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Abstiact— We presenta general framework for designing op-
timal transmit spectra for communication sewices dominated by
crosstalk— for exampleDigital SubscriberLines (DSLs)and wire-
lessLANSs. 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 distrib ution to yield significant gainsin bit rates
(or performance margins). Furthermore, by design, the spectra
are spectrally compatible with existing neighboring sewvices. The
framework is quite general; it doesnot dependon the exactchoice
of the modulation schemefor example. It is alsoextremely simple
and of low computational complexity.

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

|. INTRODUCTION

Theexplosionin communicationsechnologiefasled
to significantresource-sharingmongusers.In particular
multiple usersshareheavailablebandwidthin mary sys-
tems. Proximity of differentpathsor channelsbetween
userscanleadto multi-userinterferenceor crosstalk For
example,in digital subscribetines(DSLs)in atelephone
cableandusersin a indoorwirelessLAN, crosstalkcan
be significantly high and can limit achievable bit rates.
Efficient usageof availablebandwidthin the presencef
crosstalkis thuskey to improving capacityof suchcom-
municationsystems.

Digital subscribetine (DSL) modemsthenext gener
ation of high-speedelephondine modemsgxploit large
bandwidthg> 1 MHz) toyield highbit rateg> 1 Mbps).
The variousDSL servicegxDSL in general)are catego-
rizedaccordingo the bit ratesthey deliver:

ADSL— Asymmetrid®SL— providesa high-speedon
the order of 6 Mbps) downstream(from central office
to subscriber)channeland a low-speed(on the order of
640 kbps)upstrean{from subscribeto the centraloffice)
channebver eachtwistedpair.

VDSL— \Very high bit-rate DSL— will provide a sym-
metric or asymmetrichigh-bit-rate (on the order of 50
Mbps) channelover a single twisted pair lessthan 3 to
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Fig. 1. NEXT andFEXT betweemeighboringlinesin a binder Tx's
aretransmittersandRXx’s arerecevers.

6 kft long.

HDSL2—High bit-rateDSL2 — will provide a sym-
metric bit-rateof 1.544 Mbps over a singletwistedpair
(< 18 kft long) withoutrepeaters.

Telephonelines are paclked closely together into
bindersin a cable. Crosstalk(nearend (NEXT) andfar-
end(FEXT)) resultsdueto theproximity of thelines(see
Figurel) andsignificantlylimits achievablebit-rateg[1].

Completecancellationor suppressiorof crosstalkis
not alwayspossible sinceit is difficult and/orexpensve.
Rather we employ crosstalkavoidanceusingorthogonal
signalingtechniquego designoptimal transmitspectra.
We solve an optimizationproblemto maximizethe joint
channelcapacitygiven the channel,noiseand crosstalk
characteristicsThisis aninformation-theoreticesultthat
maximizesachievablebit ratesin crosstalk-dominateen-
vironments.By design,we maintainspectralcompatibil-
ity with existing neighboringservices.This problemwas
first solved in [2] for symmetric-bit-rateservicesfacing
self-NEXT (NEXT from same-servicdines) and white
additive Gaussiamoise(AGN). Here,we solve the prob-
lemin presencef self-NEXT, self-FEXT, AGN, andin-
terferencdrom otherservices.Optimizationcanalsobe
doneunderan additionalpeakfrequeng-domainpower
constrain{3]. Thetechniqueslevelopedherearegeneral
and canbe appliedto any symmetric-bit-ratecommuni-
cationchannebith appropriatecrosstalkcharacteristics.
In this paper we targetsymmetric-bit-ratddDSL services,
e.g.,HDSL2[4].

Sectionll outlinesthe definitionsand notation used.
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Fig. 2. Magnitude-squaretfansferfunction of the channe(CSA loop
6), 39 self-NEXT interferersand39 self-FEXTinterferers.

Details on obtaining optimal transmit spectraare pre-
sentedin Sectionlll. We discusssimulationresultsin
SectionlV andpresentonclusionsn SectionV.

Il. DEFINITIONS AND NOTATION

Therearetwo typesof crosstalk(seeFigurel):

Nearendcrosstalk(NEXT): Interferencdetweemeigh-
boringlinesthatarisesvhensignalsaretransmittedn op-
positedirections.If the neighboringines carrythe same
typeof service thentheinterferences calledself-NEXT;
otherwiseijt is calledasdifferent-servicDS) NEXT.
Far-endcrosstalk(FEXT): Interferencebetweenneigh-
boringlinesthatarisesvhensignalsaretransmittedn the
samedirection. If the neighboringlines carry the same
type of service thentheinterferences calledself-FEXT,
otherwiseijt is calledasdifferent-servicDS) FEXT.

Thetermself-interfeencerefersto the combinedself-
NEXT andself-FEXT. Channehoiseis modelecasAGN.
DSNEXT andDS FEXT canalsobemodeledasAGN for
capacitypurposess].

Figure 2 illustratesthe channel,self-NEXT, and self-
FEXT transferfunctions,denotedby He(f), Hn (f), and
Hpg(f), respectrely. We assumehatthe channelcanbe
characterizedsalineartime-invariantsystemWe divide
the transmissiorbandwidthB of the channelinto K nar
row frequeng bins;eachof width W Hz andassumehat
the channel,noiseandthe crosstalkcharacteristicyvary
slowly enoughwith frequeng thatthey canbe approxi-
matedasconstanbver eachbin.

We usethe following notationfor the channeltransfer
functionof line i [6]

Hyp if [f = fil < 5,

He(DI = { 0 otherwise @

self-NEXT transferfunction[7]

o [ X i |f—ful <%,
N (" = { 0 otherwise 2)
andself-FEXTtransferfunction[7]
o _ [ Fy if |f-fl <Y,
[He (O = { 0 otherwise 3)

Here f;, arethecenterfrequenciegseeFigure2) of the K
binswithindexk € {1,..., K'}. Weconsiderealsignals
with symmetricfrequeng responses.Thus, we denote
guantitiesonly overthe non-n@ative frequeng region.

Similarly, DS-NEXT is denotedby DSy (f), DS-
FEXT by DSr(f), and AGN by N,(f). We sumthe
DS-NEXT, DS-FEXT, andAGN to getthetotal Gaussian
noiseas

N(f) :== No(f) + DSn(f) + DSF(f). (4)

DSL modemdransmitin two directionson thesameline
via a 4-2 line hybrid circuit. We denotethe upstream
anddownstreantransmitpower spectradensitie{PSDs)
by S*(f) andS?(f), respectiely. Similarly, s*(f) and
s?(f) denotethePSDsin frequeng bin k. An EqualPSD
(EQPSD)signalingschemen frequeng bin & is onefor
which s*(f) = s¢(f) # 0 for all f in thebin. (thatis,
bothupstreamanddownstreantransmissionsccupy the
band|f — f| < & inthesameway). A FrequencyDivi-
sionSignaling(FDS)schemén frequeng bin & is onefor
which s*(f) = 0 whens?(f) # 0 for all f in thebin and
vice versa(thatis, bothtransmissionsccupy orthogonal
frequeng bandswithin | f — f| < %).

I1l. OPTIMAL TRANSMIT SPECTRA

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

Our goal is to maximizethe upstreamcapacity(C*)
andthe downstreamcapacity(C'?) given an averageto-
tal power constraintof P, andthe equalcapacitycon-
straintC* = C“.

Considetthecaseof two neighborindinescarryingthe
sameservice.Line 1 upstreantapacityis C* andline 2
downstreancapacityis C¢. Underthe Gaussiarchannel
assumptionye canwrite thesecapacitiegin bps)as

C" = sup

/ log, [1+
5*(£),84(f) Jo

|He () S*(f)
N(f) +|Hn(f)|* S2(f) + |Hr (f)]” S(f)

df, (5)



and

C* = sup / log, [1+
su(£),84f) Jo

|Ho(H)I” S4(f)
N(f) + [Hn ()’ S=(f) + [Hr (f)* S9(f)

] df. (6)

Thesupremunis takenoverall possibleS“(f) andS?( f)
satisfying

S*(f) >0, S%f)>0 Vf,

andthe averagepower constraintfor thetwo directions

oo u oo d
2 /0 SU(F)df < Prmes 2 /0 SUF)Yf < Pre (7)

We can solve for the capacitiesC* and C? using
“waterfilling” if we imposethe restrictionof EQPSD,
thatis S*(f) = S¢(f) Vf. However, this giveslow ca-
pacities. Therefore we employ FDS (S*(f) orthogonal
to S¢(f)) in spectralregionswhereself-NEXT is large
enoughto limit our capacityand EQPSDin the remain-
ing spectrumThis givesmuchimprovedperformance.

To easeouranalysiswe dividethechanneinto K bins
of equalbandwidthi¥ (seeFigure2) andcontinueourde-
signandanalysison the singlefrequeng bin k£ assuming
thebin frequeny responsegl)—(3). For easeof notation,
in this sectionset

H:=H;, X=X, F:=F,; in(1)-@3) (8
andlet N := N(f) denotethetotal noisePSDin bin k.
Let s*(f) denotethe PSDin bin k of line 1 upstreandi-
rectionands?( f) denotethe PSDin bin k of line 2 down-
streamdirection (for capacitypurposesve will consider
the bin £ demodulatedo baseband).Denotethe corre-
spondingcapacitief bin k by ¢* andc?.

We desire a signaling schemethat includes FDS,
EQPSD,and all combinationsin betweenin eachbin.
Thereforewe divide bin & in half andset

alpe if0<f<,

s'(f)=q —a)¥f FH<f<w, (9
0 otherwise,

) (1—a)%p if0<f<i,

s*(f) =< aFE if 5 <f<w, (10)
0 otherwise

Here P, is the averagepower over the bandwidthW in
bin £ and0.5 < a < 1. Thefactora controlsthe power
distribution in the bin. Whena = 0.5, s%(f) = s(f)
Vf € [0,W] (EQPSDsignaling);whena = 1, s*(f)
and s4(f) are disjoint (FDS signaling). Thesetwo ex-
tremetransmitspectraalongwith otherpossiblespectra
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a=1 a=1
2a 2a7
a=08 a=08
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Fig. 3. Upstreamanddownstreantransmitspectran asinglefrequeng
bin (e = 0.5 = EQPSDsignalinganda = 1 = FDSsignaling).

(for differentvaluesof «) areillustratedin Figure3. The
PSDss%(f) ands?(f) are“symmetrical”or power com-
plementaryto eachotherfor differentvaluesof a.. This
ensureghatthe upstreamanddownstreancapacitiesare
equal(c* = c?).

Next, we shaw thatgiventhis setup theoptimalsignal-
ing strategy usesonly FDSor EQPSDin ead bin.

A. Optimal Spectrum:Onefrequencybin
If we definetheachievablerateas

Ra(s*(f),s(f)) =

i () H
/0 log, [1+ N+s4()X 1 s*()F df, (11)
then
¢ = max Ra(s"(f),s'(f) and
4= 0-%‘1};1 RA(sd(f),s“(f))_ (12)

Due to the power complementarityof s*(f) and s¢(f),
the channel capacitiesc* and ¢? are equal. There-
fore, we will only considerthe upstreantapacityc* ex-
pression. Further we will use the shorthandR 4 for
R4(s*(f),s%(f)) in theremaindeof this section.

Substitutingthe PSDs(9) and(10) into (11) andusing
(12), we obtain

w a2P, H
v= log, |1 W
¢ 2 o.é%ixg g |1+ N+ (1—a%42/PmX + 92PuF
(1—a)2Py H

w
2P, X (1—a)2P, F
N + #5522 + W

+log, |1+

} . @3)

LetG = %VL]’Q, denotethe SNRin the bin. Then,we can
rewrite (13) as

¢ = max w log, |1+ oGH
 0.5<a<1 2 82 1+ (1-a)GX + oGF
(1-a)GH
. (14
1+aGX +(1-a)GF (14)

+ log, [1 +



Notefrom (12) and(14)thattheexpressiorafterthemax
in (14)is theachievablerate R 4. Differentiatingthe R 4
expressiorin (14) with respecto « yields

% = GQa-1)[2(X - F) + G(X2 - F?)

-H(1+GF)]L, (15)

with L > 0 Va € (0,1].

Settingthis derivative to zero gives us the single sta-
tionarypointa = 0.5. Theachievablerate R 4 is mono-
tonic in theinternval o € (0.5,1]. If thevaluea = 0.5
corresponds$o a maximum,thenit is optimalto perform
EQPSDsignalingin this bin. If thevaluea = 0.5 corre-
spondgo a minimum, thenthe maximumis achieved by
thevaluea = 1, meaningit is optimalto performFDS
signalingin this bin. No othervaluesof « are an optimal
option We canwrite testconditionsto determinghesig-
naling nature(FDS or EQPSD)in a givenbin by solving
(15):

If X2—F?_—HF <0, then

o 2Pn EQPSD f _ox - ) (16)
- < 2 _ 2 _ ’
NW FDS X F HF
If X2—F?2—HF >0, then
o 2Pn EQPSD p _ox - F) an
~ NW X2—-F2_HF’

>

FDS
Note: In eadt bin the optimal spectra exclusivelyemploy
EQPSDor FDSsignaling;thatis,a = 0.5 or 1 only. FDS
schemas a specialcaseof the more generalorthogonal
signalingconcept. However, of all orthogonalsignaling
schemesk-DS signalinggivesthe bestresultsin termsof
spectal compatibilityunderan average powerconstaint
andhences usedhere(seeproofin [8]).

B. OptimalSpecta: All frequencybins

The above analysisdealtwith only a singlefrequeng
bin centeredaroundfrequeny fi (seeFigure2). To ob-
tain the completeoptimal spectrawe applythe testcon-
ditionsin (16)and(17)to eachfrequeng binin [0, B] and
usea variationof waterfilling for the power distribution.
A simpleiterative algorithmyieldsthe completeoptimal
transmitspectrd8]:

1. Estimatewhich bins employ EQPSD signaling and
FDSusing(16) and(17). We have shavn thatin our case
(low self-FEXT)we getan EQPSDregion to the left of
aswitch-overbin Mg.r andFDSregionto theright of it
[8]. Estimatethe switch-overbin Mgap.

2. Performoptimalpowerdistributionwithin the EQPSD
region usingwaterfilling [9] andin the FDSregionusing

anotheroptimizationtechniquegoptimizationin the pres-
enceof self-interference]10].
3. Loopbetweenl and?2 until corvergencseis reached.

We have found a simpletestconditionthatcloselyap-
proximatesthe optimal switch-oser bin Mgop [8]. This
approximationreducesthe above algorithmto a single,
computationallysimple step of optimal power distribu-
tion.

The resultingspectramay not have contiguouspower
allocationover frequeng. However, we presenoptimal
waysof groupingbinsin [8] to yield contiguousupstream
anddownstreanspectra.

It is key to notethattheoptimaltransmitspectrado not
dictateary specificmodulationscheme but rathersim-
ply describehow a modulationschemeshouldoptimally
distribute its power over frequeng. Thus,optimal spec-
tra can be usedwith a numberof different modulation
schemesncluding,but notlimited to, DMT, CAP, QAM,
PAM, etc.

IV. SIMULATION RESULTS AND DISCUSSION
A. Examples

Figures4 and5 illustratethe optimal transmitspectra
for HDSL2 on CSAloop 6 in the presencef 39 HDSL2
interferers,and a combinationof 24 T1 NEXT and 24
HDSL2 interferersrespectiely.! Self-NEXT at high fre-
guenciesforces the optimal upstreamand downstream
spectrato separatén frequeng giving riseto anFDSre-
gion. At lower frequenciesheupstreamanddownstream
spectrasharethe samespectrunusingEQPSDsignaling.
The switch-over frequeny Mgor representghe transi-
tion from EQPSDto FDS signaling.As anaddedbonus,
no echocancellatioris requiredin thelarge FDSregion.

Bridgedtapsareshortsegmentof twistedpairsthatat-
tachto data-carryingwistedpairsbetweerthesubscriber
andthe centraloffice. Bridgedtapsareterminatedat the
otherendwith somecharacteristiempedanceThey lead
to a non-monotonichannekransferfunction (with nulls
in it) of the data-carryingwistedpair. Our techniqueap-
plies evento suchchannelsand we can derive optimal
and nearoptimal spectrafor them. Figure 6 illustrates

I SimulationDetails:
Bit ratefixed at 1.552 Mbps. Total averageinput power in eachdirec-
tion Ppax = 19.78 dBm.
Differentserviceinterferencenodelsobtainedrom Annex B of T1.413-
1995 (from [6], the ADSL standard)with exceptionsasin [11]. Self-
NEXT interferencanodeledasa 2-pieceUngermodel[7].
Marginscalculatedaccordingto [12].
OPTIStransmitspectraobtainedby trackingl dBm/Hzbelon the OP-
TIS PSDmaskg13]. OPTISperformancenaigin figuresfrom [13].
AGN of —140 dBm/Hzaddedo theinterference.
DMT modulationscheme:
Samplingfrequenyg fs; = 1000 kHz.
Bin width W = 2 kHz. Numberof bins K = 250.
Startfrequeny = 1 kHz. Bit errorrate= 10~".
SNRgap=9.8 dB. No cyclic prefix. No limitation onmaximumnumber
of bits pertone.
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4. Optimalupstreamanddownstreantransmitspectrador HDSL2
on CSA loop 6 with 39 self-NEXT and39 self-FEXT interferers.
EQPSDsignalingtakes placeto the left of switch-over frequeng
Mpygor andFDSto theright. (Note thatthe placemenbf the FDS
regionsis nonunique Herewe choosea groupingsuchthatupstream
anddownstreantransmissionsiseequaltransmitpoversandresult
in equalperformancenagins. Othergroupingsarepossibleseef8]
for details.)

Fig.

TABLE |
Uncodedperformancenaigins (in dB) for HDSL2 on CSAloop6:
OPTISvs. Optimal. OPTISfigureswereobtainedrom [13]. Diff =

Differencebetweerworst-caseptimalandworst-cas€OPTIS.

Crosstalk OPTIS Optimal

source Up | Dn Up | Dn | Diff
49HDSL 2.7 | 12.2| 185| 185 15.8
25T1 19.9( 175 21.3| 21.3| 3.8
39 self 21| 9.0 | 18.3| 18.3| 16.2
24 self+24T1 4.3 1.7 54| 54 | 3.7

the optimal transmitspectrafor HDSL2 on CSA loop 4
(with bridgedtaps)in the presenceof 39 HDSL?2 inter-
ferers. Again, we get a distinct EQPSDregion at low
frequenciesand a FDS region at high frequencies.The
non-monotonicityof the channeleadsto a similar effect
onthepower distribution (seeFigure6).

Notethattheoptimaltransmitspectravarysignificantly
with theinterferencecombination.

B. Performancenamins

The amountof noise (in dB) a channelcan sustain
while maintaininga fixed bit rate and bit error rate is
known asthe noisemargin or performancemargin [14].
Tablel liststheperformancenarginsof theoptimaltrans-
mit spectraversusthoseobtainedusingthe OPTISfixed
transmitspectraANSI T1E1.4committee$ standardor
the HDSL2 service[13]) for CSA loop 6. For different
serviceinterferergyHDSL andT1), only the NEXT pow-
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Fig.5. Optimalupstreamanddownstreantransmitspectraor HDSL2
onCSAloop6 with 24 self-NEXT, 24 self-FEXT and24 T1 NEXT
interferers.EQPSDsignalingtakes placeto the left of switch-aver
frequeny Mgor andFDSto theright.
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Fig. 6. Optimalupstreanmanddownstreantransmitspectraor HDSL2
on CSA loop 4 with 39 self-NEXT and39 self-FEXT interferers.
EQPSDsignalingtakes placeto the left of switch-over frequeng
Mpgor andFDSto theright.

erswere consideredfor HDSL2, “self” comprisesdoth
self-NEXT and self-FEXT. Equal performancemargins
were obtainedfor upstreamand downstreamtransmis-
sions. We can clearly seethat the optimal schemeout-
performsOPTISwith largegainsin all thecases.

C. Spectal compatibility

Wheneer we optimize the bit rate of any xDSL ser
viceonadgivenline we needto make surethatthis service
doesnotsignificantlyinterferewith theexistingneighbor
ing XDSL services.In otherwords, we needto checkif



TABLE 1l
Spectral-compatibty mamwgins(in dB) for HDSL2 on CSA loop6:
OPTISvs. Optimal. OPTISnumbersvereobtainedrom [11].

Crosstalk | xDSL Optimal
source service| OPTIS| Up | Dn
49HDSL | HDSL | 7.86(OPTISandOptimal
notinvolved)
39HDSL2 | HDSL 7.84 | 13.28| 20.84
49HDSL2 | HDSL 7.26 | 12.71| 20.15

the servicebeingoptimizedis spectally compatiblewith
existing services. Spectralcompatibility is measuredn
termsof noisemargins(calledspectracompatibilitymar
gins) of neighboringservicesn the presencef the opti-
mizedservice.

By design,the optimal transmitspectraachieve good
spectralcompatibility mamgins. Throughoptimal power
distribution techniqueswe distribute more power of the
optimizedxDSL servicein theregionsof low interference
andlesspower in theregionsof highinterference Thus,
we avoid the higherpower transmissiorfrequenciesof
neighborindinesandthereforesimultaneouslyeducethe
effect of the leakagepower from optimizedxDSL into
theseneighborindines.

To illustrate, considerthe spectralcompatibility be-
tweenHDSL2 andHDSL. Tablell liststhespectracom-
patibility mamgins of the optimal transmitspectraversus
OPTIS [13] for CSA loop 6. We comparethe perfor
mancemamins for HDSL in the presenceof two types
of interferers;otherHDSL linesandHDSL2 lines. The
column “OPTIS” lists the margins obtainedusing OP-
TIS transmitspectraandthe column“Optimal” lists the
maurgins obtainedusing optimal transmitspectra(differ-
entfor eachcombinationof interferers).We seethatthe
optimalspectrahave betterspectracompatibilitymarmgins
thanOPTIS. Likewise, analysisfor otherxDSL services
like T1 andADSL yieldssimilar results.

V. CONCLUSIONS

We solvedanoptimizationproblemto jointly maximize
capacityof DSLs in the presenceof crosstalk. The re-
sulting optimal transmitspectrayield large performance
maurgin gains. We cantradetheseincreasegerformance
maminsfor increasedit ratesor decreasedveragerans-
missionpower. Thespectraareby designspectrallycom-
patiblewith existing services.Thekey advantage®f this
techniqueare:

1. Optimaltransmitspectrayield significantperformance
mautgin gainsascomparedo fixedtransmitspectra.

2. Optimal transmit spectraare inherently spectrally
compatiblewith existing services.

3. Optimalspectraarenotboundto ary particularmodu-
lation scheme.

4. Thereexist nearoptimaltransmitspectrahatarevery
easyto computegvenfor complicatedoopssuchasthose
with bridgedtaps.

5. FDSregionsrequireno echocancellation.

6. Transmitspectracanbe adaptedn-lineto changesn

theline conditions(e.g.,temperatureariationsetc.).

7. Optimalspectrayield boundson maximumachiezable
bit rates.

Our schemeaequiresa priori knowledgeof the character
istics of neighboringinterfering services. Thesecan ei-

therbeestimatednlineor analyzedn aworst-casenan-
ner for eachDSL line. This information could also be
obtainedfrom a centraloffice database¢hat specifieshe
type of servicesn eachbindergroupin thetelephoneca-
ble.
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