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Abstract

Polyphaselters arehighly efcient structuredor channelizingsignals. Whenapplied
in rmw arethey arecapableof runningat very high datarates,owing to the parallelism
they allow. This project’s primary aim wasto developa rmw are-basegbolyphaselter
designtool, usingopensourcetools wherever possible. The projectwent throughthree
stagesf development: rst, mathematicakimulationswere coded,seconda rmw are
designwasdevelopedand nally, the designwasimplementedon a USRPGNU Radio
board. A simulationervironmentwas developedto createa uniform way of applying
andretrieving signalsthroughouthesestagesyhich aidedthe testingandanalysisof the
polyphaselter' s design.Potentialimprovementsandoptimizationsarediscussedn the
conclusions.
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Glossary

Decimation— A digital signal processingoperationthat reducesdataratesby only re-
tainingevery Mth samplewhereM is thedecimationfactor

Mixing — A signalprocessingperationthatshifts a signalin the frequeng domainby
multiplicatingit in time with alocal oscilator

FPGA— A programmabléogic device thatusesprogrammablgatearraytechnologyto
procesgligital information.

Firmware— Softwarethatis embeddedh ahardwaredevice. Firmwarehasbeenusedas
thetermto describehe codeusedto programmenFPGA.

Software-de nedRadio— A radio systemthat usessoftwareto performthe modulation
anddemodulatiorof signals.

OpenSource— A philosophythat promoteghe accessandimprovementof a products
source.



Chapter 1

Intr oduction

1.1 Project Background

Digital signalprocessingDSP]is anelectricalengineeringeld whoseexistencds rapidly
becomingubiquitousin our modernlives. It is appliedin the elds of medicine,com-
puting and entertainmenttfo namea few. Given DSP's practicaluseand the fact that
developmentsn DSPresearchandtechniquesarefrequent,it standsout asa subjectto
study The DSP eld thatthis projectfocuseson is multirate signal processing.More
speci cally, theprojectwill involve polyphaselter banktheory

Polyphaselter bankgPFBs],or polyphaselters, arefrequentlyusedin high speediata
processingThey provide anextremelyef cient meanf separatingignalsinto multiple
channelsaswill be seenlater. Polyphaselters have mary applicationstwo examples
of which arein lossyaudiocompressiotechniguessuchasthewell knovn MP3format,
andin digital spectrumanalysers.

1.2 Objectivesof the Project

Currently therearemary proprietarytoolsthatcansimulate generateandtestpolyphase

Iters. However, thesetoolscanbeprohibitively expensve for amateuradioenthusiasts,
academianstitutionsandsmall businessesThe high-level objective of this projectwas
to develop atool to generateandtest rmw are-basegbolyphaselter banks,usingopen
sourcesoftwarewherever possible.

To achieve this objective, the projectwasbrokendown into thefollowing tasks:

1.2.1 Coding Mathematical Simulations

The rst stepin approachindghe problemwasto write a polyphaselter banksimulation
derivedfrom polyphaselter 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 DescriptionLanguagegHDL] and Field
Programmablé&ate Array [FPGA] simulations. With this referencethe correctnes®f
thelatterdesignsvasgauged.

A subtaskof the mathematicasimulationswasto write a Finite ImpulseRespons¢FIR]
Iter prototypegeneratarTheFIR lIter prototypegovernshow well the polyphaselter
works. Thus,this subtaskplayedanimportantrole in the implementatiorof the project

asacompletepolyphaselter bankcreationtool.

1.2.2 Creating a Simulation Environment

Beingableto testa designandto show correctnesss essentiato arny designproject. To
male testingeasiera simulationervironmentwasdevelopedto link to the varioussimu-
lationsandhardwareimplementationsThe simulationervironmentprovided a uniform
way of loadingparameterandapplyingandretrieving signalsto andfrom thesesimula-
tions. The shell of the environmentwas codedin 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 polyphaselter . After this, atop level designwasdeveloped,
which linked thesemodules.The Verilog HDL codethatdescribeghe PFB designwas
madeto be generatecutomaticallyfrom a setof parameters.

In orderto testthe designsthe Verilog simulatorwaslinked to the simulationerviron-
ment. This allowedfor testsof correctnessaswell asfor theanalysisof the performance
of thedesign.

1.2.4 Implementing the Designon and FPGA

TheVerilog PFBcodewasusedto alterthe rmw areof a GNU RadioUniversalSoftware
RadioPeripheral USRP] Revision 3 board,shovn in Figurel.1. This boardincludesan
Altera CycloneFPGA, high speedAnalogue-to-DigitalCorverters]ADCs] andDigital-
to-AnalogueCorverters|DACs]anda UniversalSerialBus[USB] 2.0interface.Quartus
Web Editionwasbeusedto programmehe FPGAandwasthe only proprietarytool used
throughoutthe project. The USRPsystemincludesC++ code,which interfaceswith the
board.

Two testswereperformedto analysehe implementation.The rst testinvolvedsending
adigital input signalto the rmw arebased-polyphasandtransmittingthe lter' soutput



backto the hostPersonalComputer{PC], bothvia the USB link. Both inputandoutput
signalswerehandledby the simulationenvironment. The secondestinvolved utilizing
the PFB designto createa Frequeng Modulation[FM] radiosignalchannebrowser

Figurel.1l: TheUSRPBoard

1.3 Scopeand Limitations

Therewaslittle emphasighroughouthis projecton creatingan optimaldesign.Instead,
theaim wasto generate correctgenericdesign.

Thisprojectentailectheapplicationof awide rangeof skills relatingto software, rmw are
andhardware. Many of theseskills hadto belearnedthroughthe courseof the project,a
procesghatwastime-consumingaswasthe hardwareinterfacingandthe applicationof
the GNU RadioPythoncode.For thisreasonmary projectdetailsandpotentialsolutions
couldnot beinvestigatedn depthin this research.



1.4 DocumentOutline

Chapter2 providesa brief overview of conceptsnvolvedin theproject.First, it describes
basicdigital Iters andthe Iter characteristicshatare designconsiderations.Second,
it presentshe FIR Iter designmethodsusedin this research.The chapteralsobrie y
describegolyphaselter theory It presentsa polyphaselter asbeinga highly ef cient
channelizer

Chapter3 detailsthe simulationenvironmentdesignandpresentgesultsfrom the math-
ematicalsimulations. It discusseshe bene ts of developinga simulationervironment,
with the primarybene t beingthatof improvedtestability The mathematicasimulation
resultsare presentedas an exampleof how the simulationervironmentis used. These
resultsalsoprovide the correctreferencdor latersimulations.

Chapter4 detailsthe Verilog designand simulations. The designis rst analysedon a
componentevel, with potentialdesignsfor primary elementseviewed. The next step
is areview of threetop-level designsa combinationala pipelinedanda mixed design.
The mixed designis chosenfor its ef ciency and simplicity. The sameteststhat were
run on the mathematicakimulationwere run on Verilog simulations. Thereis alsoan
investigationnto word lengthdesignparameters.

Chapter5 givesdetailsof the designimplementecon the USRPboard. It rst provides
abrief backgroundf the USRPsystemandGNU Radio. Thenit describeshe standard
rmw areof the USRPsystem.Two testsaresetupto analyseheperformancef thePFB
design.The rst testsetsup a ReadOnly Memory [ROM)] structure with valuesloaded
from the simulationenvironment,which arethenpassedhroughto the polyphaselter .
The outputof the lter is sentfor analysisto the simulationervironmenton the hostPC
viatheUSBIink. In thesecondest,thedevelopedpolyphaselter is usedasanFM radio

channebrowser The PythonGNU Radiosoftwareis usedto analyseheoutputs.

Chapter6 containsconclusionsandrecommendationasedn theresults.



Chapter 2

ConceptsOverview

2.1 Digital Filter Design

Thereis acontinuingtrendof usingdigital ratherthananaloguanethodsn modernsignal
processing.This is becausaligital systemsare often more effective thantheir analogue
counterpartsn, for example,their simulatability and their total stability in the face of

temperaturehangeandcomponendrift. They arealsoversatileandcanbe moreeasily
customized[L

2.1.1 Finite Impulse Response[FIR]Filters

A FIR lter isaatypeof digital Iter thatis characterizedby its Iter coefcients, h[n].
h[n] is a nite lengthvectorof realnumbers.The outputof a system,y[n], is calculated
by corvolving the input of the system x[n], with the Iter coefcients. Thus,the output
of asystemcanbe statedasfollows[1]:

N 1
yinl= a hlkixin K] (2.1)
k=0
FIR Iters aredesirablebecausehey canexhibit exactlinearphase For thisreasonFIR
Iters aretheonly typeof digital Iter investigatedn this project.

2.1.2 Filter Characteristics

Both digital andanaloguelters have thecharacteristiof removing or ltering rangesof
inputfrequenciesThefrequeng responsef a Iter isadescriptiorof how a Iter affects
input signalsat variousfrequencies.The frequeny response&anbe separatednto three
bands:the pass-bandthe stop-bandandthe transition-band.The pass-bands therange
of frequencieghatthe Iter letsthrough. The stop-bands the rangeof frequencieghat



the lter fully attenuatesndthe transition-bands the rangeof frequencieghatis only
partially attenuatedFilters arenamedby their pass-bandFor example,low-passIters
let throughthelow frequenciesandhigh-passilters let throughthe high frequencies.

Thefrequeny responsef a Iter isacombinatiorof its magnitudeesponsandits phase
response.

2.1.2.1 Magnitude Response

ThemagnituderesponsejH (el%)j, of a lter is theamountthe Iter scaledifferentfre-
qguencies.ldeally, the magnituderesponsavould be equalto 1 in the pass-ban@ndO in
the stop-band.However, this is impossibleasit would requirea Iter of in nite length.
Thus,otherdesignconsiderationsieedto be made.Figure2.1 shows the designspeci -
cationsfor the magnitudaesponsef a Iter[2].

|H(e/?)]
A
I-0 4 Pass-band
Ripple
1+ ! y
% [
[
[
[
[ .
bo) I I Stop-band
2 y
 \/YYYY, § wiepte
w—0, I 2
Transition
Band

Figure2.1: Filter DesignSpeci cations

The pass-bandnd stop-bandnagnituderesponsesand cut-off frequenciesare primary
designconsiderations.The ripple presenceon the pass-bandnd stop-bands also of
signi cance.

2.1.2.2 PhaseResponse

The phaseresponseof a lter is an indication of the time delay experiencedby input
frequenciesThederwvative of the phaseresponseaivesthe groupdelay whichis amea-
suremenbdf how muchthefrequeny componentaredelayed.

If thephasaesponsef a lter is non-linearfrequeny componentsvill bedelayedliffer-
ently. Thiscausesignalsto besmearedhn time,which canbadlydegradethem.However,
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if the phaseresponsaes linear, the delayof all frequenciess equal. Thus,a delayedbut
preseredsignalis produced.

2.1.3 The Windowing Method of FIR Filter Design

The ideal low pass Iter would have a magnituderesponseof 1 in the pass-bandnd
0 in the stop-bandandwould have a 0 width transition-band.In the time domainthis
Iter would beanin nitely longsincfunction. Thisis obviously not possibleasit would
requirein nite multipliers and addersin orderto implement. A solutionto this is to
truncatethe time domainfunctionto a certainnumberof samples.Figure2.2 shavs the
resultsof this solution. This methodshaows very undesirablelter attributes,includinga
very large pass-bandipple, which increasesn magnitudeiowardsthe bandedge,owing
to the Gibbs[3 phenomenomandavery large stop-bandipple.

Figure2.2: SincFunctionTruncatedn Time

The performanceof the Iter canbe greatlyimprovedby multiplying the truncatedsinc
functionwith awindow function,wn], asshowvn in thefollowing[2]:

h[n] = ww[n] 2.2)

The effectivenessf a window function becomesvident whenanalysingits frequeny
responseFigure2.3shavstheanalysisof threewindow functions:arectangulawindow
[simpletruncation],a Hammingwindow anda Blackmanwindow([4].

The width of the main lobe of the frequeng responsesetsthe width of the transition-
band,andthe magnitudeof the sidelobessetsthe stop-bandattenuatiorandthe ripple

7
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Figure2.3: Performancef ThreeWindow Functions

on both the pass-banand stop-band.The rectangulawindow hasthe narravestmain
lobe but it hasa very poor side-loberesponse Hence,it generates Iter with a small
transition-bandbut with poorattenuationin the stop-bandandpoorripple responseThe
Blackmanwindow hasa wide main lobe andvery low sidelobes. This leadsto a large
transition-bandbut alsoto substantiabttenuatiorof the stop-band.The Hammingwin-
dow introducesa parametethat adjuststhe heightof a discontinuityon the edgeof its
raisedcosineshapewhich allows the side-lobédevelsto be selected.

2.2 PolyphaseFilter Theory

2.2.1 Conventional Digital Channelizer

A channelizeris a systemthat takesin a single signal consistingof several frequeny
divisionmultiplexedchannelsandgeneratesutputsignalscorrespondingo eachchannel
convertedto basebandFigure2.4 shavs the corventionalchannelizearchitecture.

Eachcomplex multiplier shiftsthatchannel signalin the frequeny domainby 2pk=M,
whereM is the numberof channelsandk is the channelnumber The low-pass Iter
extractsa single channel,while the decimatorcompresseghe spectruminto baseband.
The processis summarizedn Figure 2.5. The performanceof the channelizerrelies
greatlyon thedesignof the prototypelow-passlter .
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It is importantto note the computationacompleity of this method. The corventional
channelizemustimplementM parallellow-passliters of orderN 1 atthefrequeng of
theinputsamplerate.

2.2.2 PolyphaseFilters

The fundamentatheorybehindpolyphaselters is the polyphasedecomposition.This
stateghata lIter, H(2), canberepresenteth the M-componenpolyphasdorm[2]:

M 1
H@) = & z “E(2") (2.3)
k=0
Ex(2) arecalledthepolyphase&eomponentandtheirinverseZ-transformseg[n], aregiven
by the following equation[2:

e[n] = h[nM+ K] (2.4)

Thus,thepolyphaseeomponentganbedescribedn termsof a prototype Iter h[n].

By replacingh[n] with ageneralizedip-corverted lter , h[n]e! ", thefollowing equation
for auniformDFT lter bankcanbederived[Z:

M@= 8 W 2 ey (2.5)
n=0
This equationdescribeghe architectureshavn in Figure 2.6, which containsa bank of
FIR lters with increasinglydelayedinputs,the outputof which senesasthe inputsto
an InverseDiscreteFourier Transform[IDFT]. It canbe obsenedthatif the numberof
channeld is apowerof 2theIDFT canbereplacedy aninverseFastFourierTransform
[IFFT].

Figure2.7shavsthelnputCommutatoiModelof apolyphaselter . Thismodelis derived
throughthe addition of a decimationoperationinto the systemas describedn [6].The
inputcommutatomodelformedthe basisfor the projectdesigns.
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Chapter 3

Simulation Environmentand
Mathematical Simulations

3.1 The Simulation Environment

3.1.1 Motivation

Completingthis projectrequiredthatthefollowing designseveri ed:

MathematicaPolyphaséd-ilter Simulation
Polyphasd-ilter HDL Code

Implementatiorof HDL codeon FPGA

Eachone of theseprojectelementsreceve inputs and produceoutputsin an identical
format. It wasalogicaldecisionto createanervironmentthatcouldmanagendautomate
thehandlingsignals.

Managemenof signalswould be of greatbene t. It would allow identicalsignalsto be
appliedto projectelementsandtheir outputsto be processedrom a singleervironment.
This would make it very simpleto analysethe performancenf a designwith respecto a
correctreference.An exampleof sucha referencecould be a mathematicasimulation.
Thus,a simulationervironmentwould make it easierto verify andanalysedesigns.

3.1.2 Design

The designof the simulationervironmentwasfairly simple. Figure3.1 shows the basic
concepiof the systemdesign.
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Figure3.1: The SimulationEnvironments ConceptuaDesign
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Thesimulationenvironmenthasthefollowing primaryelements:

Signals

Sinks

Parameters

SimulationUnits
Signalssene asinputsandthe sinkssene asoutputsto simulationunits. Parametersre
a staticvaluedstructurepassedo the simulationunits. Simulationunits containthe core

procesgo berun. Thesimulationunitswerecodedin C for performancewhile theother
elementaveredevelopedin Pythonfor the corveniencehatscriptinglanguagegrovide.

The simulationunits developedin this projectaresummarizedn Table3.1. The names
of theseunitsareusedwhenrunninga processn the simulationernvironment.

Table3.1: SimulationUnits Usedin this Project

| Name | Description
C_POLY_SIM Mathematicapolyphaselter simulation
V_FFT_SIM Verilog simulationof 64 point FFT
V_POLY_SETUP Setupthe Verilog polyphaselter simulation
V_POLY_SIM Verilog polyphaselter simulator
F_POLY _SETUP SetupthesignalROM rmw areimplementation
F_POLY _READ | Readdackthesignalsfromthe rmw arelmplementation

3.2 Mathematical Simulations

This sectionwill presentheresultsof a C-codedsimulation,basedon the mathematical
descriptionof a polyphaselter bank. Theseresultsarecritical asthey form areference
for laterHDL andhardwareimplementationsThe sectiondually senesasa resultssec-
tion for the simulationervironment,asthe C simulationwascodedasa simulationunit.

3.2.1 Simulation Parameters

Themathematicasimulationsrequiretwo parametersnumberof channelsandprototype
FIR Iter. Thesearepassedrom thesimulationervironmentto thesimulationunit via the
parameterstructure.The prototypeFIR lter is generatedby the Iter generatiortool.
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3.2.2 FrequencySweepResponse

To testthe performancef a polyphaselter alogicaltestwould beto sweepa sinusoidal
frequeng acrosgheentireinputband.Thistestwould shov how eachchannefresponded
only whenthe sweepwere presentn its band. The envelopeof the responseshouldbe
equalto themagnituderespons®f the Iter prototype.

Figure3.2 shavs the simulationresultsof a frequeny sweepacrosgheinputof aneight
channepolyphaselter . Theseresultsclearlyshav theout-of-bandattenuatiorexpected.
In addition,the ervelopeformsthe shapeof the prototype Iter , whichin this casewasa
64-pointBlackmanwindow.

|
|
i.m WG L

Figure3.2: Recti ed Frequeng SweepResponsef MathematicaSimulation

3.2.3 FrequencyComb Response

Thistestinvolvedapplyingseveralequallyspacedrequeny componentito thepolyphase
Iter simulation. The rangeof frequeng valueswere chosento spana single channel,
speci cally whereM = 0.

Figure 3.3 shavs the magnitudeand phaseresponseof the output channelof interest,
whereM = 0. The magnituderesponseof the frequeny comb exhibits a very similar
responséo thatof the prototype Iter . The magnituderesponsef the prototype Iter is
showvnin red.

The phaseaesponseshownn in Figure3.3wasobtainedby samplingthe realoutputphase
responsatthecombfrequencieslt showvs clearlythatthelinearphaseof the prototypeis
almostentirelyretained.Thereareminor deviationsfrom theideal phaseandmagnitude
responseddenticaldeviationswereencounteredby Harris,asshavnin [6].
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Figure3.3: Frequeng CombMagnitudeandPhaseResponse
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Chapter 4

Firmwar e Design

4.1 Firmwar e Modules

It is oftenconvenientto breakup adesigninto smallermodulesandbuild upthetotal from
thesebaseelements.This designapproachs calleda bottom-updesignstratey andthe
hardwaredesignapproachn this projectfollows this model. A polyphaselter primarily
involvestwo modules:aFIR Iter bankandanFFT.

4.1.1 FIR Filter
4.1.1.1 BasicHardware

The typical architectureof a FIR lter canbe derived from Equation2.1, asshowvn in
Figure4.1.

x[n] 1 -1 * -1

Z Z b= o>l z
h[0] h[1] hIN-1] _l

> >

y[n]

Figure4.1: Architectureof aFIR Filter

Thus,for a Iter of orderN+ 1, N multipliersandN 1 addersarerequiredasareN 1
memoryregisters.However, memoryrequirementsverenot consideredi concernin the
design.Thisis dueto therelatively low silicon costof amemoryunit, ascomparedo that
of multipliersandadders.
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4.1.1.2 Pipelined Hardware

A simplere nementof the previously shavn hardware canbe performedby arranging
theaddersasshavn in Figure4.2[a].

Input  Multiplier Adder Input  Multiplier Adder
Btﬁer Bank _ Banks Btﬁer Bank Banks
x[n] x[n]
— — —)
»
—> —»>
. . > . . > gl BEY
| x|zl |2 |= | x 1 0=z =l TEEs
. ° ° ° > >
—>
»
—»>
il 7y il il A
N N
N N
Coefficient File Coefficient File
h[n] hin]

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

The advantageof this adderlayout is a reductionin latengy. Hardware 'executes'in
parallel,thuseachrow of adderscanbe executedsimultaneouslyin this designthereare
only logzN rows of adderswhile in thetraditionalarchitecturgherewereN rows. Since
eachadderis identical ,thesettlingtime for thenetwork of addersdecreaseby afactorof
N=logzoN.

A furtheradwantageof this designis thatthe throughputof the FIR lter canpotentially
increaseby pipeliningthe design. This is doneby addingbuffers betweerthe stagesas
showvnin Figure4.2[b]. However, a pipelinedarchitectures clock-speeds limited by the
time takenfor the longeststageto complete.This problemcanbe partially alleviatedby
usinga pipelinedmultiplier.

It mustbe notedthatthelateng for a singlesampleincreasesvhenpipelining is added.
Thisis becaus®f the bottleneckeffect thatthe slowestsectionof the pipe exhibits.

4.1.2 FFT

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

It is importantto several elds of electricalengineeringandis critical to mary real-time
DSPtasks,suchasimplementinga polyphaselter. The only FFT considereds this
projectis aradix-2FFT. Thisrequireshatinputsarea multiple of 2.
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4.1.2.1 Combinational Hardware

Thearchitectureof anFFT canbe expressedhroughasignal o w graph.The o w graph,
elaboratedor clarity, for a 4 point FFT is shovn in Figure4.3. This graphis a direct
resultof the Cooley-Tukey derivationof the radix-2 algorithm. The signal o w diagram
for otherlengthFFTscanbe calculatecasshownn in [5].

f0] () >\ F[0]
f[1] F[2]
f2] _, 5) FI1]
31 _, %) FI3]

Figure4.3: SignalFlow Graphfor a4-PointFFT

The mostimportantcharacteristiof an FFT is that the numberof stagesqualsl ogsN.
Considerthe caseof a continuouslyrepeatingN-point FFT presentin a polyphaselter
wherethe input samplerateis f. Thetime takenfor a singlestageto be completedi, is
constanfor all valuesof N. Thus,thetotal time takenfor the FFT to completeonerepeti-
tionistlogoN, butthetimetakento accumulatéhesampless N=f. ThereforeastheFFT
lengthincreasesthe maximumallowableinput samplefrequeng alsoincreasesThis ef-
fectively meansthat the higherthe channelcountof the polyphaselter, the higherthe
maximumpossibleinput samplerate, highlighting againthe usefulnes®f the polyphase
Iter asaDSPtool.

4.1.2.2 Pipelined Hardware

For muchof thetime, thehardwareof aparallelimplemented=FTis unusedIlt is possible,
throughpipelining, to utilize the hardwaremoreeffectively. Onesuchpipeliningmethod
is the Radix-2Multi-path Delay CommutatofR2MDC] FFT. This algorithmtakesin an
input streamof samplesand splitsit into two parallel streamsgachpassingthrougha
seriesof delays,multipliers andadders.The outputsare producedn pairsof valuesin
bit-reversedorder startingN + N=2 cyclesafterthe rst samplewasinputted[9].

A simpli ed architecturefor an 8-point R2ZMDC FFT is shavn in Figure4.4. B1, B2
and B3 are adderbutter ies that performthe sameaddition and subtractionperformed
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in anormal FFT. Thereare variouscontrol lines thatdirectthe o w of signalsthrough
switchesandmultiplexersandthat alsoselectthe input valuesof the multipliers. These
valuesarecalledthetwiddle-factors.

Bl B2 B3

MUX switch switch

Figure4.4: R2ZMDC Architecturewith N equals8

Eachstagerequiresonly two addersandonemultiplier. This resultsin areductionin the
numberof multipliers andaddersby a factorof N, comparedo a traditional FFT. This
is a very signi cant improvement. However, thereare problemswith a pipelinedFFT
implementation. The clock rateto an R2ZMDC FFT mustbe equalto the samplerate.
Therefore the minimumtime for a single stageto completet, mustbelessthan1=f .
For thecombinationaFFT, t mustbelessthanN=(logx(N) f), whichcanbeconsiderably
largerfor high N.

In fact,the R2ZMDC algorithmhasonly fty percentutilization of its hardware. It canbe
alteredto shaw full utilization[9]. However, only the standardR2MDC wasconsidered
for the purpose®f thisresearch.

4.1.3 JFFT

JFFTis anopen-sourcaool thatgenerate¥/erilog R2ZMDC FFTsandit waswritten by
Jef Mock. This waschoserfor this projectasthetool to generatehe Verilog FFTs. It
was selectedor several reasonsthe primary reasonbeingthatit wasopen-sourceind
couldreadilybeadaptedor the purpose®f the project.

4.2 Overall SystemDesign

The major designtrade-of involvedin the overall systemwasthat of balancingquanti-
ties of logic with timing requirements.Threedesignswere considered:.combinational,
pipelinedandmixed.
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4.2.1 Combinational Design

Figure4.5shavs a polyphaselter designthatusesa combinationaFIR lter andFFT.
Theinputbuffer storesframesof M consecutieinput samplesrom the bottomup. Once
the input buffer is full, the FIR Iter bankclock is triggered.,initiating the next cycle of
calculations. At exactly the samemoment,the valueson the outputsof the FIR lter
bankareloadedin parallelinto the FFT buffer, while the FFT outputsare beingcopied
into the outputbuffer. Thus,the Iter bankclock andthe framevalid signalaretriggered
simultaneously

Input FIR Filter FFT M-Point Output

Buffer r77851n7k77 Buffer FFT  Buffer
Ny IR )
|
|
|
|
|
|
| . ! . .
| . ‘ ° .
| . ! . .
| 1
| | X, -[n]
| M-1
x[n}—> | FIRM-1 | > —
AN
*
->|== - : >
Frame Valid
log,M bit
Counter

Figure4.5: Polyphasd-ilter with CombinationaFIR Filter BankandFFT

This designis capableof operatingat high datarateds pwing to its combinationahature.
However, theamountof physicallogic to implementthe FFT andthe multiple FIR Iters

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

the extra logic becomesunnecessargincea pipelinedversionwould meetthe timing

requirementsHowever, in the caseof high datarates,a pipelineddesignwould not be
possibleto implementandonewould have to usethis combinationatlesign.

4.2.2 Pipelined Design

A polyphaselter, usingonly pipelinedcomponentswould requirethe minimal logic
andwould be a goodchoiceprovided timing requirementsvere met. Figure4.6 shavs
the pipelinedpolyphaselter consideredor this project.

In this designthe input samplesarefed directly into the pipelinedFIR lters. The Iter
coefcients thatareusedby the singlebankof FIR Iter multipliers are selectedy the
value of Fselect,which is connectedo a counterthat cyclesthroughOto M 1. The
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Figure4.6: Polyphased-ilter with both FIR Filter BankandFFT Pipelined

outputsof the pipelinedFIR Iter bankarefed from bottomto top into the front side of
the two-sidedFFT buffer. Oncethe front side of the FFT buffer is full, its valuesare
transferednto thesecondsideof thebuffer to bereadfrom topto bottomby the FFT. The
double-sidedbuffer is neededbecausehe componentseadand storedatain opposite
orders. The outputsof the pipelinedFFT are storedin the outputbuffer in bit-reversed
order Whenthe buffer is full, whenthe counterequalsM 1, the framevalid signalis
triggered.

4.2.3 Mixed Design

Thedesignmplementedn thisprojectis shavnin Figure4.7. It containsacombinational
FIR Iter bankanda pipelinedFFT. It waschosenfor its simplicity to implement,this
allowing moretime for validation,testingandimplementatioronan FPGA.

Figure4.7shonsin signi cant detailhow thedesignoperates.

Theinput buffer is lled from bottomto top and,whenfull, its valuesare passedo the
Iter bank,whicharethenstoredin the FFT buffer. The R2MDC pipelinedFFT requires
thatits sync_inline, labelleds_inin thediagram betriggeredwhentheloadingof aframe
starts. The FFT will triggerits sync_outine, labelleds_out whenit startsto outputthe
FFT data. The outputdataemege in pairsin bit-reversedorder and are storedin the
outputbuffer. Whenthe outputbuffer is full, theframevalid line is triggered.

4.3 DesignParameters

The Verilog codethat forms the designis automaticallygeneratedrom a setof param-
eters. This is necessarnpecausecertain designparametersequire radically different
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Figure4.7: ThelmplementedPolyphasd-ilter Design

hardware that cannotbe expressedn simple, static Verilog code. The codegeneration
parameterareasfollows:

4.3.1 Number of Channels

This parametede nesthe numberof channelsand,in turn, the numberof outputs.This
parametemustbeanintegerpower of two.

4.3.2 Prototype Filter

This is passedo the Verilog codegeneratiormoduleasan array of oating point val-
ues. Thesevalueswould normally be generatedoy the PythonFIR Iter designtool
mentionedearlier However, the valuescanalsobe de ned by the userin the simulation
ervironment. The codegeneratorcorvertsthe oating-point numbersinto normalized
two's complementx ed-pointnumbersetweerl and-1.

4.3.3 Input Word length

This parameteide nes the width of the input and outputof the FIR Iter modules,as
well asthewidth of the FIR Iter coefcients. Thevalueof theinputword lengthwould
normally be setby the precisionof theinputsignal.
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4.3.4 Output Word length

Thisvaluede nestheinternalprecisionof the FFT, aswell asthe FFT's output.

4.4 Testingand Validation

The Verilog codewastestedusingthe IcarusVerilog simulator A simulationunit was
addedto the simulationervironmentto handleinput and output signalsto the Verilog
simulation.

4.4.1 FrequencySweepResponse

The applicationof the samefrequengy sweepasthe mathematicakimulation,produced
theresultsasshown in Figure4.8. Theseresultswereobtainedwith identicalparameters
asthe mathematicallyde ned simulationsandaninputandoutputword lengthof 12.

Figure4.8: Frequeng SweepResponsef Verilog Polyphasd-ilter

Theseresultsstrongly validatethat the Verilog code generateds correct. This canbe
stated pwing to the similarity to theearlier'correct' mathematicasimulation.Minor dif-
ferencesanbe primarily attributedto a delayintroducedn the Verilog implementation.

4.4.2 FrequencyComb Response

Figure 4.9 shows the frequeny and phaseresponsdo a frequeng comb input identi-
cal to that appliedto the mathematicasimulation. The large differencein magnitudes
dueto the normalizationprocessusedwhen corverting the 'real’ signalinto a oating
point signalandalsoto thefactthatthe FFT adjuststhe magnitudeof the signalto avoid
over oOws.
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Figure4.9: Frequeng CombResponsef Verilog Polyphasd-ilter

The phasepro le takesa similar form to the mathematicakimulations,with a mostly
linearshapdhathasaslightdeviation atthehigherfrequenciesOneotherthing to notice
is thatthe slopeof the phasdine is steepethanthatof the previoussimulations.This is
dueto anincreasedlielayin the systenthatis addedby the pipelinedFFT.

4.4.3 Effect of Input Word Length

Theinputwordlengthparametesetsthe precisionof theFIR Iter banksandtheinputof
theFFT. Thevalueof this parametegreatlyin uencesboththe amountof logic required
to implementthe whole designandalsohow well the Iter functions. This sectionpro-
videsa brief investigatiorinto how theword lengthaffectsthe overall performancef the
Iter .

The rst testrun involved applying the samefrequeng comb signal usedin previous
testson polyphaselters with input word lengthsof 8, 10, 12 and 14 bits. Figure4.10
shavstheresultsof the simulations.Theredline againindicatesthe magnituderesponse
of the prototype Iter . Theresultsof the combtestindicatethatthe low frequenciesre
undesirablyattenuatedvhenword lengthsarelower than12 bits.

To analysehis poorperformancdurther, a sweepsignaltestwasrun with aninput word
lengthof 8 bits. In Figure4.11it canbeseernthatadirectcurrent{DC] termis introduced
into the rst channelat higherinput frequencies.Quantizationerrorsintroducedwhen
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Figure4.10: Frequeng CombResponsevith Variousinput Word Lengths

convertingtheinputsignalto x edpointnumbersarethelik ely causeof thisproblem.The
quantizatiorof the Iter parametersnight alsohave playedarole. Furtherinvestigation
wouldbeneededo nd theexactcauseof thisanomaly However, theresultsshow thata
word lengthof 12 bits canbe usedwithout degradingthe quality of the Iter.
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Chapter 5

Firmwar e Implementation

5.1 The USRP System

The USRPsystemis 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.The low-bandwidthsignalprocessinglike modulationanddemodulationijs
intentionallyleft to beimplementedy thehostPC.USRPhasbeendesignedo integrate
smoothlywith the GNU Radiosoftwarede nedradioproject. The GNU RadioandUSRP
projects,combinedfunctionasa completesoftwarede ned radiosystem[T.

5.1.1 USRPHardware

The USRPS primary hardwareis shavn in Figure5.1 and,notably includeshigh-speed
ADCsandDACs,anFX2 USB 2.0 controller anAltera Cyclonell FPGAandprovision
for four daughteiboards[7].

5.1.1.1 AD and DA Converters

Therearefour high-speed.2 bit AD corverters.They arecapableof corvertingatarate
of 64M samplegpersecondThisallowsfor atheoreticabandwidthof 32 MHz. However,
if a higherfrequeng signalis corvertedit will aliasinto the 32 MHz range.This effect
allowssignalsupto 150MHz to beaccessedy the AD corverter Thelimit is established
becausef anincreasedignal-to-noiseatio introducedoy jitter[8].

TheADC is a2V peak-to-peakwith aninputimpedancef 50W. Thisequate$o aninput
power of 16dBm.In addition,thereis a Programmablé&ain Ampli er [PGA] beforethe
inputto the ADC, which canincreasehe power 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 eachhave a14 bit precisionandcancorvert
atarateof 64M samplegersecond.The DACscanoutputlV atanimpedancef 50W,
which is a power of 10dBm. Thereare also PGAson the outputsthat canincreasethe
power by 20dB.

The four AD and DA corvertersare containedon two Analog Devices AD9862 chips.
Thesechipseachhave an SerialPeripheralnterface[SPI] thatcanbe usedto con gure
thechips.

5.1.1.2 Daughter Boards

Therearefour slotsonthemotherboardor two transmitandtwo receve daughteboards.
Eachdaughtetboardhasaccesdo two DAC or ADCs to allow for eitherone complex
inputor two realinputs. Furthermoreeachdaughteboardis givenaccesso SPlandl 2C
serialinterfacesand16 generalpurposdnput-OutpuflO] pins.

Thedaughteboardsystemhasbeendesignedothatinterestediserscanputtogetherand
usetheirown compatibleboards.However, standardlaughteboardsareavailable. These
includestandardeceve andtransmitboardghathave two SMA connectorgor signalsa
TV receve boardthatincludesa TEMIC 4937tunerwith aninputfrequeng rangeof 50
to 800MHz anda DBSRX boardwith aninputrangefrom 800 MHz to 2.4GHz.

5.1.1.3 USBController

TheUSB controllerisaCypres€£Z-USBFX2 chip. It hasaUSB 2.0highspeednterface,
capableof transferringup to 32 Megabytesper second[7],which is the upperlimit on
the amountof datathatcanbe processedy the hostPC. The controlleralsohasserial
interfaceson-boardwhich canbeaccessetly usingUSB controlmessages.

5.1.2 USRPFirmware

ThestandardJSRP rmw arehasbeendesignedo do all the high-bandwidthsignalpro-
cessingequiredfor softwarede ned radio, suchasdigital mixing anddecimation.The
low bandwidthsignalis sentto the hostPCvia USB for furtherprocessing.

TheUSRP rmw arecontainghefollowing primarymodules:aseriallO handleramaster
controller a transmitpathanda receve path. Figure5.2 shavs a simpli ed model of

the standardJSRP rmw are. The seriallO moduleinterfaceswith the USB controller
to sendandreceve message$o andfrom the PC. This allows the userto setvarious
parametersstoredin the generalpurposeregisters,throughUSB control messagesThe

mastercontroller setsvariousresetand enablelines, accordingto commandseceved

from theseriallO module.
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The mostcomplex elementsn the USRP rmw are designare the receve andtransmit
paths.A detaileddescriptionof thereceve pathis shovn in Figure5.3. The rst element
on the receve path, the multiplexer, setswhich signalsenterthe CoordinateRotation
Digital Calculationf]CORDIC] mixers.A CORDICmixeris adigital mixerthatperforms
frequeng corversion,usingonly additionandshifting operations[}. Thefrequeng con-
vertedsignalis thenpassedhrougha Cascadedntegrator Comb[CIC] Iter. TheCIC
Iter is anefcient low-passlter thatdoesnot requireary multiplications[4. The -
nal decimationstagereduceghe datarateto one appropriatefor the hostPC to handle.
The outputdataarethenputinto a FirstIn - First Out [FIFO] memorystructure which
is accessetby the USB system.The multiplexer selectlines, the mixer frequenciesand
decimatiorratescanall be setfrom thehostPC.

I e
—>ICORDIC[|Filter - M >
Mixer | Q
—> | CIC Lyl M|—>!
ADC MUX Filter FIEO— TO
Inputs —» | | CIC USB
—»|CORDIC[ ™| Filter - M >
—> .
Mixer | Q CIC
—> —> —>lM —>

R e

General Purpose Registers

Figure5.3: The USRPFirmwareReceve Path

The transmitpathis very similar to, but a reversalof, the receve path. The baseband
signalis sentto the boardvia USB, up-corvertedto an Intermediate~requeng [IF] and
thentransmittedo the daughtetoard.However, it mustbe notedthatthe up-corversion
is implementedn the AD9862 chip[8].

5.1.3 USRP Software

The USRP systemalsoincludesa library of C++ code,which performsUSB commu-
nicationsto provide the userwith a simple programminginterface. The codeincludes
functionsto readandwrite signaldatafrom the USB link, aswell asto performvarious
othertasks.Someof thesetasksincludeprogramminghe FPGA interfacingthe AD9862
chipsandsettingthe generalpurposeregisters.All otherfunctionsthatareofferedareto
befoundin the C++ headerles.

One changewas madeto the USRP software for the purposesof this research. This
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involved changingthe default locationof the .RBF FPGA le. This le is usedto pro-
grammethe rmw areof the FPGA.

The GNU RadioPythonsoftware provided varioustools thataidedthe rmw areimple-
mentationsPrimarily, their FFT andscopevisualizationtoolswereused.

5.2 PolyphaseFilter Implementations

5.2.1 ROM SignalFile

It wasimportantthat an implementationvas setup that wasableto apply andretrieve
signalsfrom theimplementedpolyphaselter in anidenticalfashionto the earliersimu-
lations. Thiswasachievedin asimpleway by generatinga ROM elementcontainingthe
inputsignalthatreplacedhestandardJSRPreceve rmw are.ThisROM wasconnected
to the polyphaselter , which hadits outputconnectedo the datapackager The output
of the packagemwas permanentlyconnectedo the USB data-outchannel,asshavn in
Figure5.4.

—p
- —p
Signal > Data USB
F||e data}—p PO||3/|phase L Packager »Data
ilter > Out
ROM
—p
addr —
3
Counter

Figure5.4: Implementatiorof a the Polyphasd-ilter Usinga SignalROM

The datapackagercorvertsthe M parallelstreamsanto a pacletizedserialstream. The
rst elementin the paclet, which correspondso the outputof the rst channelcontains
a headetthat providesa way for the hostPC to know which word receved comesfrom

which channel.

5.2.1.1 Results

Figure5.5 givestheresultsof a frequeny sweeptestwith the same Iter andinputand
outputword lengthsof 12 bits. The numberof samplesn the input signalwasfar less
thanin the earlier simulations,owing to hardware constraints.However, the resultsdo
shaw the expectedchannelizationThe decreasén magnitudecameaboutthroughover-
normalization.
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Figure5.5: FirmwarelmplementatiorResultswith SignalStoredin aROM File

5.2.2 An FM Radio Channel Browser

To show the practicability of a polyphaselter bank,it was decidedthat a real-world
signalprocessingaskbe implemented.The original goal wasto placea PFB with 256
channelson the back-endof the receve pathof the USRPsystemto work asa spectrum
analyser It wasdiscoveredthatthe currentdesignwith 256 channelsvould not t onto
the Cyclonell FPGA. In fact, the maximumthat could t wasa 32 channelpolyphase
Iter . Asthereareonly 16 realsignalschannelsthespectrumanalysetestseemedather
futile. For thisreasorit wasdecidedhata simpleradiochannebrowserwould beimple-
mented.

Figure5.6 shavs the USRPreceve pathmodi cations. The Q channelis ignoredsince
thedesigncanonly handlereal signals.The multiplexer[MUX] ontheoutputselectghe
channebfinterest.Thechannekelectfor theMUX is, in fact,setby the ADC_OFFSET_3
register which canbe setthrougha USB command.

Thedataratesandbandwidthdor thevariousstagesrealsoshovn in Figure5.6. To rep-
resentthe channelsthe USRPsystemnormally usescomplex numberswhich have half
the bandwidthrequirement.However, the polyphaselter canonly handlereal signals.
For this reasonthe standardCIC lIter cut-off frequeng washalved. In this polyphase
Iter implementatiorit becameavidentthat comple< numbersupportwould be a useful
designfeature. This featurecould be addedby simply duplicatingthe FIR Iter bankto
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createa parallelcomplex channel. This would allow all 32 channeldo provide unique
informationif complex datawerepresented.

|
I ' —> [
! _I» CIC —PlM _:_>32 Channel|, Mux| ! To FIFO
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| Mixer | iter  —» |
| - | |
: Q | Channel |
I 64 Msps | 64/M Msps Select | 2/M Msps
| 32 MHz |

32/M MHz I 1/M MHz

Figure5.6: Firmwarefor aRadioChanneBrowser

5.2.2.1 Results

Figure 5.7 shaws a screenshobf a modi ed versionof the standardGNU Radio FM
recever. Whatis beingshown is a bandof the FM radio spectrum8 MHz wide, centred
on 95.4MHz. The peakscorrespondo FM radio channels.Overlayedon to this image
arethe boundarieof thethe rst few channelsof the browser The channelbandwidth
shovnis 0.166MHz, which canbe achiezed by selectinga decimatiornrateof 6.

Figure5.8 shavs the outputsof the rst eightchannelsTheroundishshapesndicatethe
FM radiochannels.Using the overlay from Figure5.7 asa guide, it is apparenthatthe
signalis beingcorrectlychannelized.
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Figure5.7: The GNU RadioFM RadioRecever with PolyphaseF-ilter ChannelOver-
layed
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Figureb.8: TheFirst Eight Outputsof the ChanneBrowser
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Chapter 6

Conclusionsand Recommendations

The original objectie of the projectwasto createa tool to generateandtest rmw are
basedpolyphaselter banks,using opensourcetools wheneer possible. The testing
facilitieswereprovidedby asimulationervironmentthatallowedfor Verilog simulations,
mathematicakimulationand actualhardware resultsto be compared.A Verilog coded
rmw arepolyphaselter designschemevasdevelopedandvalidated with theaid of the
simulationervironment.Thus,accordingo theoriginal scopetheproject'srequirements
have beenmet.

Whenthe nal polyphaselter designwasbeingtested potentialimprovementsecame
apparent.The implementatiorof PFBswith large numbersof channelsvasimpossible
on the Altera Cyclonell, owing to the high logic requirementf a non-pipelinedrFIR
Iter bank.The majordesigntradeof throughouthe projectwasbetweeriogic require-
mentsanddataratecapabilities.During the developmentof the FIR Iter bank,adesign
decisionwas made rst to satisfythe datarate capabilities. It would be recommended
thatary future developmentof the tool focuseson implementinga customizabledegree
of pipelining.

The ability to handlecomplex numbersis anotherdesignimprovementthat could have
beenachieved. To dothis,aparallelFIR lter network would needto beadded.Comple
inputswould doublethelogic requirementsut would halve the necessarinput datarate.
Thus,theirinclusionalsofallsinto thedatarate/ logic quantitytrade-of. However, owing
to thefactthatoftenin signalprocessinglataarepresente@dscomple signals,it would
berecommendethatcomplex numbersupportbeaddedo the Iter designsystem.This
would beaddedasa lter generatioroption.
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Appendix A: Open Source Tools

Oneof the primary speci cationsof this projectwasto useopensourcetools wherever
possible. The only proprietarytool usedwas Quartusll Web Edition from Altera. This
wasusedto generatehe RBF les to programmeheCyclonell chip. All theopensource
toolsusedarelisted below, eachwith a brief descriptionof their functionality?®.

Icarus Verilog

Icarus Verilog is a Verilog compiler and simulator It seeksto comply fully with the
Verilog 2001standardHowever, it is still in developmentandsomefeaturesarelacking.
Cver is anotheVerilog compilerandsimulatorandwasthe default Verilog compilerfor
theJFFTcode.lcarusVerilog waschoserbecausef its active development.

GTKW ave

GTKWave is afully featuredelectronicwaveformviewer. It canhandlemultiple wave-
form le formats,includingVVCD, which s the standardcarusVerilog outputwaveform
format.

Numarray

Numarrayis a matrix manipulationpackagefor Python. It hasa vastlibrary of matrix
functions.Numarrayis a viable opensourcealternatve to Matlah

Matplotlib

Matplotlib is a graph plotting packagefor Python. It is a highly versatile package,
with mary optionsfor plotting. Matplotlib can perform mary differenttypesof two-
dimensionaplots,includingline, histogramandimageplots,to nameafew. Ilts command
interfacehasbeendesignedo be similar to thatof Matlah

IDescriptionsobtainedrom Wikipedia,the FreeEncgyclopedia.www.en.wikipedia.og/wiki/Main_Page
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GNU Radio

GNU Radiois a Python/C++-basedoftwareradiotoolkit. It includesmary DSPtoolsto
processaandanalyseradio signalsin software. In this projectthis softwarewasprimarily
usedin conjunctionwith the USRPboardto provide a graphicalmeansof analysingits
real-timedata.

The Universal Software Radio Peripheral [USRP]

USRPis acompletelyopensourcehardware, rmw areandsoftwaresystenfor transmit-
ting andreceving radiosignalsusinga PC.

LyX

LyX is a GUI-basedLatex front-end. It is an excellenttool for generatingorofessional
documents.

DIA

DIA is adiagramcreationtool, which is partof the GNOME project. It wasdesignedo
performthe samefunctionsasMicrosoft Visio.

GIMP

GIMP, the GNU ImageManipulationProgramjs a bitmapgraphicseditor.

GCC

GCCis thedefactostandardC/C++compilerfor opensourcesoftware.
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Appendix B: SourceCode

Thesourcecodefor theentireprojectis providedon theattachedCD. TheREADME le
in therootdirectoryof the CD givesdetailsof thelayoutof les.
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