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ABSTRACT

In this paper, we are going to discusssomefundamen-
tal aspectsof the implementation of an OFDM modem
for wir elessindoor applications. Onebasiccomponentof
commonOFDM systemsis the computation of the DFT.
Therefore, someefficient FFT algorithms lik e the Split-
Radix and the Winograd-FFT algorithm have been im-
plementedand their applicability for thesemodern com-
munication systemshasbeenproved. In the secondpart,
a simple fixed point model of an OFDM systemwill be
presented.

1. INTRODUCTION

In the last few years, the multicarrier techniqueOFDM
(OrthogonalFrequency DivisionMultiplexing) hasgrown to
animportantalternativefor wirelessindoorcommunications.
All overtheworld differentstandardsfor broadbandwireless
LANs (WLAN) have beencreated.TheEuropeanTelecom-
municationsStandardsInstitute (ETSI) and the American
equivalent IEEE have decidedfor OFDM to be the mod-
ulation schemefor the new indoor mobile communications
standardsHIPERLAN/2 andIEEE802.11in the5 GHz band.
Of course,modernconceptsfor digital audio broadcasting
(DAB) or digitalvideobroadcasting(DVB) areusingOFDM,
too.
One large advantageof this technologyis its robustnessin
caseof multipathpropagation.Thehighliability of OFDM to
frequency shiftingandDopplerspreadingseemsto beunim-
portantbecauseof slowly fading indoor channels. OFDM
is themostimportantrepresentative of themulticarriertech-
nique,sinceit is easyto implementdueto efficient FFT al-
gorithms.But, theimplementationcostsfor thesealgorithms
are,comparedto therestof anOFDM modem,comparatively
high,sothemostefficientstructurehasto bechosen.
In thispaperwearegoingtodepictsomefundamentalaspects
of OFDM systemimplementation.First, in section2, wewill
introducetheanalyzedOFDM structure.Theopportunityof
FFT structuresin OFDM systemsis themainaspectof sec-
tion 3. Here,we presentsomefundamentalsaboutdifferent
FFT algorithmslike theRadix-2[2], theSplit-Radixandthe
Winograd-FFTalgorithm[3]. In section4, we will definea
fixed point modelof an OFDM receiver. The derivation of
the mostimportantparameterswill be shown by simulation
results.Theimpactof quantizationto theout of bandradia-
tion will bediscussedin section5.

Compressedpostscriptfilesof ourpublicationsarealsoavailablefrom our
WWW server http://www.comm.uni-bremen.de.

2. OFDM SYSTEM STRUCTURE

In future indoor communicationsystemsOFDM hasestab-
lishedtobethebasicmodulationschemeof thephysicallayer
(PHY). OFDM evolvesits truemightinessin caseof mobile
radiochannelswith shortpower delayprofilesandvery low
Dopplerfrequencies.Lookingatamobileindoorchannelwe
preserveboth.Here,weconsiderthepowerdelayprofileof a
typical,quasitime invariantindoormobileradiochannel.In
the following sectionsthemostimportantparametersof our
analyzedOFDM systemarepresented.

2.1. Transmitter structure

The parametersof the usedOFDM transmitterhave been
fixed by differentWLAN standards.Figure 1a) shows the
blockdiagramof theusedtransmitterstructure.Theconvolu-
tionalchannelencoderhasatotalcoderateof

���������� . After
QPSKmodulationthecomplex symbolsaremappedto 	 =64
subcarriers.Theequallyspacedsubcarriershaveadistanceof
312.5kHz. This leadsto araw symboldurationof 3.2 
�� . To
simplify thenecessaryanalogfilter in thedigital analogcon-
verter(DAC),weuseanFFTlengthof 256.After includinga
guardinterval, theoversampledsignal( 
�� ����� MHz) hasto
beconvertedto atimecontinuousanalogsignal.Dueto burst
by burstdatatransmission,we have to adda shortpreamble
for channelestimation.Thistransmittermodelleadsto atotal
datarateof 24MBit/s usinga total bandwidthof ��� � MHz.

2.2. Receiver structure

Figure1b) shows the most importantpartsof the analyzed
OFDM receiver. The received analogbasebandI/Q signal
hasto beadaptedto theinput rangeof theanalogdigital con-
verter(ADC). The automaticgain control (AGC) estimates
thepower of thereceivedpreambleandamplifiesthesignal.
Hereweassumeidealsynchronization.To minimizethecosts
of thecompleteOFDM modem,receiver andtransmitterare
using the sameFFT block. The channeltransferfunction�������

canbeestimatedby a simpledivision, consideringthe
known preamble.In caseof QPSKweneednotrueequaliza-
tion (multiplication with ��� ������� ), insteadwe cancombine
the OFDM equalizationwith softbit weighting (multiplica-
tion with  �����!�  " ) to maximumratiocombining(MRC):# �$�!�%��&(')�$�!�+*,�.-������ (1)

Thefollowing QPSKsoftbitdecisionresultsto/,0 �$�!�1�
Re2 & ' ���!�+*,� - �$�!�43 (2)/ " �$�!�1�
Im 2 &('5���!�+*,�6-7�$�!�43 (3)



Figure1: a)OFDM transmitterwith channelcodingandDAC; b) OFDM receiverwith ADC andchanneldecoding

Thesoftbits
/,0 �$�!�

and
/ " �$�!� of thei-th subcarrieraredecoded

byasimpleViterbidecoder. Themeanbit durationatits input
is about � � ns.

3. FFT ALGORITHMS

As we have seenin section2 andin figure1, theFFT algo-
rithm (FastFourierTransform)to computetheDFT (Discrete
FourierTransform)andIDFT is a centralpart of an OFDM
modem.Theimplementationof a FFT algorithmis very ex-
pensive,becauseit needsmany operations.Assuminga total
OFDM symboldurationof 8�
�� , theDFT hasto becomputed�:9 ; * � ��< timespersecond.SeveralFFT algorithmsaredis-
posedto computetheDFT. Herewediscussonly 3 veryeffi-
cientstructures.= The most familiar FFT algorithmis the Radix-2FFT

algorithm(R2FA). In [2] a detailedderivation of the
R2FA is given. Theeasyway to implementthis algo-
rithm is a basiccharacteristicof theR2FA. Dueto the
recursive structureit is very attractive for DSPimple-
mentations.Unfortunately, it is notpossibleto varythe
FFTsequencelength 	 in aflexible way, since	 must
beapowerof 2 ( 	 � ��>@?BADCFE GH?IAKJ�� ).= In a similar but moreefficient way theSplit-Radixal-
gorithm (SRFA) computesthe DFT. Here, the DFT
is divided into a Radix 2 and a Radix 4 part, so the
efficiency of a Radix 4 algorithm and the flexibility
of the R2FA can be exploited by the SRFA. In [3]

the structureof this recursively executablealgorithms
is shown. For applying the SRFA, all FFT sequence
lengths	 � ��> ( ADCLE GM?IANJO� ) arepossible.= A usualunknown FFT representative is theWinograd
FFT algorithm(WFTA). Sinceit is anadvancementof
the prime factorFFT algorithm(PFTA) [3], the com-
pleteDFT canbe decomposedinto P shortDFTs of
length	RQ , whereas	 �TSVUMW 0QYX[Z 	\Q . All 	RQ mustberel-
atively primefactors.Theefficiency of thePFTA rises
if Winogradsshort DFT modulesare used(WFTA).
Onedisadvantageof this algorithmis thecomplicated
structure,soit is verydifficult to implementona DSP.
Due to the prime factormapping,only a FFT length
of 252 is possible. This leadsto a total samplerate
7� �^]�� 9 ] ; MHz.

3.1. Costs of Implementation

The numberof neededoperationsis a very importantcrite-
rion of decision.Thefollowing tableshowsthenumberof re-
quiredrealadditions,realmultiplications,andthemaximum
pathlengthfor differentFFTalgorithmswith input sequence
length256.TheWFTA assistsonly a length252FFT.

length A M max.path
R2FA 256 5634 3076 7 M + 15A
SRFA 256 5008 1824 3 M + 11A
WFTA 252 6640 792 1 M + 20A

A: realadditions;M: realmultiplications



As aresultof comparison,thereare3 aspectsto discuss:

1. total number of operations:
The SRFA needsonly 6832real operationsfor com-
puting a 256 point DFT. So, if the numberof opera-
tionsis themaincriterion,theSRFA seemsto bemost
efficient.

2. number of multiplications:
In many casesmultiplicationsaremorecomplex than
other operations. To computea 252 point DFT, the
WFTA needsonly 792realmultiplications.

3. maximum data path length:
Thestructureof all FFTalgorithmscanbedividedinto
parallel branches.For an effective use,all branches
shouldhave anequallength. If thereis onevery long
branch,thesystemhasto wait for it. Here,themaxi-
mum lengthdatapathof a length256 SRFA contains
only 3 realmultiplicationsand11additions.

In [5] somerelationshipsbetweentherequiredoperationsand
the implementationcostsaregiven. For this first approach,
weassumeanequalword lengthfor all operations.
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Figure2: costsof implementation

In Figure2, thetotal implementationcostsareshown for the
mentionedFFTalgorithms.Assumingwordlengthsj 5 bits,
the effort of SRFA is about70 % of R2FA. Due to lower
numberof multiplications,WFTA will cost about65 % of
R2FA.
If wejustconsidertherequiredadditionsandmultiplications,
theWFTA causesleastimplementationcosts.

3.2. Internal Quantization Effects

Thefollowing analyzesshow theinternalquantizationeffects
of the discussedFFT algorithms.First, we have to definea
criterionof comparison.
Themeansquareerrorcomputation(MSE)for differentalgo-
rithmsis shown in figure3. Theequaldistributednoise � �lk:�
is quantizedwith 	\m bit. Since � �5k:� is a complex signal,we
have to quantizethe real andimaginarypart independently,
eachwith 	Rm bits per sample.The MSE is definedasfol-
lows:

PonqpM r4s � � ��*,tYu7v 0 Z w px2y zLn�{ �5kB�  " 3px2y n { �5kB�  " 3}|~9 (4)

Figure3: simulationof internalquantizationeffects

Due to variousconfigurationsof multiplicationsand addi-
tions,thealgorithmsresultin differentMSEvalues.Regard-
ing thefixedpoint implementation,all integeradditionslead
to non limited integervalues,themultiplicationswith twid-
dlefactors���� (realizethat  ����  � � ) areroundedto integer
values.
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Figure4: internalquantizationeffects

The simulatedMSE valuesfor input word lengths 	 m �2d8�?�;:?��:? ] ? �I3 are printed in figure 4. It appliesto all FFT
algorithmsthattheMSEgrows,asexpected,with 6 dB/bit. It
canbeseenthatSRFA deliverstheto bestMSEperformance.

4. FIXED POINT OFDM RECEIVER

In section3, several FFT algorithmshave beenanalyzed.
Consideringinternal quantizationeffects, the Split-Radix
FFT algorithmresultsin bestMSE performance.Thus,we
usea length256 Split-RadixFFT algorithmfor the follow-
ing analyzes.All following parametershave beenfoundby
simulations.Therefore,weassumeanidealOFDM transmit-
ter. As acriterionfor comparison,weconsiderabit errorrate
(BER)of � � W � .
4.1. Automatic Gain Control

Regardingfigure1b),thefirst elementof ourOFDM receiver
is anamplifiernamedautomaticgaincontrol(AGC).Thema-
jor taskof theAGC is anoptimalsaturationof thefollowing
analogdigital converter(ADC). Thus,we definethe factor���[���

, whichspecifiesthedistancebetweenADC limitation
andtheRMS of theAGC outputsignal,like shown in figure
5.
The influenceof

� �[���
on thesystemBER hasbeenfound

by simulations.Thesimulationresultsareshown in the fol-
lowing table:



Figure5: ADC input level ���B���
���[���

[dB] 3 4 5 6 7
SNR-loss[dB] 0.5 0.1 � 0.1 � 0.1 � 0.1

As a goodcompromise,we choose
�V�[��� � � dB. A little

reservefor estimationerrorshasbeenconsidered.

4.2. Fixed Point FFT

A very importantparameterof anOFDM fixedpoint model
is theFFT input word length. Utilizing an8-aryRadixFFT
algorithm,theword lengthusuallyincreasesstepby step.If
wedescribetheinputword length 	 mq�  � d¡$¢¤£ , theword length
for theFFToutputdatais

	\mq�  � d¡�¥l¦¨§ � 	Rmq�  � d¡ ¢¤£ª© � 9 (5)

The FFT input word lengthhasbeenfound by simulations.
For different valuesof 	 mq�  � d¡$¢¤£ , the next table shows the
SNR-lossdueto theinputword length.

	 mq�  � d¡$¢¤£ [bit] 3 4 5 6 7
SNR-loss[dB] 1.5 0.3 0.1 � 0.1 � 0.1

We canseethat a word lengthof 6 bit (complex: � * � bit)
sufficesfor anegligible SNR-lossof � 0.1dB.

Figure6: dataword lengthwhile executingtheFFT

Likestatedin (5), theoutputdatausuallyneedsawordlength
of 14 bits. However, simulationshave shown that the least
significantbit (LSB) is useless,dueto internalquantization
effects. Here,we canneglect the LSB of the last 2 stepsof
theFFT algorithm.Thefollowing tableshows theSNR-loss
of LSB cutting:

	 m%�  � ,¡ ¥l¦¨§ [bit] 10 11 12 13 14
SNR-loss[dB] 0.4 0.2 � 0.1 � 0.1 � 0.1

This leadsto anacceptableFFT outputdataworth lengthof
12bits. In Figure6 theneededwordlengthsduringexecuting
theFFTalgorithmareshown.

4.3. Equalization and Decoding

After executingthe FFT, the received datahave a large dy-
namicrange.We foundout thatonecanreducethedynamic
rangewith very low practicalconsequences.Thedataword
lengthwill be reducedto 	 m%� «!{)¢¤£ bits by clipping. Unfor-
tunatelythis word length reductionanddynamiclimitation
can not be done while executing the FFT. In figure 7 the
schematicof thevariousword lengthsareprinted.

Figure7: dataword lengthwhile equalizing

As shown in the tablebelow, a dataword lengthof 7 bits is
sufficient.	 mq� «!{)¢¬£ [bit] 5 6 7 8

SNR-loss[dB] j 2 1 � 0.1 � 0.1

Therequiredwordlengthfor Viterbidecodinghasbeenfound
by simulations,too. In this case,a dataword lengthof 5 bits
is sufficient.

4.4. Performance of Fixed Point Receiver

In thelastsection,a fixedpoint modelof anOFDM receiver
wasdefined.All parametershavebeenseparatelyoptimized.
In thissectionthesimulationresultsfor thewholefixedpoint
modelareshown. Thefollowing parametersarefixed:� �[��� 	\m%�  ­ d¡ ¢¬£ 	Rmq�  � d¡�¥l¦¨§ 	\m%� «!{ 	Rmq� r « �

6 dB 6 bit 12bit 7 bit 5 bit

Figure8 showsthesimulatedbit errorrates(BER)of thefixed
point model. As a referencethe performanceof the same
OFDM systemusing32bit floatingpointarithmetichasbeen
printed,too. TheresultingSNR-lossis about0.3dB regard-
ing abit errorrateof � � W � .

5. FIXED POINT OFDM TRANSMITTER

In section4, we have definedsomequantizationparameters
to characterizea fixedpoint receiver. UsuallytheFFT block
of themobilestationcanbeusedfor both,uplink (UL) and
downlink (DL). So the definedfixed point FFT is available
for both transmissiondirections. If we regardthe complete
OFDM systemfor downlink transmission,the transmitteris
placedin thebasestation,andthemobilestationcontainsthe
OFDMreceiver. For theuplinkchannel,it’sjustcontrariwise.
Sinceit is possibleto spentmorecomplexity in thebasesta-
tion, thequantizationeffectsof the transmitterareuncritical
in thedownlink mode.Usingthemobilestationastransmit-
ter, wehaveto assumethesamequantizationparametersasin
thereceiver mode.Consideringanidealreceiver anda fixed
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Figure8: systemperformanceof fixed point model and floating
pointmodel

point transmitter, simulationshave shown, thattheSNR-loss
is lower thanin thecontrariwisecaseanalyzedin section4.
Sowedon’t considerthesystemperformanceof afixedpoint
OFDM transmitterin thissection.
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Figure9: powerdensityspectrumof transmitteroutputsignal

Looking at theOFDM transmitterin figure1a),we only ex-
pect quantizationeffects while computingthe FFT. As we
have seenin thelastsection,we candescribethefixedpoint
model of the FFT by one importantparameter:dataword
lengthatFFT input.
In figure 9 the power densityspectrumof an OFDM trans-
mitterusing ��;��y����8 timesoversamplingandacosine-roll-off
impulseshaping(in time domain)is shown. The influence
of the internalquantizationeffect of the FFT canbe clearly
seen. Of coursethis resultswill move if a power amplifier
andarealanalogfilter (DAC) will betakeninto account.
Thenegativepeakat 
 �T� showsthatthesignalcontainsno
DC component.Regardingtheshown out of bandradiation
onecanconcludethatthenumberof simulatedrandomsym-
bolsdoesn’t suffice. But increasingthesimulationeffort will
not smooththe spectrum.It is just an effect of the internal
quantizationeffectsof theSplit-RadixFFTalgorithm.

6. CONCLUSIONS

In thepresentedpaperanOFDM system,compatibleto mod-
ern indoor communicationsystems,hasbeenanalyzedre-

gardingimplementationaspects.SinceOFDM requiresan
efficientalgorithmto computetheDFT or IDFT, threeknown
FFTalgorithmshavebeenanalyzed.As acriteriaof compar-
ison,two characteristicsof length256(252)FFT algorithms
are shown: implementationcostsand internal quantization
effects.
Regardingtheimplementationcosts,a length252Winograd
FFT algorithmis very attractive. Dueto a very complicated
structure,theSplit-RadixFFTalgorithmoutperformsWFTA
consideringinternalquantizationeffects.Thus,aSplit-Radix
FFTalgorithmhasbeenchosenfor a FFT lengthof 256.
In section4, a fixed point modelof an OFDM receiver has
beendefined. The most important parametershave been
shown. Regardingthe bit error rate, the performanceloss
of thefixedpoint receiverhasbeenpresented.
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