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ABSTRACT

Thispaperproposesisimpleequalizefor arecentmulticarrier
blocktransmissioschemavhichpadszeros(asopposedo acyclic
prefix) in eachtransmittedblock. In the absenceof high-paver
amplifierinducednonlineareffects, it is shavn that the resulting
schemeis simply the dual of the classicalCyclic Prefix OFDM
transcerer. Comparisorbetweenthe two systemghat takesinto
accountonlineardistortionsintroducedby theclipperis alsoper
formedin the practicalcontet of the wirelessbroadbandbGHz
HiperLAN/2 system Boththeclassicapilot-basedaswell asnovel
(semi-)blind subspacalgorithmsare appliedfor channelestima-
tion. Theadwantageof subspacenethodsn loweringthevariation
of channeltrackingis corroboratedvith simulationswhich verify
practicallyaccuratechannekestimateslongthe bursts.

1. INTRODUCTION

Thoughunnoticedfor sometime, therehasbeenan increas-
ing interesttowardsmulticarrierandin particularOrthogonalFre-
queng Division Multiplexing (OFDM), not only for digital audio-
and video-broadcastindDAB and DVB) but also for high-speed
modemsover Digital SubscribeiLines (xDSL), andmorerecently
for small areamobile wirelessbroadbandsystems(ETSI BRAN
HiperLAN/2, IEEE802.11andMMAC).

In orderto enableavery simpleequalizatiorschemen thefre-
guengy domainclassicamulticarriersystemsnsertatthetransmit-
ter, after IFFT modulation,atime-domainredundantCyclic Prefix
(CP)of lengthlargerthanthe FIR channelmemory(seee.g.,[1]).
At thereceverend,CPis discardedo avoid interblockinterference
andeachtruncateddlockis FFT processed anoperationconvert-
ing the frequeng-selectve channeloutputinto parallelflat-faded
independensubchannebutputseachcorrespondingdo a different
subcarrier Unlesszero, flat fadesare remaoved by dividing each
subchannebutputwith a simplegainequalto the channelransfer
functionvalueatthe correspondingubcarrier

Insteadof insertingthe CP, it was proposedecentlyin [2] to
pad Trailing Zeroes(TZ) (a null signal) at the end of eachlFFT
modulatedblock. This new modulation,sotermedTZ-OFDM, in-
troducesthe sameamountof redundang as CP-OFDMand thus
resultsin the samebitrate loss. Interestingly TZ-OFDM assures
channel-irrespecte retrieval of thetransmittedsymbolblockseven
when a channel zero islocated on a subcarrier whichis not possi-
ble with the CP precodef{2]. The price paidby TZ-OFDM is in-
creasedecevercompleity (thesingleFFTrequiredoy CP-OFDM
is replacedvy FIR filtering).

In this paperwe take a closerlook at TZ-OFDM and estab-
lish thateventherecever complaity canbe madeequalto thatof
CP-OFDM.Specifically we proposea simpleequalizatiorscheme
basedon the well-knowvn overlap-and-adqOLA) block convolu-

tion algorithm(asopposedo theoverlap-and-sa (OLS)approach
exploited by CP-OFDM).As atradeoff, theresultingTZ-OFDM-
OLA transcerer inherits CP-OFDMS simplicity in equalization
but alsoforsales TZ-OFDM'’s channel-irrespeaté blind identifi-
ability andsymbolrecovery. Interestinglybasedonthe OLS/OLA
link, we shav thatin the absenceof high-paver amplifier (HPA)
nonlinearitie§NL) TZ-OFDM-OLA isin factthedualof CP-OFDM
systemby atranspositiorof theirflow graphs.For thisreasonthey
sharethesameglobaltransferfunctionandareexpectedo perform
similarly. BecausdHPA-NL have to betakeninto accountin prac-
tice,we considethe Peakio AveragePowver Ratio(PAPR)asfigure
of merit [3], andcompareTZ-OFDM-OLA with CP-OFDMboth
analyticallyandwith realisticsimulationstailoredto the practical
context of theHiperLAN/2 (HL2) standard.
Additionalcomparisonareperformedbetweertwo semi-blind
subspace-basethannelestimatorsdevelopedfor the CP and TZ
precoder®f [4] and[5], andbotharealsocomparedvith the con-
venionalpilot-basedapproach.To complywith the HL2 standard,
somemaodificationsof thesealgorithmsare derived hereinin or-
derto accounftfor the presenc®f zerosubcarrierghatareusedto
provide frequeny guard-banddetweenadjacentOFDM systems.
Althoughoftenignoredin theliterature accountingor theseguard-
bandss importantbecaus¢hey causaankdeficieny of thetrans-
mittedsignalcorrelationmatrix. In additionto modifying subspace
channelestimationalgorithms,we alsoshawv in this paperhow to
remove theirinherentscalarambiguityby resortingto asemi-blind
least-squaresriterionthatincorporateilot subcarriers.

2. DESCRIPTION OF THE TWO SYSTEMS

Figure3 depictsa classicalCP-OFDMsystem.The sizeN in-
put digital vectors(k) is first modulatedoy the inverseof the Fast
Fourier Transform(FFT) matrix F = Fgl. Thena CP of length
D is insertedbetweeneachgeneratedime domainblock vector
§(k). Thecomponent®f theresultingvectorsP(n) arefinally sent
sequentiallythroughthe channel. The total numberof time do-
main sampledo be transmittedper block is thusP = N+ D. The
channeleffectsaremodeledby a FIR filter with impulseresponse
coeficientsh = [ho...hN_l]T and the addition of a white noise
by of variancea,2. In practice,the systemis designedsuchthat
N > D > L whereL is thechannelength(i.e. hj> = 0).

At the recever, the CPis simply removed yielding to the fre-
guengy domainequialentparallelcarriersmodelof figure 1 where
h= [Ho.-.. HN_l]T = Fnh, whereH denoteghe channek trans-
fer functiononthekth subcarrierThis CP-OFDMpropertyderives
from thefastcorvolution algorithmbasednthe OLS approach6]
which enablesa very simpleequalization.

Theleft partof Figure4 presentshe TZ precodeiasproposed
in [2] wherethe CPinsertionis replacedby the transmissiorof D



trailing zeroesat the tail of the modulatedblock s(n) resultingin
§2(n). Theright partdetailsthe recever equalizationschemewe
proposewhichis baseconanOLA approach:

e asfor the CP-OFDM case,the linear channelfiltering is
firstturnedinto circularconvolution (modeledby acirculant
matrix multiplication) by addingthe lastD sampleqcorre-
spondingto the TZ insertion)to the D first onesof the re-
cevedblock;

e becauseirculantmatricesarediagonalizedy the FFT [1],
just asin the CP case,the channeldistortionsare viewed
afterthe FFT demodulatioras simple scalargainsapplied
oneachsubcarrier;

e thenthe obtainedblock of sampless simply equalizedas
usualby multiplying eachof its componenby anestimateof
thecorrespondindgrequeng channekoeficient conjugate.

3. EQUIVALENCES AND COMPARISONS

SincebothCPandTZ precodersharea similar simpleequal-
izationschemendgive riseto the sameparallelflat fadingcarriers
model of figure 1, we are promptedto investigatelinks between
thetwo transcerers. Towardsthis objectve, onecanredrav both
systemsasMIMO flow graphg6] andshav that TZ-OFDM-OLA
with its simpleequalizatiorstructureis simply thetranspositiorof
the CP-OFDMflow graph.In fact,directapplicationof Tellegens
theorem6] leadsto thefollowing result:

Theorem: Assuming a linear time invariant baseband model
(corresponding to a static channel free of non-linearitiesintroduced
by the RF front-end), TZ-OFDM-OLA with its simple equalization
structure has exactly the same baseband transfer function than the
classical OFDM system.

Hence bothsystemsanbe expectedto performthesamein a
givencontext. However, it is well known thatthe HPA introduces
nonlineardistortions[3] which destry orthogonalitybetweerthe
carriersand deterioratethe OFDM systemperformanceby intro-
ducingintercarrierinterference.Thus,evenif correctionmethods
have beendeveloped[7], it is shawvn belov that, for a given clip-
ping ratio (numberof clippedsymbolsdividedby the total number
of transmittedsymbols) themeantransmittecooverby TZ-OFDM
is smallercomparedo CP-OFDM.

In thefollowing, theHPA is modeledasanidealclipperandthe
amplitudesof itsinput, |§(i)| areassumea@pproximatelRayleigh
distributed. This assumptioris well justified (especiallyfor large
N) sincethe IFFT precodingthat takes placein both CP andTZ
precodersnapsthe finite-alphabesequencey(i), to the approxi-

matelyGaussiani.d. sequencé(i) thathasapproximatelyRayleigh

distributedamplitudes,(i)|. Underthisassumptionve have shavn
thattheclippingratioof thetwo transmittergor agiveninputBack-
Off arerelatedasfollows:

N By Bt N
Crz=510 #e10° = ZCep. (1)
P P
From anotherangle,if one fixesthe clipping ratio to a common
valueC = Crz = Ccp, the two precodergequiredifferent Input
Back-Ofs andtheirtransmitterSNR aregivenby:
BGt Bt -8of
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where cg(cﬁ) denotesthe information symbol (noise) variance.
The SNRdifferenceAsng := SNRcp — SNRyz canbe found from

(2) as: Agur = 10log(1+ 5) + BTZ — BSF ~ 10log(1+ §) where
thelastapproximatiorholdsfor smallclipping ratios. For the HL2
transmissionsletailedin the next section,D/N = 0.25, andfigure
2 shaws thatclipping effectsaloneentail excessSNR incurredby
theCPrelativeto thatrequiredby TZ precodingashighas0.96dB.
However, this degradatiormaybecompensatelly someparticular
propertiesof the TZ precodersuchasthe existenceof the specific
subspacehannelestimationmethodpresentedn 5. This moti-
vatesoursubsequertomparisorbetweerthe TZ-OFDM-OLA and
the CP-OFDMsystemdasen simulationdor aspecificscenario
which alsoincorporateslifferentchannelestimatiormethods.

4. HIPERLAN/2 AND CSIWITH TRAINING

We have chosento comparethe two precodersn the practi-
cal context of the HL2 broadbandwvirelesscommunicationstan-
dard(similar to IEEE802.11arurrently underdefinition. HL2 is
a multicarrier systemsoperatingover 20MHz in the 5GHz band
at typical SNR valuesof 5-10 dB for terminal speedss < 3m/s.
The numberof carriersis N = 64 andthe CPis D = 16 samples
long. AmongtheseN carriers,12 carriersarenull-carriers(includ-
ing the middle null correspondingo the DC componentandthe
zerospaddedon both endscf. figure 3 in orderto provide fre-
queng guardbandsagainstco-channelnterferencdrom adjacent
OFDM systems)Amongtheremainingk = 52 “central” subcarri-
ers,4 arefixedpilots carryingknovn QPSKsymbolsP; — P4 while
therestU = K —4 = 48subcarriergonvey theinformationbearing
sequence.

With X denotingeachof the 48 information symbolsdravn
from 4, 16, or, 64-QAM constellationgdependingn the targetbit
rate) thecorrespondindrequeng domainOFDM symbolstructure
is summarizedbelow:

[0---0X - XPy X XPaX---X0X:--XP3X---XPgX---X0---0|
N e TN TN N TN NN
6 5 13 6 6 13 5 5

Thefirst two blocksof theburst(s(0) ands(1)) containtraining
symbolswhich areknown to therecever andcanbe usedfor chan-
nel statusinformation (CSI) acquisition. Relying on theseknown
training symbolsandthe receved noisy FFT processediatar;(k),
the OFDM recever formsaninitial channekstimateusing:

Ai(D) = S 1(0)/S(0) +1(1)/S (D] for0<i <N (3)

This methodis the classicalpilot-basedestimationalgorithmusu-
ally adoptedby coherentmodulationOFDM scheme$8].

Becausenly theentriesm = 12 26,40,54 containknown (pi-
lot) symbolsin subsequertilockss(k)y>2, onecantrackadaptvely
the channeltransferfunction using a running average(over say
B = 10blocks)basednly onthese4 frequenciessfollows:

B-1

Hi(k+1) = % Z}ri(k—l)/qp"(k—l) fori € {12,26,40,54} (4)
=
Actually the standardspecifiesthese4 pilot carriersfor synchro-
nization and phasetracking purposes(in a coherentmodulation
scheme)ut they aretoo distantin frequeng (spacedmorethan
the channelcoherencéandwidth)for estimatingthe channeby a
simpleinterpolationor evenfor trackingchannelariations.
Thusonly a partialchannetrackingcanbeachievedusing(??)
which may not yield accuratechannelestimationin rapidly vary-
ing environments. To enhancamobility in HL2, semi-blindchan-
nel estimatioris well motivatedespeciallywith therelatively small



numberof carriersthatenableavensubspaceapproachew betried
with affordablecompleity.

5. SUBSRACE-BASED CHANNEL ESTIMATION

In thefollowing only the TZ precodeis consideredThecorre-
spondingequationdor the CP precodehave beenskippedfor the
sale of concisenesbut canbestraightforvardly derived from [4].

Considerthe systemdepictedin figure 4 and defineHg the
P x N asthe lower triangular Toeplitz matrix with first column
[ho,...,hp,0,...,0]T. The expressiorof the received block sym-
bolis givenby: §(k) = HoF s(k) + b(k). Be R:= E[&2(k)&?(k)"]
therecevedblock symbolautocorrelatiomatrix. It is obviousthat
rankHp) = N unlessh = 0 andthereforethe noisesubspacef R
hasrankD. Denotingby G = [gs, ... ,dp] abasisof this noisesub-
spaceijt canbeshavn thath_canbeuniquelyidentifiedsolvingthe
linearequationsystemGHHg = 0.

Flnally this systemcan be rewritten as: hH G = 0 by notic-
ing thatgHo = [6i(0),...,0i(P— 1)]*Ho = hG whereg; is the
D x N Hanlel matrixwith first column[g; (0),... ,gi(D)]T andwith
last row [gi(D),...,qi(P—1)]. In practiceR is only estimated

by anaveragingin time: A(M) = M Zk— L (k)P (k)M andtherefore

G"HAg = 0 hasto besolvedln theleastsquaresensdeadingto the
following quadraticoptimizationcriterion:

h= afgmin('iléithlz)Z afgminhH(iG@iH)h (5)

The presenceof null side carriersis not specificto HL2 but
is a commonfeatureof all currentstandardizeddFDM systems
(DAB, DVB, etc.) Thesevirtual carriersentailsthat the autocor
relationmatrix Rss hasnow arankK insteadof N. This generates
someproblemawith thesubspacalgorithmsthatcannoteapplied
directly andhave to be modified. Therequiredadjustmentarede-
tailedbelow.

_ Thereceved signalf?(k) cannow be expresseds: F?(k) =
HoFusr(K) insteadof F2(k) = HoFs(k) whereFy is the truncated
N x K matrix obtainedfrom F by remaring the columnscorre-
spondingto the zeroentriesof s(k) andwheresy (k) corresponds
to thenon-zeracomponentsf s(k).

Thus,in that case the channelestimationis obtainedconsid-
ering equation: GH HoFy = 0 insteadof GHHg = 0. Note that
thisequatiorleadsto h™ GFy = 0 by commutingthe vectormatrix
productasdetailedin 5.

In [4], asemi-blindalgorithmhasbeenproposedvhichdirectly
appliesto the presentontet. This algorithmacceleratethe con-
vergenceof the blind algorithm by taking benefitof the training
sequencesentat the beginning of eachburstto initialize the au-
tocorrelationmatrix estimation. However it doesnot remove the
inherentblind methodscalarindetermination.Indeedthe channel
is identifiedby minimizing (??) subjectto a properlychosencon-
straintfor avoiding thetrivial zerosolution. Thisleadsto a channel
estimationup to a scalarcoeficient a: hstb= ah anda canbe
inferredfrom thepilot carriersasdescribedelow.

Denoteby rpII p" the symbolsreceired on the pilot carri-
ers.An estlmatlomf thechannehttenuatlonatthecorrespondlng
frequenciess providedby:

o /Py 6)

Another estimationof thesecoeficients canbe inferredfrom the

APl =8 /Py, ..

the subspacentification(up to a):

Hsub Fpllhsub anuh — CIH (7)
whereFP! is thematrixobtainedrom thesizeN FFT matrix Fy by
selectingthe pilot carriersrows andby removing the others.Thus,
coupling(??) and(??), a canbe determinedy solvingthe linear
systemHSW=GHP! in theleastsquaresenseHoweverif thechan-
nel estimatiorhs'P= ah obtainedusingthe subspacealgorithmis
far from thetrue CIR h (upto a), thefinal channelestimationwill
remaininaccurateevenif o is estimatedsuchthat|/h — HS“b/aH is
minimal. Somehw no benefitis taken from from the knowledge
of the channelattenuationon the pilot carriersfor the subspace
algorithm. This canbe achieved by consideringhe compositefol-
lowing modifiedlinearsystemincludinga secondnember:

Glh=0for1<i<D
Fpi|h:Hpi|

Sincethis equationis only approximatiely verifiedin practice,it
hasto be solved in the leastsquaresensesimilarly to (??) which
leadsto the minimizationof thefollowing criterion:

h=argmm(,zo||gi”h|12+||Fp"h—Hp"||2) ®)
1=

This criterion, Whosesolution is given by h = (QPI)~*Fril" el
where QP! = D1 GH 4 FPIM EPiL s very closeto the semi-
blind criterion alreadyproposedfor anothercontet in [9]. The
differencein our caseis thatthe training symbolscannotprovide
aloneachannekstimation.

As illustratedin the simulationstheresultingsemi-blindalgo-
rithm combiningall the previous describedenhancementsutper
formstheclassicabpilot-basedchannekstimation.

6. SIMULATIONS

This sectionpresentsa comparisorof the CP-OFDMandthe
TZ-OFDM-OLA schemewsingeitherthe classicalpilot-basedor
subspacehanneldentificationalgorithm. All theresultshave been
obtainedrunningMonte Carlo simulations eachtrial correspond-
ing to a differentrealizationof the typical 5GHz wirelessindoor
channelA modelspecifiedby HL2. Note thatfor enablinga fair
comparisorbetweenthe variousalgorithmsan extra denoisingof
the estimationis appliedto the classicalpilot basedmethod. This
refinementonsistsn takinginto accounin the estimatiorprocess
that channelin the frequeng domainactually correspondsn the
time domainto aFIR of length~ N/4 [10].

The channelestimationMeanSquareError (MSE) is only rel-
evanton the U useful carrierssinceonly thesesubbandswill be
equalizedandis definedas:MSE = Ui Sueq [H(U) —H(u)|? where
U is the setof indicescorrespondingo theU usefulcarriers.

Moreover, in orderto betterquantifytheimpactof the channel
estimatioronthesystenoverall performancewe usethefollowing
“effective SNR” criterion[11] definedas:

SNRef = —10logio (1(rSNR/ 10 qousE/ 10) )

This criterioncanindeedbeinterpretedasthecomprehense SNR
obsered attherecever by the Viterbi decoder In fact, the Viterbi
algorithmdecodeghetransmittedsymbolss onthe carrieri, hav-
ing anestimater; of H; by minimizingthemetricmy = |r; — Fis 2=



[ri —His —A(Hi)s |2. Hencesince practical OFDM systemsal-
ways implementfrequeny interlearing, the perturbationA(H;)s
canbe approximatedy a white Gaussiamoise. Thereforeit can
begatheredvith theclassicathermalnoiseinto asinglenoiseterm
which justifiesequation(??). Thusthe effective SNRjointly takes
into accountthe real noise and the channelestimationerror and
is a reliable criterion of the systemperformance.However, it is
importantto notice that this criterion only makes sensewith the
CP-OFDMand TZ-OFDM-OLA equalizationschemesndis not
relevantfor extrapolatingcodedBER in anothercontext (e.g. the
robustoriginal TZ-OFDM transceier proposedn [2]).

Figure5illustratesheevolutionof thechannekstimatiorMSE
alongthe burst assumedereto contain500 OFDM symbols. It
clearlyappearghatthe channelestimationgprovided by the classi-
calpilot-basednethoddegradequickly whenthechannels varying
whereaghe subspacelgorithmstrack approximately its varia-
tions. The channelestimationturnsto be moreaccuratdor the TZ
algorithmafter150symbols(about0.75dBatthe endof theframe)
which alreadycorrespondgo very long bursts. This canbe ex-
plainedby thefactthatthe size of the autocorrelatiormatrix used
by the TZ subspacealgorithmis half the sizeof the oneprocessed
by theCPone.

Figure6 displaysthe effective SNR averagedbver the burstas
a function of the thermalSNR. This figure is the most meaning-
ful sinceit providesa morereliableideaof the systemmeanBER
performanceghanthechanneMSE.Whenusingthesubspacalgo-
rithms comparedo the classicaimethod,a gain of about0.5dBat
SNR=5dBand1.5dBat SNR=10dBcanbe expected.Actually the
differencein performancéetweerthe CPandthe TZ transcerers
is tiny (betweer0 and0.25dB)andcouldbefurtherreducedvhen
dealingwith smallerbursts.

7. CONCLUSIONS

This paperhaspresentec simpleequalizatiorschemdor the
TZ precodeanda subspacehannekestimationalgorithm.A com-
parisonbetweerthe TZ-OFDM-OLA andCP-OFDMtranscerers
hasbeenconductedn the HL2 contet. As expectedbecausenf
the duality of the two systemsthe two schemesxhibit very sim-
ilar performance Accountingfor the nonlinearitiesntroducedoby
theclipperandPAPRissuesit hasbeenillustratedthatthe CP pre-
coderrequiresa smallerinput power back-of thanthe TZ leading
to alarger SNR of operation.This resultsin a betterperformance
for CP-OFDMwhentransmittingsmallbursts.However, with long
burstsTZ-OFDM-OLA isto bepreferrecbecausé hasbetterchan-
nel trackingcapabilitiesthan CP-OFDM.Moreover, onemay also
benefitby usingthemorecomplex TZ-OFDM recever thathasthe
capabilityto retrieve theinformationsenton a carriercorrespond-
ing to achannekerowhichis notthe casefor the CP-OFDMor the
TZ-OFDM-OLA systemconsiderecherein. Note that this could
bring significantperformancegains. Finally, this paperhashigh-
lighted that semi-blindmethodscould be consideredisa practical
solutionfor tracking channelvariationsand improving the pilot-
basedchannekstimatioraccuragy.
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Figure3: ParallelCarriersCPtransceier
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