechnology

DSL: Digital subscribetine

EQPSD: Equalpower spectraddensitysignaling
FDS: Frequeng divisionsignaling

FEXT: Farendcrosstalk

“GDSL”: Generaligital subscribetine
HDSL: High bit-ratedigital subscribetine
HDSL2: High bit-ratedigital subscribefine 2
ISDN: Integratedservicedigital network

ISI: Intersymbolinterference

MFDS: Multi-line Frequenyg divisionsignaling
NEXT: Nearendcrosstalk

PAM: Pulseamplitudemodulation

POTS: Plainold telephoneservices

PSD: Powerspectradensity
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QAM: Quadratureamplitudemodulation
SNR: Signalto noiseratio

T1: Transmissiori standard

TDS: Timedivisionsignaling

VDSL: Very high bit-rateDSL
“VDSL2": Veryhighbit-rateDSL 2

xDSL: Any genericDSL service
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T E N S 8 3o 2RSSR QBB QW R

Notation

Orthogonal

Union

Kind of service suchasADSL, HDSL,HDSL2,VDSL, etc.
Channetransmissiorbandwidth

Channekapacityor line capacity

Differencebetweertwo capacities

Spectrakegion
Magnitudesquaredrarendcrosstall(self-FEXT)transferfunctionin a singlebin

Signalto noiseratio (SNR)in asinglebin

: Magnitudesquarecthannekransferfunctionin asinglebin

Kind of signalingschemesuchaseQPSD FDS, multi-line FDS, etc.

: Total numberof binswithin channekransmissiorbandwidth

Functionof line parameter¢G, F', X, H) in asinglebin; it is alwaysa positive quantity

: Numberof interferinglines carryingthe sameservice

Total additive Gaussiamoise(AGN) power plustotal differentserviceinterference
Power

Constraining?SDmask

Recever

Pawver spectraldensity(PSD)

Transmitter

Positve quantityequaltoY + Z + N

Positve quantityequaltoY + Z + N + S

: Bandwidthof a bin or asubchannel

: MagnitudesquaredNearendcrosstall(self-NEXT) transferfunctionin a singlebin

Part of crosstalkpowerthatcouplesnto anotherserviceline
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7 Partof crosstallpowerthatcouplesnto anotherserviceline
a: An amplitudelevel of atransmitspectrum
b: An amplitudelevel of atransmitspectrum

Capacityof a bin or asubchannel

3

Downstreandirection

&

. Frequeng

i: Line number

j: Line number

k: Bin index

n. Fractionto choosgyower distribution,0 < n <1

o: Directionindex o € {u, d}

u: Upstreanmdirection

C?: Capacityof line 7 in transmissiomlirectiono

C°:. Capacityof aline in directiono

C;: Capacityof aline

Erps: Spectraregionemploying FDSsignaling

Evrps: Spectrakegion employing multi-line FDS signaling

F, ;. Magnitudesquaredself-FEXT transferfunctiononline ¢ andbin &
F;: Magnitudesquaredself-FEXTtransferfunctionof line ¢ in asinglebin
G;: Ratioof signalpowerin line i to noisepowerin line 1 in asinglebin
H; ,: Magnitudesquaredathannetransferfunctionof line ¢ andbin &
H;: Magnitudesquarechannetransferfunctionof line ; in asinglebin
N,(f): Channehoise

N;: AGN plusdifferentserviceinterferenceonline i

P,.;: Pawnerin positivefrequeng range([0, W) of asinglebin of line
P,.: Powerin positive frequeng range([0, 1W]) of asinglebin

Pnax: Totalaveragepoweroverthe entirefrequeng range((— B, B]) of thechannel
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Q°(f): Constraining?SDmaskin directiono
R4: Achievableratein asinglebin or subchannel
R?: Receveronline i in directiono

S?(f): PSDof linei in directiono

S°(f): PSDof aline in directiono

T?: Transmitteronline ¢ in directiono

X, . Magnitudesquaredself-NEXT transferfunctiononline ¢ andbin &
X;: Magnitudesquaredelf-NEXT transferfunctiononline i in asinglebin
cf ;- Capacityof asinglebin of line ¢ usingsignalingscheme/.

c¢?: Capacityof asinglebin of line 7 in directiono

¢’. Capacityof asinglebinin directiono

s?(f): PSDin asinglebin of line i in directiono

s°(f): PSDin asinglebin in directiono
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