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ABSTRACT

In this paper, we are going to discusssome fundamen-
tal aspectsof the implementation of an OFDM modem
for wir elessndoor applications. One basiccomponentof
common OFDM systemsis the computation of the DFT.
Therefore, someefficient FFT algorithms like the Split-
Radix and the Winograd-FFT algorithm have beenim-
plementedand their applicability for thesemodem 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 technigue OFDM
(OrthogonalFrequeng Division M ultiplexing) hasgrown to
animportantalternatve for wirelessindoorcommunications.
All overtheworld differentstandard$or broadbandvireless
LANs (WLAN) have beencreated.The EuropeanTelecom-
municationsStandarddnstitute (ETSI) and the American
equialent IEEE have decidedfor OFDM to be the mod-
ulation schemefor the new indoor mobile communications
standard$1IPERLAN/2 andIEEE802.11in the5 GHz band.
Of course,modernconceptsfor digital audio broadcasting
(DAB) or digital videobroadcastingDVB) areusingOFDM,
too.

One large advantageof this technologyis its robustnessn
caseof multipathpropagationThehighliability of OFDMto
frequeng shiftingandDopplerspreadingseemgo be unim-
portantbecauseof slowly fadingindoor channels. OFDM
is the mostimportantrepresentatie of the multicarriertech-
nigue,sinceit is easyto implementdueto efficient FFT al-
gorithms.But, theimplementatiorcostsfor thesealgorithms
are,comparedo therestof anOFDM modemcomparatiely
high, sothe mostefficient structurehasto bechosen.

In thispapemwe aregoingto depictsomefundamentahspects
of OFDM systemimplementationFirst, in section2, we will
introducethe analyzedOFDM structure.The opportunityof
FFT structuresn OFDM systemsds the main aspecf sec-
tion 3. Here,we presentsomefundamentalaboutdifferent
FFT algorithmslik e the Radix-2[2], the Split-Radixandthe
Winograd-FFTalgorithm[3]. In section4, we will definea
fixed point modelof an OFDM receier. The derivation of
the mostimportantparametersvill be shavn by simulation
results. Theimpactof quantizatiorto the out of bandradia-
tion will bediscussedn section5.

Compressegostscripfiles of our publicationsarealsoavailablefrom our
WWW sener http://ww. conm uni - brenen. de.

2. OFDM SYSTEM STRUCTURE

In future indoor communicatiorsystemsOFDM hasestab-
lishedto bethebasicmodulationschemef thephysicallayer
(PHY). OFDM evolvesits true mightinessn caseof mobile
radio channelsvith shortpower delayprofilesandvery low

DopplerfrequenciesLooking ata mobileindoorchannelwve

presereboth. Here,we considethe power delayprofile of a
typical, quasitime invariantindoor mobile radio channel.In

thefollowing sectionghe mostimportantparametersf our
analyzedOFDM systemarepresented.

2.1. Transmitter structure

The parameterf the used OFDM transmitterhave been
fixed by different WLAN standards.Figure 1a) shavs the
block diagramof theusedtransmitterstructure Thecornvolu-
tionalchannekencodehasatotalcoderateof R.. = % After
QPSKmodulationthecomplex symbolsaremappedo N=64
subcarriersTheequallyspaceagubcarrierfiave adistanceof
312.5kHz. Thisleadsto araw symboldurationof 3.2 us. To
simplify the necessargnalodfilter in the digital analogcon-
verter(DAC), we useanFFT lengthof 256. After includinga
guardinterval, the oversamplegignal(f, = 80 MHz) hasto
becornvertedto atime continuousanalogsignal. Dueto burst
by burstdatatransmissionwe have to adda shortpreamble
for channekstimation.Thistransmitteimodelleadsto atotal
datarateof 24 MBit/s usingatotal bandwidthof ~ 20 MHz.

2.2. Receiver structure

Figure 1b) showvs the mostimportantpartsof the analyzed
OFDM recever. The received analogbaseband/Q signal
hasto beadaptedo theinputrangeof theanalogdigital con-
verter (ADC). The automaticgain control (AGC) estimates
the power of the receved preambleandamplifiesthe signal.
HereweassumadealsynchronizationTo minimizethecosts
of the completeOFDM modem recever andtransmitterare
using the sameFFT block. The channeltransferfunction
H (i) canbe estimatedoy a simpledivision, consideringhe
known preambleln caseof QPSKwe neednotrueequaliza-
tion (multiplication with 1/H (7)), insteadwe cancombine
the OFDM equalizationwith softbit weighting (multiplica-
tion with | H (4)|?) to maximumratio combining(MRC):

e(i) = d'(i) - H* (i) 1)

Thefollowing QP SKsoftbit decisionresultsto

bi()) = Re{d'(i)-H*(i)}
bo(i) = Im{d'(d)- H*(i)}

)
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Figure 1: a) OFDM transmittewith channekodingandDAC; b) OFDM recever with ADC andchanneldecoding

Thesoftbitsb, (i) andb, (¢) of thei-th subcarriemredecoded
by asimpleViterbidecoderThemearbit durationatits input
is about28 ns.

3. FFT ALGORITHMS

As we have seenin section2 andin figure 1, the FFT algo-
rithm (FastFourierTransform}o computehe DFT (Discrete
Fourier Transform)andIDFT is a centralpart of an OFDM
modem.Theimplementatiorof a FFT algorithmis very ex-
pensve, becausé needamary operationsAssumingatotal
OFDM symboldurationof 4us, the DFT hasto becomputed
2.5 - 10° timesper second.Several FFT algorithmsaredis-
posedo computethe DFT. Herewe discusonly 3 very effi-
cientstructures.

e The mostfamiliar FFT algorithmis the Radix-2 FFT
algorithm (R2FA). In [2] a detailedderivation of the
R2FA is given. The easyway to implementthis algo-
rithm is a basiccharacteristiof the R2FA. Dueto the
recursie structureit is very attractve for DSPimple-
mentationsUnfortunatelyit is notpossibleto vary the
FFTsequencéengthN in aflexible way, sinceN must
beapowerof 2(N =2 m€IN, m > 1).

In a similar but moreefficient way the Split-Radixal-
gorithm (SRFA) computesthe DFT. Here, the DFT
is divided into a Radix 2 and a Radix 4 part, so the
efficiengy of a Radix 4 algorithm and the flexibility
of the R2FA can be exploited by the SRFA. In [3]

the structureof this recursvely executablealgorithms
is shavn. For applyingthe SRFA, all FFT sequence
lengthsN = 2™ (m €N, m > 2) arepossible.

A usualunknaovn FFT representati is the Winograd
FFT algorithm(WFTA). Sinceit is anadwancemenbf
the prime factor FFT algorithm (PFTA) [3], the com-
plete DFT canbe decomposeihto M shortDFTs of
lengthNV;, whereasV = HiﬂiglNi. All N; mustberel-
atively primefactors.Theefficiency of the PFTA rises
if Winogradsshort DFT modulesare used (WFTA).
Onedisadwantageof this algorithmis the complicated
structure soit is very difficult to implementona DSP
Due to the prime factor mapping,only a FFT length
of 252 is possible. This leadsto a total samplerate
o = 78.75 MHz.

3.1. Costsof Implementation

The numberof neededbperationds a very importantcrite-
rion of decision.Thefollowing tableshovsthe numberof re-
quiredrealadditions realmultiplications,andthe maximum
pathlengthfor differentFFT algorithmswith input sequence
length256. The WFTA assistonly alength252FFT.

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

A: realadditions;M: realmultiplications



As aresultof comparisonthereare3 aspectgo discuss:

1. total number of operations:
The SRFA needsonly 6832 real operationsor com-
puting a 256 point DFT. So, if the numberof opera-
tionsis themaincriterion,the SRFA seemgo be most
efficient.

2. number of multiplications:
In mary caseanultiplicationsare more complex than
other operations. To computea 252 point DFT, the
WFTA needonly 792realmultiplications.

3. maximum data path length:
Thestructureof all FFT algorithmscanbedividedinto
parallel branches. For an effective use, all branches
shouldhave anequallength. If thereis oneverylong
branch,the systemhasto wait for it. Here,the maxi-
mum lengthdatapathof a length256 SRFA contains
only 3 realmultiplicationsand11 additions.

In [5] somerelationshipbetweertherequiredoperationsand
the implementatiorcostsare given. For this first approach,
we assumeanequalword lengthfor all operations.
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Figure2: costsof implementation

In Figure2, thetotal implementatiorcostsareshown for the
mentioned-FT algorithms.Assumingword lengths> 5 bits,
the effort of SRFA is about70 % of R2FA. Due to lower
numberof multiplications, WFTA will costabout65 % of
R2FA.

If wejustconsidetherequiredadditionsandmultiplications,
the WFTA causedeastimplementatiorcosts.

3.2. Internal Quantization Effects

Thefollowing analyzeshaw theinternalquantizatioreffects
of the discussed-FT algorithms. First, we have to definea
criterionof comparison.
Themeansquaresrrorcomputatior(MSE)for differentalgo-
rithmsis shavn in figure 3. Theequaldistributednoises(k)
is quantizedwith N bit. Sinces(k) is acomple signal,we
have to quantizethe real andimaginarypartindependently
eachwith Ng bits per sample. The MSE is definedasfol-
lows:

MSE|;5 =10-logy, (%) . 4)

MSE

s(k) r
N,

Integer-FFT

Figure 3: simulationof internalquantizatioreffects

S,m)

Due to various configurationsof multiplicationsand addi-
tions,thealgorithmsresultin differentMSE values.Regard-
ing the fixed pointimplementationall integeradditionslead
to non limited integer values,the multiplicationswith twid-
dlefactorsiy; (realizethat|WW5 | = 1) areroundedointeger
values.
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Figure 4: internalquantizatioreffects

The simulatedMSE valuesfor input word lengths Ng =
{4,5,6,7,8} areprintedin figure 4. It appliesto all FFT
algorithmsthatthe MSE grows,asexpectedwith 6 dB/bit. It
canbeseerthatSRFA deliverstheto bestMSE performance.

4. FIXED POINT OFDM RECEIVER

In section3, several FFT algorithmshave beenanalyzed.
Consideringinternal quantizationeffects, the Split-Radix
FFT algorithmresultsin bestMSE performance.Thus, we

usea length 256 Split-Radix FFT algorithmfor the follow-

ing analyzes.All following parametersiave beenfound by

simulations.Thereforewe assumeanideal OFDM transmit-
ter. As acriterionfor comparisonye considerabit errorrate
(BER)of 10*.

4.1. Automatic Gain Control

Regardingfigure 1b), thefirst elemeniof our OFDM recever
is anamplifiernamedautomati@aincontrol(AGC). Thema-
jor taskof the AGC is an optimal saturatiorof the following
analogdigital converter (ADC). Thus,we definethe factor
Aagco, WhichspecifieghedistancebetweenADC limitation
andthe RMS of the AGC outputsignal,like shovn in figure
5.

The influenceof A 4g¢ onthe systemBER hasbeenfound
by simulations.The simulationresultsareshavn in the fol-
lowing table:
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Figure5: ADC inputlevel Ascc

Ascc [dB] 3 4 5 6 7
SNR-losqdB] | 05| 0.1 <0.1| <0.1| <0.1

As a goodcompromisewe choosed sgc = 6 dB. A little
resere for estimatiorerrorshasbeenconsidered.

4.2. Fixed Point FFT

A very importantparametepf an OFDM fixed point model
is the FFT input word length. Utilizing an 8-ary Radix FFT
algorithm,the word lengthusuallyincreasestepby step. If
we describetheinputword lengthNg ¢ 74, , theword length
for the FFT outputdatais

®)

The FFT input word length hasbeenfound by simulations.
For differentvaluesof Ng ¢y, the next table shavs the
SNR-losgdueto theinputword length.

NQ,tftowe = NQ,frtin +8.

N, 5. [bit] 3 4 5 6 7
SNR-losqgdB] | 1.5 03| 0.1| <0.1| <0.1

We canseethata word length of 6 bit (comple: 2 - 6 bit)
sufficesfor anegligible SNR-lossof <0.1dB.
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Figure 6: datawordlengthwhile executingthe FFT

Lik e statedn (5), theoutputdatausuallyneedsaword length
of 14 bits. However, simulationshave shawvn that the least
significantbit (LSB) is uselessdueto internalquantization
effects. Here,we cannegglectthe LSB of thelast 2 stepsof

the FFT algorithm. The following table shavs the SNR-loss
of LSB cutting:

10 | 11 12
04]02| <01

13
<01

14
<0.1

NQ, f ftou: [PIY]
SNR-losqdB]

This leadsto anacceptabld-FT outputdataworth lengthof
12bits. In Figure6 theneededvord lengthsduringexecuting
the FFT algorithmareshown.

4.3. Equalization and Decoding

After executingthe FFT, the receved datahave a large dy-
namicrange.We found out thatone canreducethe dynamic
rangewith very low practicalconsequenceslhe dataword
lengthwill be reducedto Ng .4, bits by clipping. Unfor-
tunatelythis word length reductionand dynamiclimitation
can not be done while executingthe FFT. In figure 7 the
schematiof the variousword lengthsareprinted.
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Figure 7: dataword lengthwhile equalizing

As shown in the tablebelow, a dataword lengthof 7 bitsis
sufficient.

NG .cq... [bit] 56| 7 8
SNR-losdB] | >2 | 1| <0.1] <0.1

Therequiredwvordlengthfor Viterbi decodinchasbeenfound
by simulationstoo. In this case a dataword lengthof 5 bits
is sufficient.

4.4. Performance of Fixed Point Receiver

In thelastsection a fixed point modelof an OFDM recever
wasdefined.All parameterbave beenseparatelyptimized.
In this sectionthe simulationresultsfor thewholefixedpoint
modelareshavn. Thefollowing parameterarefixed:

NQ,dec
5 bit

NQ. fftous | NQ,eq
12 bit

NQ.fftin
6 bit

Asce
6dB

Figure8 shavsthesimulatecit errorrates(BER) of thefixed
point model. As a referencethe performanceof the same
OFDM systemusing32 bit floatingpointarithmetichasbeen
printed,too. TheresultingSNR-lossis about0.3 dB regard-
ing abit errorrateof 103.

5. FIXED POINT OFDM TRANSMITTER

In section4, we have definedsomequantizatiorparameters
to characteriza fixed point recever. Usuallythe FFT block
of the mobile stationcanbe usedfor both, uplink (UL) and
downlink (DL). So the definedfixed point FFT is available
for both transmissiordirections. If we regardthe complete
OFDM systemfor downlink transmissionthe transmitteris
placedin thebasestation,andthe mobile stationcontainghe
OFDMrecever. Fortheuplink channeljt’ sjustcontrariwise.
Sinceit is possibleto spentmorecompleity in the basesta-
tion, the quantizatioreffectsof the transmitterare uncritical
in the downlink mode. Usingthe mobile stationastransmit-
ter, we have to assumehesamequantizatiorparameterasin
therecever mode. Consideringanidealrecever anda fixed
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pointmodel

pointtransmittersimulationshave shown, thatthe SNR-loss
is lower thanin the contrariwisecaseanalyzedn section4.

Sowedon't considetthesystemperformancef afixedpoint
OFDM transmitterin this section.
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Figure 9: power densityspectrunof transmitteroutputsignal

Looking at the OFDM transmitterin figure 1a), we only ex-
pect quantizationeffects while computingthe FFT. As we
have seenin the lastsection,we candescribethe fixed point
model of the FFT by one importantparameter:dataword
lengthat FFT input.

In figure 9 the power densityspectrumof an OFDM trans-
mitter using256 /64 timesoversamplinganda cosine-roll-of
impulseshaping(in time domain)is shavn. Theinfluence
of theinternalquantizatioreffect of the FFT canbe clearly
seen. Of coursethis resultswill move if a power amplifier
andarealanalodfilter (DAC) will betakeninto account.
Thenegative peakat f = 0 shavsthatthesignalcontainsno
DC component.Regardingthe shavn out of bandradiation
onecanconcludethatthe numberof simulatedrandomsym-
bolsdoesnt suffice. But increasinghe simulationeffort will
not smooththe spectrum.lt is just an effect of the internal
guantizatioreffectsof the Split-RadixFFT algorithm.

6. CONCLUSIONS

In the presenteghaperan OFDM systemcompatibleo mod-
ern indoor communicationsystems has beenanalyzedre-

gardingimplementatioraspects. Since OFDM requiresan
efficientalgorithmto computeheDFT or IDFT, threeknown
FFT algorithmshave beenanalyzed As a criteriaof compar
ison,two characteristicef length256 (252) FFT algorithms
are shavn: implementationcostsand internal quantization
effects.

Regardingtheimplementatiorcosts,a length252 Winograd
FFT algorithmis very attractve. Dueto a very complicated
structurethe Split-RadixFFT algorithmoutperform3VFTA
consideringnternalquantizatioreffects. Thus,a Split-Radix
FFT algorithmhasbeenchoserfor a FFT lengthof 256.

In section4, a fixed point modelof an OFDM recever has
beendefined. The mostimportant parametershave been
shavn. Regardingthe bit error rate, the performancedoss
of thefixedpointrecever hasbeenpresented.
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