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ABSTRACT

The applicationof multi-sdit equalizes is proposedas a
meansof diminishirg the training sequene length. Reduc-
tionsin theorderof four to six timesarepresetedfor practi-
calHDSL chamels.Thenew structures suitablefor numer
ous appications, for instance asthe front end of ary joint
equalizéion anddecodirg schemehat makesuseof a DFE
in aniterative way.

. INTRODUCTION

Digital comnunicatiors through bandlimited linear fil-
ter channelsare affected by both additive noise and chan-
nel distortion[1]. Channeldistortion leadsto intersymiwol
interference(1S1), which can be compensatedoy meansof
an equalizer When chamel distortionis not known a pri-
ori, the equalizermust be of an adaptve nature. If adap-
tive, thenthe equalizerrelieson a training sequene or ona
self-learring process. In this paperwe are concered with
equalizes adaptedvia atrainingsequenein a noiselesen-
vironment. Throughaut this papertheequalizewill becon-
sideredpartof thedigital communicationsystemdepictedn
Figurel.
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Fig. 1. Communi@tionsystemwith ISI

Ourobjediveis to presehanew equalize structue thatis
ableto achiere the sameperfamanceasthe traditionalone,
but with a shortertraining sequene. In otherwords,we in-
tendto improve the overall systemthrouchput. To do so,we
male useof a novel filtering techniqee, the multi-split adap-
tive filtering [2]. The multi-split operatio candecreasé¢he
eigervaluespreadof the autocorelationmatrix of the chan-
nel output. This eigervalue spreadis a limiting factorin
the performarce of the leastmeansquare(LMS) algoiithm
[3], whichis usedto updatethe equalizer Reducingsucha
spreadmprovestheconvemgencerateof theequalizeparan-
eters,andthusashortertrainingsequene canbeused.

Thedigital conmunicationchanmelsto beconsideredhere
are from high-bit-rate digital subscriler line (HDSL) sys-

tems. With the developmentof rate-adafive lines, HDSL
now seesabroadnen market,ascampmusLAN’ susingasin-
glecopyerpair[4]. IntheU.S.,for instancey70%of all loops
containnonoadedtwistedpairsupto 18,0 feet,thusqual-
ifying to take advartage of suchrate-a@dptive lines [5]. It

is alsoworth to saythatthereareabout700 million copger
pairsin telephown arourd theworld [4]. And it is muchless
expensve to optimizethe useof sucha wire network thanto

provide every homewith afiberopticconrection. Theresults
preseted herearedirectly applicale to the develgpmentof

moreefficient HDSL protocds.

This pape is organizedasfollows. Sectionll presentshe
derivationof the multi-split equalizers,basedn[2] and[6].
In Sectionlll we presentthe resultsof the applicationof
multi-split equalizes to HDSL practicalchanrls. Finally,
in SectionlV we drav our condusions.

[I. MULTI-SPLIT EQUALIZER

Let us conside the classical schemeof an adapive
trans\ersalfilter asshown in Figure2, whereW (n) is avec-
tor of N—by-1 coeficients,andN = 2™ If we split up this
filter into its symmetricandanti-symméric partsthen:

W(n) = Wa(n) + Wa(n) 1)

whereW,(n) = 1[W(n) + JW (n)], Wa(n) = 3[W(n) —
JW (n)], andJ is thereflectionmatrix.
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Fig. 2. Traditional adeptive trans\ersalfilter.

The symmety and anti-synmetry conditians of W,(n)
andW,(n) canbe easilyintroducedthrough alinearly con-
strainedapprach[6]. It consistof making:
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Fig. 3. GSCimplemenationof the split filter.

for N evenandK = % andof imposing:

CiWs(n)=F, and C!W,(n)=F, (3)

in a corstrainedoptimization processof the mean-sgare
value of the estimationerror e(n), which is definedasthe
differencebetweernthe desiredrespose d(n) andthe filter
output y(n).

Now, using the GeneralizedSidelobe Canceller(GSC)
structue with the symmetryandanti-synmetry constraints,
the split filtering schemecanbe representedin the form of
Figure3 [6].

As far asthe adaptatio processis concened, the LMS
algoithm canbe appliedindependentlyin eachbrarchin a
nomalizedfashion Thus,the algorithmfor the symmetric
filter canbedefinedas:

Wis(n) =Wis(n—1)+ rl(L—n)XJ_s(n)e(n) (4)
andfor theanti-symnetricfilter as:
Wia(n) = Wia(n—1) + Tl(L—n)XJ_a(n)e(n) )
where:
riln) =il = 1)+ (X () = yriln = 1)), (©)

fori = (a,s), v is theforgettingfactorandyu is the adapta-
tion step-size.

Now, if eachbranchin Figure3 is consideredeparately
the trans\ersalfilters W, , and W, , canalsobe split into
their symmetricand antisymmetricparts. By proceeding
contiruouslywith this proessandalso splitting the result-
ing filters, we arrive, afterM stepswith 2™~ splitting oper
ations(m = 1,2,..., M), at the multi-split schemeshovn
in Figure4. Cs,, andC,,, are2™—m+1_py 2M—m matrices
suchasin (3)andw, ; fori = 0,1,..., N — 1, repeesenthe
singleparanetersof theresultingzero-aderfilters.

The above multi-sgit schemecan be viewed as a linear
transfamationof X (n) dendedby

X1 (n) =T"X(n) (7
where
t
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Fig. 4. Multi- split adaptie filtering.

It canbe verifiedby dired substitutionthat 7" is a matrix
of +1’sand—1's,in whichtheinnerproduct of ary two dis-
tinct columrsis zero. Thecolums of T' canbe pernutedin
order to re-arangethe single paranetersof Figure 4 in dif-
ferert sequenes. Then,thereare N! possiblepermuations.
Oneof themturnsT into the NV-orderHadanmardmatrix H p .
Anotherveryinterestindineartransfam is obtainednaking:

M—m M—m
J2 I2

Csm:[

and Cypm = [ ] 9)

—m JM-m
form=1,2,..., M. Applying (9) to (8), we obtainalinear
transfamationof X (n) with the butterfly structuredepicted
in Figure5, for N = 8. Thevalue of ary butterfly stateis
definedasthe sumof thevaluesof eachbranchenteringthat
state. If a brarch is dashedt hasthe negative value of its
startingstate.Otherwiseit hasthe samevalueasits starting
state.Notethatonly 24 addition operatims arenecessaryo
perform the multi-split operaion for a eighttapsfilter. Most
importantthanthat,no multiplication is requred.
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Fig. 5. Butterfly strucure for the multi-split operaion. The dashedsolid)
lines representthe subtragion (additon) operaion.

Regading the adaptatiorproess,the LMS algoiithm can
beappliedindepadentlyto eachsingleparaneteras:

wii(n)=wyi(n—1)+ Lmu(n)e(n)

ri(n) (10)



wheree(n) = d(n) — y(n),

y(n) = i z1i(n)wyi(n —1), (11)

and:

i) = yri(n = 1)+ (i) — (e = 1), (12)

fori =0,1,...,N — 1.

Finally, when apgying the multi-split filtering in chan-
nel equalizatio, X (n) represets the chamel output and
Wiln) = [wie(n), wii(n),...,win-1(n)]" the linear
equalize. Thedesiredresposed(n) is the so-calledtrain-
ing sequene.

I11. EQUALIZING THE HDSL CHANNEL

As statedearly, the split opeation canreducethe eigen-
valuesspreadof the autocorelation matrix of the channel
output, in orderto improve the LMS algorithmperfomance.
Onechamel having considerale eigervaluesspreadis the
2kft-AWG26 chanrel [7], frequently encounteredin HDSL
applicatins. Thefrequeng resposeandthe zerosdiagam
of this chamel canbe visualizedin Figures6 and7 respec-
tively.
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Fig. 6. Frequacy responsef the 2kft-AWG26 channé

Considerig a 4-PAM input and an equalizer with 32
tapsfollowing the channg onecanestimatethe eigervalue
spreadof sucha chamel asbeingxy = 90.8. Whenapgy-
ing themulti-split opeationatthechannebutput,thespread
is reducel to x = 11.9. Thus, we can expect the multi-
split equalizer to have a much betterperfamancethanthe
traditioral equalizer Figure 8 shawvs the ISI evolution for
both equalizes. The solid line in the plot grid represets
the amoun of ISI thatcanbe consideredasthe edgeof the
openeye cordition. Theopen-eye condition requresthatthe
trainingerra andthedirect-decisionerrorarethe same.

ThelSI paraneteris definedasin [8]:

2 42
_ > ti — maz;t;

IS1 5
max;t;

(13)

0.5

Fig. 7. Zerosdiagram of the 7-tapslong 2kft-AWG26 chanrel

where
(14)

andh; andw; arethe chanmel andthe equalizeimpusere-
sponsesoeficierts, respectiely.
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Fig. 8. ISl evolution for the 2kft-AWG26 chamel

Figure 8 shaws that the multi-split equalizerrequires a
training sequene of just 200 symbds to reachthe Sl level
for theopeneye cordition, while thetraditioral equdizer re-
quiresasequene more than120 symbds long. This mears
areductian of six timesin thelengthof thetrainingperiod

Following our investigdion, let us analyzethe caseof a
moreinterfering chanmel. Consideithe ANSI CSA #4 chan-
nel [7]. This loop is known to be one of the mostdifficult
testchanmlsto equdize. Figures9 and10 presenthe fre-
guercy responseandthe zerosdiagramfor thischanrel. The
zeroson the unit-circle reflectin the spectralnull presenin
thefrequengy response.

Theeigervaluespreadf this chanrel, whenconsiderig a
4- PAM inputandanequalize with 64taps,canbeestimated
to be x = 291.78. Whenapplyirg the split operatia such
a spreadis reducedto y = 51.25. Again, we canexpect
thatthe multi-split equalizemwill corverge muchfasterthan
the traditioral one. Figure 11 shows the ISI evolution for
boththetraditional andthe multi-split equalizes. The solid
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Fig. 9. Frequemy responsef the ANSI CSA#4loop channé
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Fig. 10. Zerosdiagram of the 121-tapslong ANSI CSA#4 loop channé

line in the plot grid representshe amouwnt of ISI thatcanbe
consideedasthe edgeof the openeye condtion.

For this secondchamel, the multi-split equalizerequies
atrainingsequenealmost3000symholslong, while thetra-
ditiond equalizerneedsabout120® symbds to reachthe
openeye condtion. Thus,the training sequene canbe re-
ducedby afactorof four whenusingmulti-split equdizers.

In bothsimulatiors we usethenomalizedLMS algorithm,
eitherfor thetraditioral equalizetor themulti-splitequalizer
Theadapationstep-sizevasalwayssetto yu = 4%1\1-

V. CONCLUSION

Theresultspresentedh this pager indicatethatthe multi-
split equalizercan diminish consideraly the length of the
training sequene requied by an adaptve equalizer Chan-
nelsasthe ANSI CSA#4loop chamel, having zeroscloseto
theunit-circle,needmorethanafeed-fawardfilter to beper
fectly equdized. A feedbackfilter is alsonecessaryThus,
the multi-split equalize could be usedas the feed-brward
filter, quicky opering the eye andallowing the feedbacKil-
ter to startopemtion muchsooner This would increasehe
overall throughput of the system.

Recently structuescomhbning equalizatio anddecodiry
in aniterative way, andusinga DFE asthe front end,were
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Fig.11. ISl evolution for the ANSI CSA#4 loop chanrel

introduced[9], [10]. Suchstructuregequre theforward fil-
terto openthe eye befae thefeedbak filter andthedecoar
startto opeate. If we considerthe sametraining sequence
length for both the traditional and the multi-split equaliz-
ers,thelaterwould presenta smallerlSI level at the end of
thelearningprocess.Thus,comirg backto the caseof joint
equalizéion anddecodimy, the useof a multi-split equalizer
wouldyield a betterfirst iterationperfamance.As statedin
[9], the perfomanceof the whole structureis highly depe-
dentonthe perfomanceof thefirst iteration

Finally, asshavn in Sectionll, thesplit operatim doesnot
requre ary additioral multiplication, just a setof addition
opertions. Moreover its butterfly structue is very suitable
for VLSI implementation.
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