Fast Fourier Transform (FFT)

by Martin SchroedterSpring2001

m Goals
To

« understandhe Fouriertransform(FT)
« usethe FFT computerimplementatiorto measurghe speedf soundin air.

m |ntroduction

The Fouriertransform(FT) is anonlinearcoordinatetransformatiorthatchangefrom space/timeo wavenumber/frequency
and vicaverse.

Relatedto the FT is the Fourierseries(FS) expansionwhich is basicallya FT with periodicboundaryconditions.In this lab
we will deal with the FSbecauseave havea finite amountof discretedata.

The Fourierseries(FS) expansionf a functionf[x] with periodicityL is defined by

The decompositiorcan also be written using complexexponentialse’** = Cogk x] + i Sin[k x], which canbe shownby
Taylor expansionWhen one changedo integral form, this transformis then called the Fourier transform/integrallt is
definedby
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The FT is different from the FSin thatfor the FS the position coordinateis modularL, while thereis no such(built-in)
periodicityin the cas®f the FT.
The precedingexpressiorare written for a "space-scaletransformationlt is a simple matterto redefinethe meaningof x

and kto t (time)andw (angular frequency)for the interpretatiomf a "time-frequency'transformation.

A computeris equippedwith ananalogto digital converter (ADC) card thatallowsit to readexternalvoltagesandrecord
the valuesasnumbersin computer memory.The card hasan internalclock that allows it to sampleinput voltages ata

Printed by Mathematica for Students



specifiedrate up to 40,000samples per second. By samplingthe signal fastenough the computercanplot the dataand
performa FFTaccurately(see Questionl.).

m Procedure

= A: Aliasing

You will investigatethe effectof samplinga periodicsignal(frequencyf) with differentsamplingfrequencied . Intuitively,
onecanunderstandhatin orderto recorda signaloneneedsto sampleit at leastonceper period 1/f. However,this is not
often enougtandthe goalis to experimentallyfind the minimumfs neededo still obtainthecorrect FT.

» Connectonefunctiongeneratoto the BNCconnectoron the breadbordandto theoscilloscope.
* Use thefunctiongeneratoto producea sine waveof frequencyf = 500Hz andamplitude< 2.5V.

 Turn on printerandcomputeraspasswordoress Enter)
» Acquiredata: doubleclick on 'Signal'program
usea samplerateof 10,000 samplepersecond
do notusea filter for now
acquirethe data
Datais now locatedin C:\fft\sig

* Plotdata: doubleclick on Wgnuplot
in thewgnuplotscreertype:
cd 'c:\fft
plot 'sig
» Rescaldghe axes: useAlt-Tab to getbackto thewgnuplotcontrolscreen
from the wgnuplotmenuchoose
Axes/Autoscalexy
displayabout5 periodsof the signalusing
Axes/X Range
» Connecthe points: from thewguplotmenuchoose
Styles/DataStyles/Lines+ Points
* Plotthe FFT: in thewgnuplotcontrolscreen:
plot 'xform
you will needto (again)rescalethe x-axis

* Noticethatfor everymenuchoicethatyou select,a commands placedon the screerandexecutedlt may befasterto type
the commandar usethe history(seeAdditional hints).

Always print out all relevantgraphsto illustrateyour progressLabelthe axes.
» Toprintaplot: type

screendump

» Determinethe frequencyof the signaland compareto the oscilloscope Now, determinethe minimum samplefrequency
neededo produceanaccuratd=FT of theconstant input signal.

Find an explanationfor the effectsyou observe Possiblekeywordsare: Fourier transform,samplingtheorem,Nyquist
frequency aliasing,etcA list of referencess in the sectiorfAdditional hints'.
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m B: Filtering

Next, you will filter frequencycomponent®f input signals.Mathematically this is doneby applyinga (“filter") functionto
the FT andthenreconstructinghe signalby aninverseFT. On the computer this is doneby choosinga filter in the"Signal”
programbeforeyou acquiredata.

» Connectthe additionafunctiongeneratorandsetit to asinewaveof differentfrequencyand amplitude.
» Choosdgrom oneof the pre-programmefdilters andsetthe parametersarefully.
- Step
- Notch
- Gaussian
- Treshold
* Plot - theFT of the inputdataandthefilter
plot 'xform’, filter'
- thefiltered data
plot ‘xfilter
- thereconstructedignal
plot 'sigfilt
* Try all filters andexplaintheir function.

m C: Square wave decomposition

Sofar all input signalwerecomposedf puresinewaves.Thereforethey producedeachonesharppeakin frequencyspace.
You will now decompose squarewave into its individual frequencycomponentsBy applyinga filter andincreasingits
width, you will thenreconstructhe squarewavefrom the individual frequencycomponentspneby one.Well, not exactly,
becausehatwould take aninfinite amountof time.

« Disconnecbneof thefunctiongenerators.

* Use theotherto producea 500Hz squarevave,amplitude< 2.5V, andplot its FT.

* Filter out all butthe lowesfrequencymode.

« By allowing morefrequenciego passhroughyou shouldbe able toseethe progresfrom a sinewaveto asquarewave.
» Documentthis progressn your notebook.

Now for the fun part, calculatethe amplitudeof the Fourier coefficientsfor a squarewave. Seeany of the textssuggested
under"Additional hints". Compareyour experimentallydetermined=T totheory.

m D: Speed of sound in air

Lastly, you will determinethe speedof soundin air by measuringhe frequencyof standingwavesin an openendedpipe.
Thereare severagpipesin theroom, along onewill work better.

» Connectthe microphonddisconnecthefunctiongeneratorandhold themicrophonecloseto one endf the pipe.

» Gentlyblow acrosghe otherndof the pipeacquiredata,andprint FT.

» Determinethe speeaf soundin air.

Hintsto derive the working equation

» Use(refresh)your knowledgeof standingwavesto relatethe frequencyto the modenumberandlengthof pipe. Plot the
appropriatevariablesto determinethe speeaf soundfrom the slopeof a linearleast squareanalysis.
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« In addition, considerthe end-effectsof an openendedpipe. Give an argumentwhy the effective length of the pipeis
decreaseateachopenendby abouta piperadius.

m Questions

1) Whatis aFastFouriertransform(FFT)?What makest fast?How muchfastercomparedo what?
Informationon FFTcanbefoundin
William H. Press, eal, Numerical Recipesin C : The Art of Scientific Computing

m Additional hints

* Introductionsto FSand discretandcontinuous=T canbefoundin:
Boas,Mathematical Methods in the Physical Sciences
PedrottiandPedrotti,Introduction to Optics

Robinett,Quantum Mechanics

Hecht,Optics

etc. etcetc.

« If youwantto save datayou can copythe followingfiles from c:\fft\  to yourdisk

File Descri ption

sig si gnal data

xform Fouri er transformof data
filter |filter data

xfilter |filtered Fourier transformdata
sigfilt |filteredsignal data

 Useful Wgnuplotstuff:
use? keyto get historyof input commands
* UsefulWindows stuff:
Alt-Tab to switchbetween'Signal" programandback

Printed by Mathematica for Students



