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Abstract—In the presentpaper we aregoing to discuss
somefundamentalsabout exceedingthe guard interval of
an OFDM system. One way to reducethe effectsof ISI
and ICI is pre-equalizing. With knowledge of the cur-
rent channel constellation, we will intr oducemethodsto
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
beprovedby simulation results.

Keywords— OFDM, muticarrier transmission, pre-
equalizer, impulse truncation

I . INTRODUCTION

In the last few yearsmany 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 broadcaststandards
like DAB and DVB-T and for wired xDSL and pow-
erline technology. Here, we mainly concentrateon
using OFDM for wireless LAN (WLAN) in 5 GHz
band. Onebasicaspectof OFDM areorthogonalsub-
carriers.To prevent inter-symbol-interference (ISI) and
inter-carrier-interference(ICI) aguardinterval, contain-
ing a cyclic prefix, is included. Theguardlengthmust
beequalor greaterthanthemaximumrelative channel
delay. In sectionII somepropertiesof theguardinterval
areshown. It is well known thatISI andICI increaseby
exceedingthe guardinterval length. Someexamples,
consideringsituationsandscenarioswherethis effects
may affect, areaswell presentedin sectionII. In sec-
tion III somepossibilitiesof impulsetruncationarepre-
sented.Assumingideal knowledgeof the channelim-
pulseresponsea time-domainpre-equalization-filteris
derived. But theestimationof the channelimpulsere-
sponseis a fundamentalproblemwhencomputingthe
equalizerscoefficients.Consideringthepreamblestruc-
ture of HIPERLAN/2, a channelestimationschemeis
proposedin sectionIV. In sectionV someperformance
simulationsof aHIPERLAN/2systemareshown.

I I . THE GUARD INTERVAL OF OFDM

In future indoor communicationsystems,OFDM
hasestablishedto be the basicmodulationschemeof
the physicallayer (PHY). Assumingcomplex symbols
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where	+* denotestheusedFFT length.Thetime index�
is definedby�-,/.�0 	21 �4353535��67�4353535� 	+* 098;:�3
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It follows thatoneOFDM symbolconsistsof 	 1=< 	+*
sampleswhere	21 denotesacyclic prefixasguardinter-
val. Consideringthesamplerate >@? , theguardlengthisA 1 � 	 1CB >@D , theFFT window lengthis

AFE � 	+* B >@? ,
andthetotal symboldurationis

A �G� 	H1 < 	I* � B > ? .
In commoncaseeveryreceivedsymbolis influencedby
all subcarriersof all OFDM symbols.If we assumethe
maximumchanneldelaytimeis shorterthanoneOFDM
symbolwe only have ISI betweentheactual(

�
) andthe
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) OFDM symbol.Thereceivedsymbols
resultto
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denotesthereceivedsymbolof the 
 ��
 sub-
carrierand S marksthefrequency domainchannelcoef-
ficient. Assumingtimeinvariantconditions,thechannel
coefficientsdo not dependentfrom

�
, so S

U R�VP W � describes
ICI betweenthe [ ��
 and
 ��
 subcarrierof the
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OFDM

symbol. Thesecondpartof (3) is the ISI describedby

S
U MKO VY W � . For completesymboldetectiona very complex

equalizerhasto be used. But, if the overall channel
impulseresponseis not longer than the guardinterval
( \^]�_�`Ia A 1 ), thechannelinfluencecanbedescribedby
asimplecomplex multiplicationin frequency domainJ���b�����T� S U R�V�XW � �����������c3

(4)

All other channelcoefficients of S
U R�VP W � and S

U MKO VY W � are
zero in caseof ISI and ICI free transmission. This
is a very importantaspect,becauseone advantageof
OFDM is aneasyequalizationby multiplying

8 B � S
U R�V��W � �

on eachsubcarrierseparately. Thus,theguardtime has
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to be longerthanthe maximumrelative channeldelay.
A negative aspectof theguardinterval is thebandwidth
efficiency decreasingwith the guardlength. Sincethe
guardinterval containsno (new) information, the effi-
ciency decreasesby (

8d0 A 1;B A ). Thus,developingan
OFDM systemmustbefinding a compromisebetween
efficiency andadditionalISI/ICI noise.To minimizethe
ISI/ICI influenceandthebandwidthefficiency loss,de-
creasingthechannelimpulseresponselengthmaybea
possiblesolution.

I I I . IMPULSE TRUNCATION FOR OFDM

It is a well known fact,mentionedin sectionII, that
reducingthenegativeinfluenceof verylongchannelim-
pulseresponsesis animportantcriterionfor systemde-
velopment.Beforewestartpresentingtheimpulsetrun-
cationalgorithm,we would like to introducea simpli-
fied OFDM block diagramincluding the pre-equalizer
in figure1.
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Fig. 1. blockdiagramof OFDM system

After leaving thetransmitter, theOFDM signalpassesa
very slow fadingmobile radio channel,representedby
a discreteblock ‘channel’. All characteristicsof neces-
sarycomponentslike digital/analogconversion(DAC),
basebandto bandpassconversion,etc. aredescribedby
onediscretevectorÑ �GÒ Ñ �pÓb� � Ñ �"Ô)� � Ñ ��Õc� �435353�� Ñ �pÖ×�ÙØzÚ)�

(5)

where
Ú

denotesthetransjugationoperator. We assume
that ÛÝÜÞ	 1 . If not, impulsetruncationis unnecessary
becausethe guardinterval caneliminatethe influence
of multipathpropagationcompletely. All othernoisein-
fluencesaremodelledby additive white Gaussiannoise
(AWGN). The time domainpre-equalizerfor impulse
truncationis placedbeforesynchronization(positioning
theFFT window) andDFT computation.In caseof us-
ing aFIR filter, thepre-equalizeris describedbyß �GÒ ß �pÓc� � ß �"Ô)� � ß ��Õà� �4353535� ß �xá��ÙØzÚâ3

(6)

Furtheron it is well known, that theconvolution Ñ�ã �ÑåäHß yields to an impulselength
� Û <çæè< 8��

if all
elementsof Ñ and ß arenon-zerosÑ�ã �GÒ Ñ�ã �pÓc� � Ñ�ã �"Ô7� � Ñ�ã ��Õc� �435353 Ñ�ã �xá < Öé0êÔ7�ÙØzÚë3

(7)

In figure1 ablock ‘channelestimation’hasbeenplaced
which will be consideredin sectionIV. Here,we as-
sumeidealknowledgeof thechannelimpulseresponse.

Consideringthenon-idealcharacteristicsof FIR equal-
izers,we developedpre-equalizersbasedon IIR filters.
But in caseof noiseandnon-idealchannelknowledge,
the performanceof the recursive pre-equalizedOFDM
systemdeteriorates,sowefocusourfurtherresearchac-
tivities on FIR filter development.
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Fig. 2. impulseresponsebeforeandafterpre-equalizing

Figure2 shows schematicallythe channelimpulsere-
sponsebeforeandafterapplyingthepre-equalizer. Con-
cerningthenew impulseresponseÑ�ã , we have to min-
imize the power of all elements S�T �p��� , where

� Ü	 1 . Usingknown MMSE algorithmsfor developingT-
equalizers[4], wehave to createaconvolution matrix U
of size

�¼� Û < æ+< 8��WV � æ+< 8��¼�
U � ß � Ñ�ã 3

(8)

For Ñ�ã , following assumptionsaremade:

S�T �p����� XY Z 8 � � 6[ 6]\ç� aê	 16 � Üê	 1 3
(9)

The first condition S�T �x6��-� 8
prevents a zero solu-

tion; of courseany non-zerocomplex valuecanbe as-
sumedfor S�T �x6�� . Sinceall elementsindexed by

� �.�8@�4353535� 	 1 : andsignedby [ arenon-relevant, we may
reducethe conditionsfor Ñ ã by excluding all arbitrary
elements: S�^ T �p�����`_ 8 � � 66 �ba�8 3

(10)

Consideringreducing(9) to (10),anew reducedconvo-
lution matrix Udc of size

�¼� æ+< Û < 8N0 	H1 �eVZ� æI< 8��¼�
canbedefined U c � ß � Ñ c ã �

(11)

where U c is equalto U exceptfor the lines with index.�8@�4353535� 	 1 : . With (10), we have to find an equalizerß
fulfilling U c � ß �gf <ih 3

(12)

Thedestinationvectorf �GÒ�Ô���ÓF�435353535��Ó7Ø Ú
(13)
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resultsfrom (10)andtheerrorvectorh �GÒ h �pÓc� � h �"Ô)� � h ��Õà� ��35353�� h �xá < Ö 0kjmlX�ÙØ Ú
(14)

describesthe remainingerror, which has to be mini-
mized. A well known solution for equationslike (11)
is the minimum meansquareerror (MMSE) technique
[4], [5], sotheequalizercanbecomputedbyß �G� U c Ú � U c � Mon � U c Ú �pf 3

(15)

Justchannelknowledgeto createU c andthetrivial des-
tinationvector

f
arerequiredto computetheFIR equal-

izer coefficients. In caseof additionalnoise(AWGN),
thepre-equalizerwill raisethenoisepower, sooptimal
MMSE solutionsconsiderthe effective signal to noise
ratio (SNR)ß �G� U c Ú � U cë<rqtsu ã �wv�� Mon � U c Ú �wf �

(16)

with q �x T = 1/SNRandtheidentity matrix
v
. To demon-

stratethe functionality of (15), a short exampleis in-
troduced.We assumea channelimpulseresponseS �p���
with length Û < 8 �G8%y

shown in figure3a.Thus, S �p���
has15 non-zerocoefficients. Furtheron, we assumea
guardinterval of length 	 1 �{z

.
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Fig. 3. a) channelimpulseresponsec(k); b) convolution of
channelimpulseresponseandpre-equalizer

After pre-equalizing,all unwantedcoefficientsfor
� Üz

have to beeliminated.In this example,no extra noise
is added( q �x T � 6

). The convolution of the channelS �p��� andthecomputedFIR pre-equalizer
�X�p���

with or-
der æ ���78

hasbeenprinted in figure 3b. It can be
clearly seen,that the result of pre-equalizingcontains
quasi-zerocoefficientsonly for

� Ü z
.

Figure4 demonstratessomestatisticalanalysesof the
impulse truncation algorithm. The total power de-
lay profilesof truncatedchannelimpulseresponsesare
shown. This figure is basedon more than 5000 ran-
dom channelswith an exponentialpower delayprofile
andaveragedelayspread� \ ����y@6

ns. Theremaining

ISI/ICI decreasesby raising the pre-equalizerssize æ .
Again,nonoiseandidealchannelknowledgehavebeen
assumed.
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Fig.4. powerdelayspectrumof thetotalchannelimpulsere-
sponse¥§¦�¨�¥�©«ª�¬"­9®°¯²±w³w´ nsª with differentpre-equalizer
lengths

IV. IMPULSE TRUNCATION WITH CHANNEL

ESTIMATION FOR A HIPERLAN/2 SYSTEM

In sectionIII a MMSE solutionfor pre-equalizerde-
velopmenthasbeenshown. The centralequation(16)
is basedon channelknowledge. In practicalsystems,a
channelestimationin time or frequency domainis re-
quiredfor coherentdemodulation.
The indoor communication standard HIPERLAN/2
containstwo training-symbolsin order to performfre-
quency domainchannelestimation.To prevent ISI/ICI-
disturbancein caseof insufficient guard length, the
training-symbolsare provided with a double length
guardinterval (GI2). In figure5athe trainingstructure
of a HIPERLAN/2burst is shown [1], [2].
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Fig. 5. a) trainingsymbolsanddoublelengthguardinterval;
b) ”normal” dataOFDM symbols

The two equalbasetraining symbols(C64) consistof
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each64 samples(20 MHz samplefrequency). With a
guard7 lengthof 32, it is possibleto estimatechannels
up to length32 without ISI/ICI-disturbance.If theesti-
matedchannelimpulseresponseis longerthantheguard
interval lengthof normaldataOFDM symbols,thestan-
dardprovidesaguardlengthof 16samples(800ns),we
have to computeapre-equalizer(3.6)to truncatetheef-
fective impulselengthof channelandpre-equalizerfil-
ter.
The training structureof HIPERLAN/2 allows to esti-
mate52 subcarriercoefficients

JS �
. In caseof >@? = 20

MHz (FFT length64), it is not possibleto computethe
estimatedchannelimpulseresponse8S �p��� by9Ñ � :<;�=?>A@ 9BDC

(17)9Ñ � EGF#HJILK � 9B
(18)

dueto unknown frequencies(
EGF#HJILK

is theIDFT ma-
trix). Figure6 shows theHIPERLAN/2 trainingstruc-
turein frequency domain.
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Fig. 6. trainingsymbolsin frequency domain

To computethechannelimpulseresponse,weassumea
maximumchannelimpulseresponselengthÛ < 8

(=32),
and ¯ (=52) is the numberof known subcarriercoeffi-
cients. We definethe vector

9B%°
containingall known

coefficients, and the vector
9B²±

containsall unknown
channelcoefficients. In time domainwe define

9Ñ n as
thefirst Û < 8

elementsof 8S �p��� , and
9Ñ/³ includesall co-

efficientsof the impulseresponsesupposedto bezero.
By resorting

9Ñ and
9B

in (17), the IDFT canbe written
as ´ 9Ñ n9Ñ ³¶µ � ´ E n%n E n sE s n E s%s µ �¸· 9B²°9B²±º¹ (19)

The submatrixes
E n%n ,E n s ,E s n , and

E s%s contain
all resortedtwiddle factors

� ���"!�#&%' of the IDFT matrix.
Considering,

9Ñ}³ shouldcontainonly zeros,we mayde-
velopthewantedchannelimpulseresponse

9Ñ n by9Ñ n � »�E n%n 0¶E n s �'E sws Mon �'E s n½¼ � 9B °
(20)� E n ° � 9B °
(21)

with
E s%s Mon is the pseudoinverseof

E sws . By pre-
computingthe

�¼� Û < 8��:V ¯ � matrix
E n ° , theruntime

costsare only a vector/matrixmultiplication (21). In
practical scenariosthe real channelimpulse response
may be longer than Û < 8

andadditive noisefalsifies
the estimatedchannelcoefficients. Here, the assump-
tion that

9Ñ ³ containsonly zeroswill causenumerical

overflows due to
E s%s Mon . To prevent theseeffects, a

noiseconsideringfactor q � hasbeenintroduced:

E sws Mon �
X¾¾¾Y ¾¾¾Z
E s%s Ú �L¿VE s%s �'E sws Ú < q s �%vÁÀ Mon

if Û < 8 ÜÂ¯¿�E s%s Ú �'E s%s <²q s �%vÁÀ MKO �'E s%s Úif Û < 87\ ¯
(22)

In the analyzedHIPERLAN/2 systema fixed q � �09�@6
dB hasbeenemergedtobesufficient. Thus,thepre-

equalizercan be usedafter initial channelestimation.
Thetransferfunctionof thecompleteimpulseresponseÑ�ã canbe computedin frequency domainby multiply-
ing

9B
and

;�=?> . ß : .
V. PERFORMANCE ANALYSES

The pre-equalizeris not needed,if the channelim-
pulseresponsedoesn’t exceedtheguardlength. In this
case,thereexistsno advantagefor applyinga FIR pre-
equalizer.
Toshow theinfluenceof thepre-equalizer, wehavecho-
senaOFDM parametersetproviding 54MBit/s. With a
distanceof 312.5kHz, 48 subcarriersareusedfor data
transmission.Thecomplex symbolson eachsubcarrier
aretakenform the64-QAM alphabet.Therequireder-
ror protectionis handledby aR=3/4puncturedconvolu-
tionalcode.Theblock interleaver sizeis 288;thisdeals
with thenumberof codedbits perOFDM symbol.The
neededchannelcoefficientsaretakenfrom achanneles-
timation, consideringthe training structureof HIPER-
LAN/2 by asimpleleastsquaresestimationwithoutap-
plying any noisereductionscheme.
The used mobile radio channelis basedon a chan-
nel model,developedin connectionwith HIPERLAN/2
standardization.This channelmodelscontain5 differ-
entexponentialpower delayprofileswith delayspreads
from 50 ns up to 250 ns. To demonstratethe effect of
pre-equalizing,we usedthechanneltypeE ( � \ � ��y@6
ns).
Sincewe have chosenour systemparametersconsider-
ing actualWLAN standards,packet orienteddatatrans-
missionis required. In our simulations,we useddata
packets of length 432 bits. A packet error occurs,if
only onebit is wrong after viterbi decoding. In a real
systemdefective packetshave to be transmittedagain.
Thus,we definea packet error rate (PER)to compare
theperformanceof differentcomponents.

A. Performancewith ideal knownchannelimpulsere-
sponse

In sectionIII oneexampleproving the functionality
of the pre-equalizerhasbeenpresented.The effect of
pre-equalizingon the error rate is a fundamentalcrite-
rion for applying. Oneparameter, we aregoing to op-
timize is thepre-equalizerlength

� æ < 8��
. Considering

realisticconditions,we assumea noiselevel of ÃÅÄ B 	 R
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= 23dB.
Figure7 shows the simulatedpacket error rateusinga
pre-equalizerof lengthæ < 8

. If theequalizerhasbeen
computedby equation(15),thesystemperformancebe-
comesworsefor high equalizerlengths.In caseof ap-
plying equation(16) with q �x T � 09��z

dB, the number
of transmissionerrorsdecreasesfor high numbersof
equalizercoefficients.As a compromiseconcerningre-
alizationeffort andsystemperformance,we have cho-
senaequalizerlengthof 64 coefficients.
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Fig. 7. packet errorrateversusequalizerlengthwith ÖØ×Ù ¨ ¯ÚJÛ dB (no noiseconsideration)and ÖØ×Ù ¨ ¯ Ú ±ÁÜ dB

B. Performanceanalysisusingchannelestimation

In sectionIII theenormousimpactof pre-equalizing,
using the ideal known channelimpulseresponse,has
beenshown. In practicalsystems,thechannelimpulse
responsehasto be estimated.Onepossibility to over-
comethe problemsof channelestimationis the tech-
niquedescribedin sectionIII. Especiallyequation(21)
is fundamentalfor exploiting thetraining-symbolbased
OFDM channelestimationof HIPERLAN/2.
Beforewemaystartchannelestimation,thechannelim-
pulseresponselengthmustbe fixed for pre-computingE n ° . Here,weassumedachannellength

� Û < 8��
= 36,

so
E n ° becomesa matrix with dimensions

�F��Ý V y����
.

Since indoor channelsare very slow fading channels� >ßÞ \öy@6�àâáX�
andburstsarerelatively short(

\ 8
ms),

wehave notyet consideredany trackingtechniques.
In figure8 somesimulationresultsareshown. In case
of no pre-equalizer(no PE), a very high error floor is
the consequenceof ISI and ICI. For the sake of com-
pleteness,the caseof pre-equalizingwith ideal known
channelimpulseresponsehasbeenprintedin figure 8,
too (PE,no CE). If we considera realisticchanneles-
timation (PE andCE), theperformancelossis

\ 8
dB

consideringthe ideal known caseand a PER of
846 M �

(packet error rate). Comparedto thenonpre-equalized
case,thegainof pre-equalizingincludingchannelesti-
mationis infinite highdueto averyhigherrorfloor. The

very bad systemperformancewithout pre-equalizing
canbeclearlyseen.
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Fig. 8. packet errorratewithout pre-equalization(PE),with
pre-equalizationand ideal known channelimpulse re-
sponse(PE, no CE), andpre-equalizationwith training
symbolbasedchannelestimation(PEandCE)

VI. CONCLUSIONS

In the presentpaper, a methodto reducethe effect
of ISI andICI in caseof OFDM modulationhasbeen
illustrated. After introducingthe characteristicof the
guardinterval in sectionII, we developedan impulse
truncationalgorithm in sectionIII. It is basedon the
well known MMSE technique.In practicalsystemslike
HIPERLAN/2, the impulsetruncationtechniquemust
be combinedwith time-domainchannelestimation.In
sectionIV wehaveshown achannelestimationscheme,
exploiting the HIPERLAN/2 training symbolsin fre-
quency domain. The performanceanalysesin section
V demonstratethe functionality of the impulse trun-
cationtechniqueconsideringHIPERLAN/2 systempa-
rameters.In sectionV-B the enormousgain of apply-
ing pre-equalizationcombinedwith channelestimation
canbe seen. Impulsetruncationis unnecessary, if the
guardinterval is long enoughcomparedto thechannel
impulseresponse.But, if ISI/ICI effects due to very
long channeldelay timescausea high error floor, the
impulsetruncationtechniqueis averyattractivemethod
to save thesystemsfunctionality.
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