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Abstract— In the presentedpaper, the principle of fr equencydomain
channel estimation for wir elessOFDM systemswill be shown. A well
known noisereduction techniquewill beadaptedto HIPERLAN/2 and
IEEE802.11astandards, and its positive effectswill be demonstrated
by simulation results.
Channel tracking has not been considered by the WLAN standards
namedabove, although it is well known that time-variant indoor radio
channelscan changetheir characteristicswithin onePHY burst. This
paper presentssometechniquesfor decisiondir ectedchanneltracking,
applicable in wirelessOFDM systems.
Keywords— HIPERLAN, IEEE802.11, OFDM, channel estimation,
channeltracking, noisereduction

I . INTRODUCTION

The American IEEE802.11astandardand the European
equivalentHIPERLAN/2aretwo similarconceptsfor broad-
bandwirelessLANs (WLAN) in the 5 GHz band. Both
standardsare basedon the multicarrier modulation tech-
niqueOFDM (orthogonalfrequency division multiplexing)
combinedwith convolutional channelcoding. The base-
bandmodulationschemesof bothstandardsareverysimilar,
which simplifies implementationconsiderably. Challanges
anddifficultiesconsideredin thispaperregardbothsystems.
Exceptfor slight differencesin signal mapping,most dis-
crepanciesbetweenthestandardsregardthehigherprotocol
layers.
SectionII presentssomefundamentalsof OFDM and the
WLAN standards.Herewe focus on the basebandmodu-
lation in the PHY layer andexplain partsof the PHY burst
structurerelevantto channelestimation.
SectionIII describesa frequency domainchannelestima-
tor. Assumingchannelimpulseresponsesbeing limited in
time, correlationsbetweenadjacentsubcarrierscan reduce
thenoiseinfluenceon theestimatedtransferfunction. Here,
anew methodfor computingthecorrelationsis shown.
In caseof time variant channelcoefficients,a decisiondi-
rectedchanneltrackingalgorithmfor re-estimatingthechan-
nelcoefficientsis presentedin sectionIV. Theremodulation
of thedetecteddatacanbe donewith or without exploiting
channeldecodingasdemonstratedin sectionIV.

I I . WIRELESS LAN OFDM SYSTEMS

As mentionedin the introduction, the new WLAN stan-
dards HIPERLAN/2 and IEEE802.11aare basedon the

multi-carrier (MC) techniqueOFDM [1], [2], [3]. Primar-
ily, OFDM can be describedas an analogdiscretemulti-
tone techniquewith rectangular(orthogonal)pulse shap-
ing filters for eachsubcarrier. A guard interval protects
thereceiveddataagainstinter-symbol-(ISI) or inter-carrier-
interference(ICI). Practically, discretetransmitterand re-
ceiver filter banksareusedandcomputedby very efficient
FFT algorithms.
Concerningtheconsideredstandards,thetotal OFDM sym-
bol durationis

�������
s including a

���	��
�� 
��
s guard

interval and the
���	���������

s core symbol. The � �����
active subcarriersareplacedsymmetrically(no DC compo-
nent). With a subcarrierdistanceof ��� ����� � � �!�����"���
kHz thetotaloccupiedOFDMbandwidthis about16.5MHz.
Usingan �$# �&%'�

point FFT algorithm(oversamplingrate( �)�*�+�*�
), therequiredtime domainsamplerateis exactly� � �,�'


MHz.
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Fig. 1. TimediscreteOFDM system

Dueto ISI- andICI-freereceivedsymbols,thechannelinflu-
encecanbereducedto onecomplex Rayleighfadingfactor
(channelcoefficient)oneachsubcarrierçè{éiêXëUì �îí éiê�ëïìñðòè{é�ê�ëïì]ó

(1)

where
è é ê�ëïì

denotesthe datasymbolof the ô�õXö subcarrier
andthe

ë õXö OFDM symbol( ô : frequency index,
ë
: time in-

dex). Assuminga slow fadingchannel,thetransferfunction
is nearly constantfor the duration

�
of one OFDM sym-

bol. In caseof a time invariant channeltransferfunction,



í é �÷í éiêXëïì
describesthebelongingcoefficients. Sinceall

subcarriersareorthogonal,OFDM needsonly oneequalizer
coefficient for eachsubcarrier, accordingto figure1

øè é êXëUì �úù�é ê�ëïìñð çè é êXëUìûó
(2)

normally computedby
ù é êXëUì �ü���*íýé êXëUì

. This zero forc-
ing solutionis viableif thechannelstateinformationwill be
consideredin theViterbi channeldecoder.
In combinationwith variablecoderates(puncturedconvolu-
tionalcodes)anddifferentsymbolmappingschemes(BPSK
... 64-QAM), the new WLAN standardsprovide datarates
from 6 up to 54 Mbit/s.
In the PHY layer of HIPERLAN/2 and IEEE802.11a,dif-
ferentburst typeswith equaltraining symbolsaredefined.
The preamblecontainsa synchronisationsequenceof 8

�
s

(except the downlink burst) followed by 2 identical train-
ing symbols

è{þé ê�ëïì
(each3.2

�
s) andprotectedby onelong

guardinterval. The payloadcontainsuserdatapacketsof
432 bit/packet. Figure2 shows an examplePHY burst (27
Mbit/s mode).EachdataOFDM symbolconsistsof 48 data
and4 pilot carriers. The pilot carrierscanbe usedfor fine
frequency tuning.
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Fig. 2. Timedomainburststructure(27 Mbit/s mode)

I I I . CHANNEL ESTIMATION

Thepresentedstandardsincludecoherentdatademodulation
so that the channelhasto be estimated. As mentionedin
sectionII, OFDM needsonly onecoefficient persubcarrier.
With the given burst structure,the systempermitsan esti-
mationusingtwo subcarrierscoefficientsat thebeginningof
eachburst çí é�ê�ëïì � çè{þé ê�ëïì

è þé �
(3)

With d è{þé ê�ëïì d �¡�
, the division in (3) canbe practicallyre-

placedby a multiplication with
ê�è�þé ìBe

. Assumingtime in-
variantchannels,theaveragedcoefficientsare

çí é � �
� ð{ê çí é ê 
 ì!f çí é ê � ì4ì �

(4)

Figure3 shows theblock diagramof thechannelestimator.
In caseof AWGN theestimatedcoefficientsaregivenby the
truechanneltransfercoefficients

íýé
andadditivenoise �hgjié

çí é �,í ékf � gjié ó
(5)
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Fig. 3. Initial Channelestimationin frequency domain

wherethe averagedpower of �hgjié is 3 dB below the data
symboldistortion(due to averagingover 2 pilot symbols).
As simulationresultswill show, thepresentedchannelesti-
mationmethodresultsin an Ê � � lossof about2 dB com-
paredto simulationswith perfectlyknown channels.
By exploiting the correlationsbetweenadjacentsubcarriers
coefficients,the estimatornoisein (5) canbe reducedsub-
stantially. Theso-callednoisereductionalgorithm(NRA) is
placedbetweenIFFT andFFT asshown in figure4.
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Fig. 4. Noisereductionalgorithm(NRA)

In orderto fulfill theconditionof ISI andICI freedemodu-
lation, thechannelimpulseresponsehasto matchtheguard
interval. In particular, themaximumchanneldelaymustnot
exceedthe guardtime. With the numberof guardsamples� �

(here:16), thechannelimpulseresponsevector � of one
FFT blockwith length � # satisfies� ê���ì ���	��,
 
 
�� � � � ��
 �
 
 � � � � � � # 
 � �

(6)

Theestimatedchannelimpulseresponse�� canbecomputed
by aninversefouriertransformationof theestimatedchannel
transferfunctionvector ���� ���

IDFT
ð �� ó

(7)

with theIDFT matrix
�

IDFT containingall twiddle factors��������� ê��]ó ô ì � �� � #
ð ù��! #"�$&% '(*) �

(8)

Thebasicideaof noisereductionis thelimitation of theim-
pulseresponseaccordingto

ø� ê�� ì � � ç� ê���ì 
 
+� � � � �,
 �
 
 � �-� � � �$# 
 � �
(9)



After re-transformationinto frequency domain.� �/�
IDFT 021 ð3.� ó (10)

theaveragednoisepowerin
øí é

hasbeenreducedby thefac-
tor � � � �

. (note: if IDFT andDFT areusedfor noisere-
duction,the numberof subcarriers� mustbe equalto the
DFT length � # . Anotherpossibilitywill bepresentedin the
following text.)
The problemof this well known techniqueis the compu-
tation of the IDFT (7) and the DFT (10) in caseof in-
completelyestimatedchanneltransferfunctions. Someof
the subcarrierscannotbe estimatedsincethey arenot used
(guardband, DC component)In order to overcomethese
problems,wecansplit thevector �� into subvector ��-4 , con-
taining all known or assessablecoefficients and subvector��65 with all unknown channelcoefficients. A similar split
canalsobedonein timedomain��27 � 8 ç� ê 
 ì ó�ç� ê � ì:ó �E�?� ó�ç� ê � �9
 � ì;: � ó

(11)��=< � 8 ç� ê � � ì:ó*ç� ê � � f � ì:ó �E�?� ó'ç� ê �$# 
 � ì;: � ó
(12)

where ��>7 containsthetruechannelimpulseresponseand ��?<
includeszeros(6) or purenoise.TheIDFT canbecomputed
by @ ��>7��?<BA �

@ � 7C7 � 7ED� DF7 � DCDGA ð
@ ��-4�� 5 A ó

(13)

wherethe IDFT submatrices
� 7E7 , � 7ED , � DC7 , and

� DCD
includeall �  # twiddle factors(8) in arearrangedorder. Due
to a switchedranking within the frequency domainvector�� , therowsof

� 4
haveto bere-organizedin thesameway.

With equation(9), ��?< canbesubstitutedin�� < � ê � DC7 ð �� 4 f � DCD ð ��65 ì]ó (14)� DED ð �� 5 � 
H� DF7 ð ��I4 �
(15)

With a modifiedpseudoinverse
�KJDCD

ê � eDCD ð � DED fGL D ðCMòì�N 7 ð � eDEDO PRQ STGUVWV ð � DED � M ó
(16)

theunknown transferfactorscanbecomputedby��65 �X
H�KJDED ð � DF7 ð �� 4 ó (17)

where
M

describesthe identity matrix. In order to prevent�KJDED from numericalinstability, a small factor

ZY L Y[Y��� � # hasbeenintroduced.Thecompletecomputationof �� 7

is ��27 �]\�� 7C7 
^� 7ED ð � JDED ð � DF7F_ ð ��I4 � (18)

Considering(9) .�>7 � ��>7 ó (19).� < � ` ó
(20)

andwith thepartsof theresortedDFT matrix@ .�I4.�65 A �
@ � e7C7 � eDF7� e7ED � eDCD A ð

@ .�27.� <aA ó
(21)

with *: transposedconjugate

it is possibleto computethenoisereducedsubcarriercoeffi-
cients.� 4 � bc� e7C7 ðd\ � 7C7 
^� 7ED ð � JDED ð � DF7 _ ð �� 4=e

� � 4&4 ð ��I4 � (22)

The noisereductionmatrix
� 4&4

canbe pre-computedof-
fline. Thus,thenoisereductionalgorithmrequiresonly one
run-timematrix multiplication (22). Figure5 depictssome
simulationresultsof the27 Mbit/s mode. For Monte-Carlo
simulations,a typical Rayleighfadingmobile indoor chan-
nel modelwith a delayspread�6f =100nshasbeenchosen.
As a reference,theresultswith perfectlyknown channelco-
efficientsaregiven,too.
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Fig. 5. Simulatedbit error rates(BER) with channelestimation(CE) and
noisereductionalgorithm(NRA)

With raw channelestimationover 2 training symbols(CE
without NRA), the y9z � �I{ lossis about2 dB, comparedto
perfectlyknown channels.After re-calculatingthe subcar-
rier coefficients by multiplying the noisereductionmatrix
(22), the y z � � { lossis reducedto 0.7dB. For otherHIPER-
LAN/2 or IEEE802.11amodes,similarresultshavebeenob-
tained.

IV. CHANNEL TRACKING

The HIPERLAN/2 and IEEE802.11astandardsprovide 2
trainingsymbolsin front of eachdataburstand4 pilot car-
riers insideeachdatasymbol. In caseof time variantchan-
nel coefficients,the initial channelestimationsufficesonly
for OFDM symbolsnearthebeginningof theburst. There-
fore only 4 pilot carriersarenot sufficient to supplychannel
trackingfor acompletesubcarriercoefficientset[7].
In orderto createadditionaltrainingsymbols,receivedand
decideddatacan be re-modulatedto re-estimatethe chan-
nel coefficientsduringdatademodulation,asit canbeseen
in figure 6. The bestchoicewould be decideddatafeed-
backfrom the Viterbi decoderoutput,becausethe bit error
rate(BER) is muchbetterthanat the decoderinput. How-
ever codeterminationis only provided at the end of each
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Fig. 6. Block diagramof decisiondirectedchanneltracking

databurst.Beforecodeterminationhasbeenreached,a suf-
ficiently safedatadecisionwill be at the expenseof some
Viterbi decisiondelay. Figure7 shows thesimulatedbit er-
ror ratessubjectedto thedecodingdelay

�
�����
with different

codingrates��� .
The resultsof figure 7 are summarizedin table I for all
HIPERLAN/2 modes.In a worst casescenariowith ��� ��{���

, theViterbi decoderneedsa delayof 100decodedbits.
With 1 OFDM symbol containing36 data bits (9 Mbit/s
mode), a maximum decodingdelay of

ë { � �
complete

OFDM symbolsis required. In orderto obtaincomparable
results,this delayhasbeenusedfor all modes.
The other feedbackpossibility is to use the non decoded
symbolsat the symbol decoderoutput for re-modulation
(
ë { �î


). Figure6 demonstratesbothoptions.
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Fig. 7. simulatedbit errorrates(BER) of 27 Mbit/s modeversusdecoding
delay @*ACBED (only AWGN)

Mode � z �+z � � �F�G�%� HJILKiê�ë { ì �NMPO i�g
6 1/2 24 Q 60 3 12

�
s

9 3/4 36 Q 110 3 12
�

s
12 1/2 48 Q 60 2 8

�
s

18 3/4 72 Q 110 2 8
�

s
27 9/16 108 Q 70 2 8

�
s

36 3/4 144 Q 110 1 4
�

s
54 3/4 216 Q 120 1 4

�
s

TABLE I
Estimateddecodingdelay

The first
ë { f �

OFDM symbolsaredemodulatedby using
the initial channelestimation. The decideddata(beforeor
afterdecoding)mustbere-modulated.Thedecisiondelayis
modulatedby R NCSLT J UWV�X . Dividing

çY ê�ëïì
by

YCZP[�êXëUì
andapply-

ing thenoisereductionalgorithmwill producea new chan-
nel estimation

.��ê�\�ì
for the

ë õXö OFDM symbol. In orderto
reducenoiseinfluence,a first orderloop filter with parame-
ter ]2{ Y �

hasbeenintroduced,asshown in figure6.
Finding an optimal loop parameter] { is a compromisebe-
tween noise sensitivenessand tracking power. In order
to simulatethe noiseinfluence,a time-invariantRayleigh-
fadingindoorchannelmodel( �6f � �ò
�


ns)hasbeenused.
Figure8 shows thesimulatedBER versus] { for bothcases:
decideddatafeedbackbefore(uncoded)andafterViterbi de-
coding(coded).Theaveragednoisepower is ^y z � � { � ���
dB.
In caseof ]2{ � 


, no trackingwill be doneand the BER
mustbe identical to that in figure 5 with NRA. Of course,
with an increased] { , the noiseinfluenceon trackingbased
on non-decodedreferencesymbolsrisesmorethan for de-
codedsymbols. With ]2{ Y 
����

(uncoded)and ]2{ Y�
����
(coded)anegligible BER losscanbeobtained.
For tracking power simulations, a time variant channel
modelhasbeenused,consideringJakes-distributedDoppler-
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Fig. 8. Simulatedbit error rates(BER) of 27 Mbit/s modeversusloop
parameteroqp with rs t%uPv pxwzy.{ dB|

spreadingderivedfrom mobilespeed} �����

� ��~ ������� �
� ð } ����� (23)

with wave length
� � g V# V (here

� � �"���F� ð �ò
 N  m).
In figure 9 the simulatedpacket error rates (PER) of a
HIPERLAN/2system(27Mbit/s) in caseof highmobility is
depicted.ThesimulatedPHY burst lengthis about800

���
.

Without tracking,thePERbecomesveryhigh for morethan
3 m/s. Applying channeltracking after exploiting Viterbi
decoding,the systemfunctionality canbe guaranteedup to} �G�%� �ú��


m/s.

V. CONCLUSIONS

In sectionII, thePHY layerof modernwirelessLAN stan-
dards in 5 GHz band has beenpresented. Here we fo-
cusedon OFDM fundamentalsand the PHY burst struc-
ture. The training symbol constellationsof HIPERLAN/2
andIEEE802.11aareequal.
SectionIII shows a frequency domainbasedchannelesti-
mation. The influenceof noisecanbereducedby applying
the noisereductionalgorithm(NRA). It is basedon a time
limited channelimpulseresponse.By permutatingtheIDFT
matrix, therun-timecostsof theNRA canbereducedto one
matrix multiplication. The gain of about1.3 dB hasbeen
verifiedby simulationresults.
In caseof time variantchannelcoefficients,channeltrack-
ing is necessary. Thus, a channeltracking scheme,ap-
plicable to HIPERLAN/2 and IEEE802.11a,hasbeenpre-
sentedin sectionIV. With Viterbi decodingplacedinside
thefeedbackloop, thechannelestimationbasedonre-coded
and re-modulatedsymbolsyields betterresults. Although
the Viterbi decoderneedsa decodingdelay, channeltrack-
ing with exploitation of channeldecodingpermits higher
Dopplerfrequenciesandthushighermobilespeeds.
This paperhasshown an efficient methodto estimatethe
subcarriercoefficients. Furthermore,the necessityof chan-
nel trackinghasbeendemonstratedanda practicalsolution
hasbeenpresented.
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Fig. 9. Simulatedpacket errorrates(PER)of 27Mbit/s modeversusobject
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