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Abstract— We present a general framework for designing op-
timal transmit spectra for communication services dominated by
crosstalk— for exampleDigital SubscriberLines (DSLs)and wire-
lessLANs. Usingthe channel,noise,and interferencetransfer func-
tions, we set up and solve an optimization problem to maximize
the joint channel capacity. We employ joint signaling techniques
and optimal power distribution to yield significant gainsin bit rates
(or performance margins). Furthermor e, by design, the spectra
are spectrally compatible with existing neighboring services. The
framework is quite general; it doesnot dependon the exactchoice
of the modulation scheme,for example. It is alsoextremelysimple
and of low computational complexity.

Keywords—Digital subscriberline services(xDSL), multi-user in-
terference,crosstalk,spectral compatibility, capacity, performance
margins, power allocation, transmit spectra, joint signaling tech-
niques.

I . INTRODUCTION

Theexplosionin communicationstechnologieshasled
to significantresource-sharingamongusers.In particular,
multipleuserssharetheavailablebandwidthin many sys-
tems. Proximity of differentpathsor channelsbetween
userscanleadto multi-userinterferenceor crosstalk. For
example,in digital subscriberlines(DSLs)in a telephone
cableandusersin a indoorwirelessLAN, crosstalkcan
be significantly high and can limit achievablebit rates.
Efficient usageof availablebandwidthin thepresenceof
crosstalkis thuskey to improving capacityof suchcom-
municationsystems.

Digital subscriberline (DSL) modems,thenext gener-
ationof high-speedtelephoneline modems,exploit large
bandwidths( ��� MHz) toyieldhighbit rates( ��� Mbps).
ThevariousDSL services(xDSL in general)arecatego-
rizedaccordingto thebit ratesthey deliver:
ADSL— AsymmetricDSL— providesa high-speed(on
the order of � Mbps) downstream(from central office
to subscriber)channelanda low-speed(on the orderof���
	 kbps)upstream(from subscriberto thecentraloffice)
channelovereachtwistedpair.
VDSL— Veryhighbit-rateDSL— will provide a sym-
metric or asymmetrichigh-bit-rate(on the order of ��	
Mbps) channelover a single twistedpair lessthan � to
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Fig. 1. NEXT andFEXT betweenneighboringlines in a binder. Tx’s
aretransmittersandRx’s arereceivers.� kft long.

HDSL2— High bit-rateDSL2 — will provide a sym-
metric bit–rateof ��� ����� Mbpsover a singletwistedpair
( ����� kft long)without repeaters.

Telephone lines are packed closely together into
bindersin a cable. Crosstalk(near-end(NEXT) andfar-
end(FEXT)) resultsdueto theproximity of thelines(see
Figure1) andsignificantlylimits achievablebit-rates[1].

Completecancellationor suppressionof crosstalkis
not alwayspossible,sinceit is difficult and/orexpensive.
Rather, we employ crosstalkavoidanceusingorthogonal
signalingtechniquesto designoptimal transmitspectra.
We solve anoptimizationproblemto maximizethe joint
channelcapacitygiven the channel,noiseandcrosstalk
characteristics.Thisis aninformation-theoreticresultthat
maximizesachievablebit ratesin crosstalk-dominateden-
vironments.By design,we maintainspectralcompatibil-
ity with existing neighboringservices.This problemwas
first solved in [2] for symmetric-bit-rateservicesfacing
self-NEXT (NEXT from same-servicelines) and white
additiveGaussiannoise(AGN). Here,wesolve theprob-
lem in presenceof self-NEXT, self-FEXT, AGN, andin-
terferencefrom otherservices.Optimizationcanalsobe
doneunderan additionalpeakfrequency-domainpower
constraint[3]. Thetechniquesdevelopedherearegeneral
andcanbe appliedto any symmetric-bit-ratecommuni-
cationchannelwith appropriatecrosstalkcharacteristics.
In this paper, we targetsymmetric-bit-rateDSL services,
e.g.,HDSL2[4].

SectionII outlinesthe definitionsand notationused.
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Fig. 2. Magnitude-squaredtransferfunctionof thechannel(CSA loop

6), ��� self-NEXTinterferers,and ��� self-FEXTinterferers.

Details on obtaining optimal transmit spectraare pre-
sentedin SectionIII. We discusssimulationresultsin
SectionIV andpresentconclusionsin SectionV.

I I . DEFINITIONS AND NOTATION

Therearetwo typesof crosstalk(seeFigure1):

Near-endcrosstalk(NEXT): Interferencebetweenneigh-
boringlinesthatariseswhensignalsaretransmittedin op-
positedirections.If theneighboringlinescarrythesame
typeof service,thentheinterferenceis calledself-NEXT;
otherwise,it is calledasdifferent-service(DS)NEXT.
Far-endcrosstalk(FEXT): Interferencebetweenneigh-
boringlinesthatariseswhensignalsaretransmittedin the
samedirection. If the neighboringlines carry the same
typeof service,thentheinterferenceis calledself-FEXT;
otherwise,it is calledasdifferent-service(DS)FEXT.

Thetermself-interferencerefersto thecombinedself-
NEXT andself-FEXT. ChannelnoiseismodeledasAGN.
DSNEXT andDSFEXTcanalsobemodeledasAGN for
capacitypurposes[5].

Figure2 illustratesthe channel,self-NEXT, andself-
FEXTtransferfunctions,denotedby � �"!$#&% , � '(!$#&% , and� )*!$#&% , respectively. We assumethat thechannelcanbe
characterizedasalineartime-invariantsystem.Wedivide
the transmissionbandwidth+ of thechannelinto K nar-
row frequency bins;eachof width , Hz andassumethat
the channel,noiseandthe crosstalkcharacteristicsvary
slowly enoughwith frequency that they canbe approxi-
matedasconstantovereachbin.

We usethe following notationfor thechanneltransfer
functionof line - [6]. � �"!/#&% . 02143 � 576 8 if

. #:9;#�8 .=<?> 0A@	 otherwise@ (1)

self-NEXTtransferfunction[7]. � '(!$#&% . 0 1 3?B 576 8 if
. #:9C# 8 .=< > 0 @	 otherwise@ (2)

andself-FEXTtransferfunction[7]. � ) !$#&% . 0 1 3?D 576 8 if
. #:9;#�8 .=<?> 0A@	 otherwise� (3)

Here # 8 arethecenterfrequencies(seeFigure2) of the E
binswith index FHG � � @ �I��� @ EJ� . Weconsiderrealsignals
with symmetricfrequency responses.Thus, we denote
quantitiesonly over thenon-negativefrequency region.

Similarly, DS-NEXT is denotedby K:L ' !$#&% , DS-
FEXT by K:L ) !$#&% , and AGN by MON�!/#&% . We sum the
DS-NEXT, DS-FEXT, andAGN to getthetotalGaussian
noiseasMJ!/#&%QP 1 MON�!$#&%SRTK:L ' !$#&%URTK:L ) !/#&%�� (4)

DSL modemstransmitin two directionson thesameline
via a � –V line hybrid circuit. We denotethe upstream
anddownstreamtransmitpowerspectraldensities(PSDs)
by LXWY!/#&% and L[Z
!$#&% , respectively. Similarly, \]W^!$#&% and\]Z
!/#&% denotethePSDsin frequency bin F . An EqualPSD
(EQPSD)signalingschemein frequency bin F is onefor
which \�W_!$#&% 1 \`Z
!$#&%ba1 	 for all # in the bin. (that is,
bothupstreamanddownstreamtransmissionsoccupy the
band

. #:9C# 8 .=< > 0 in thesameway). A FrequencyDivi-
sionSignaling(FDS)schemein frequency bin F is onefor
which \]W_!$#&% 1 	 when \`Z
!$#&%ca1 	 for all # in thebin and
vice versa(that is, bothtransmissionsoccupy orthogonal
frequency bandswithin

. #:9;# 8 .=< > 0 ).

I I I . OPTIMAL TRANSMIT SPECTRA

We considera full-duplex symmetric-bit-ratecommu-
nication channelwhereself-NEXT dominatesand self-
FEXT is small(seeFigure2). This is thecaseof interest
for HDSL2. However, self-FEXTfactorsinto our design
in a significantway. This is a new, non-trivial extension
of thework of [2].

Our goal is to maximizethe upstreamcapacity( d W )
and the downstreamcapacity( deZ ) given an averageto-
tal power constraintof fhgXikj andtheequalcapacitycon-
straint dlW 1 deZ .

Considerthecaseof two neighboringlinescarryingthe
sameservice.Line � upstreamcapacityis d W andline V
downstreamcapacityis deZ . UndertheGaussianchannel
assumption,wecanwrite thesecapacities(in bps)asd W 1 monqpr
s�tvu]w 6 r=x�tvu]wzy|{}�~���� 0[���`R. � �"!$#&% . 0 LXWY!/#&%MJ!/#&%SR . � 'O!/#&% . 0 L Z !$#&%UR . �()*!/#&% . 0 L W !$#&%`�S� # @ (5)



andd Z 1 mkn�pr
s�tvu]w 6 r=xItvu]w y {} ~���� 0 ����R. � �"!$#&% . 0 L�Z�!/#&%MJ!/#&%UR . � '(!$#&% . 0 L W !$#&%hR . � )*!$#&% . 0 L Z !/#&%]�S� #_� (6)

Thesupremumis takenoverall possibleL[W_!/#&% and L[Z�!/#&%
satisfying L W !$#&%Q��	 @ L Z !$#&%Q��	��&# @
andtheaveragepowerconstraintsfor thetwo directionsV yT{} L W !$#&% � # < f gXikj @ V yT{} L Z !$#&% � # < f gXikj � (7)

We can solve for the capacities d W and d Z using
“water–filling” if we imposethe restrictionof EQPSD,
that is LXW_!$#&% 1 L[Z
!/#&%��S# . However, this giveslow ca-
pacities. Therefore,we employ FDS ( L[WY!/#&% orthogonal
to L[Z�!$#&% ) in spectralregionswhereself-NEXT is large
enoughto limit our capacityandEQPSDin the remain-
ing spectrum.Thisgivesmuchimprovedperformance.

To easeouranalysis,wedividethechannelinto E bins
of equalbandwidth, (seeFigure2) andcontinueourde-
signandanalysison thesinglefrequency bin F assuming
thebin frequency responses(1)–(3).For easeof notation,
in thissectionset��P 1 � 5�6 8 @ B P 1 B 576 8 @ D P 1 D 5�6 8 in (1)–(3)@ (8)

andlet M�P 1 MJ!$# 8 % denotethetotal noisePSDin bin F .
Let \ W !/#&% denotethePSDin bin F of line � upstreamdi-
rectionand \]Z�!$#&% denotethePSDin bin F of line V down-
streamdirection(for capacitypurposeswe will consider
the bin F demodulatedto baseband).Denotethe corre-
spondingcapacitiesof bin F by ��W and �IZ .

We desire a signaling schemethat includes FDS,
EQPSD,and all combinationsin betweenin eachbin.
Therefore,wedividebin F in half andset\ W !/#&% 1��� ��� 0����> if 	 < # < > 0�@!o�"9 � % 0k���> if

> 0 ��# < , @	 otherwise,
(9)

\ Z !$#&% 1��� � !��*9 � % 0k� �> if 	 < # < > 0A@� 0����> if
> 0 ��# < , @	 otherwise� (10)

Here f¢¡ is theaveragepower over thebandwidth, in
bin F and 	q� � < � < � . Thefactor � controlsthepower
distribution in the bin. When � 1 	��£� , \ W !$#&% 1 \ Z !/#&%�&#?G¤� 	 @ ,�¥ (EQPSDsignaling); when � 1 � , \]WY!/#&%
and \`Z�!$#&% are disjoint (FDS signaling). Thesetwo ex-
tremetransmitspectraalongwith otherpossiblespectra
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Fig.3. Upstreamanddownstreamtransmitspectrain asinglefrequency
bin ( ®�¯b°]± ²´³ EQPSDsignalingand ®�¯¶µ:³ FDSsignaling).

(for differentvaluesof · ) areillustratedin Figure3. The
PSDş]¹^º$»&¼ and ¸`½
º$»&¼ are“symmetrical”or powercom-
plementaryto eachotherfor differentvaluesof · . This
ensuresthat theupstreamanddownstreamcapacitiesare
equal( ¾I¹O¿�¾�½ ).

Next, weshow thatgiventhissetup,theoptimalsignal-
ing strategyusesonlyFDSor EQPSDin each bin.

A. OptimalSpectrum:Onefrequencybin

If wedefinetheachievablerateasÀzÁ º$¸ ¹ º/»&¼�ÂÃ¸ ½ º/»&¼o¼[¿Ä�ÅÆ Ç�È�É
ÊÌËÎÍÐÏ ¸]¹_º$»&¼oÑÒ Ï ¸ ½ º$»&¼�Ó Ï ¸ ¹ º$»&¼�ÔbÕ×Ö »_Â (11)

then ¾ ¹ ¿ ØÌÙ�ÚÆ�Û Ü�Ý&Þ×ÝSß À Á º$¸ ¹ º$»&¼�ÂÃ¸ ½ º/»&¼o¼�Ù�àqá¾ ½ ¿ ØÌÙ�ÚÆIÛ ÜIÝ^Þ�Ý&ß ÀcÁ º/¸ ½ º/»&¼�Â�¸ ¹ º$»&¼k¼�â (12)

Due to the power complementarityof ¸ ¹ º/»&¼ and ¸ ½ º$»&¼ ,
the channel capacities ¾I¹ and ¾�½ are equal. There-
fore, we will only considertheupstreamcapacity¾�¹ ex-
pression. Further, we will use the shorthand

ÀzÁ
forÀcÁ º/¸�¹_º$»&¼�Â�¸`½
º$»&¼k¼ in theremainderof thissection.

SubstitutingthePSDs(9) and(10) into (11) andusing
(12),weobtain¾ ¹ ¿�ã ä ØÌÙ�ÚÆ�Û ÜIÝ^Þ�Ý&ß¢å Ç�È�É�Êçæ�ÍÐÏ Þ Ê�è�é[êÅÒ Ï?ë ß�ì^Þ�í Ê�è�é[îÅ Ï Þ Êkè�é[ïÅ ðÏñÇ�È�É ÊÌæ ÍÐÏ ë ß�ì^Þ�í Ê�è�éXêÅÒ Ï Þ Êkè é îÅ Ï?ë ß�ì^Þ�í Êkè é ïÅ ð*ò â (13)

Let ó¤¿ Ê�è éÅÌô denotetheSNRin thebin. Then,we can
rewrite (13)as¾ ¹ ¿ ØÌÙ�ÚÆIÛ ÜIÝ^Þ�Ý&ß ã äöõ Ç�È�É Ê Ë ÍÐÏ ·¢óeÑÍÐÏ º Í*÷ ·ø¼�ólÓ Ï ·¢óeÔbÕÏñÇ�È�É�Ê ËùÍÐÏ º Í*÷ ·ø¼�óeÑÍÐÏ ·¢ólÓ Ï º Í*÷ ·ø¼�óeÔúÕøû â (14)



Notefrom (12)and(14)thattheexpressionafterthe üÌý�þ
in (14) is theachievablerate ÿ�� . Differentiatingthe ÿ��
expressionin (14)with respectto � yields
� ÿ �� � 1 � !/V � 9��]%���V�! B 9 D %UR � ! B 0 9 D 0 %9"�J!o�ÐR � D %ù¥�� @ (15)

with ����	*� � GC!7	 @ ��¥ .
Settingthis derivative to zerogivesus the singlesta-

tionarypoint � 1 	��£� . Theachievablerate ÿ � is mono-
tonic in the interval � G !7	��£� @ ��¥ . If the value � 1 	��£�
correspondsto a maximum,thenit is optimalto perform
EQPSDsignalingin this bin. If thevalue � 1 	��£� corre-
spondsto a minimum,thenthemaximumis achievedby
the value � 1 � , meaningit is optimal to performFDS
signalingin this bin. Noothervaluesof � are anoptimal
option. We canwrite testconditionsto determinethesig-
nalingnature(FDSor EQPSD)in a givenbin by solving
(15):

If B 0 9 D 0 9 � D �|	 @ then

� 1 V�f¢¡Mñ, ��	�

���������� � 9CV�! B 9 D %B 0 9 D 0 9;� D @ (16)

If B 0 9 D 0 9 � D �|	 @ then

� 1 V�f¢¡Mñ, ��	�

���������� � 9CV�! B 9 D %B 0 9 D 0 9;� D � (17)

Note: In each bin theoptimalspectra exclusivelyemploy
EQPSDor FDSsignaling;thatis, � 1 	��£� or � only. FDS
schemeis a specialcaseof the moregeneralorthogonal
signalingconcept.However, of all orthogonalsignaling
schemes,FDSsignalinggivesthebestresultsin termsof
spectral compatibilityunderanaveragepowerconstraint
andhenceis usedhere(seeproof in [8]).

B. OptimalSpectra: All frequencybins

Theabove analysisdealtwith only a singlefrequency
bin centeredaroundfrequency #�8 (seeFigure2). To ob-
tain thecompleteoptimalspectra,we applythe testcon-
ditionsin (16)and(17)to eachfrequency bin in � 	 @ +e¥ and
usea variationof water-filling for thepower distribution.
A simpleiterative algorithmyieldsthecompleteoptimal
transmitspectra[8]:
1. Estimatewhich bins employ EQPSDsignaling and
FDSusing(16)and(17). We haveshown thatin ourcase
(low self-FEXT) we get an EQPSDregion to the left of
a switch-overbin ��� 0�� andFDSregion to theright of it
[8]. Estimatetheswitch-overbin � � 0�� .
2. Performoptimalpowerdistributionwithin theEQPSD
regionusingwater-filling [9] andin theFDSregionusing

anotheroptimizationtechnique(optimizationin thepres-
enceof self-interference)[10].
3. Loopbetween1 and2 until convergenceis reached.

We have founda simpletestconditionthatcloselyap-
proximatesthe optimal switch-over bin ��� 0�� [8]. This
approximationreducesthe above algorithm to a single,
computationallysimple stepof optimal power distribu-
tion.

The resultingspectramay not have contiguouspower
allocationover frequency. However, we presentoptimal
waysof groupingbinsin [8] to yield contiguousupstream
anddownstreamspectra.

It is key to notethattheoptimaltransmitspectradonot
dictateany specificmodulationscheme,but rathersim-
ply describehow a modulationschemeshouldoptimally
distribute its power over frequency. Thus,optimal spec-
tra can be usedwith a numberof different modulation
schemes,including,but not limited to,DMT, CAP, QAM,
PAM, etc.

IV. SIMULATION RESULTS AND DISCUSSION

A. Examples

Figures4 and5 illustratethe optimal transmitspectra
for HDSL2on CSA loop � in thepresenceof ��� HDSL2
interferers,and a combinationof V�� T1 NEXT and V��
HDSL2 interferersrespectively.1 Self-NEXTat high fre-
quenciesforces the optimal upstreamand downstream
spectrato separatein frequency giving riseto anFDSre-
gion. At lower frequenciestheupstreamanddownstream
spectrasharethesamespectrumusingEQPSDsignaling.
The switch-over frequency � � 0�� representsthe transi-
tion from EQPSDto FDSsignaling.As anaddedbonus,
noechocancellationis requiredin thelargeFDSregion.

Bridgedtapsareshortsegmentsof twistedpairsthatat-
tachto data-carryingtwistedpairsbetweenthesubscriber
andthecentraloffice. Bridgedtapsareterminatedat the
otherendwith somecharacteristicimpedance.They lead
to a non-monotonicchanneltransferfunction(with nulls
in it) of thedata-carryingtwistedpair. Our techniqueap-
plies even to suchchannelsand we can derive optimal
and near-optimal spectrafor them. Figure 6 illustrates
�
SimulationDetails:

Bit ratefixedat ��� ����� Mbps. Total averageinput power in eachdirec-
tion �� "!$#
%&�o��� ')( dBm.
DifferentserviceinterferencemodelsobtainedfromAnnex B of T1.413-
1995(from [6], the ADSL standard),with exceptionsasin [11]. Self-
NEXT interferencemodeledasa2-pieceUngermodel[7].
Marginscalculatedaccordingto [12].
OPTIStransmitspectraobtainedby tracking � dBm/Hzbelow theOP-
TIS PSDmasks[13]. OPTISperformancemargin figuresfrom [13].
AGN of *+�-,/. dBm/Hzaddedto theinterference.
DMT modulationscheme:
Samplingfrequency 021�%3�4.�.�. kHz.
Bin width 56%7� kHz. Numberof bins 89%:����. .
Startfrequency = � kHz. Bit errorrate= �4.�;�< .
SNRgap= ��� ( dB.Nocyclic prefix. No limitationonmaximumnumber
of bitspertone.
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andFDSto the right. (Note that the placementof the FDS
regionsisnonunique.Herewechooseagroupingsuchthatupstream
anddownstreamtransmissionsuseequaltransmitpowersandresult
in equalperformancemargins.Othergroupingsarepossible;see[8]
for details.)

TABLE I

Uncodedperformancemargins(in dB) for HDSL2onCSA loop = :
OPTISvs.Optimal.OPTISfigureswereobtainedfrom [13]. Diff =

Differencebetweenworst-caseoptimalandworst-caseOPTIS.

Crosstalk OPTIS Optimal
source Up Dn Up Dn Diff

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

the optimal transmitspectrafor HDSL2 on CSA loop �
(with bridgedtaps)in the presenceof �B� HDSL2 inter-
ferers. Again, we get a distinct EQPSDregion at low
frequenciesanda FDS region at high frequencies.The
non-monotonicityof thechannelleadsto a similar effect
on thepowerdistribution(seeFigure6).

Notethattheoptimaltransmitspectravarysignificantly
with theinterferencecombination.

B. Performancemargins

The amountof noise (in dB) a channelcan sustain
while maintaininga fixed bit rate and bit error rate is
known asthenoisemargin or performancemargin [14].
TableI liststheperformancemarginsof theoptimaltrans-
mit spectraversusthoseobtainedusingtheOPTISfixed
transmitspectra(ANSI T1E1.4committee’s standardfor
the HDSL2 service[13]) for CSA loop � . For different
serviceinterferers(HDSL andT1), only theNEXT pow-
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Fig. 6. Optimalupstreamanddownstreamtransmitspectrafor HDSL2
on CSA loop , with ��� self-NEXT and ��� self-FEXT interferers.
EQPSDsignalingtakes placeto the left of switch-over frequency> ?EADC

andFDSto theright.

erswereconsidered;for HDSL2, “self” comprisesboth
self-NEXT and self-FEXT. Equal performancemargins
were obtainedfor upstreamand downstreamtransmis-
sions. We canclearly seethat the optimal schemeout-
performsOPTISwith largegainsin all thecases.

C. Spectral compatibility

Whenever we optimize the bit rateof any xDSL ser-
viceonagivenline weneedto makesurethatthisservice
doesnotsignificantlyinterferewith theexistingneighbor-
ing xDSL services.In otherwords,we needto checkif



TABLE II

Spectral-compatibility margins(in dB) for HDSL2onCSA loop = :
OPTISvs.Optimal.OPTISnumberswereobtainedfrom [11].

Crosstalk xDSL Optimal
source service OPTIS Up Dn

49HDSL HDSL 7.86(OPTISandOptimal
not involved)

39HDSL2 HDSL 7.84 13.28 20.84
49HDSL2 HDSL 7.26 12.71 20.15

theservicebeingoptimizedis spectrally compatiblewith
existing services.Spectralcompatibility is measuredin
termsof noisemargins(calledspectralcompatibilitymar-
gins)of neighboringservicesin thepresenceof theopti-
mizedservice.

By design,the optimal transmitspectraachieve good
spectralcompatibility margins. Throughoptimal power
distribution techniques,we distribute morepower of the
optimizedxDSL servicein theregionsof low interference
andlesspower in theregionsof high interference.Thus,
we avoid the higher-power transmissionfrequenciesof
neighboringlinesandthereforesimultaneouslyreducethe
effect of the leakagepower from optimizedxDSL into
theseneighboringlines.

To illustrate, considerthe spectralcompatibility be-
tweenHDSL2andHDSL. TableII lists thespectralcom-
patibility margins of the optimal transmitspectraversus
OPTIS [13] for CSA loop 6. We comparethe perfor-
mancemargins for HDSL in the presenceof two types
of interferers;otherHDSL lines andHDSL2 lines. The
column “OPTIS” lists the margins obtainedusing OP-
TIS transmitspectraandthe column“Optimal” lists the
margins obtainedusingoptimal transmitspectra(differ-
ent for eachcombinationof interferers).We seethat the
optimalspectrahavebetterspectralcompatibilitymargins
thanOPTIS.Likewise,analysisfor otherxDSL services
likeT1 andADSL yieldssimilar results.

V. CONCLUSIONS

Wesolvedanoptimizationproblemto jointly maximize
capacityof DSLs in the presenceof crosstalk. The re-
sulting optimal transmitspectrayield large performance
margin gains.We cantradetheseincreasedperformance
marginsfor increasedbit ratesor decreasedaveragetrans-
missionpower. Thespectraareby designspectrallycom-
patiblewith existingservices.Thekey advantagesof this
techniqueare:

1. Optimaltransmitspectrayield significantperformance
margin gainsascomparedto fixedtransmitspectra.
2. Optimal transmit spectra are inherently spectrally
compatiblewith existingservices.

3. Optimalspectraarenotboundto any particularmodu-
lationscheme.
4. Thereexist near-optimaltransmitspectrathatarevery
easytocompute,evenfor complicatedloopssuchasthose
with bridgedtaps.
5. FDSregionsrequirenoechocancellation.
6. Transmitspectracanbeadaptedon-lineto changesin
theline conditions(e.g.,temperaturevariations,etc.).
7. Optimalspectrayield boundsonmaximumachievable
bit rates.
Our schemerequiresa priori knowledgeof thecharacter-
istics of neighboringinterferingservices.Thesecanei-
therbeestimatedonlineor analyzedin aworst-caseman-
ner for eachDSL line. This information could also be
obtainedfrom a centraloffice databasethat specifiesthe
typeof servicesin eachbindergroupin thetelephoneca-
ble.
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