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ABSTRACT

Filter bank basedtransmultipleer systemshave certain adwan-
tagescomparedvith existing DFT-basedmulticarriersystemsand
they are promisingcandidatesor datatransmissiorin frequeng

selectve channels. We have recently proposeda novel and ef-

ficient channelequalizationidea to be usedwith critically dec-
imated perfectreconstructiorcosinemodulatedtransmultipleer

systemsTheequalizemtilizes parallelcosineandsinemodulated
filter banksin therecever end. This paperexploresefficient real-
izationstructuredor the needecparallelfilter banksystemwhich

findsapplicationsalsoin otherareas.

1. INTRODUCTION

Multicarrier modulationis anexcellentmethodfor efficient chan-
nelutilizationin applicationdik e very high-speedligital subscriber
line (VDSL) modemsand pawerline communicatiorsystems.A
filter bankbasedransmultipleer (TMUX) systemcanbe consid-
eredasa multicarriersystem.The TMUX configurationchanges
the orderof the analysisand synthesidilters, if comparedwith a
typical subbandsignalcodingsystem[1].

Cosinemodulatedilter bank(CMFB) basedrMUX shouldbe
considerecsaseriouscandidatevhenchoosindutureline coding
methods.Thefilter bankdesignis flexible; we canadjustthe se-
lectivity andthustoleratestrongemarravbandinterferenceghan
existing DFT-basedsystemq?2], [3]. The basicideaof CMFB is
thatsubchannéiilters with real coeficientscanbedervedform a
singlelowpasgprototypefilter by usingcosinemodulation4]—{7].
Critically decimatecperfectreconstructio{PR) CMFBs have ef-
ficientVLSI implementationdasedn the structureof thefastex-
tendedappedtransform(ELT) [4], [5] or lattice structur€[6], [7].

In our previous paperswe have considered®R cosinemodu-
lated TMUXs for VDSL modemg8] andwe have studiedequal-
ization issuesfor filter bank basedmulticarrier systemg[9]. In
[10], we have introducea new equalizationideato be usedwith
critically decimatedPR cosinemodulatedTMUX systems. At
the recever, we needa newv element: sine modulatedfilter bank
(SMFB).Thereforewe needanefficientimplementatiorior CMFB
andSMFB to beusedin parallelin theequalizer Now, ouraimis
to find a structurewherewe have two separatevlock transforms
(DCT-IVIDST-IV), whereaghe prototypefilter sectionshouldbe
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Fig. 1. Generalanalysisfilter bankstructurewith parallel CMFB
andSMFB.

combinedasin Fig. 1. Similar ideasfor modulatedcomplex
lappedtransform,which can be usedin audio processingappli-
cationsareconsideredn [11].

The restof the paperis organizedas follows: Section2 in-
troducesour equalizerfor cosinemodulatedTMUXs. The rela-
tionship betweenCMFBs and SMFBs s presentedn Section3.
An efficientimplementatiorbasedon ELT type of structureis de-
scribedin Sectiord. In Sectionb, latticeanddirectform polyphase
implementatiorstructuresarebriefly studied.

2. ANEW EQUALIZA TION IDEA FOR THE COSINE
MODULA TED TMUX SYSTEMS

Figure2 shaws the proposedtosinemodulatedTMUX systemre-
ferredto asadaptve SMFB/CMFBequalizeifor transmultipleers
(ASCET) [10], [12]. Becausethe channelis unknavn or time-

varying, we needan adaptve systemto equalizethe receved sig-

nal. Here, we have includeda SMFB at the recever to make

the adaptve structuresimpler In channelswith flat frequeng

responsewithin the subchannebandwidtheven two coeficients
per subchannehre suficient to equalizethe system. Few inde-
pendentoeficientsfor subchanneéqualizationeadsalsoto fast
corverging equalizersTheseareclearadvantagesverthealterna-
tive approachmultiple-inputmultiple-output(MIMO) combiners
(3], [13].
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Fig. 2. Zero-orderASCET structure. Interferencetermsare re-
ducedin the combinedsubchannesignal.

Interestedeadeicanfind moredetailednformationaboutAS-
CETin[10], [12], wherewe alsoconsidemmethodso improve the
performancef two coeficientspersubchannehrenotenough.in
addition,we have demonstratetiov the ASCET equalizercanbe
usedin passbanathannelcommunicationsandstill take the ad-
vantageof simpleequalization.

3. COSINE MODULA TED AND SINE MODULATED
FILTER BANKS

The prototypefilter, from which we canderive the cosinemodu-
latedsubchannéefilters, is a symmetriclowpassFIR filter. In this
paper the orderof the of the prototypefilter h,(n) is fixedto be
N = 2K M —1,whereK is aninteger(calledasoverlappingfac-
tor) and M is the numberof channels.The analysisfilters i, (n)
andsynthesidilters f;; (n) areformedin thefollowing way [7]:

hi(n) = 2hp(n) cos ((Zk + I)L(n - E) + (—1)'CE

2M 2 4) @

and

Fi(n) = 2hy(n) cos (2 + 1) g (n = 5) = (=1 7). (2)

wherek =0,... ,M —1andn =0,...,N. It follows from the
abore equationsghatthesynthesidilters aretime-reversedversions
of theanalysidfilters, i.e., f;(n) = hi,(N — n).

The subchannefilters for the SMFB are obtainedwhenwe
replacethecosinetermin Eqgs. (1) and(2) with sineterm. Further
more,the subchannelilters in CMFBsandSMFBsarerelatedas
follows

hi(k,n) = (=1)"hi (k. N —n) = (=1)"fi(k,n).  (3)

The modulationblocksusedin the CMFB and SMFB imple-
mentationareDCT-IV andDSTIV transformsrespectiely [11].

DCT-IV and DST-IV are M x M block transforms,which are
definedasfollows [14]:

Chn = || Zeos(+ D+ HT) @

and

[S}kn:\/%sin((n+%)(k+%)%>. (5)

They arerelatedas
S=1.CJ, (6)

wherel+ = diag(1,—1,1,—1,...,—1) andJ is reversal(anti-
diagonal)matrix.

4. IMPLEMENT ATION OF CMFB AND SMFB BY USING
ELT TYPE OF STRUCTURES

We have beenmainly interestedn the ELT type of realizations,
becauseahey have very regular structurewhich leadsto the fast
implementatiorfor ary K [4], [5]. Moreover, thecoeficientquan-
tizationcanbe donein away thatthis kind of structuremaintains
its PRproperty[15]. As shavn in Fig. 3, the prototypéfilter is im-

plementedwith cascadearthogonalbutterflies D ; and purede-
lays. Thesebutterfly matriceshave nonzerovaluesonly on their
diagonalsandanti-diagonals:

[ —coj 503
7CM711- SMil’-
Dj = 2 J 2 ’ ’ (7)
M1y Oy
L Soj Coj |
Wherecij = COSs 91‘]' andsij = sin 91']' fori = O, 1, . ,]\/1/2 -1
andj = 0,1,...,K — 1. Thecosinemodulationis implemented

with DCT-IV transform.

Let us considera casein which K = 2 andwe have moved
thedecimatiorby M blocksafterthe DCT-1V. After that,we have
to write =M insteadof z~*° for the delaysbetweerthe butterfly
stagesNow we caneasilydeterminetherelationbetweerthe M-
samplesequence(i), whichcomego DCT-IV, andthe M -sample
inputsequence: (i) fori = 0,1,... , M — 1. Whenwe feedone
impulseto the ELT structure,we canwrite u(z) in the following
way [4]:

u(M/2+1i) = Asm (ciocﬂx(i) — ciosax(M —1 — z))
FAN (Siosilx(i) + siocna(M —1— i)>
and
u(M/2 —1—1i) = Aapy (—siocﬂ:c(i) + siosiiw(M — 1 — z))
+(Ci08i1$(i) + ciocnx (M — 1 — z)),

whereA s is the M-sampledelayoperator Theimpulseresponse
of the prototypefilter canbe found from the u(7) sequenceNow
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Fig. 3. FastELT structure(analysidfilter bank).

we noticethatthe prototypefilter which canbe obtainedfrom the
ELT structureis not perfectlysymmetric. All the coeficientsare
correctbut somesignsdo not match. This is becausehe ELT
structures sofar optimizedto make useof M x M DCT-IV.

At first glance, one could expect that the butterfliesin the
CMFB could be directly adoptedfor SMFB butterflies. Unfortu-
nately this doesnot work directly. We know by observingeq. (3)
that the impulseresponseof the prototypefilter and modulation
functionhasto bereversed.Moreover, every othersubchanniil-
ter have to be multiplied by —1. Thereversedprototypefilter can
beobtainedby usinginverseELT structureandotherrequirements
arefulfilled by usingDST-IV in placeof DCT-IV. Now the M-
samplesequence (z) whichcomesto DST-IV canbewritten as:

v(M/2+1i) = Asm ((:io(:ﬂm(i) + ciosax(M — 1 — 7))
+Anr (siosilz(i) — siociix(M —1 — z))
and
v(M/2—1—14) = Asms (+sioci1:v(z') + siosax(M — 1 — z))
+<—ciosﬂm(z’) + ciocinx(M — 1 — z))

So,thefastELT structurecanbe corvertedto SMFB structure
by changingthe DCT-IV transformto the DST-IV transform.Ad-
ditionally, it is necessaryo changethe positionof theminussigns
in the butterflies. The analysisstructurewith parallel CMFB and
SMFB is presentedn Fig. 4. In orderto simplify the figures,we
have consideredonly 4-channelstructures. The numberof mul-
tiplicationsis roughly twice ashigh asin the fastELT structure.
Only the multiplicationsof the first butterfly stagecanbe shared.
However, the compleity can be further reducedby scalingthe
butterflies[4], [5]. After that,the butterfly matricesD1 to Dk 1
have only 1 and—1 elementsn thediagonal.In orderto compen-
satethe modificationstheinversescalinghasto beappliedto Dy.
In orderto obtainCMFB andSMFB for K > 2, we canaddmore
butterfly stagesandz—2 delaysto the structuref4], [5].

Is thisreally the beststructure jf we considerimplementation
compleity, e.g.,in termsof the numberof multiplication, addi-
tions and delay elements?In the next Section,we study lattice
and direct form polyphasestructuresfor comparison. However,
we wantto keepthe transformpart fixed, so the samesequences
u(7) andv(z) areused.Moreover, we usethesamebutterfly angles
alsoin thesestructures.

u(0) —

u(1)

DCT IV

u(2) —

Fig. 4. ELT type of structurewith parallel CMFB and SMFB
(M =4andK = 2).

5. LATTICE AND POLYPHASE STRUCTURES

Whenwe write just the signsof the prototypefilter coeficients
obtainedrom the ELT structuren thecaseof M = 4 andK = 2,
we verify thatthe prototypefilter is not perfectlysymmetric:

h(0) h(1) h(2) h@E) h4) hE) hE) h@)
+ + + + + + + +
+ + - - + +

h(15) h(4) h13) h@d2) h@A1) h(10) h©) h(@)

If we canjust changethe signsof the elementsrom h(2) to h(5)
andfrom ~(10) to h(13), we have obtainedhereversedversionof
theprototypéfilter. Thesolutionis to usepolyphaseepresentation
with lattice structureasin Fig. 5. To onebranchwe placeterms
thathave to be multiplied by —1 andto anothemranchtermsthat
proceedwithout multiplication. Of course we obtainthe original
impulseresponsevhenwe take bothbranchesvithout multiplica-
tionby —1.

When we add more samekind of butterfly stagesand =
delayshefore the existing butterflies, we obtain filter banksfor
K > 2. It is worth noting, that we have to changethe signsof
the branchesn the caseof odd K for SMFB. Moreover, we can
reducethecompleity by scalingthe butterflies.

Anotherapproacthis to usedirectform polyphasestructureas
in Fig. 6. For this structurewe candefinethe impulseresponse
coeficientsasfollows:

—2

h(O) = CooCo1 h(l) = C11C10 h(?) = C11510
h(4) = co1s00 h(b) = ci1s10 h(6) = s11510

h(3) = S01Co00
h(7) = so1500

For K > 2, we have to computenawv impulseresponsevalues
andcheckwhich branche$ave to bemultiplied by —1. However,
oneadwantageof usingthe directform polyphasestructureis that
we canalsousethis kind of structureto implementnearlyperfect
reconstructionNPR) filter banks. NPR designscould resultin
lowerimplementatiorcompleity thanPR designgd16].

All thesethreestructuresafterusingthe compleity reduction
tricks we have mentioned have the samenumberof multipliers,
addersanddelayelements.Therefore we canselectappropriate
structuredependingnhow we aregoingto implementthesystem.
Onestructurecanbe easierandmoreefficientto implementusing
VLSI andanothemsingsignalprocessors.
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Fig. 6. Directform polyphasestructure(M = 4 and K = 2).

6. CONCLUSION

We have introduceda new equalizationideato be usedwith co-

sinemodulatedTMUX systems.In this structure,we needboth

the CMFB andSMFB in therecever. In this paper we have stud-
ied how to efficiently implementthesefilter banks. Our aim has
beento find a structurewherewe have commonprototypefilter

andseparateransformsfor cosinemodulatecandsinemodulated
parts. The computationatompleity for all threepresentedtruc-
turesappearo be quite the same.Therefore the approachwhere
we useELT type of structuresseemsto be very suitablefor our

equalizerpurposes.However, the final selectionof the structure
depend®nthe chosernmplementatiortechnology
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