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Abstract

Polyphase�lters arehighly ef�cient structuresfor channelizingsignals. Whenapplied

in �rmw arethey arecapableof runningat very high datarates,owing to theparallelism

they allow. This project's primaryaim wasto developa �rmw are-basedpolyphase�lter

designtool, usingopensourcetools wherever possible.Theprojectwent throughthree

stagesof development:�rst, mathematicalsimulationswerecoded,second,a �rmw are

designwasdevelopedand�nally , the designwasimplementedon a USRPGNU Radio

board. A simulationenvironmentwasdevelopedto createa uniform way of applying

andretrieving signalsthroughoutthesestages,whichaidedthetestingandanalysisof the

polyphase�lter' s design.Potentialimprovementsandoptimizationsarediscussedin the

conclusions.
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Glossary

Decimation— A digital signalprocessingoperationthat reducesdataratesby only re-

tainingeveryMth sample,whereM is thedecimationfactor.

Mixing — A signalprocessingoperationthatshiftsa signalin thefrequency domainby

multiplicatingit in timewith a localoscilator.

FPGA— A programmablelogic device thatusesprogrammablegatearraytechnologyto

processdigital information.

Firmware— Softwarethatis embeddedin ahardwaredevice. Firmwarehasbeenusedas

thetermto describethecodeusedto programmeanFPGA.

Software-de�nedRadio— A radiosystemthatusessoftwareto performthemodulation

anddemodulationof signals.

OpenSource— A philosophythatpromotestheaccessandimprovementof a product's

source.
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Chapter 1

Intr oduction

1.1 Project Background

Digital signalprocessing[DSP]is anelectricalengineering�eld whoseexistenceis rapidly

becomingubiquitousin our modernlives. It is appliedin the �elds of medicine,com-

puting andentertainment,to namea few. Given DSP's practicaluseand the fact that

developmentsin DSPresearchandtechniquesarefrequent,it standsout asa subjectto

study. The DSP�eld that this project focuseson is multiratesignalprocessing.More

speci�cally, theprojectwill involvepolyphase�lter banktheory.

Polyphase�lter banks[PFBs],or polyphase�lters, arefrequentlyusedin highspeeddata

processing.They provideanextremelyef�cient meansof separatingsignalsinto multiple

channels,aswill be seenlater. Polyphase�lters have many applications,two examples

of whicharein lossyaudiocompressiontechniques,suchasthewell known MP3format,

andin digital spectrumanalysers.

1.2 Objectivesof the Project

Currently, therearemany proprietarytoolsthatcansimulate,generateandtestpolyphase

�lters. However, thesetoolscanbeprohibitively expensivefor amateurradioenthusiasts,

academicinstitutionsandsmall businesses.Thehigh-level objective of this projectwas

to developa tool to generateandtest�rmw are-basedpolyphase�lter banks,usingopen

sourcesoftwarewhereverpossible.

To achieve thisobjective,theprojectwasbrokendown into thefollowing tasks:

1.2.1 Coding Mathematical Simulations

The�rst stepin approachingtheproblemwasto write a polyphase�lter banksimulation

derivedfrom polyphase�lter theory. The�rst purposeof this taskwasto provide insight
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into how PFBswork. The secondpurposeof thesesimulationswasto provide a refer-

encefor later resultsobtainedfrom Hardware DescriptionLanguage[HDL] andField

ProgrammableGateArray [FPGA] simulations.With this reference,the correctnessof

thelatterdesignswasgauged.

A subtaskof themathematicalsimulationswasto write a Finite ImpulseResponse[FIR]

�lter prototypegenerator. TheFIR �lter prototypegovernshow well thepolyphase�lter

works. Thus,this subtaskplayedan importantrole in the implementationof theproject

asacompletepolyphase�lter bankcreationtool.

1.2.2 Creating a Simulation Envir onment

Beingableto testa designandto show correctnessis essentialto any designproject.To

make testingeasier, a simulationenvironmentwasdevelopedto link to thevarioussimu-

lationsandhardwareimplementations.Thesimulationenvironmentprovideda uniform

way of loadingparametersandapplyingandretrieving signalsto andfrom thesesimula-

tions. The shell of theenvironmentwascodedin Python,with the internalscodedin C

for performance.

1.2.3 DesigningPFBsin Verilog

The�rst partof this taskwasto considerdesignsof theFIR �lter andFastFourierTrans-

form [FFT] modulesfor a polyphase�lter . After this, a top level designwasdeveloped,

which linked thesemodules.TheVerilog HDL codethatdescribesthePFB designwas

madeto begeneratedautomaticallyfrom asetof parameters.

In orderto testthe designs,the Verilog simulatorwaslinked to the simulationenviron-

ment.Thisallowedfor testsof correctness,aswell asfor theanalysisof theperformance

of thedesign.

1.2.4 Implementing the Designon and FPGA

TheVerilogPFBcodewasusedto alterthe�rmw areof aGNU RadioUniversalSoftware

RadioPeripheral[USRP]Revision 3 board,shown in Figure1.1. This boardincludesan

Altera CycloneFPGA,high speedAnalogue-to-DigitalConverters[ADCs] andDigital-

to-AnalogueConverters[DACs]andaUniversalSerialBus[USB] 2.0interface.Quartus

WebEditionwasbeusedto programmetheFPGAandwastheonly proprietarytool used

throughouttheproject. TheUSRPsystemincludesC++ code,which interfaceswith the

board.

Two testswereperformedto analysetheimplementation.The�rst testinvolvedsending

a digital input signalto the�rmw arebased-polyphaseandtransmittingthe�lter' s output

2



backto thehostPersonalComputer[PC], bothvia theUSB link. Both input andoutput

signalswerehandledby thesimulationenvironment. Thesecondtestinvolvedutilizing

thePFBdesignto createaFrequency Modulation[FM] radiosignalchannelbrowser.

Figure1.1: TheUSRPBoard

1.3 Scopeand Limitations

Therewaslittle emphasisthroughoutthis projecton creatinganoptimaldesign.Instead,

theaim wasto generateacorrectgenericdesign.

Thisprojectentailedtheapplicationof awiderangeof skills relatingtosoftware,�rmw are

andhardware.Many of theseskills hadto belearnedthroughthecourseof theproject,a

processthatwastime-consuming,aswasthehardwareinterfacingandtheapplicationof

theGNU RadioPythoncode.For thisreason,many projectdetailsandpotentialsolutions

couldnotbeinvestigatedin depthin this research.
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1.4 DocumentOutline

Chapter2 providesabrief overview of conceptsinvolvedin theproject.First, it describes

basicdigital �lters andthe �lter characteristicsthat aredesignconsiderations.Second,

it presentsthe FIR �lter designmethodsusedin this research.The chapteralsobrie�y

describespolyphase�lter theory. It presentsa polyphase�lter asbeinga highly ef�cient

channelizer.

Chapter3 detailsthesimulationenvironmentdesignandpresentsresultsfrom themath-

ematicalsimulations. It discussesthe bene�ts of developinga simulationenvironment,

with theprimarybene�t beingthatof improvedtestability. Themathematicalsimulation

resultsarepresentedasan exampleof how the simulationenvironmentis used. These

resultsalsoprovide thecorrectreferencefor latersimulations.

Chapter4 detailsthe Verilog designandsimulations.The designis �rst analysedon a

componentlevel, with potentialdesignsfor primary elementsreviewed. The next step

is a review of threetop-level designs,a combinational,a pipelinedanda mixeddesign.

The mixed designis chosenfor its ef�ciency andsimplicity. The sameteststhat were

run on the mathematicalsimulationwererun on Verilog simulations. Thereis alsoan

investigationinto word lengthdesignparameters.

Chapter5 givesdetailsof thedesignimplementedon theUSRPboard. It �rst provides

a brief backgroundof theUSRPsystemandGNU Radio.Thenit describesthestandard

�rmw areof theUSRPsystem.Two testsaresetupto analysetheperformanceof thePFB

design.The �rst testsetsup a ReadOnly Memory [ROM] structure,with valuesloaded

from thesimulationenvironment,which arethenpassedthroughto thepolyphase�lter .

Theoutputof the �lter is sentfor analysisto thesimulationenvironmenton thehostPC

via theUSBlink. In thesecondtest,thedevelopedpolyphase�lter is usedasanFM radio

channelbrowser. ThePythonGNU Radiosoftwareis usedto analysetheoutputs.

Chapter6 containsconclusionsandrecommendationsbasedon theresults.
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Chapter 2

ConceptsOverview

2.1 Digital Filter Design

Thereis acontinuingtrendof usingdigital ratherthananaloguemethodsin modernsignal

processing.This is becausedigital systemsareoftenmoreeffective thantheir analogue

counterpartsin, for example,their simulatabilityand their total stability in the faceof

temperaturechangeandcomponentdrift. They arealsoversatileandcanbemoreeasily

customized[1].

2.1.1 Finite Impulse Response[FIR]Filters

A FIR �lter is a a typeof digital �lter that is characterizedby its �lter coef�cients, h[n].

h[n] is a �nite lengthvectorof realnumbers.Theoutputof a system,y[n], is calculated

by convolving the input of thesystem,x[n], with the �lter coef�cients. Thus,theoutput

of asystemcanbestatedasfollows[1]:

y[n] =
N� 1

å
k= 0

h[k]x[n� k] (2.1)

FIR �lters aredesirablebecausethey canexhibit exactlinearphase.For this reason,FIR

�lters aretheonly typeof digital �lter investigatedin thisproject.

2.1.2 Filter Characteristics

Bothdigital andanalogue�lters have thecharacteristicof removing or �ltering rangesof

inputfrequencies.Thefrequency responseof a�lter is adescriptionof how a�lter affects

input signalsat variousfrequencies.Thefrequency responsecanbeseparatedinto three

bands:thepass-band,thestop-bandandthe transition-band.Thepass-bandis therange

of frequenciesthat the �lter lets through.Thestop-bandis therangeof frequenciesthat
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the �lter fully attenuatesandthe transition-bandis the rangeof frequenciesthat is only

partially attenuated.Filtersarenamedby their pass-band.For example,low-pass�lters

let throughthelow frequenciesandhigh-pass�lters let throughthehigh frequencies.

Thefrequency responseof a�lter is acombinationof its magnituderesponseandits phase

response.

2.1.2.1 Magnitude Response

Themagnituderesponse,jH(ejw)j, of a �lter is theamountthe �lter scalesdifferentfre-

quencies.Ideally, themagnituderesponsewould beequalto 1 in thepass-bandand0 in

thestop-band.However, this is impossibleasit would requirea �lter of in�nite length.

Thus,otherdesignconsiderationsneedto bemade.Figure2.1shows thedesignspeci�-

cationsfor themagnituderesponseof a �lter[2].

Figure2.1: Filter DesignSpeci�cations

The pass-bandandstop-bandmagnituderesponsesandcut-off frequenciesareprimary

designconsiderations.The ripple presenceon the pass-bandand stop-bandis also of

signi�cance.

2.1.2.2 PhaseResponse

The phaseresponseof a �lter is an indicationof the time delayexperiencedby input

frequencies.Thederivativeof thephaseresponsegivesthegroupdelay, which is a mea-

surementof how muchthefrequency componentsaredelayed.

If thephaseresponseof a�lter is non-linear, frequency componentswill bedelayeddiffer-

ently. Thiscausessignalsto besmearedin time,whichcanbadlydegradethem.However,
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if thephaseresponseis linear, thedelayof all frequenciesis equal.Thus,a delayedbut

preservedsignalis produced.

2.1.3 The Windowing Method of FIR Filter Design

The ideal low pass�lter would have a magnituderesponseof 1 in the pass-bandand

0 in the stop-bandandwould have a 0 width transition-band.In the time domainthis

�lter would beanin�nitely long sincfunction.This is obviouslynot possibleasit would

requirein�nite multipliers and addersin order to implement. A solution to this is to

truncatethetime domainfunctionto a certainnumberof samples.Figure2.2 shows the

resultsof this solution. This methodshows very undesirable�lter attributes,includinga

very largepass-bandripple,which increasesin magnitudetowardsthebandedge,owing

to theGibbs[3] phenomenonandavery largestop-bandripple.
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Figure2.2: SincFunctionTruncatedin Time

Theperformanceof the �lter canbegreatlyimprovedby multiplying the truncatedsinc

functionwith awindow function,w[n], asshown in thefollowing[2]:

h[n] =
sin(pn=N)

pn
w[n] (2.2)

The effectivenessof a window function becomesevident whenanalysingits frequency

response.Figure2.3showstheanalysisof threewindow functions:arectangularwindow

[simpletruncation],a Hammingwindow andaBlackmanwindow[4].

The width of the main lobe of the frequency responsesetsthe width of the transition-

band,andthe magnitudeof the sidelobessetsthe stop-bandattenuationandthe ripple
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Figure2.3: Performanceof ThreeWindow Functions

on both the pass-bandandstop-band.The rectangularwindow hasthe narrowestmain

lobe but it hasa very poor side-loberesponse.Hence,it generatesa �lter with a small

transition-band,but with poorattenuationin thestop-bandandpoorripple response.The

Blackmanwindow hasa wide main lobeandvery low sidelobes. This leadsto a large

transition-band,but alsoto substantialattenuationof thestop-band.TheHammingwin-

dow introducesa parameterthat adjuststhe heightof a discontinuityon the edgeof its

raisedcosineshape,whichallows theside-lobelevelsto beselected.

2.2 PolyphaseFilter Theory

2.2.1 Conventional Digital Channelizer

A channelizeris a systemthat takes in a single signal consistingof several frequency

divisionmultiplexedchannelsandgeneratesoutputsignalscorrespondingto eachchannel

convertedto baseband.Figure2.4shows theconventionalchannelizerarchitecture.

Eachcomplex multiplier shifts thatchannel's signalin thefrequency domainby 2pk=M,

whereM is the numberof channelsand k is the channelnumber. The low-pass�lter

extractsa singlechannel,while the decimatorcompressesthe spectruminto baseband.

The processis summarizedin Figure 2.5. The performanceof the channelizerrelies

greatlyon thedesignof theprototypelow-pass�lter .
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Figure2.4: TheConventionalDigital Channeliser

Figure2.5: TheChannelisingProcess
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It is importantto notethe computationalcomplexity of this method. The conventional

channelizermustimplementM parallellow-pass�lters of orderN � 1 at thefrequency of

theinput samplerate.

2.2.2 PolyphaseFilters

The fundamentaltheorybehindpolyphase�lters is the polyphasedecomposition.This

statesthata �lter , H(z), canberepresentedin theM-componentpolyphaseform[2]:

H(z) =
M� 1

å
k= 0

z� kEk(z
M) (2.3)

Ek(z) arecalledthepolyphasecomponentsandtheir inverseZ-transforms,ek[n], aregiven

by thefollowing equation[2]:

ek[n] = h[nM+ k] (2.4)

Thus,thepolyphasecomponentscanbedescribedin termsof aprototype�lter h[n].

By replacingh[n] with ageneralizedup-converted�lter , h[n]ejQkn, thefollowing equation

for auniformDFT �lter bankcanbederived[2]:

Hk(z) =
M� 1

å
n= 0

W� knz� nEn(Zm) (2.5)

This equationdescribesthe architectureshown in Figure2.6, which containsa bankof

FIR �lters with increasinglydelayedinputs,the outputof which servesasthe inputsto

an InverseDiscreteFourier Transform[IDFT]. It canbe observed that if the numberof

channelsM is apowerof 2 theIDFT canbereplacedby anInverseFastFourierTransform

[IFFT].

Figure2.7showstheInputCommutatorModelof apolyphase�lter . Thismodelis derived

throughthe additionof a decimationoperationinto the systemasdescribedin [6].The

inputcommutatormodelformedthebasisfor theprojectdesigns.
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Figure2.6: TheDFT Filter Bank

Figure2.7: InputCommutatorModel of a PolyphaseFilter Bank
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Chapter 3

Simulation Envir onmentand

Mathematical Simulations

3.1 The Simulation Envir onment

3.1.1 Moti vation

Completingthisprojectrequiredthatthefollowing designsbeveri�ed:

� MathematicalPolyphaseFilter Simulation

� PolyphaseFilter HDL Code

� Implementationof HDL codeonFPGA

Eachone of theseprojectelementsreceive inputs and produceoutputsin an identical

format.It wasalogicaldecisiontocreateanenvironmentthatcouldmanageandautomate

thehandlingsignals.

Managementof signalswould beof greatbene�t. It would allow identicalsignalsto be

appliedto projectelementsandtheir outputsto beprocessedfrom a singleenvironment.

This would make it very simpleto analysetheperformanceof a designwith respectto a

correctreference.An exampleof sucha referencecouldbe a mathematicalsimulation.

Thus,asimulationenvironmentwouldmake it easierto verify andanalysedesigns.

3.1.2 Design

Thedesignof thesimulationenvironmentwasfairly simple. Figure3.1 shows thebasic

conceptof thesystemdesign.
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Figure3.1: TheSimulationEnvironment'sConceptualDesign
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Thesimulationenvironmenthasthefollowing primaryelements:

� Signals

� Sinks

� Parameters

� SimulationUnits

Signalsserve asinputsandthesinksserve asoutputsto simulationunits. Parametersare

a staticvaluedstructurepassedto thesimulationunits. Simulationunitscontainthecore

processto berun. Thesimulationunitswerecodedin C for performance,while theother

elementsweredevelopedin Pythonfor theconveniencethatscriptinglanguagesprovide.

Thesimulationunitsdevelopedin this projectaresummarizedin Table3.1. Thenames

of theseunitsareusedwhenrunninga processin thesimulationenvironment.

Table3.1: SimulationUnitsUsedin thisProject

Name Description
C_POLY_SIM Mathematicalpolyphase�lter simulation
V_FFT_SIM Verilog simulationof 64 pointFFT

V_POLY_SETUP SetuptheVerilogpolyphase�lter simulation
V_POLY_SIM Verilogpolyphase�lter simulator

F_POLY_SETUP SetupthesignalROM �rmw areimplementation
F_POLY_READ Readsbackthesignalsfrom the�rmw areImplementation

3.2 Mathematical Simulations

This sectionwill presenttheresultsof a C-codedsimulation,basedon themathematical

descriptionof a polyphase�lter bank. Theseresultsarecritical asthey form a reference

for laterHDL andhardwareimplementations.Thesectiondually servesasa resultssec-

tion for thesimulationenvironment,astheC simulationwascodedasa simulationunit.

3.2.1 Simulation Parameters

Themathematicalsimulationsrequiretwo parameters:numberof channelsandprototype

FIR �lter . Thesearepassedfrom thesimulationenvironmentto thesimulationunit via the

parametersstructure.TheprototypeFIR �lter is generatedby the�lter generationtool.
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3.2.2 FrequencySweepResponse

To testtheperformanceof apolyphase�lter a logical testwouldbeto sweepasinusoidal

frequency acrosstheentireinputband.Thistestwouldshow how eachchannelresponded

only whenthe sweepwerepresentin its band. The envelopeof the responseshouldbe

equalto themagnituderesponseof the�lter prototype.

Figure3.2shows thesimulationresultsof a frequency sweepacrosstheinputof aneight

channelpolyphase�lter . Theseresultsclearlyshow theout-of-bandattenuationexpected.

In addition,theenvelopeformstheshapeof theprototype�lter , which in this casewasa

64-pointBlackmanwindow.
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Figure3.2: Recti�ed Frequency SweepResponseof MathematicalSimulation

3.2.3 FrequencyComb Response

Thistestinvolvedapplyingseveralequallyspacedfrequency componentsinto thepolyphase

�lter simulation. The rangeof frequency valueswerechosento spana singlechannel,

speci�cally whereM = 0.

Figure 3.3 shows the magnitudeand phaseresponseof the output channelof interest,

whereM = 0. The magnituderesponseof the frequency combexhibits a very similar

responseto thatof theprototype�lter . Themagnituderesponseof theprototype�lter is

shown in red.

Thephaseresponseshown in Figure3.3wasobtainedby samplingtherealoutputphase

responseatthecombfrequencies.It showsclearlythatthelinear-phaseof theprototypeis

almostentirelyretained.Thereareminor deviationsfrom theidealphaseandmagnitude

responses.Identicaldeviationswereencounteredby Harris,asshown in [6].
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16



Chapter 4

Firmwar e Design

4.1 Firmwar eModules

It is oftenconvenientto breakupadesigninto smallermodulesandbuild upthetotal from

thesebaseelements.This designapproachis calleda bottom-updesignstrategy andthe

hardwaredesignapproachin thisprojectfollowsthismodel.A polyphase�lter primarily

involvestwo modules:aFIR �lter bankandanFFT.

4.1.1 FIR Filter

4.1.1.1 BasicHardware

The typical architectureof a FIR �lter canbe derived from Equation2.1, asshown in

Figure4.1.

Figure4.1: Architectureof aFIR Filter

Thus,for a �lter of orderN+ 1, N multipliersandN � 1 addersarerequired,asareN � 1

memoryregisters.However, memoryrequirementswerenot considereda concernin the

design.This is dueto therelatively low siliconcostof amemoryunit, ascomparedto that

of multipliersandadders.
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4.1.1.2 Pipelined Hardware

A simplere�nementof the previously shown hardwarecanbe performedby arranging

theaddersasshown in Figure4.2[a].

Figure4.2: [a] RearrangedAdders[b] PipelinedFIR Filter

The advantageof this adderlayout is a reductionin latency. Hardware 'executes'in

parallel,thuseachrow of adderscanbeexecutedsimultaneously. In thisdesignthereare

only log2N rows of adders,while in thetraditionalarchitecturetherewereN rows. Since

eachadderis identical,thesettlingtimefor thenetwork of addersdecreasesby afactorof

N=log2N.

A furtheradvantageof this designis that thethroughputof theFIR �lter canpotentially

increaseby pipelining thedesign.This is doneby addingbuffersbetweenthestages,as

shown in Figure4.2[b]. However, apipelinedarchitecture'sclock-speedis limited by the

time takenfor thelongeststageto complete.This problemcanbepartially alleviatedby

usinga pipelinedmultiplier.

It mustbenotedthat the latency for a singlesampleincreaseswhenpipelining is added.

This is becauseof thebottleneckeffect thattheslowestsectionof thepipeexhibits.

4.1.2 FFT

The FFT is a highly ef�cient implementationof the DiscreteFourier Transform[DFT].

It is importantto several �elds of electricalengineeringandis critical to many real-time

DSP tasks,suchas implementinga polyphase�lter . The only FFT consideredis this

projectis a radix-2FFT. This requiresthatinputsareamultipleof 2.
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4.1.2.1 Combinational Hardware

Thearchitectureof anFFTcanbeexpressedthroughasignal�o w graph.The�o w graph,

elaboratedfor clarity, for a 4 point FFT is shown in Figure4.3. This graphis a direct

resultof theCooley-Tukey derivationof theradix-2algorithm. Thesignal�o w diagram

for otherlengthFFTscanbecalculatedasshown in [5].

Figure4.3: SignalFlow Graphfor a4-PointFFT

The mostimportantcharacteristicof an FFT is that thenumberof stagesequalslog2N.

Considerthecaseof a continuouslyrepeatingN-point FFT presentin a polyphase�lter

wheretheinput samplerateis f . Thetime takenfor a singlestageto becompleted,t , is

constantfor all valuesof N. Thus,thetotal timetakenfor theFFTto completeonerepeti-

tion is t log2N, but thetimetakentoaccumulatethesamplesis N=f . Therefore,astheFFT

lengthincreases,themaximumallowableinputsamplefrequency alsoincreases.Thisef-

fectively meansthat the higherthe channelcountof the polyphase�lter , the higherthe

maximumpossibleinput samplerate,highlightingagaintheusefulnessof thepolyphase

�lter asaDSPtool.

4.1.2.2 Pipelined Hardware

Formuchof thetime,thehardwareof aparallelimplementedFFTis unused.It ispossible,

throughpipelining,to utilize thehardwaremoreeffectively. Onesuchpipeliningmethod

is theRadix-2Multi-path DelayCommutator[R2MDC] FFT. This algorithmtakesin an

input streamof samplesandsplits it into two parallel streams,eachpassingthrougha

seriesof delays,multipliers andadders.The outputsareproducedin pairsof valuesin

bit-reversedorder, startingN + N=2 cyclesafterthe�rst samplewasinputted[9].

A simpli�ed architecturefor an 8-point R2MDC FFT is shown in Figure4.4. B1, B2

andB3 areadderbutter�ies that performthe sameadditionandsubtractionperformed
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in a normalFFT. Therearevariouscontrol lines that direct the �o w of signalsthrough

switchesandmultiplexersandthatalsoselectthe input valuesof themultipliers. These

valuesarecalledthetwiddle-factors.

Figure4.4: R2MDCArchitecturewith N equals8

Eachstagerequiresonly two addersandonemultiplier. This resultsin a reductionin the

numberof multipliers andaddersby a factorof N, comparedto a traditionalFFT. This

is a very signi�cant improvement. However, thereareproblemswith a pipelinedFFT

implementation.The clock rate to an R2MDC FFT mustbe equalto the samplerate.

Therefore,the minimum time for a singlestageto complete,t , mustbe lessthan1=f .

For thecombinationalFFT, t mustbelessthanN=(log2(N) f ), whichcanbeconsiderably

largerfor highN.

In fact,theR2MDC algorithmhasonly �fty percentutilization of its hardware.It canbe

alteredto show full utilization[9]. However, only thestandardR2MDC wasconsidered

for thepurposesof this research.

4.1.3 JFFT

JFFTis anopen-sourcetool thatgeneratesVerilog R2MDC FFTsandit waswritten by

Jeff Mock. This waschosenfor this projectasthe tool to generatetheVerilog FFTs. It

wasselectedfor several reasons,the primary reasonbeingthat it wasopen-sourceand

couldreadilybeadaptedfor thepurposesof theproject.

4.2 Overall SystemDesign

The majordesigntrade-off involved in the overall systemwasthatof balancingquanti-

ties of logic with timing requirements.Threedesignswereconsidered:combinational,

pipelinedandmixed.

20



4.2.1 Combinational Design

Figure4.5 shows a polyphase�lter designthatusesa combinationalFIR �lter andFFT.

Theinputbuffer storesframesof M consecutive input samplesfrom thebottomup. Once

the input buffer is full, theFIR �lter bankclock is triggered,initiating thenext cycle of

calculations. At exactly the samemoment,the valueson the outputsof the FIR �lter

bankareloadedin parallelinto theFFT buffer, while the FFT outputsarebeingcopied

into theoutputbuffer. Thus,the�lter bankclock andtheframevalid signalaretriggered

simultaneously.

Figure4.5: PolyphaseFilter with CombinationalFIR Filter BankandFFT

Thisdesignis capableof operatingathighdatarateds,owing to its combinationalnature.

However, theamountof physicallogic to implementtheFFT andthemultipleFIR �lters

might make it impracticalin certaincases.Further, if the dataratesarerelatively low,

the extra logic becomesunnecessarysincea pipelinedversionwould meetthe timing

requirements.However, in the caseof high datarates,a pipelineddesignwould not be

possibleto implementandonewouldhave to usethis combinationaldesign.

4.2.2 Pipelined Design

A polyphase�lter , using only pipelinedcomponents,would requirethe minimal logic

andwould be a goodchoiceprovided timing requirementsweremet. Figure4.6 shows

thepipelinedpolyphase�lter consideredfor thisproject.

In this designthe input samplesarefed directly into thepipelinedFIR �lters. The �lter

coef�cients thatareusedby the singlebankof FIR �lter multipliersareselectedby the

valueof Fselect,which is connectedto a counterthat cycles through0 to M � 1. The
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Figure4.6: PolyphaseFilter with bothFIR Filter BankandFFT Pipelined

outputsof thepipelinedFIR �lter bankarefed from bottomto top into the front sideof

the two-sidedFFT buffer. Oncethe front sideof the FFT buffer is full, its valuesare

transferedinto thesecondsideof thebuffer to bereadfrom topto bottomby theFFT. The

double-sidedbuffer is neededbecausethe componentsreadandstoredatain opposite

orders. The outputsof the pipelinedFFT arestoredin the outputbuffer in bit-reversed

order. Whenthebuffer is full, whenthecounterequalsM � 1, the framevalid signalis

triggered.

4.2.3 Mixed Design

Thedesignimplementedin thisprojectis shown in Figure4.7. It containsacombinational

FIR �lter bankanda pipelinedFFT. It waschosenfor its simplicity to implement,this

allowing moretime for validation,testingandimplementationon anFPGA.

Figure4.7shows in signi�cant detailhow thedesignoperates.

The input buffer is �lled from bottomto top and,whenfull, its valuesarepassedto the

�lter bank,which arethenstoredin theFFT buffer. TheR2MDCpipelinedFFT requires

thatits sync_inline, labelleds_inin thediagram,betriggeredwhentheloadingof aframe

starts.TheFFT will trigger its sync_outline, labelleds_out, whenit startsto outputthe

FFT data. The outputdataemerge in pairs in bit-reversedorderandare storedin the

outputbuffer. Whentheoutputbuffer is full, theframevalid line is triggered.

4.3 DesignParameters

The Verilog codethat forms thedesignis automaticallygeneratedfrom a setof param-

eters. This is necessarybecausecertaindesignparametersrequire radically different
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Figure4.7: TheImplementedPolyphaseFilter Design

hardwarethat cannotbe expressedin simple,staticVerilog code. The codegeneration

parametersareasfollows:

4.3.1 Number of Channels

This parameterde�nes thenumberof channelsand,in turn, thenumberof outputs.This

parametermustbeanintegerpowerof two.

4.3.2 PrototypeFilter

This is passedto the Verilog codegenerationmoduleasan arrayof �oating point val-

ues. Thesevalueswould normally be generatedby the PythonFIR �lter designtool

mentionedearlier. However, thevaluescanalsobede�ned by theuserin thesimulation

environment. The codegeneratorconverts the �oating-point numbersinto normalized

two'scomplement�x ed-pointnumbersbetween1 and-1.

4.3.3 Input Word length

This parameterde�nes the width of the input andoutputof the FIR �lter modules,as

well asthewidth of theFIR �lter coef�cients. Thevalueof theinput word lengthwould

normallybesetby theprecisionof theinputsignal.
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4.3.4 Output Word length

Thisvaluede�nestheinternalprecisionof theFFT, aswell astheFFT's output.

4.4 Testingand Validation

The Verilog codewastestedusingthe IcarusVerilog simulator. A simulationunit was

addedto the simulationenvironmentto handleinput andoutput signalsto the Verilog

simulation.

4.4.1 FrequencySweepResponse

The applicationof the samefrequency sweepasthe mathematicalsimulation,produced

theresultsasshown in Figure4.8. Theseresultswereobtainedwith identicalparameters

asthemathematicallyde�ned simulationsandaninputandoutputword lengthof 12.

 � � � � � �

��� ������������ "!#� $&%�'

)(*)

)(*)�

)(*�)

)(*�)�

)(*�)

)(*�)�

+ ,-

.

/0 1

2 3

46587:9�; <�;=58>@?BA:58C�DE58FE7:GIH6JK585�L@4�58M&L�N�FEM&5

Figure4.8: Frequency SweepResponseof VerilogPolyphaseFilter

Theseresultsstronglyvalidatethat the Verilog codegeneratedis correct. This canbe

stated,owing to thesimilarity to theearlier'correct' mathematicalsimulation.Minor dif-

ferencescanbeprimarily attributedto a delayintroducedin theVerilog implementation.

4.4.2 FrequencyComb Response

Figure4.9 shows the frequency andphaseresponseto a frequency comb input identi-

cal to thatappliedto themathematicalsimulation. The large differencein magnitudeis

due to the normalizationprocessusedwhenconverting the 'real' signal into a �oating

point signalandalsoto thefactthattheFFT adjuststhemagnitudeof thesignalto avoid

over�ows.
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Figure4.9: Frequency CombResponseof VerilogPolyphaseFilter

The phasepro�le takesa similar form to the mathematicalsimulations,with a mostly

linearshapethathasaslightdeviationat thehigherfrequencies.Oneotherthing to notice

is that theslopeof thephaseline is steeperthanthatof theprevioussimulations.This is

dueto anincreaseddelayin thesystemthatis addedby thepipelinedFFT.

4.4.3 Effect of Input Word Length

Theinputword lengthparametersetstheprecisionof theFIR �lter banksandtheinputof

theFFT. Thevalueof thisparametergreatlyin�uencesboththeamountof logic required

to implementthewholedesignandalsohow well the �lter functions. This sectionpro-

videsabrief investigationinto how theword lengthaffectstheoverallperformanceof the

�lter .

The �rst test run involved applying the samefrequency comb signal usedin previous

testson polyphase�lters with input word lengthsof 8, 10, 12 and14 bits. Figure4.10

showstheresultsof thesimulations.Theredline againindicatesthemagnituderesponse

of theprototype�lter . Theresultsof thecombtestindicatethat the low frequenciesare

undesirablyattenuatedwhenword lengthsarelower than12 bits.

To analysethis poorperformancefurther, a sweepsignaltestwasrunwith aninputword

lengthof 8 bits. In Figure4.11it canbeseenthatadirectcurrent[DC] termis introduced

into the �rst channelat higher input frequencies.Quantizationerrorsintroducedwhen
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Figure4.10:Frequency CombResponsewith VariousInputWordLengths

convertingtheinputsignalto �x edpointnumbersarethelikelycauseof thisproblem.The

quantizationof the �lter parametersmight alsohave playeda role. Furtherinvestigation

wouldbeneededto �nd theexactcauseof thisanomaly. However, theresultsshow thata

word lengthof 12 bits canbeusedwithout degradingthequalityof the�lter .
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Chapter 5

Firmwar e Implementation

5.1 The USRPSystem

TheUSRPsystemis aanopensourcehardware,�rmw areandsoftwareprojectthataims

to provide a meansto accesshigh-bandwidthradio with a standardPC. The primary

purposeof USRPis to provide an RF front-endwith �rmw are-basedhigh-speedsignal

processing.Thelow-bandwidthsignalprocessing,like modulationanddemodulation,is

intentionallyleft to beimplementedby thehostPC.USRPhasbeendesignedto integrate

smoothlywith theGNU Radiosoftwarede�nedradioproject.TheGNU RadioandUSRP

projects,combined,functionasa completesoftwarede�ned radiosystem[7].

5.1.1 USRPHardware

TheUSRP's primaryhardwareis shown in Figure5.1 and,notably, includeshigh-speed

ADCs andDACs,anFX2 USB 2.0controller, anAltera CycloneII FPGAandprovision

for four daughterboards[7].

5.1.1.1 AD and DA Converters

Therearefour high-speed12 bit AD converters.They arecapableof convertingat a rate

of 64M samplespersecond.Thisallowsfor atheoreticalbandwidthof 32MHz. However,

if a higherfrequency signalis convertedit will aliasinto the32 MHz range.This effect

allowssignalsupto 150MHz to beaccessedby theAD converter. Thelimit is established

becauseof anincreasedsignal-to-noiseratio introducedby jitter[8].

TheADC is a2V peak-to-peak,with aninput impedanceof 50W. Thisequatesto aninput

powerof 16dBm.In addition,thereis a ProgrammableGainAmpli�er [PGA] beforethe

input to theADC, which canincreasethepower by up to 20dB.It is alsopossibleto use

differentsamplingratesat sub-multiplesof 128MHz.
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Figure5.1: USRPHardwareBlock Diagram
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Therearealsofour DACsontheboard.They eachhavea14bit precisionandcanconvert

at a rateof 64M samplespersecond.TheDACscanoutput1V at animpedanceof 50W,

which is a power of 10dBm. TherearealsoPGAson the outputsthat canincreasethe

powerby 20dB.

The four AD andDA convertersarecontainedon two Analog DevicesAD9862 chips.

Thesechipseachhave anSerialPeripheralInterface[SPI] thatcanbeusedto con�gure

thechips.

5.1.1.2 Daughter Boards

Therearefour slotsonthemotherboardfor two transmitandtwo receivedaughterboards.

Eachdaughterboardhasaccessto two DAC or ADCs to allow for eitheronecomplex

inputor two realinputs.Furthermore,eachdaughterboardis givenaccessto SPIandI 2C

serialinterfacesand16 generalpurposeInput-Output[IO] pins.

Thedaughterboardsystemhasbeendesignedsothatinteresteduserscanputtogetherand

usetheirown compatibleboards.However, standarddaughterboardsareavailable.These

includestandardreceiveandtransmitboardsthathavetwo SMA connectorsfor signals,a

TV receiveboardthatincludesa TEMIC 4937tunerwith aninput frequency rangeof 50

to 800MHz andaDBSRXboardwith aninput rangefrom 800MHz to 2.4GHz.

5.1.1.3 USB Controller

TheUSBcontrolleris aCypressEZ-USBFX2 chip. It hasaUSB2.0highspeedinterface,

capableof transferringup to 32 Megabytesper second[7],which is the upperlimit on

the amountof datathat canbe processedby the hostPC.The controlleralsohasserial

interfaceson-board,which canbeaccessedby usingUSBcontrolmessages.

5.1.2 USRPFirmwar e

ThestandardUSRP�rmw arehasbeendesignedto do all thehigh-bandwidthsignalpro-

cessingrequiredfor softwarede�ned radio,suchasdigital mixing anddecimation.The

low bandwidthsignalis sentto thehostPCvia USB for furtherprocessing.

TheUSRP�rmw arecontainsthefollowingprimarymodules:aserialIO handler, amaster

controller, a transmitpathanda receive path. Figure5.2 shows a simpli�ed modelof

the standardUSRP�rmw are. The serial IO moduleinterfaceswith the USB controller

to sendand receive messagesto and from the PC. This allows the userto set various

parameters,storedin thegeneralpurposeregisters,throughUSB controlmessages.The

mastercontroller setsvariousresetand enablelines, accordingto commandsreceived

from theserialIO module.
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Figure5.2: TheUSRPFirmware
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The mostcomplex elementsin the USRP�rmw aredesignarethe receive andtransmit

paths.A detaileddescriptionof thereceivepathis shown in Figure5.3.The�rst element

on the receive path, the multiplexer, setswhich signalsenter the CoordinateRotation

Digital Calculation[CORDIC] mixers.A CORDICmixer is adigital mixerthatperforms

frequency conversion,usingonly additionandshiftingoperations[7]. Thefrequency con-

vertedsignalis thenpassedthrougha CascadedIntegratorComb[CIC] �lter . The CIC

�lter is an ef�cient low-pass�lter that doesnot requireany multiplications[7]. The �-

nal decimationstagereducesthedatarateto oneappropriatefor thehostPC to handle.

Theoutputdataarethenput into a First In - First Out [FIFO] memorystructure,which

is accessedby theUSB system.Themultiplexer selectlines, themixer frequenciesand

decimationratescanall besetfrom thehostPC.

Figure5.3: TheUSRPFirmwareReceivePath

The transmitpath is very similar to, but a reversalof, the receive path. The baseband

signalis sentto theboardvia USB, up-convertedto anIntermediateFrequency [IF] and

thentransmittedto thedaughterboard.However, it mustbenotedthattheup-conversion

is implementedon theAD9862chip[8].

5.1.3 USRPSoftware

The USRPsystemalso includesa library of C++ code,which performsUSB commu-

nicationsto provide the userwith a simpleprogramminginterface. The codeincludes

functionsto readandwrite signaldatafrom theUSB link, aswell asto performvarious

othertasks.Someof thesetasksincludeprogrammingtheFPGA,interfacingtheAD9862

chipsandsettingthegeneralpurposeregisters.All otherfunctionsthatareofferedareto

befoundin theC++ header�les.

One changewas madeto the USRPsoftware for the purposesof this research. This
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involvedchangingthe default locationof the .RBF FPGA �le. This �le is usedto pro-

grammethe�rmw areof theFPGA.

TheGNU RadioPythonsoftwareprovidedvarioustools thataidedthe �rmw areimple-

mentations.Primarily, their FFT andscopevisualizationtoolswereused.

5.2 PolyphaseFilter Implementations

5.2.1 ROM SignalFile

It wasimportantthat an implementationwassetup that wasableto apply andretrieve

signalsfrom theimplementedpolyphase�lter in anidenticalfashionto theearliersimu-

lations.Thiswasachievedin asimplewayby generatingaROM element,containingthe

inputsignalthatreplacedthestandardUSRPreceive�rmw are.ThisROM wasconnected

to thepolyphase�lter , which hadits outputconnectedto thedatapackager. Theoutput

of the packagerwaspermanentlyconnectedto the USB data-outchannel,asshown in

Figure5.4.

Figure5.4: Implementationof a thePolyphaseFilter Usinga SignalROM

The datapackagerconvertsthe M parallelstreamsinto a packetizedserialstream.The

�rst elementin thepacket, which correspondsto theoutputof the�rst channel,contains

a headerthatprovidesa way for thehostPC to know which word receivedcomesfrom

whichchannel.

5.2.1.1 Results

Figure5.5 givestheresultsof a frequency sweeptestwith thesame�lter andinput and

outputword lengthsof 12 bits. The numberof samplesin the input signalwasfar less

thanin the earliersimulations,owing to hardwareconstraints.However, the resultsdo

show theexpectedchannelization.Thedecreasein magnitudecameaboutthroughover-

normalization.
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Figure5.5: FirmwareImplementationResultswith SignalStoredin aROM File

5.2.2 An FM Radio ChannelBrowser

To show the practicability of a polyphase�lter bank, it was decidedthat a real-world

signalprocessingtaskbe implemented.The original goal wasto placea PFB with 256

channelson theback-endof thereceive pathof theUSRPsystemto work asa spectrum

analyser. It wasdiscoveredthat thecurrentdesignwith 256channelswould not �t on to

the CycloneII FPGA. In fact, the maximumthat could �t wasa 32 channelpolyphase

�lter . As thereareonly 16 realsignalschannels,thespectrumanalysertestseemedrather

futile. For this reasonit wasdecidedthatasimpleradiochannelbrowserwouldbeimple-

mented.

Figure5.6 shows theUSRPreceive pathmodi�cations. TheQ channelis ignoredsince

thedesigncanonly handlerealsignals.Themultiplexer[MUX] on theoutputselectsthe

channelof interest.Thechannelselectfor theMUX is, in fact,setby theADC_OFFSET_3

register, whichcanbesetthroughaUSB command.

Thedataratesandbandwidthsfor thevariousstagesarealsoshown in Figure5.6.To rep-

resentthechannels,theUSRPsystemnormallyusescomplex numbers,which have half

the bandwidthrequirement.However, the polyphase�lter canonly handlereal signals.

For this reason,the standardCIC �lter cut-off frequency washalved. In this polyphase

�lter implementationit becameevident thatcomplex numbersupportwould bea useful

designfeature.This featurecouldbeaddedby simply duplicatingtheFIR �lter bankto
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createa parallelcomplex channel.This would allow all 32 channelsto provide unique

informationif complex datawerepresented.

Figure5.6: Firmwarefor aRadioChannelBrowser

5.2.2.1 Results

Figure 5.7 shows a screenshotof a modi�ed versionof the standardGNU Radio FM

receiver. Whatis beingshown is a bandof theFM radiospectrum,8 MHz wide,centred

on 95.4MHz. Thepeakscorrespondto FM radiochannels.Overlayedon to this image

arethe boundariesof the the �rst few channelsof the browser. The channelbandwidth

shown is 0.166MHz, which canbeachievedby selectingadecimationrateof 6.

Figure5.8showstheoutputsof the�rst eightchannels.Theroundishshapesindicatethe

FM radiochannels.Using theoverlayfrom Figure5.7 asa guide,it is apparentthat the

signalis beingcorrectlychannelized.
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Figure5.7: The GNU RadioFM RadioReceiver with PolyphaseFilter ChannelsOver-
layed
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Figure5.8: TheFirstEightOutputsof theChannelBrowser
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Chapter 6

Conclusionsand Recommendations

The original objective of the projectwasto createa tool to generateandtest �rmw are

basedpolyphase�lter banks,using opensourcetools whenever possible. The testing

facilitieswereprovidedby asimulationenvironmentthatallowedfor Verilogsimulations,

mathematicalsimulationandactualhardwareresultsto be compared.A Verilog coded

�rmw arepolyphase�lter designschemewasdevelopedandvalidated,with theaidof the

simulationenvironment.Thus,accordingto theoriginalscope,theproject's requirements

havebeenmet.

Whenthe�nal polyphase�lter designwasbeingtested,potentialimprovementsbecame

apparent.The implementationof PFBswith large numbersof channelswasimpossible

on the Altera CycloneII, owing to the high logic requirementsof a non-pipelinedFIR

�lter bank.Themajordesigntradeoff throughouttheprojectwasbetweenlogic require-

mentsanddataratecapabilities.During thedevelopmentof theFIR �lter bank,a design

decisionwasmade�rst to satisfy the dataratecapabilities. It would be recommended

thatany futuredevelopmentof the tool focuseson implementinga customizabledegree

of pipelining.

The ability to handlecomplex numbersis anotherdesignimprovementthat could have

beenachieved.To dothis,aparallelFIR �lter network wouldneedto beadded.Complex

inputswoulddoublethelogic requirementsbut wouldhalvethenecessaryinputdatarate.

Thus,their inclusionalsofalls into thedatarate/ logic quantitytrade-off. However, owing

to thefact thatoftenin signalprocessingdataarepresentedascomplex signals,it would

berecommendedthatcomplex numbersupportbeaddedto the�lter designsystem.This

wouldbeaddedasa �lter generationoption.
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Appendix A: OpenSourceTools

Oneof the primaryspeci�cationsof this projectwasto useopensourcetoolswherever

possible.Theonly proprietarytool usedwasQuartusII Web Edition from Altera. This

wasusedto generatetheRBF�les to programmetheCycloneII chip. All theopensource

toolsusedarelistedbelow, eachwith abrief descriptionof their functionality1.

Icarus Verilog

IcarusVerilog is a Verilog compiler and simulator. It seeksto comply fully with the

Verilog 2001standard.However, it is still in developmentandsomefeaturesarelacking.

Cver is anotherVerilog compilerandsimulatorandwasthedefault Verilog compilerfor

theJFFTcode.IcarusVerilogwaschosenbecauseof its activedevelopment.

GTKW ave

GTKWave is a fully featuredelectronicwaveformviewer. It canhandlemultiple wave-

form �le formats,includingVCD, which is thestandardIcarusVerilog outputwaveform

format.

Numarray

Numarrayis a matrix manipulationpackagefor Python. It hasa vast library of matrix

functions.Numarrayis a viableopensourcealternative to Matlab.

Matplotlib

Matplotlib is a graph plotting packagefor Python. It is a highly versatilepackage,

with many optionsfor plotting. Matplotlib can perform many different typesof two-

dimensionalplots,includingline, histogramandimageplots,to nameafew. Its command

interfacehasbeendesignedto besimilar to thatof Matlab.

1DescriptionsobtainedfromWikipedia,theFreeEncyclopedia.www.en.wikipedia.org/wiki/Main_Page
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GNU Radio

GNU Radiois aPython/C++-basedsoftwareradiotoolkit. It includesmany DSPtoolsto

processandanalyseradiosignalsin software. In this projectthis softwarewasprimarily

usedin conjunctionwith theUSRPboardto provide a graphicalmeansof analysingits

real-timedata.

The Universal SoftwareRadio Peripheral [USRP]

USRPis acompletelyopensourcehardware,�rmw areandsoftwaresystemfor transmit-

ting andreceiving radiosignalsusingaPC.

LYX

LYX is a GUI-basedLatex front-end. It is an excellenttool for generatingprofessional

documents.

DIA

DIA is a diagramcreationtool, which is partof theGNOME project. It wasdesignedto

performthesamefunctionsasMicrosoftVisio.

GIMP

GIMP, theGNU ImageManipulationProgram,is abitmapgraphicseditor.

GCC

GCCis thedefactostandardC/C++compilerfor opensourcesoftware.

40



Appendix B: SourceCode

Thesourcecodefor theentireprojectis providedon theattachedCD. TheREADME �le

in therootdirectoryof theCD givesdetailsof thelayoutof �les.
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