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Abstract—In the presentpaper we are going to discuss
somefundamentalsabout exceedinghe guard interval of
an OFDM system. One way to reducethe effectsof ISI
and ICl is pre-equalizing With knowledge of the cur-
rent channel constellation, we will intr oduce methodsto
perform a time domain pre-equalizing-filter. Therefore,
a channel estimation schemeconsidering HIPERLAN/2
systemparameters will be proposed. The functionality
of the intr oducedtime-domain pre-equalization-filter will
be proved by simulation results.

Keywords— OFDM, muticarrier
equalizer, impulse truncation

transmission, pre-

. INTRODUCTION

In the last few yearsmary researchhasbeendone
on mobile OFDM techniques,becauseOFDM is in-
tendedto be usedfor the new wirelessLAN standards
IEEE802.11aand HIPERLAN type 2 [1], [2]. Fur
thermoreOFDM hasbeenfixedfor broadcasstandards
like DAB and DVB-T and for wired xDSL and pow-
erline technology Here, we mainly concentrateon
using OFDM for wirelessLAN (WLAN) in 5 GHz
band. Onebasicaspectof OFDM are orthogonalsub-
carriers.To preventintersymbol-interfeerce (ISI) and
inter-carrierinterfererce (ICI) aguardintenal, contain-
ing a cyclic prefix, is included. The guardlengthmust
be equalor greaterthanthe maximumrelative channel
delay In sectionll somepropertief theguardintenal
areshawn. It is well known thatlSI andIClI increaseoy
exceedingthe guardintenal length. Someexamples,
consideringsituationsand scenariosvherethis effects
may affect, areaswell presentedn sectionll. In sec-
tion Il somepossibilitiesof impulsetruncationarepre-
sented.Assumingideal knowledgeof the channelim-
pulseresponse time-domainpre-equalization-filters
derived. But the estimationof the channelimpulsere-
sponsds a fundamentaproblemwhencomputingthe
equalizersoeficients. Consideringhe preamblestruc-
ture of HIPERLAN/2, a channelestimationschemeis
proposedn sectionlV. In sectionV someperformance
simulationsof aHIPERLANY/2 systemareshavn.

Il. THE GUARD INTERVAL OF OFDM

In future indoor communicationsystems, OFDM
hasestablishedo be the basic modulationschemeof
the physicallayer (PHY). Assumingcomplex symbols

d, (i) oneachof N subcarriergn denoteshesubcarrier

index of the i OFDM symbol), the complex OFDM
basebandgignalis

jor bk
J Ny 7

s(i k) =Y dn(i) - € 1)

whereN; denotegheusedFFT length. Thetime index
k is definedby

k € {-Ng,...,0,..., Ny — 1}. (2
It follows thatone OFDM symbolconsistof N, + Ny
samplesvhereN, denotescyclic prefixasguardinter
val. Consideringhe samplerate f,,, the guardlengthis
T, = N,/ fa, the FFT window lengthis Ty = N/ fa,
andthetotal symboldurationis T = (Ny + N¢)/ fa.
In commoncaseevery receved symbolis influencedoy
all subcarrier®f all OFDM symbols.If we assumeéhe
maximumchannebelaytimeis shortethanoneOFDM
symbolwe only have ISI betweernthe actual(z) andthe
previous (i — 1) OFDM symbol. Thereceved symbols
resultto

R N-—1 N—-1
da(i) = > CO-du(i) + > P dy(i—1) (3)
u=0 v=0

whered,, (i) denoteshereceied symbolof then! sub-
carrierandC' marksthefrequeng domainchannetoef-
ficient. Assumingtime invariantconditions thechannel

coeficientsdo notdependentrom 4, so CL(P% describes
ICI betweertheu'™ andn'” subcarrieof the;*» OFDM
symbol. The secondpart of (3) is the ISI describedoy

C,(,fnl). For completesymboldetectiona very comple
equalizerhasto be used. But, if the overall channel
impulseresponses not longerthanthe guardintenal
(Tmax < Ty), thechanneinfluencecanbe describedy
asimplecomplex multiplicationin frequeng domain

dn (i) = Crp
All other channelcoeficients of C,SO% and C,S;f) are
zeroin caseof ISI and ICI free transmission. This
is a very importantaspect,becauseone advantageof
OFDM is aneasyequalizatiorby multiplying 1/(07(1?%)
on eachsubcarrierseparatelyThus,the guardtime has
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to be longerthanthe maximumrelative channeldelay

A negative aspecbf theguardintenal is the bandwidth
efficiency decreasingvith the guardlength. Sincethe

guardintenal containsno (new) information, the effi-

cieng decreaseby (1 — T,/T). Thus,developingan

OFDM systemmustbe finding a compromisebetween
efficiency andadditionallSI/ICI noise.To minimizethe
ISI/ICI influenceandthe bandwidthefficiengy loss,de-
creasinghe channelimpulseresponsdengthmaybe a
possiblesolution.

I11. IMPULSE TRUNCATION FOR OFDM

It is awell known fact, mentionedn sectionll, that
reducingthenegative influenceof verylongchanneim-
pulseresponsess animportantcriterionfor systemde-
velopment Beforewe startpresentingheimpulsetrun-
cationalgorithm,we would like to introducea simpli-
fied OFDM block diagramincluding the pre-equalizer
in figure 1.
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Fig. 1. blockdiagramof OFDM system

After leaving thetransmitteythe OFDM signalpasses
very slow fadingmobile radio channelrepresentethy
adiscreteblock ‘channel’. All characteristicef neces-
sarycomponentdik e digital/analogconversion(DAC),
basebando bandpassonversion,etc. aredescribecy
onediscretevector

¢ = [c(0),¢(1),¢(2), ...,c(m)]", (5)

where* denoteghetransjugatioroperator We assume
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Consideringhe non-idealcharacteristicef FIR equal-
izers,we developedpre-equalizerbasedon lIR filters.
But in caseof noiseandnon-idealchannelknowledge,
the performanceof the recursve pre-equalizedFDM
systendeterioratessowe focusourfurtherresearctac-
tivitieson FIR filter development.

A

guard interval core OFDM symbol

channel impulse response ¢
\\‘/ISUICI

total impulse response ¢, = ¢ [e

remaining ISI/ICI

T,

g

Fig. 2. impulseresponsdeforeandafterpre-equalizing

Figure 2 shavs schematicallythe channelimpulsere-
sponsdeforeandafterapplyingthepre-equalizerCon-
cerningthe new impulseresponse:,, we have to min-
imize the power of all elementsc.(k), wherek >
N,. Usingknown MMSE algorithmsfor developingT-
equalizerg4], we have to createa corvolution matrix F
of size((m+p+1) x (p+1))

F-e=ce. (8)
For c., following assumptionaremade:
1 k=0
ce(k) =¢ » 0<k<N, 9
0 k>N,

The first condition ¢, (0) 1 prevents a zero solu-

thatm > Ng. If not, impUISetruncationiS unnecessary tion; of courseary non_zerocomp|e( valuecanbe as-

becausdhe guardintenval can eliminatethe influence
of multipathpropagatiorcompletely All othernoisein-

fluencesaremodelledby additive white Gaussiamoise
(AWGN). The time domainpre-equalizefor impulse
truncationis placedbeforesynchronizatior{positioning
the FFT window) andDFT computation.In caseof us-
ing aFIR filter, the pre-equalizeis describedy

e =[e(0),e(1),e(2),...,e(p)]" - (6)

Furtheronit is well known, thatthe convolution ¢ce =
¢ * e yields to an impulselength (m + p + 1) if all
elementof ¢ ande arenon-zeros

()

In figure1 ablock ‘channelestimation’hasbeenplaced
which will be consideredn sectionlV. Here,we as-
sumeidealknowledgeof thechanneimpulseresponse.

Ce = [Ce(0),Ce(1),Ce(2),...Ce(P + m — 1)]*.

sumedfor c.(0). Sinceall elementsindexed by & =
{1,..., Ny} andsignedby = are non-releant, we may
reducethe conditionsfor ¢, by excluding all arbitrary

elements: L ke
Cre(k):{ 0 k;l

Consideringeducing(9) to (10),anew reducecdconvo-
lution matrixF,. of size((p + m +1— Ny) x (p+ 1))
canbedefined

(10)

(11)

whereF, is equalto F exceptfor the lineswith index
{1,...,Ng}. With (10), we have to find an equalizere
fulfilling

F;-e=c,

F,-e=d+6. (12)
Thedestinatiorvector
d=1[1,0,....,0]* (13)
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resultsfrom (10) andthe errorvector

d =106(0),6(1),6(2),...,6(p + m —Ng)|* (14)
describeghe remainingerror, which hasto be mini-
mized. A well known solutionfor equationdike (11)
is the minimum meansquareerror (MMSE) technique
[4], [5], sotheequalizercanbe computedoy
e=(F. -F,)!.F.*-d. (15)

Justchanneknowledgeto createF,. andthetrivial des-
tinationvectord arerequiredto computethe FIR equal-
izer coeficients. In caseof additionalnoise(AWGN),
the pre-equalizewill raisethe noisepower, sooptimal
MMSE solutionsconsiderthe effective signalto noise
ratio (SNR)

e=(F* Fr+73. D) -F*-d, (16)
with ;. = 1/SNRandtheidentity matrix I. To demon-
stratethe functionality of (15), a shortexampleis in-
troduced.We assumea channelimpulseresponse:(k)
with lengthm + 1 = 15 shawn in figure 3a. Thus,c(k)
has15 non-zerocoeficients. Furtheron, we assumea
guardintenal of length N, = 8.

1 ‘ :
2) \ guardlength
%o.&a— I 1
OMQT o[ Telestety |
0 5 10 15 20
1 k
b)
%0.5’ b
Wil
0 5 10 15 20
k

Fig. 3. a) channelimpulseresponse(k); b) corvolution of
channeimpulseresponsandpre-equalizer

After pre-equalizingall unwantedcoeficientsfor £ >

8 have to be eliminated.In this example,no extra noise
is added(y2, = 0). The convolution of the channel
c¢(k) andthe computedIR pre-equalizee(k) with or-

derp = 31 hasbeenprintedin figure 3b. It canbe
clearly seen,that the resultof pre-equalizingcontains
quasi-zeraoeficientsonly for & > 8.

Figure 4 demonstratesomestatisticalanalysesof the
impulse truncation algorithm. The total power de-
lay profilesof truncatedchannelimpulseresponsesgre
shavn. This figure is basedon more than 5000 ran-
dom channelswith an exponentialpower delay profile
andaveragedelayspreadAr = 250ns. Theremaining
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ISI/ICI decreasesdy raisingthe pre-equalizersize p.
Again,no noiseandidealchanneknowledgehave been
assumed.
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Fig.4. powerdelayspectrunof thetotalchanneimpulsere-
spons€c.(k), AT = 250ns) with differentpre-equalizer
lengths

IV. IMPULSE TRUNCATION WITH CHANNEL

ESTIMATION FOR A HIPERLAN/2 SYSTEM

In sectionlll a MMSE solutionfor pre-equalizede-
velopmenthasbeenshavn. The centralequation(16)
is basedon channeknowledge. In practicalsystemsa
channelestimationin time or frequeng domainis re-
quiredfor coherentdemodulation.

The indoor communication standard HIPERLAN/2
containstwo training-symbolsn orderto performfre-

gueny domainchannelestimation.To preventISI/ICI-

disturbancein caseof insuficient guard length, the
training-symbolsare provided with a double length
guardinterval (GI2). In figure 5athetraining structure
of aHIPERLAN/2 burstis shavn [1], [2].

a) double length guard interval
/ base training symbols
GI2 C64 C64 ;
0 1.2 s 4.8 [k 8 [k
b)  normal guard interval raw data symbol
GI D64 GI D64 ;
0 080k 4k 8 [k

Fig. 5. a)trainingsymbolsanddoublelengthguardinterval;
b) "normal” dataOFDM symbols

The two equalbasetraining symbols(C64) consistof
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each64 sampleq20 MHz samplefrequeng). With a
guartllengthof 32, it is possibleto estimatechannels
up to length32 without ISI/ICI-disturbancelf the esti-
matedchanneimpulseresponsés longerthantheguard
intenal lengthof normaldataOFDM symbols thestan-
dardprovidesaguardlengthof 16 sampleg800ns),we
have to computea pre-equalize(3.6) to truncatethe ef-
fective impulselengthof channelandpre-equalizefil-
ter.

The training structureof HIPERLAN/2 allows to esti-
mate52 subcarriercoeficients C,,. In caseof f, = 20
MHz (FFT length64), it is not possibleto computethe
estimatecchanneimpulseresponsé(k) by

(17)
(18)

¢ = IDFT{()}
¢ = Wippr-C

dueto unknawn frequencie§Wipgr is theIDFT ma-
trix). Figure6 shavs the HIPERLANY/2 training struc-
turein frequeny domain.

FFT bandwidth (N,,,= 64, f, =20 MHz)

‘ subcarrier -26...-1 ‘ subcarrier 1...26 f
T \ — i
-10 MHz  -8.44 MHz 0 MHz 8.44 MHz 10 MHz

Fig. 6. trainingsymbolsin frequeny domain

To computethechanneimpulseresponsewe assume
maximumchannelmpulseresponséengthm+1 (=32),
andgq (=52) is the numberof known subcarriercoefi-
cients. We definethe vector C¥ containingall known
coeficients, and the vector C" containsall unknavn
channelcoeficients. In time domainwe defineé! as
thefirstm + 1 elementf &(k), and&® includesall co-
efficientsof theimpulseresponsesupposedo be zero.
By resortingé andC in (17), the IDFT canbe written
Wi1 Wi Ck

as .
[go]:[wzl Wgz]'[éu] (19)

The submatries W11,W12,Ws1, and Wao contain

all resortedwiddle factorse’?" % of the IDFT matrix.
Considering£? shouldcontainonly zeros we may de-
velopthewantedchanneimpulseresponsé&! by

~1

¢ = <W11 ~Wia-Way ! 'W21) - C¥(20)

Wiy - CK (21)

with W51 is the pseudoinverseof Wys. By pre-
computingthe ((m + 1) x ¢q) matrix Wy, theruntime
costsare only a vector/matrixmultiplication (21). In
practical scenariosthe real channelimpulse response
may be longerthanm + 1 and additve noisefalsifies
the estimatedchannelcoeficients. Here, the assump-
tion that € containsonly zeroswill causenumerical

34-4

overflovs dueto Wao 1. To prevent theseeffects, a
noiseconsideringactory? hasbeenintroduced:

W™ - (Waz - Wag* ++2 - 1)71
if m+1>gq

(Was* - Waa +72 - I)_1 - W™
if m+1<yq

-1
Wa2

(22)
In the analyzedHIPERLAN/2 systema fixed v2 =
—30dB hasbeenemegedto besuficient. Thus,thepre-
equalizercan be usedafter initial channelestimation.
Thetransferfunction of the completeimpulseresponse
ce canbe computedn frequeny domainby multiply-
ing C andDFT {e}.

V. PERFORMANCE ANALY SES

The pre-equalizelis not needed|f the channelim-
pulseresponsealoesnt exceedthe guardlength. In this
case thereexists no advantagefor applyinga FIR pre-
equalizer
To shaw theinfluenceof thepre-equalizemwe have cho-
sena OFDM parametesetproviding 54 MBit/s. With a
distanceof 312.5kHz, 48 subcarrierare usedfor data
transmissionThe comple symbolson eachsubcarrier
aretakenform the 64-QAM alphabet.The requireder
ror protectionis handledoy aR=3/4puncturecton/olu-
tionalcode.Theblockinterleaver sizeis 288;this deals
with the numberof codedbits per OFDM symbol. The
needeathannetoeficientsaretakenfrom achanneks-
timation, consideringthe training structureof HIPER-
LAN/2 by asimpleleastsquare®stimationwithout ap-
plying ary noisereductionscheme.

The used mobile radio channelis basedon a chan-
nelmodel,developedin connectiorwith HIPERLAN/2
standardization.This channelmodelscontain5 differ-
entexponentialpower delayprofileswith delayspreads
from 50 nsup to 250 ns. To demonstratéhe effect of
pre-equalizingwe usedthe channeltype E (AT = 250
ns).

Sincewe have choserour systemparametergonsider
ing actualWLAN standardspaclet orienteddatatrans-
missionis required. In our simulations,we useddata
paclets of length 432 bits. A paclet error occurs, if
only one bit is wrong after viterbi decoding. In a real
systemdefectve paclets have to be transmittedagain.
Thus, we definea paclet error rate (PER)to compare
the performancef differentcomponents.

A. Performancewith ideal knownchannelimpulsere-
sponse

In sectionlll one exampleproving the functionality
of the pre-equalizehasbeenpresented.The effect of
pre-equalizingon the error rateis a fundamentakrite-
rion for applying. One parameterwe aregoingto op-
timize is the pre-equalizetength (p + 1). Considering
realisticconditions,we assumea noiselevel of E}, /Ny
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=23dB.

Figure 7 shaws the simulatedpaclet error rate usinga
pre-equalizeof lengthp + 1. If theequalizethasbeen
computedby equation(15), the systenperformancede-
comesworsefor high equalizerengths. In caseof ap-
plying equation(16) with fy;e —28 dB, the number
of transmissionerrors decreasegor high numbersof
equalizercoeficients. As a compromiseconcerninge-
alization effort and systemperformancewe have cho-
senaequalizedengthof 64 coeficients.

mode:54 MBit/s, channel:250ns
10° . T T

- —oc‘) dB
-+ -28dB

—1L i
10 & ,

o

L

o
102
107 40 60 80 100 120

p+1

Fig. 7. pacleterrorrateversusequalizedengthwith ,ylge =

—oo dB (no noiseconsideration}ind'yge = —28dB

B. Performanceanalysisusingchannelestimation

In sectionlll theenormousmpactof pre-equalizing,
using the ideal known channelimpulseresponsehas
beenshavn. In practicalsystemsthe channelimpulse
responséhasto be estimated.One possibility to over
comethe problemsof channelestimationis the tech-
niguedescribedn sectionlll. Especiallyequation(21)
is fundamentafor exploiting thetraining-symbobased
OFDM channelestimationof HIPERLAN/2.

Beforewe maystartchannekstimationthechanneim-
pulseresponsdengthmustbe fixed for pre-computing
W k. Here,weassumedachannelength(m+1) = 36,
so Wy, becomes matrix with dimensiong36 x 52).
Sinceindoor channelsare very slowv fading channels
(fa < 50Hz) andburstsarerelatively short(< 1 ms),
we have notyet consideredry trackingtechniques.

In figure 8 somesimulationresultsareshavn. In case
of no pre-equalizeino PE), a very high error floor is
the consequencef ISI andICI. For the sale of com-
pletenessthe caseof pre-equalizingwith ideal known
channelimpulseresponséiasbeenprintedin figure 8,
too (PE,no CE). If we considera realisticchanneles-
timation (PE andCE), the performancdossis < 1 dB
consideringthe ideal known caseanda PER of 102
(paclet errorrate). Comparedo the nonpre-equalized
case the gain of pre-equalizingncluding channelesti-
mationis infinite highdueto averyhigherrorfloor. The
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very bad systemperformancewithout pre-equalizing
canbeclearlyseen.

mode:54 MBit/s, channel:250ns

10° w
"o, —o- NnoPE
] TO- g0 — PE+CE
N ©-eo_6._ -A- PE,noCE
TA G‘"G"C’"O"‘-o-‘o
10-LF N : nene
o
w
a
1072
1073

15

Ey/No
Fig. 8. pacleterrorratewithout pre-equalizatiofPE),with
pre-equalizatiorand ideal known channelimpulse re-
sponse(PE, no CE), and pre-equalizatiorwith training
symbolbasedchannelestimation(PEandCE)

V1. CONCLUSIONS

In the presentpaper a methodto reducethe effect
of ISI andICl in caseof OFDM modulationhasbeen
illustrated. After introducingthe characteristicof the
guardintenval in sectionll, we developedan impulse
truncationalgorithmin sectionlll. It is basedon the
well knovn MMSE techniqueln practicalsystemdike
HIPERLAN/2, the impulse truncationtechniquemust
be combinedwith time-domainchannelestimation. In
sectionlV we have shavn achannekstimationrscheme,
exploiting the HIPERLAN/2 training symbolsin fre-
guengy domain. The performanceanalysesn section
V demonstratahe functionality of the impulse trun-
cationtechniqueconsideringHIPERLAN/2 systempa-
rameters.In sectionV-B the enormousgain of apply-
ing pre-equalizatiortombinedwith channelestimation
canbe seen. Impulsetruncationis unnecessanyf the
guardintenal is long enoughcomparedo the channel
impulseresponse.But, if ISI/ICI effects dueto very
long channeldelay times causea high error floor, the
impulsetruncationtechniquds avery attractve method
to save the systemdunctionality
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