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Abstract—Orthogonal FrequencyDivision Multiplex (OFDM) systemsare
very sensitive to frequencyoffset causedby tuning oscillator instabilities and
Doppler shifts induced by the channel. The Schmidl and Cox Algorithm
(SCA)is quite robustin estimatingthe frequencyoffsetfor systemswith large
OFDM symbollengths. It usestwo OFDM symbolsfor training with the first
onehaving two identical halves. The fr equencyoffsetis estimatedby correlat-
ing areceved sequencef samplesequalto half the OFDM symbollength with
the following receved samples.The effect of Additi ve White GaussianNoise
(AWGN) in the estimation processds mitigated only if the number of samples
usedin the correlation, and hencethe OFDM symbolsizeis large. However to
be successfullyapplied to BroadbandFixed Wir elessAccesgBFWA) systems,
OFDM should perform well even with smaller symbol lengths. In this paper
we presentthe Residual FrequencyOffset Corr ection Algorithm (RFOCA),
which usesthe SCA for initial frequencyoffsetacquisition and follows it with
a stagewhich reducesthe initial residual frequency offset by tracking the
phaseof the decodeddata. We show through simulation that the RFOCA
achieves an error variance that is many orders of magnitude lower than at
the end of the acquisition stageusing the SCA alone.

|. INTRODUCTION

Varioussolutionshave beensuggestedas contendergo over-
comethe challengeof transmittingdatato the subscribeiat high
dataratesdemandedoy future broadbandapplications,for ex-
ampleBroadbandrixed WirelessAccess(BFWA), Digital Sub-
scriberLines (DSL), Cable Modemsand Satellite Communica-
tion. This paperwill addressBFWA, owing to its advantages
of easeof deploymentand cost. OrthogonalFrequeng Divi-
sionMultiplex (OFDM) hasbeenthe mostpopularphysicallayer
standardor BFWA systemsdueto its robustnessand efficiency
mainly becauset usesa simple Fast Fourier Transform (FFT)
of finite length N for modulationand demodulation. Among
the standardsthat have placedtheir confidencein OFDM are
HIPERLAN-2[1] andIEEE 802.11-42].

The orthogonalityof the consecutie OFDM symbolsis main-
tainedby appendinga lengthv cyclic prefix (CP) at the start of
eachsymbol[3]. The CPis obtainedby takingthelastv samples
of eachsymbolandconsequentlyhetotal lengthof the transmit-
ted OFDM symbolsis (N + v) samplesFor eachOFDM symbol
to beindependenandto avoid ary Inter SymbolinterferencélSl)
or Inter CarrierInterferencgICl), the lengthof the Channellm-
pulserespons€CIR) shouldbelessthanv + 1 samplesHencethe
distortioncausedy the CIR only affectsthe sampleswithin the
CP ThereceverdiscarddheCPandtakesonly thelast NV samples
of eachOFDM symbolfor demodulatiorby therecever FFT. In
sucha case thelinear convolution of the transmittedsignalwith
the CIR is corvertedinto a circularone. Consequentlyfor coher
ently modulatedOFDM systemshe effectsof the CIR canthen
beequalizedy anarrayof one-tapFrequeng DomainEqualizers
(FEQ)following the FFT. Thisis becausehe frequeny selectve
fadingchannekanbe approximatedy a sumof flat fadingchan-
nels,providedthe numberof subchannels large enough.Some-
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Fig. 1. Block Diagramof the OFDM System

timesa Time Domain Equalizer(TEQ) may be usedto shorten
the effect of the CIR [4]. Figure 1 shows the block diagramof
the systemwhereP/SandS/Prepresenthe Parallelto Serialand
Serialto Parallelfunctionsrespectiely.

Unfortunately OFDM hasbeenprovento be very sensitve to
frequeng offset and phasenoisecausedby tuning oscillatorin-
accuracier Doppler shifts inducedby the channel. The usual
deploymentscenaridor a BFWA systememplgys a pointto mul-
tipoint configuration. Here, a single basestation(BS) transmits
datain shortburststo mary subscribeunits (SUs) placedat the
userlocations. The economicfeasibility of a BFWA deployment
dependseavily onthecostof the SUs. Theuseof low costcom-
ponents particularly the oscillators,is a major issuesincetheir
accurag andstability aredirectly relatedto cost. Henceit is im-
perative thatif OFDM is to be usedfor BFWA transmissionijt
shouldbe able to operateeffectively using oscillatorswith only
moderateperformancendcost.

An OFDM systemeffectively consistsof N sinusoidalsubcar
riers with frequeng spacingl/T, whereT is the active sym-
bol periodof eachsubcarrier The kth subcarriemwill thusbe at
fr = fo+ k/T, wheref, is areferencdrequeng. Without loss
of generality we canassumef, = 0. The modulatedsubcarri-
ersoverlapspectrally but sincethey areorthogonabverasymbol
duration they canbeeasilyrecoveredaslong asthe channedoes
notdestrg theorthogonality An unwindovedOFDM systemhas
rectangulaisymbolshapes.Hence,in the frequeny domainthe
individual subchannelwill have theform of sincfunctionswhere
thefirst sidelobeis only somel3 dB below the mainlobe of the
subcarrier In the eventof a frequeny offset betweenthe trans-
mitter andthe recever the subchannelsvill notalign. The effect
of frequeny offsetis two fold, it will reducethe signalpower of
the desiredsubchannebutputsandalsointroducelCl furtherin-
creasingheinterferencdevels. ThelCl power canbe significant
evenfor smallfrequeng offsetsin OFDM dueto thehigh sidelobe
power of the subchannelsThusthereductionof frequeng offset
is critical in OFDM systems.This paperis organisedasfollows,



sectionll analysesheeffectof frequeny offsetin OFDM analyt-
ically. Sectionlll briefly introducesthe Schmidland Cox Algo-

rithm (SCA)[5] andsectionlV introduceghenovel ResiduaFre-
gueny OffsetCorrectionAlgorithm (RFOCA) thatcompliments
the SCA andimprovesthe performanceSectionV shaws results
obtainedby computersimulationand sectionVI concludesand
proposesuturework.

Il. EFFECT OF FREQUENCY OFFSET IN OFDM

All analysisandsimulationsin this paperare performedin the
digital comple< basebandiomain. The nth sampleof the mth
OFDM symbolgeneratedy the InverseFFT (IFFT) atthetrans-
mitteris

smn—\/ ZAmkeﬂ”N 0<n<N-1 (1)

A r is the data symbol modulatedon to the kth sub-
carrier of the mth OFDM symbol. The data is con-
verted into a serial sequence,then the CP of length v is
added. Thus the mth transmittedOFDM symbolis s(m) =
[Sm,N—v» - Sm,N—15 Sm,0, --» Sm,N—1] . The recever discards
the samplesof the CP andusesthe samplesof the active OFDM
symbolfor decoding. We assumea finite length CIR with N},
samplesh = [ho, .-, hn, 1]T, wherev > N, — 1. We assume
that IV is large enoughsuchthatthe frequeng selectve channel
is divided into contiguoudflat fadingsubchannelslf we assume
that correctframe and timing synchronisations achieved, then
therecevedsequencafterstrippingthe CP canbe expresseds,

1 (N jom nlEto)
Tm,n = N Z Am,kae N + wp,
k=0

for0 < n < N — 1. Here Hy, is thetransferfunction of the
channehtthesubchannehdex &, w,, is the Additive White Gaus-
sianNoise(AWGN) termande is thefrequeng offsetrelative to
theintercarrierspacing.The symbolafter FFT demodulatioris

m,_d Zrmneﬂﬂw 0<I<N-1 ()

Substituting(2) into (3) allows the outputof thelth subchannel
to beexpressedsthe sumof threecomponents.

)

sin(me)
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Nsin(we/N)e T AL+ W

Y =

)

(Am, H) (4)

Thefirsttermonrhsof equatiord, denotedR; hereaftershovs
thatthedesirederm A4,,, ; H; experiencesmplitudereductionand
phasdistortion.As N > e, N sin(mwe/N) canbeapproximated
by we. Hencethe degradationof therequiredtermvanishesvhen
the received datadoesnot experienceary frequeny offset. In
practice the effect of the channekransferfunction H; is removed
by the FEQ following the FFT. Note thatthe FEQ is trainedby
transmittinga known trainingsymboloccupying the OFDM sym-
bol numberN;, A = [An, 0, .., An, n_1]T. Usuallythetraining
symbolis placedat the beginning of the frame. The ratio of the
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Fig. 2. Analysisof CTIR vs Relatie Frequeng Offset,e

decodedsamplesf thetrainingsymbolYy, 4, to thelocally gen-
eratedcopy of Ay, ;, where0 <1 < N — 1, is usedto calculate
the coeficientsfor the FEQ.
Thesecondermin equation(4) is the ICI andthethird termis
dueto the AWGN. ThelCl termis givenas,
N—
;éz

sinw(k +e—1)
Nsinn(k+e—1)/N

(5)

mkk

If we assumehatthetransmitteddatais zeromeananduncor
related(i.e. E[An] = 0 andE[A,, A% ] = |A]?d,1), then
E[I;] = 0. HencetheICI poweris,

N-—
E[|Hy|?]

E[L]) = [Nsinm(k+e—1)/N]?

| A|*[sin e]?

(6)
k=0
k£l

To appreciatethe severity of frequeny offset on the Carrier
to InterferenceRatio (CTIR) in an OFDM system,we define

CTIR = E[|R,|?]/E[|L;)?]. Assumingthe channeltransferfunc-

tion, H is unity andwith zeroAWGN, (i.e. W; = 0), then

PPl

o 1/[Nsinn(k +e—1)/N]?
CTIR= =

[N sin(me/N)]?

(7)

A similar analysison the effect of frequeng offseton OFDM
canbe foundin [6] and[7]. Figure2 shavs CTIR in decibels
asafunctionof e. Simulatedvaluesfor N = 64 and256 using
QPSKdatamappingarealsoshown. It shavsthatthe CTIR drops
significantly when relative frequeng offset, e increasedeyond
0.1. An importantobsenationis thatthe CTIR is independenbf
N.

One of the more robust schemego estimateboth frame syn-
chronisatiorandfrequeng offsetis the SCA. It usestwo training
symbolswith the first one having a repetitionwithin half a sym-
bol period. Framesynchronisations achieved by searchingor a
training symbolwith two identicalhalves. If L = N/2, thesum
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of L consecutie correlationsbetweerpairsof samplespaced’
apartis foundas,

L-1

P(d) = Z (T34 nTd4n+L)

n=0

(8)

The outputof the correlator asgiven by (8) will reacha peak
atthe endof the CP of thefirst training symbol. If v > Nj — 1
andp = v — (N, — 1), the peakis actually maintainedfor p
samplegust beforethe endof the CP of thefirst training symbol.
Thusthe correlatoroutputwill take theform of a plateau.Thisis
becausdhe lastfew samplesof the CR equalto thelengthof p,
arenot corruptedby the CIR. Timing synchronisatioris achieved
by locating the end of this plateau,denotedby d,,:. Sincethe
CPensureghatthereis no Inter Block Interferencg1Bl) between
OFDM symbols theeffect of the CIR in thefirst training symbol
is cancelledf the conjugateof asamplefrom thefirst half is mul-
tiplied by the correspondingamplefrom the secondhalf. Hence
the phasedifferencebetweenthe two halvesof the first training
symbolis causedy thefrequeng offset, ¢ = me. It canbe esti-
matedas¢ = 1/p>-"_ ZP(dopt —n). If € < 1 thereis nophase
ambiguityin ¢ andthefrequeng offsetcanbe estimatechs

9)

In orderto resohe potentialambiguityusecanbe madeof the
secondraining symbol,asdetailedin [5]. The effect of AWGN
onthepartialestimatiorgivenby equation(9) is insignificantonly
if L, andhencethe numberof FFT points N, is large. The SCA
performswell for OFDM systemswith NV in excessof 1000([5].
For BFWA systemsgdatais transmittedin short bursts, particu-
larly in the uplink. In this situation,it would be wastefulto use
an OFDM systemwith large N. Besidedarge valuesof N will
giveriseto theadditionalproblemsof high peak-to-&eraggpower
ratio andwill alsointroducelateng which reducesprotocol effi-
cieng. Typically BFWA systemautilise lower valuesof N such
as64to 256aspresentedh [1] and[2]. Whenthe SCAIis usedfor
systemswith lower valuesof N, the estimate is not sufiiciently
accurate.This errorresultsin aresidualfrequeng offsetthatro-
tatesthe recevved constellationat a reducedrate, but onethatis
still significantenoughto causebit errorsin coherentlydemodu-
latedOFDM systems.In this paperwe presenthe ResidualFre-
gueny OffsetCorrectionAlgorithm (RFOCA) thatcompliments
theSCAby following it with atrackingfunctionthatcontinuously
compensatefor theresidualfrequeng offseterror.

Otherapproacheshatare usedfor frequeng offsetcorrection
includefor examplethe useof null symbols[8]. Theuseof anull
symbolis not practicalin aburstmodesystemasthetransmission
will alwaysbe a null while no datais transmitted.Othersugges-
tions utilise the correlationbetweenrthe cyclic prefix andthe last
few samplesof the OFDM symbol [9] andthe self-cancellation
schemepresentedn [10] and[7], wherethe samedatais sentin
morethanone subchannel Both schemesre not very practical
whenN is alow valuewith the lattertwo approachesaving the
additionalproblemof reducingthe numberof usefulsubchannels
by at leasthalf. Note thatthe RFOCA doesnot utilise ary pi-
lots nor null symbolsyet will be showvn to effectively eliminate
theresidualoffset. The proposain [11] alsoattemptgo trackthe
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Fig. 3. ResiduaFrequeng OffsetCorrectionAlgorithm (RFOCA)

residualfrequeng offset. Here,theresidualoffsetcorrectionfac-
toris updatechttheendof eachOFDM symbol.Howeverourtests
indicatethatthe estimatas notvery accuratevhenonly onesym-
bol is used,hencewe updatethe residualoffset correctionfactor
only afteranalysingablock of N, (N, > 1) OFDM symbols.

IV. RESIDUAL FREQUENCY OFFSET CORRECTION
ALGORITHM (RFOCA)

In theproposedpproachaninitial frequengy offsetacquisition
is madeusingthe SCA. We proposeto estimatethe residualfre-
queng offset, € by trackingthe rate of phasechangeatthe FEQ
outputs,Y;,; asshown in Figure3. However, the estimateof €
couldbeseriouslyaffectedby subchannelwith alow SNRresult-
ing from spectralnulls in the channelresponsed;. An estimate
of H; is madeby takingthe ratio of the transmittedanddecoded
outputof the secondraining symbolof the SCA. Hencewe only
selectthosesubchannelsvith | H;| above a certainthreshold.We
call this subsef subchanneld C [0,..N — 1]. Thecriteriaap-
plied is to selectsubchannelsvith |H;| in excessof a standard
deviation above the mean. For symbolm, the outputsof these
subchannel?m,d aresentthroughaslicerto obtainffm,d, where
ded.

For symbolm thephasearrorsbetweerﬁ?m,d andffm,d, namely
0,4 arefoundas,

gm,d = Zva,d - Zva,d (10)
Thephaseerrorsarestoredin abuffer, b for ablock of N,, OFDM
symbols. Note that only the selectedsubchannelsvill be stored.
Henceif the numberof subchannelselectedn d is V4 thenthe
lengthrequiredfor the bufferis only Ny N,,. TheMaximumLike-
lihood (ML) estimateof the residualfrequeng offset€ is calcu-
lated asthe gradientof the valuesstoredin the buffer. Note, in
this paperwe have assume®@P SKdatamappingthoughthetech-
niguecould be extendedo otherconstellationsinitially, € canbe
quitehigh andif thevaluesof the phaseerrors,f,, 4 > 7 /4, then
it resultsin decodingerrorsbeing producedby the slicer which
subsequentlyesultsin phasewrappingof 6,,, 4 at +m/4. Hence
it is imperatve thatwe first unwrapé,, 4 beforethe calculationof
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€. Althoughaccuratgphaseunwrappingalgorithmsareavailable,
they arevery complex. Sincewe areonly interestedn the phase
gradientand not the exact phasevalues,a simpler schemewas
selectedfor the unwrappingof the phase[12]. For purposesof

clarity, we denotetheith sampleof thewrappedphaseandtheun-

wrappedphaseast; andé;, respectiely. The phaseunwrapping
algorithmcanbe expresseas

whereSAW(.) is a savtooth function thatlimits the outputto
+7/4 anda is a parametethat controlsthe varianceof the un-
wrappedphase Thealgorithmis illustratedin Figure4.

Theerrordueto frequeng offsetis compensatetdy multiply-
ing the pre-FFT received symbols, 7, ,, with e/™m/N where
in generalé,, is the frequeng offset correctionfactor for sym-
bol m, which is initialised to és¢ 4 at the acquisitionstage. At
symbol numbergN,,, é~, is updatedaccordingto é;n, =
€qNw—1 T €4N,, . Whereg is anpositive integer. For OFDM sym-
bols [(g — 1)Nuw, qNw — 1], é4-1)n,, iS usedasthe frequeny
offsetcorrectionfactor In otherwordsé,, is updatedonceevery
N,, OFDM symbolblocks.

Thechoiceof N, is critical asa large valuewill causethe up-
datingof ¢, with too high alateng. Howeverafterafew updates
thevaluesof € arequitesmall,henceto geta betterestimatan the
presencef AWGN alargervalueof N, will reducethevariance.
TheRFOCA canbesummariseédsfollows.

1. Do aninitial frequeng offsetacquisitionégc 4 usingthe SCA.
2. Selectthe subsetof subchannelsvith magnitudesexceeding
the definedthresholdin the channeltransferfunction, d, at the
startof the burst.

3. ObtainY;, 4 from the FEQ outputandthenY;, 4 by useof a
slicerfor eachsymbolm, whered € d. Calculateandstoref,, 4

for ablock of V,, OFDM sympols.

4. Find the unwrappedbhasef from the wrappedphasef. Find
the gradientof 8, namelye. This processs doneonceevery N,

symbols.

5. Onceevery N,, OFDM symbolblock, calculatethe new fre-
queng offsetcorrectionfactoré,y,, .

V. SIMULATION PARAMETERS AND RESULTS

OFDM systemswith N = 64, 128, 256 have beensimulatedat
asamplingrateof 20 MHz with a guardinterval equalto 20 sam-
ples,thusthesubcarriespacingsareapproximately312kHz, 156
kHz and78 kHz respectiely. QPSKmappingfor all subchannels
hasbeenemployed andall the subchannelsreused. A burst of
320000databits is assumedo be transmitted. Eachdatapoint
in the simulationresultsis obtainedby averagingover 500 such
bursts. In orderto testthe performanceof the RFOCA with fre-
queng offsetalone,we have assumegerfectsymbolandframe
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Fig. 5. Comparisorof Error Varianceof SCAandRFOCAin AWGN for N =
64,128,256 ande = 0.5

synchronisatiorfor the simulatedcoherentOFDM systems. A
morerobustsymbolsynchronisatiomlgorithmthatvirtually guar
anteegerfectframe synchronisatiowill be the subjectof a fu-
ture publication. After muchtesting,the valuesselectedor N,,
were 250,250,125 for N = 64,128, 256, respectiely. Figure5
shavs thecomparisorof errorvariancesatthe endof theacquisi-
tion stageusingthe SCA andthetrackingstageusingthe RFOCA
for N = 64,128,256 asa function of the Signalto Noise Ratio
(SNR), with ¢ = 0.5. It shows thatthe RFOCA error variance
is mary ordersof magnitudelower thanat the end of the acqui-
sition stage. Thereappearso be a thresholdeffect in RFOCA
at aroundan SNR of 16 dB, below which the error variancein-
creasegapidly. It is mainly dueto the errorspresentin the se-
lectedsubchannelsf d, which subsequentlgreateestimationer-
rorsin the residualoffset, ¢,,. Figure6 shows the performance
of theRFOCAIn termsof Bit Error Rate(BER) vs SNRagainin
AWGN. The BER s virtually zeroat valuesof SNRabove 16 dB
but suddenlyincreasesdelov 16 dB. This resultis a direct con-
sequencef the thresholdeffect obsenedwith the previouserror
varianceresults.It is obsenedthatatan SNRof 16 dB only afew
out of the total of 500 receved burstsgive rise to errors. How-
ever, theseerrorsaresignificantgiving riseto ahigh overall BER.
Suchoccurancebecamenorecommorwhenthe SNRis reduced
below 15 dB, thusincreasinghe BER very rapidly.
Appropriatemodelsfor BFWA channelsarein the processof
being defined. The StanfordUniversity Interim (SUI) channels
comprise6 modelsfor 3 differentterrain conditions[13]. All
of themare simulatedusing 3 taps,eachhaving either Rayleigh
or Riceanamplitudedistributions. The channelis assumedo be
wide-sensestationaryuncorrelatedcattering WSSUS)andeach
tapof the CIR is modeledash; = B3;e/%:, wheretheamplitudeg;
andthe phasep; areselectedndependently14]. Thebursttakes
lessthan 10 ms to transmitat the selectedsamplingfrequeng,
consequentlyhe channelis assumedonstantfor the durationof
eachburst. We have selectedhe SUI-2 channemodel,pertaining
to terrainswith low treedensitiesandwith antennasaving a di-
rectivity of 30 degreesatthe SU and120degreesatthe BS. The
channels characterisetly a RMS delayspreadf 0.2 us.

Figure? allows a comparisorof theerrorvariance®f the SCA
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andthe RFOCA for an OFDM systemwith e = 0.5 in the SUI-
2 channel. A new channelin accordancavith the SUI-2 profile
is randomly generatedor the transmissiorof eachburst. The
RFOCA error varianceis seento be mary ordersof magnitude
lowerthanatthe endof theacquisitionstagedespitethe presence
of the SUI-2 channel.

Figure8 shavstheperformancef theRFOCAIn termsof BER
vs SNRfor the SUI-2 channelande = 0.5. Thethresholdeffect
now occursat an SNRn the region of 20 dB owing to the effect
of the SUI-2 channel.

VI. CONCLUSION

We have presented Residualffrequeny OffsetCorrectionAl-
gorithm (RFOCA), that complimentsthe frequeng acquisition
procesperformedoy theSchmidlandCoxAlgorithm (SCA).The
RFOCAcontinuoushtracksandcompensatefr theresidualfre-
queng offsetthatis presentafterthe acquisitionstage.We have
appliedthe RFOCAfor AWGN andBFWA channelspamelythe
SUI-2 channelprofile, andhave shavn a significantreductionin
the error variancebroughtaboutby the use of the RFOCA fol-
lowing theinitial acquisitionstage.Although the algorithmmay
appearto suffer from a thresholdeffectit still givesa significant
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Fig. 8.  Performanceof RFOCA with AWGN and SUI-2 CIR for N =

64,128,256 ande = 0.5

performanceadwantageat realistic signalto noiseratios. In the
future we hopeto addresghe thresholdeffect by improving the
phasaunwrappingandinvestigatingothercriteriafor theselection
of the subchannelsWe alsohopeto improve the performanceof
the SCAin aframesynchronisatiomole.
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