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Abstact— In the presentedpaper, the principle of frequencydomain
channel estimation for wirelessOFDM systemswill be showvn. A well
known noisereduction techniquewill be adaptedto 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 one PHY burst. This
paper presentssometechniquesfor decisiondir ectedchanneltracking,
applicablein wirelessOFDM systems.
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|. INTRODUCTION

The American IEEE802.11astandardand the European
equivalentHIPERLAN/2 aretwo similar conceptdor broad-
bandwirelessLANs (WLAN) in the 5 GHz band. Both
standardsare basedon the multicarrier modulationtech-
nigue OFDM (orthogonalfrequeng division multiplexing)
combinedwith cornvolutional channelcoding. The base-
bandmodulationschemesf bothstandardsirevery similar,
which simplifies implementationconsiderably Challanges
anddifficultiesconsideredn this paperegardbothsystems.
Exceptfor slight differencesin signal mapping, most dis-
crepanciebetweerthe standardsegardthe higherprotocol
layers.

Sectionll presentssomefundamentalof OFDM and the
WLAN standards.Here we focus on the basebandnodu-
lation in the PHY layer andexplain partsof the PHY burst
structurerelevantto channelestimation.

Sectionlll describesa frequeny domain channelestima-
tor. Assumingchannelimpulseresponseseinglimited in
time, correlationsbetweenadjacentsubcarrierscan reduce
the noiseinfluenceon the estimatedransferfunction. Here,
anew methodfor computingthe correlationds shown.

In caseof time variantchannelcoeficients, a decisiondi-
rectedchannetrackingalgorithmfor re-estimatinghechan-
nel coeficientsis presentedh sectionlV. Theremodulation
of the detecteddatacanbe donewith or without exploiting
channeldecodingasdemonstratedh sectionlV.

Il. 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 guardinterval protects
thereceveddataagainstinter-symbol-(ISl) or inter-carrier

interference(ICl). Practically discretetransmitterand re-
ceiver filter banksare usedand computedby very efficient
FFT algorithms.

Concerninghe consideredtandardsthe total OFDM sym-
bol durationis T = 4 psincludingaT, = 0.8 us guard
interval andthe T, = 3.2us coresymbol. The N = 52

active subcarrierare placedsymmetrically(no DC compo-
nent). With a subcarrierdistanceof Af = 1/T, = 312.5

kHz thetotaloccupiedOFDM bandwidthis aboutl6.5MHz.

Usingan Ny = 64 point FFT algorithm(oversamplingate
w = 1.23), therequiredtime domainsamplerateis exactly
fs = 20 MHz.
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Fig.1. TimediscreteOFDM system

Dueto ISI- andICI-free recevedsymbols thechannelinflu-
encecanbereducedo onecomplex Rayleighfadingfactor
(channekoeficient) on eachsubcarrier

dn (i) = Cn () - dn(i), 1)

whered,, (i) denotesthe datasymbolof the nt® subcarrier
andthet* OFDM symbol(n: frequengy index, i: timein-
dex). Assuminga slow fadingchannelthetransferfunction
is nearly constantfor the durationT of one OFDM sym-
bol. In caseof a time invariantchanneltransferfunction,



C, = Cy(i) describeghe belongingcoeficients. Sinceall
subcarrierareorthogonal OFDM needwnly oneequalizer
coeficientfor eachsubcarrieraccordingto figure 1

A~

d~n("’) = en(i) -dy (7/) ) 2

normally computedby e, (i) = 1/C, (). This zewo forc-
ing solutionis viableif the channektateinformationwill be
consideredn the Viterbi channelddecoder

In combinatiorwith variablecoderates(puncturecconvolu-
tional codes)yanddifferentsymbolmappingscheme¢BPSK
... 64-QAM), the new WLAN standardgrovide datarates
from 6 upto 54 Mbit/s.

In the PHY layer of HIPERLAN/2 and IEEE802.11adif-

ferentburst typeswith equaltraining symbolsare defined.
The preamblecontainsa synchronisatiorsequencef 8 us
(exceptthe downlink burst) followed by 2 identical train-
ing symbolsd? (i) (each3.2 us) and protectedoy onelong
guardinterval. The payloadcontainsuserdatapaclets of

432 bit/paclet. Figure2 shavs an examplePHY burst (27
Mbit/s mode).EachdataOFDM symbolconsistsof 48 data
and4 pilot carriers. The pilot carrierscanbe usedfor fine
frequeng tuning.
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Fig. 2. Time domainburststructure(27 Mbit/s mode)

I1l. CHANNEL ESTIMATION

Thepresentedtandardincludecoherentiatademodulation
so that the channelhasto be estimated. As mentionedin
sectionll, OFDM needsonly onecoeficient persubcarrier
With the given burst structure,the systempermitsan esti-
mationusingtwo subcarriergoeficientsatthebeginning of
eachburst -

Culi) = 20 ©

n

With |dP(i)| = 1, thedivisionin (3) canbe practicallyre-
placedby a multiplication with (d¥)*. Assumingtime in-
variantchannelsthe averagedcoeficientsare

Cn= 5 (Cal0) + Ca(1)). @

Figure 3 shavs the block diagramof the channelestimator
In caseof AWGN theestimatedtoeficientsaregivenby the
true channekransfercoeficientsC,, andadditive noiseN:¢
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Fig. 3. Initial Channelestimationin frequeny domain

wherethe averagedpower of N5¢ is 3 dB below the data
symbol distortion (due to averagingover 2 pilot symbols).
As simulationresultswill shaw, the presentedhannelesti-
mation methodresultsin an S/N lossof about2 dB com-
paredto simulationswith perfectlyknown channels.

By exploiting the correlationshetweenadjacenisubcarriers
coeficients, the estimatormoisein (5) canbe reducedsub-
stantially The so-callednoisereductionalgorithm(NRA) is
placedbetweendFFT andFFT asshavn in figure4.
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Fig. 4. Noisereductionalgorithm(NRA)

In orderto fulfill theconditionof ISI andICI free demodu-
lation, the channeimpulseresponséasto matchthe guard
interval. In particular the maximumchanneldelaymustnot
exceedthe guardtime. With the numberof guardsamples
N, (here:16), thechanneimpulseresponseectore of one
FFT block with length.V; satisfies

[ #0 ; 0<k<N,-1
C(k)—{ 0 ; Nggkgj\grf—l : ®)

The estimatecchanneimpulseresponsé& canbe computed
by aninversefouriertransformatiorof theestimatedthannel

transferfunctionvectorC

PS

¢=Wprr-C, Y
with theIDFT matrix W |pp1 containingall twiddle factors

]. j2m ik
WIDFT(k, n) = —- e] N, (8)
/Ny
The basicideaof noisereductionis thelimitation of theim-
pulseresponseaccordingto

oy fék) ;5 0<k<N,—1
c(k)—{ 0 Nggkgﬁf—l : ©)



After re-transformatiorinto frequeng domain

theaveragechoisepowerin C,, hasbeenreducedy thefac-
tor N/N,. (note: if IDFT andDFT areusedfor noisere-
duction, the numberof subcarriersVmustbe equalto the
DFT lengthN;. Anotherpossibilitywill be presentedn 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 subcarriercannotbe estimatedsincethey are not used
(guard band, DC component)in orderto overcomethese
problemswe cansplit thevectorC into subvectorCy, con-
taining all known or assessableoeficients and subvector
Cu with all unknavn channelcoeficients. A similar split

canalsobedonein time domain

1 [¢(0), (1), ..., é(N, — D]T, (11)
o = [E(Ny),é(N,+1),....e(N; —1)]T, (12

whereé; containghetruechanneimpulseresponsandég
includeszeros(6) or purenoise.The|DFT canbecomputed

é1 | [ Wi Wi ] [ Cx
[60]_[W21 sz][éu]’ (13)
wherethe IDFT submatricesWi1, W12, W21, andWaq
includeall N]% twiddle factors(8) in arearrange@rder Due
to a switchedranking within the frequeny domainvector

C, therows of Wy haveto bere-omanizedn thesameway:
With equation(9), &g canbesubstitutedn

oy

&0 = (W21 Cu+ Wi -Cy), (19
Waz-Cu = —Way-Cx. (15)
With amodifiedpseuddnverseWy,

(W3a  War +97-1)71 - W3, - Waa =1, (16)

Wi
theunknown transferfactorscanbe computedoy

Cu= Wi, Wy - Cy, (17)
wherel describeghe identity matrix. In orderto prevent
W1, from numericalinstability, a small factor0 < vy <<
1/N; hasbeenintroduced.The completecomputatiorof &,
is

61 = (W11 - W12 . W—zi_z : Wzl) . Ck . (18)
Considering9)

61 = éla (19)
¢ = 0, (20)

andwith the partsof theresortedDFT matrix
Cel _ [Wihh Wi . [& 21
[cu] - [W’;z Wi | | & |0 @D

with *; transposedonjugate

it is possibleto computethe noisereducedsubcarrieicoefi-
cients

Ck = [ ;1 . (W11 - W12 . W;_Z . W21) . Ck]
= Wkk - Ck . (22)

The noisereductionmatrix Wy canbe pre-computedf-
fline. Thus,the noisereductionalgorithmrequiresonly one
run-time matrix multiplication (22). Figure5 depictssome
simulationresultsof the 27 Mbit/s mode. For Monte-Carlo
simulations,a typical Rayleighfadingmobile indoor chan-
nel modelwith a delayspreadAr=100nshasbeenchosen.
As areferencetheresultswith perfectlyknown channeko-
efficientsaregiven,too.
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Fig. 5. Simulatedbit errorrates(BER) with channelestimation(CE) and
noisereductionalgorithm(NRA)

With raw channelestimationover 2 training symbols(CE
without NRA), the E, /Ny lossis about2 dB, comparedo
perfectly known channels. After re-calculatingthe subcar
rier coeficients by multiplying the noise reductionmatrix
(22),the Ey, /Ny lossis reducedo 0.7 dB. For otherHIPER-
LAN/2 or IEEE802.11anodessimilarresultshave beenob-
tained.

IV. CHANNEL TRACKING

The HIPERLAN/2 and IEEE802.11astandardsprovide 2

training symbolsin front of eachdataburstand4 pilot car

riersinsideeachdatasymbol. In caseof time variantchan-
nel coeficients, the initial channelestimationsufiicesonly
for OFDM symbolsnearthe beginning of the burst. There-
fore only 4 pilot carriersarenot sufficientto supplychannel
trackingfor acompletesubcarriercoeficientset[7].

In orderto createadditionaltraining symbols,received and
decideddatacan be re-modulatedo re-estimatehe chan-
nel coeficientsduring datademodulationasit canbe seen
in figure 6. The bestchoicewould be decideddatafeed-
backfrom the Viterbi decoderoutput, becausehe 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 decisiondirectedchannetracking

databurst. Beforecodeterminationhasbeenreacheda suf-
ficiently safedatadecisionwill be at the expenseof some
Viterbi decisiondelay Figure7 shows the simulatedbit er
ror ratessubjectedo thedecodingdelaykma,x With different
codingratesR,,.

The resultsof figure 7 are summarizedin table | for all
HIPERLAN/2 modes. In a worstcasescenariowith R, =
3/4, the Viterbi decodemeedsa delayof 100 decodedits.
With 1 OFDM symbol containing36 data bits (9 Mbit/s
mode), a maximum decodingdelay of ¢ = 3 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
(20 = 0). Figure6 demonstratebothoptions.
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Fig. 7. simulatedbit errorrates(BER) of 27 Mbit/s modeversusdecoding
delaykmax (only AWGN)

[Mode | Ry | Nops | Fmax | min(io) | Ataec |

6 | 12| 24 | >60 3 12 4s
9 [ 34| 36 |>110] 3 124S
12 | 172 | 48 | >60 2 8 us
18 | 3/4 | 72 | >110| 2 8 us
27 | 9/16] 108 | > 70 2 8 us
36 | 3/4 | 144 | >110| 1 T s
54 [ 3/4 | 216 | >120| 1 T s
TABLE |

Estimateddecodingdelay

Thefirst ig + 1 OFDM symbolsare demodulatedy using
the initial channelestimation. The decideddata(beforeor
afterdecoding)mustbere-modulatedThe decisiondelayis
modulatecby z~(+é)  Dividing d (i) by d®(i) andapply-
ing the noisereductionalgorithmwill producea new chan-
nel estimationC(i) for the » OFDM symbol. In orderto
reducenoiseinfluence afirst orderloop filter with parame-
terag < 1 hasbeenintroducedasshaown in figure6.
Finding an optimal loop parametei, is a compromisebe-
tween noise sensitvenessand tracking power. In order
to simulatethe noiseinfluence,a time-invariant Rayleigh-
fadingindoor channelmodel (A7 = 100ns) hasbeenused.
Figure8 shavs thesimulatedBER versusa, for bothcases:
decideddatafeedbaclbefore(uncodedpandafterViterbi de-
coding(coded). The averagedhoisepoweris E, /Ng = 15
dB

In caseof ap = 0, no trackingwill be doneandthe BER
mustbe identicalto thatin figure 5 with NRA. Of course,
with anincreasedy, the noiseinfluenceon trackingbased
on non-decodedeferencesymbolsrisesmorethan for de-
codedsymbols. With gy < 0.2 (uncoded)andao < 0.5
(coded)anggligible BER losscanbe obtained.

For tracking power simulations, a time variant channel
modelhasbeenused consideringlales-distritutedDoppler
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Fig. 8. Simulatedbit error rates(BER) of 27 Mbit/s mode versusloop
parameteao with Ey /No = 15dB}

spreadinglerivedfrom mobile speety, .

1
fD,ma.x ~ X * Umax (23)

with wave lengthA = % (hereX = 5.77 - 10~2m).

In figure 9 the simulatedpaclet error rates (PER) of a
HIPERLAN/2 system(27 Mbit/s) in caseof high mobility is
depicted.The simulatedPHY burstlengthis about800 ps.
Withouttracking,the PERbecomewery high for morethan
3 m/s. Applying channeltracking after exploiting Viterbi
decoding.the systemfunctionality canbe guaranteedip to
VUmax = 30 M/s.

V. CONCLUSIONS

In sectionll, the PHY layer of modernwirelessLAN stan-
dardsin 5 GHz band has been presented. Here we fo-

cusedon OFDM fundamentalsand the PHY burst struc-
ture. The training symbol constellationsof HIPERLAN/2

andIEEE802.11areequal.

Sectionlll shows a frequengy domainbasedchannelesti-
mation. Theinfluenceof noisecanbe reducedby applying
the noisereductionalgorithm (NRA). It is basedon a time

limited channeimpulseresponseBy permutatinghe IDFT

matrix, the run-timecostsof the NRA canbereducedo one
matrix multiplication. The gain of about1.3 dB hasbeen
verifiedby simulationresults.

In caseof time variantchannelcoeficients, channeltrack-
ing is necessary Thus, a channeltracking scheme,ap-
plicableto HIPERLAN/2 and IEEE802.11ahasbeenpre-
sentedin sectionlV. With Viterbi decodingplacedinside
thefeedbackoop, thechannekstimatiorbasednre-coded
and re-modulatedsymbolsyields betterresults. Although

the Viterbi decodemeedsa decodingdelay channeltrack-
ing with exploitation of channeldecodingpermits higher
Dopplerfrequenciegsindthushighermobile speeds.

This paperhasshowvn an efficient methodto estimatethe
subcarriercoeficients. Furthermorethe necessityof chan-
nel trackinghasbeendemonstrate@nda practicalsolution
hasbeenpresented.
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