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ABSTRACT

Filter bank basedtransmultiplexer systemshave certain advan-
tagescomparedwith existingDFT-basedmulticarriersystemsand
they arepromisingcandidatesfor datatransmissionin frequency
selective channels. We have recentlyproposeda novel and ef-
ficient channelequalizationidea to be usedwith critically dec-
imatedperfectreconstructioncosinemodulatedtransmultiplexer
systems.Theequalizerutilizesparallelcosineandsinemodulated
filter banksin thereceiver end.This paperexploresefficient real-
izationstructuresfor theneededparallelfilter banksystem,which
findsapplicationsalsoin otherareas.

1. INTR ODUCTION

Multicarrier modulationis anexcellentmethodfor efficient chan-
nelutilizationin applicationslikeveryhigh-speeddigital subscriber
line (VDSL) modemsandpowerline communicationsystems.A
filter bankbasedtransmultiplexer (TMUX) systemcanbeconsid-
eredasa multicarriersystem.TheTMUX configurationchanges
theorderof theanalysisandsynthesisfilters, if comparedwith a
typical subbandsignalcodingsystem[1].

Cosinemodulatedfilter bank(CMFB) basedTMUX shouldbe
consideredasaseriouscandidatewhenchoosingfuturelinecoding
methods.Thefilter bankdesignis flexible; we canadjustthese-
lectivity andthustoleratestrongernarrowbandinterferencesthan
existing DFT-basedsystems[2], [3]. Thebasicideaof CMFB is
thatsubchannelfilters with realcoefficientscanbederivedform a
singlelowpassprototypefilter by usingcosinemodulation[4]–[7].
Critically decimatedperfectreconstruction(PR)CMFBshave ef-
ficientVLSI implementationsbasedonthestructureof thefastex-
tendedlappedtransform(ELT) [4], [5] or latticestructure[6], [7].

In our previouspapers,we have consideredPRcosinemodu-
latedTMUXs for VDSL modems[8] andwe have studiedequal-
ization issuesfor filter bank basedmulticarrier systems[9]. In
[10], we have introducea new equalizationideato be usedwith
critically decimatedPR cosinemodulatedTMUX systems. At
the receiver, we needa new element:sinemodulatedfilter bank
(SMFB).Therefore,weneedanefficientimplementationfor CMFB
andSMFB to beusedin parallelin theequalizer. Now, our aim is
to find a structurewherewe have two separateblock transforms
(DCT-IV/DST-IV), whereastheprototypefilter sectionshouldbe

This work wascarriedout in the project“FastDSL Technologiesin
BroadbandTransmission”fundedby the NationalTechnologyAgency of
Finland(Tekes).
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Fig. 1. Generalanalysisfilter bankstructurewith parallelCMFB
andSMFB.

combinedas in Fig. 1. Similar ideasfor modulatedcomplex
lappedtransform,which can be usedin audio processingappli-
cations,areconsideredin [11].

The rest of the paperis organizedas follows: Section2 in-
troducesour equalizerfor cosinemodulatedTMUXs. The rela-
tionshipbetweenCMFBs andSMFBs is presentedin Section3.
An efficient implementationbasedon ELT typeof structureis de-
scribedin Section4. In Section5, latticeanddirectform polyphase
implementationstructuresarebriefly studied.

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

Figure2 shows theproposedcosinemodulatedTMUX systemre-
ferredto asadaptiveSMFB/CMFBequalizerfor transmultiplexers
(ASCET) [10], [12]. Becausethe channelis unknown or time-
varying,we needanadaptive systemto equalizethereceivedsig-
nal. Here, we have included a SMFB at the receiver to make
the adaptive structuresimpler. In channelswith flat frequency
responsewithin the subchannelbandwidtheven two coefficients
per subchannelaresufficient to equalizethe system. Few inde-
pendentcoefficientsfor subchannelequalizationleadsalsoto fast
convergingequalizers.Theseareclearadvantagesoverthealterna-
tive approach,multiple-inputmultiple-output(MIMO) combiners
[3], [13].
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Fig. 2. Zero-orderASCET structure. Interferencetermsare re-
ducedin thecombinedsubchannelsignal.

InterestedreadercanfindmoredetailedinformationaboutAS-
CET in [10], [12], wherewealsoconsidermethodsto improve the
performanceif two coefficientspersubchannelarenotenough.In
addition,we have demonstratedhow theASCETequalizercanbe
usedin passbandchannelcommunications,andstill take the ad-
vantageof simpleequalization.

3. COSINE MODULA TED AND SINE MODULA TED
FILTER BANKS

Theprototypefilter, from which we canderive thecosinemodu-
latedsubchannelfilters, is a symmetriclowpassFIR filter. In this
paper, theorderof theof theprototypefilter &('*),+"- is fixed to be.0/2143658769

, where
3

is aninteger(calledasoverlappingfac-
tor) and

5
is thenumberof channels.Theanalysisfilters &;:<=),+"-

andsynthesisfilters > :<(),+"- areformedin thefollowing way [7]:

& : < ),+"- /?1 & ' ),+"-A@�B=C ) 1*DFEG9 -IH1J5K),+ 7 . 1L- E ) 7M9 - < H N (1)

and

> :< ),+"- /21 &O'*),+"-A@�B=C ) 1*DMEP9 -QH1J5 ),+ 7 . 1 - 7 ) 7M9 - < H N R (2)

where
DS/UT RWV�V�VXR 5Y7G9

and + /UT R�VWV�VZR . . It follows from the
aboveequationsthatthesynthesisfiltersaretime-reversedversions
of theanalysisfilters, i.e., >[:<*),+"- / &\:<]) .^7 +_- .

The subchannelfilters for the SMFB are obtainedwhenwe
replacethecosinetermin Eqs.(1) and(2) with sineterm.Further-
more,thesubchannelfilters in CMFBsandSMFBsarerelatedas
follows

&[`< ) D R +"- / ) 7M9 - < & : < ) D R .a7 +"- / ) 7M9 - < > :< ) D R +"- V (3)

Themodulationblocksusedin theCMFB andSMFB imple-
mentationsareDCT-IV andDST-IV transforms,respectively [11].

DCT-IV and DST-IV are
5cbQ5

block transforms,which are
definedasfollows [14]:

d egf <4h / 15 @�B]C ),+ E 91 -i) DFE 91 - H5 (4)

and

dkjlf <4h / 15mCinpo ),+ E 91q-i) DFE 91q-"H5 V (5)

They arerelatedas j /Prts evu R (6)

where
r s /Pw n
xJyZ) 9 R 7M9 R 9 R 7M9 RWV�V�VXR 7M9 - and

u
is reversal(anti-

diagonal)matrix.

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

We have beenmainly interestedin the ELT type of realizations,
becausethey have very regular structurewhich leadsto the fast
implementationfor any

3
[4], [5]. Moreover, thecoefficientquan-

tizationcanbedonein a way that this kind of structuremaintains
its PRproperty[15]. As shown in Fig. 3, theprototypefilter is im-
plementedwith cascadedorthogonalbutterflies zG{ andpurede-
lays. Thesebutterfly matriceshave nonzerovaluesonly on their
diagonalsandanti-diagonals:

z|{ /
7~}]� { � � {

. . . V V V7~}
� ���q�i� { � � �M�q�i� {� � � �q�i� { } � � �q�i� {
V V V . . .� � { }]� {

R (7)

where
}]� { / @�B]C�� � { and � � { / Cinpo�� � { for � /UT R 9 R�V�V�VZR 5��A1�7G9

and� /�T R 9 RWV�V�VXR 3�7P9
. Thecosinemodulationis implemented

with DCT-IV transform.
Let us considera casein which

3Y/�1
andwe have moved

thedecimationby
5

blocksaftertheDCT-IV. After that,wehave
to write � � `�� insteadof � � ` for thedelaysbetweenthebutterfly
stages.Now we caneasilydeterminetherelationbetweenthe

5
-

samplesequence�
),�J- , whichcomestoDCT-IV, andthe
5

-sample
input sequence�
),�J- for � /PT R 9 R�V�V�VZR 5Y7G9

. Whenwe feedone
impulseto the ELT structure,we canwrite �l),�4- in the following
way [4]:

�
) 5��=1�E �4- /��L� � } ��� } � � �
),�J- 7I} �k� � � � �
) 5�7P9�7 �4-E�� � � ��� � � � �
),�J- E � ���i}]� � �
) 5�7�9�7 �4-
and

�
) 5��=1�7G9�7 �J- /���� � 7 � ��� } � � �
),�J- E � ��� � � � �l) 5�7G9 7 �J-E }]��� � � � �l),�4- E6}]���¡}]� � �
) 5�7P9�7 �J- R
where

� � is the
5

-sampledelayoperator. Theimpulseresponse
of theprototypefilter canbefoundfrom the �
),�J- sequence.Now
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Fig. 3. FastELT structure(analysisfilter bank).

we noticethattheprototypefilter which canbeobtainedfrom the
ELT structureis not perfectlysymmetric.All thecoefficientsare
correctbut somesignsdo not match. This is becausethe ELT
structureis sofar optimizedto make useof

5¢bL5
DCT-IV.

At first glance,one could expect that the butterflies in the
CMFB couldbe directly adoptedfor SMFB butterflies. Unfortu-
nately, this doesnot work directly. We know by observingEq. (3)
that the impulseresponseof the prototypefilter andmodulation
functionhasto bereversed.Moreover, every othersubchannelfil-
ter have to bemultiplied by

7M9
. Thereversedprototypefilter can

beobtainedby usinginverseELT structureandotherrequirements
are fulfilled by usingDST-IV in placeof DCT-IV. Now the

5
-

samplesequence£t),�4- whichcomesto DST-IV canbewrittenas:

£t) 5��A1 E �J- /��S� � } ��� } � � �
),�J- E6} �k� � � � �
) 5�7P9 7 �J-E�� � � �k� � � � �
),�J- 7 � ����}]� � �
) 5�7P9 7 �J-
and

£t) 5��=1�7�9¤7 �J- /�� � � E � ����}=� � �
),�J- E � ��� � � � �l) 5�7�9¤7 �J-E 7~} ��� � � � �
),�J- EI} ��� } � � �
) 5�7P9�7 �4- V
So,thefastELT structurecanbeconvertedto SMFBstructure

by changingtheDCT-IV transformto theDST-IV transform.Ad-
ditionally, it is necessaryto changethepositionof theminussigns
in thebutterflies. Theanalysisstructurewith parallelCMFB and
SMFB is presentedin Fig. 4. In orderto simplify thefigures,we
have consideredonly 4-channelstructures.The numberof mul-
tiplications is roughly twice ashigh asin the fastELT structure.
Only themultiplicationsof thefirst butterfly stagecanbeshared.
However, the complexity can be further reducedby scalingthe
butterflies[4], [5]. After that,thebutterfly matricesz �

to z¦¥ �X�
have only

9
and

7M9
elementsin thediagonal.In orderto compen-

satethemodifications,theinversescalinghasto beappliedto z �
.

In orderto obtainCMFB andSMFB for
3¨§21

, we canaddmore
butterflystagesand� � � delaysto thestructure[4], [5].

Is this really thebeststructure,if weconsiderimplementation
complexity, e.g., in termsof the numberof multiplication, addi-
tions and delayelements?In the next Section,we study lattice
and direct form polyphasestructuresfor comparison. However,
we want to keepthe transformpart fixed,so the samesequences�
),�J- and£t),�J- areused.Moreover, weusethesamebutterflyangles
alsoin thesestructures.
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Fig. 4. ELT type of structurewith parallel CMFB and SMFB
(
5©/UN

and
30/21

).

5. LATTICE AND POLYPHASE STRUCTURES

When we write just the signsof the prototypefilter coefficients
obtainedfrom theELT structurein thecaseof

5ª/�N
and

3«/21
,

we verify thattheprototypefilter is not perfectlysymmetric:

h(0) h(1) h(2) h(3) h(4) h(5) h(6) h(7)
+ + + + + + + +
+ + – – – – + +

h(15) h(14) h(13) h(12) h(11) h(10) h(9) h(8)

If we canjust changethesignsof theelementsfrom &\) 1 - to &\)i¬=-
andfrom &\) 9¡T - to &\) 9]­ - , wehaveobtainedthereversedversionof
theprototypefilter. Thesolutionis to usepolyphaserepresentation
with lattice structureasin Fig. 5. To onebranchwe placeterms
thathave to bemultiplied by

7M9
andto anotherbranchtermsthat

proceedwithout multiplication. Of course,we obtaintheoriginal
impulseresponsewhenwe take bothbrancheswithoutmultiplica-
tion by

7M9
.

When we add more samekind of butterfly stagesand � � �
delaysbefore the existing butterflies,we obtain filter banksfor3®§a1

. It is worth noting, that we have to changethe signsof
the branchesin the caseof odd

3
for SMFB. Moreover, we can

reducethecomplexity by scalingthebutterflies.
Anotherapproachis to usedirectform polyphasestructureas

in Fig. 6. For this structurewe candefinethe impulseresponse
coefficientsasfollows:

&\) T - /�} �i� } � � &;) 9 - /G} �i� } � � &\) 1 - /�} �i� � � � &\) ­ - / � � � } �i�&;) N - /P}=� � � �i� &\)i¬]- /�} �i� � � � &\)i¯=- / � �i� � � � &\)i°=- / � � � � �i�
For

3±§¨1
, we have to computenew impulseresponsevalues

andcheckwhichbrancheshave to bemultipliedby
7M9

. However,
oneadvantageof usingthedirect form polyphasestructureis that
we canalsousethis kind of structureto implementnearlyperfect
reconstruction(NPR) filter banks. NPR designscould result in
lower implementationcomplexity thanPRdesigns[16].

All thesethreestructures,afterusingthecomplexity reduction
tricks we have mentioned,have the samenumberof multipliers,
adders,anddelayelements.Therefore,we canselectappropriate
structuredependingonhow wearegoingto implementthesystem.
Onestructurecanbeeasierandmoreefficient to implementusing
VLSI andanotherusingsignalprocessors.
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6. CONCLUSION

We have introduceda new equalizationideato be usedwith co-
sinemodulatedTMUX systems.In this structure,we needboth
theCMFB andSMFB in thereceiver. In this paper, we have stud-
ied how to efficiently implementthesefilter banks. Our aim has
beento find a structurewherewe have commonprototypefilter
andseparatetransformsfor cosinemodulatedandsinemodulated
parts.Thecomputationalcomplexity for all threepresentedstruc-
turesappearto bequite thesame.Therefore,theapproachwhere
we useELT type of structuresseemsto be very suitablefor our
equalizerpurposes.However, the final selectionof the structure
dependson thechosenimplementationtechnology.
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