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Abstract

The purposeof this thesiswasto provide a bettercommunicationsystemdor
the RoboRoossmall size soccerrobots. The RoboRoosare a team of five au-
tonomougobotswhich competan theannualRoboCuprobotsoccercompetition.

The soccerrobotsarerequiredto obtaincommandgrom a hostcomputer The
hostcomputeris connectedo an overheadcamerahat determineghe location of
all robotsonthefield. The hostcomputethenmakesuseof a multi-agentplanning
system(MAPS) to determinethe actionsthatthe robotsshouldtake. Theseactions
andthepositionsof therobotsaretransmittedo therobotsvia awirelesstransmitter
connectedo the serial port of the host computerand recevers connectedo the
serialcommunicationgnterfaceof the micro-controllersontherobots.

The currentcommunicatiorsystemmakesuseof Radiometrixtransmitterand
recever modules. The modulesare very simpleto interfaceto andrequirelittle
externalcircuitry. Unfortunately performancean not very goodandonly modest
dataratesof around19200bpsareachiazablewith acceptablerrorrates.

The communicationsystempresentednakes use of more sophisticatechard-
warewhich is capableof transmittingdataat around300k bpsandhigherwith low
error rates. Theseimprovementsare achiezed by usinga modulationschemethat
provides betterpower and bandwidthefficiency aswell asa more noisetolerant
recever design.

Due to time constraintsandthe compleity of the project,a full working ver
sionwasnot completedat the time of writing. Testingof the basebandectionds
undervay.

Furtherwork that canbuild on this thesisincludesthe useof spreadspectrum
techniqueso furtherincreasaoiseimmunity of thesystemandtheimplementation

of half-duplec (two-way) communication.
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Chapter 1

Intr oduction

1.1 Purposeof Thesis

The purposeof this thesiswasto improve the communicationsystemusedby the
RoboRoosRRobotSoccerTeam.Thetwo mainimprovementdesiredwverea higher

datatransferate,andlower errorrates.

1.2 Background

The RoboRoogobotsoccerteamis a completelyautonomousystemwhich com-
petesin the RoboCuprobot soccercompetition. The Robotscompeten the small
sizeleagugF-180league)whichrestrictsrobotsto have adiametetessthat180mm.
A photograplhof a2001RoboRoaobotis shavn in figure 1.1. Thisleaguepermits
the useof an overheadcamerafor image capturecoupledto a PC which is used
to processmagedata. The PC thentransmitsdesiredactionsto the robotsvia a
wirelesscommunicationink.

Figure 1.2 shawvs the completesetupof the system.Therobotsplay on a field
approximatelythe size of a ping-pongtable with five robotsper side. The over-
headcamerais visible at the top of the gantryandthe hostcomputerwhich sends

commanddo the robotsis on the left handside of the photograph.The wireless

1
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Figurel.1: Photograplof a2001RoboRoosoccerrobot.

communicationgransmitteris on top of thecomputertower.
Thefollowing stepsareexecutedoy the RoboRoossystemfor eachnew frame

of information.

1. Image Capture: A PClframegrabbercardin the PCrecevesaframefrom

theoverheaccamera.

2. Image Processing The capturedimageis processedyy the RoboRoosm-
age processingsoftware to extract the ball location and velocity, opponent

locationsandthelocationandorientationof the RoboRoodRobots.

3. Multi-Agent Planning System (MAPS): MAPS is usedto determinethe

commandghatshouldbetransmittedo therobots.

4. Communications The outputfrom MAPS is transmittecdto the robotsover
a radio-frequeng link. Improvementsof this moduleis the subjectof this

thesis.

5. Command Execution and Navigation: The robot determineghe location
thatit shouldbe moving to andnavigatesto that positiontakinginto account

obstacles.
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Figurel.2: Photograpiof completesetupof the RoboRoosobotsoccersystem.

For thesystemnto beresponsie,thetotal systemateng from imageacquisition
to thetimetherobotprocessegivenactionsmustbekeptto a minimum. Currently
the completesystemlateng (thetime it takesfor aneventon thefield to be com-
municatedo therobot)is around160 millisecondswith about50 millisecondsdue
to thecommunicationateng.

A majorinnovation madein the systemthis yearwasthe mechanicatedesign
which featuresanomnidirectionaldrive system.A photographof the drive config-
urationis shawvn in figure 1.3. This omnidirectionaldrive hasimprovedthe agility
of therobotwhich canfurtherbenefitfrom low latengy communicationgompared
to the old wheelchairconfigurationusedpreviously. Thisis becauséhewheelchair
designtypically took farlongerto reacha goalpositionwith thedesiredorientation,

whereaghe omnidirectionaldrive meanghis now occursquickly.

1.3 Scopeof The Thesis

Thework performedin this thesiscoveredthe designof a customcommunications

systemfor theRoboRoogobotsoccerteam. Thethesisinvolved:



4 CHAPTER 1. INTRODUCTION

Figure 1.3: Photographof the undersideof a 2001 RoboRoorobot shaving the

arrangementisedto provide omnidirectionaldrive.

e The hardware designof the systemwhich featuresdigital basebangynthe-
sis methodsand makesuseof high performanceadio frequeng integrated
circuits(RFICs).

e Thelogic designwhichis writtenin VHDL.

Anothermajorpartof thethesiswastesting.Much of thelogic designwastested
in asimulatorandsomeof the hardwarehasbeentested.

Otherwork thatwascarriedout duringthe courseof thethesiswas:

e ThePCBredesigrof lastyearscommunicatiorsystento fit thenew mechan-

ical design.
e Theadditionof anamplifierto lastyears communicationgransmitter

¢ And the designandconstructionof the transmitterusedby a teamof human

controlledrobotsthatareusedto competeagainsthe2001RoboRoosobots.

Work thatwasnot coveredin this thesiswasthe implementatiorof a complete

working systemdueto time constraints.
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1.4 Limitations of the Existing Communication Sys-

tem

In theexisting RoboRoosystemjmagesrom theoverheaccameracanbeprocess
atarateof 25 framespersecond40 millisecondsperframe),thereforeto beableto
make useof this framerate,communicationshouldbe atleastableto sendaframe
of informationin thistime. Sendinghe datasignificantlyfasterthanthis minimum
time will alsoimprove the systemby reducingthetotal lateng of the system.This
is very importantdueto the dynamicnatureof the game. For example,therobots
typically reachspeedsof 2m/s which correspondgo a distanceof 32cmin 160
milliseconds.This meanghat by the time a robotrecevespositionalinformation,
it couldbeout by a significantamount.

Thetwo mainlimitations of the currentsystemarethelimited datatransfemrate

andthesignificanterrorrate.

1.4.1 Data Transfer Rate

The communicationsystemcurrently takes around50 millisecondsto transmita
frameof informationandis thereforethe bottleneckin the system.

The Radiometrixmodulesusedin the currentcommunicationsystemarelim-
ited to a usabledatatransmissiomrate of around19.2kbps. Above this rate,error
ratesincreasesignificantly Thetransmissiomateis furtherlimited becauseall data
is transmittedwice soasto maintainthe samenumberof logic 1sbeingtransmitted
aslogic 0s. This wasrequireddueto limitations of the thresholdingcircuit usedto
determinewhethera logic 1 or logic 0 wasbeingreceved. The thresholdcircuit
is simply a low passfilter, which is certainly not an optimumway to determinea
suitablethreshold. This meansthat the thresholdvalue movesfar away from the
optimumthresholdoointwhenseverallogic 1sor logic Osaretransmittedogether

A methodwhich was testedto try to increasethe efficiengy of datatransfer

wasto randomizethe datatransmittedratherthat sendthe datatwice. This way



6 CHAPTER 1. INTRODUCTION

Figurel.4: Photograptof transmitterusedin the currentcommunicatiorsystem.

the numberof logic 1sandOstransmittedwvould be relatively constantput would
remove the redundang. Eventthoughthe datafrom the randomizerthadan even
distribution of logic 1sto logic 0s,thedistribution over smalltime intervalswasnot

goodenoughto maintainanerrorrateof anacceptablédevel.

1.4.2 High Error Rate

The high errorratethatwasdiscusseckarlier is a significantlimitation of the sys-
tem. Theproblemis evenmorepronouncedluringthecompetitiorwheninterfering
signalsfrom otherteamsare present. A temporaryfix wasto build a radio fre-
gueny (RF) amplifierfor the transmittermodule,which madeuseof a monolithic
microwave integratedcircuit (MMIC). Theamplifierwassolderedo theunderside

of thecircuit boardasshown atthebottomof figure 1.4.

1.5 Outline of ThesisContents

Chapter 2 containanformationaboutpossiblealternatve solutionsavailablefor a
robotcommunicationsystem Also discusseds somebackgroundn digital

methodghatcanbeusedin acommunicationsystem.



1.5. OUTLINE OF THESIS CONTENTS 7

Chapter 3 goesnto detailaboutthehardwaredesignof theproposesdystem First,
the performanceaequirementsare presentedthenvariousmajor designde-
cisionsare discussed.Lastly, eachmajor module making up the proposed

communicatiorsystemis discussedh turn.

Chapter 4 givesa discussionon the VHDL codeusedto implementthe digital

logic of the system.This chapteraddres&achof the maincodemodules.

Chapter 5 thenpresentsan evaluationof the resultsobtainedfrom the projectto

date.
Chapter 6 givesalist of possibleareador futurework relatingto this project.

Chapter 7 providesthe conclusionf this thesis,which sumsup the major find-

ings.



Chapter 2

Literatur e Review and Background

2.1 Existing Communication System

The existing systemmakesuseof simplecommunicationsnodulesmanufctured
by Radiometrix.The particularmodulesusedwerethe RadiometriXT X2 (transmit-
ter)andRX2 (recever).

Thesemodulesmake useof anOOSK (on-off shift keying) modulationscheme.
This is the simplestform of digital amplitudemodulatedtransmissiorandis very
easyto generate[7].1t is simply a matterof beingableto switch a RF signalat a
givencarrierfrequeng on or off accordingto a digital bit beingtransmitted Refer
to figure 2.1 for anexampleof anOOSKedbit stream.

The primary reasonthat previous years RoboRoogeamsusedthesemodules

wasbecausehey areeasyto interfaceto andno RF circuitry need4o bedesigned.

2.2 PossibleAlter natives

Thereareseveralcommerciallyavailablealternatvesfor wirelesscommunications
in a mobile robot situation. Somealternatvesinclude WirelessEthernetdevices,
Wirelessmodemsandeveninfra-redtranscevers[]. Thefinal alternatve, whichis

thesubjectof thisthesis,is to build acustomcommunicatiorsystenthatis tailored

8



2.2. POSSIBLE ALTERNATIVES 9

T T -
digital input --------
OOSK output

=

;_:

——
—

:>

—
f—

=
c:
<=
—_—

— ]
:D
=
c:
-==
pe——

—
f——

AR o =

input amplitude
output amplitude

time

Figure 2.1: Plot of on-off shift keyed data(bottomtrace)correspondingo input

datashowvnin toptrace.

to theneedsf the RoboRoodeam.

2.2.1 WirelessEthernet

Spreadspectrumtechniquescan be usedto make a communicationsystemvery
resistantto interferencg11] andis one of the advantagesof the 802.11wireless
Ethernetdevices. WirelessEthernetalsoprovidesvery low lateng. Typical round
trip timesbetweemodesseparatedby a couplehundredmetersareof the orderof
onemillisecond. Anotheradwantageof wirelessEthernetis it cantransmitdataat
arateof 11 M bpsandit is relatvely cheapwith PCMCIA versionsavailablefrom
around$300.

The primary disadwantageof wirelessEthernet,which prohibitedit’s usewith
theRoboRooseamwasits comple interface.lt would requiresignificantprocessor

time to run anddriversto bewritten meaninga new CPUboardwould be needed.

2.2.2 RF Modems

RF Modemsareavailablefrom severalmanugcturersandtypically interfacevia a
serialport [1] which makesthem easyto integrateinto a micro-controllerdesign.
The major dravbacksof thesedevicesis their low datarate performanceo cost

ascomparedvith wirelessEthernetalternatves. Their bulkinessalsomakesthem
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Figure2.2: Photograplof Radiometrixradioshawing recever (top) andtransmitter

(bottom).

unsuitablefor the RoboRoosrobotswhich participatein the small size leagueof

RoboCup.

2.2.3 Other RF Modules

Modulessuchasthoseusedn thecurrentdesignaresuitablefor usein theRoboRoos
robotsdueto theavailability of moduleswith asmallsize(figure2.2is aphotograph
of themodulesusedin the currentdesign).They arealsogenerallyeasyto interface
to andaswith the othermethodsof communicatiordiscussedthey don't require
ary externalRF circuitry apartfrom anantenna[7].

The major drawvbackof the compactRF modulesis thatthey typically exhibit
fairly poorperformanceFor example,the418MHz TX2 andRX2 pair usedon the
currentRoboRoosexhibits a 10% paclet error rate at a distanceof only 4m from

thetransmitterat the modestransmissiorrateof 19.2kbps[q.

2.2.4 Infrar edtransceiers

Although mostcommerciallyavailableinfraredtranscerersonly have avery short
range[1] high poweredemittersareavailablethatcanextendtheusefulrangeto tens
of metres.Theseemittersarecapableof outputtingupto 700 milliw attsof light and
have very high switchingspeedsuitablefor high speeddataapplications[$.

Reasongor not pursuingthis option includedthe problemof interferencedue
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to surroundindight sourcesThetransmittedsignalwould neededo bemodulated
doreducetheeffectsof interferencevhich bringsusbackto designproblemsaced

by cornventionalradiosystems.

2.2.5 Customdesign

Oneway to satisfyall the designrequirementss to build a customwirelesscom-
municationssystem.

An amateuradiotranscevrer thatwasan exampleof a customcommunication
systemdesignwaspresentedy[3]. This designwasmadeflexible dueto the use
of afield-programmablgatearray (FPGA)which performsmary of thefunctions
traditionally performedby analogcircuitry. The FPGA alsoimplementshedigital
synthesisof waveformswhich is usedto tailor the transmittedspectrumfor best

efficiengy.

2.3 Digital vs Analog Methods

Traditionally, radiowirelesscommunicationslesignshave predominantlybeenim-
plementedusing analogtechniques.More recently however, the trend hasbeen
towardimplementingmoreandmoreof the designwith digital techniques.

The advantagesof digital methodsare significant. Theseadvantagesare dis-

cussedelow.

2.3.1 Advantagesof Digital Methods
Allows PreciseTuning of Modulation

If themodulationis generatedby digital methodstheshapeof themodulatedvave-
form, andhencet’ sspectrumgcanbe preciselygeneratedWaveformsaregenerated

by usingequationsor by usinglookuptables.
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ReducedFiltering Requirements

Becausat is possibleto performfiltering in the digital domain,externalfiltering
requirementsare reduced. This is an importantadwantagebecausdiltering is an
importantpart of a high performancecommunicationsystemwhich canaddsig-

nificantly to the componentountif performedusinganalogtechniques.

Modifications and UpgradesDon’t Require Hardware Redesign

If areconfigurablaligital device suchasa field-programmablgatearray (FPGA)
is used,modificationscanbe madeby simply downloadingnew configurationdata
to thedevice. Thesemodificationscould be usedfor instanceto changehe modu-
lation schemamplementedThisis oftenimpossibleto changan ananalogimple-

mentation.

2.4 Digital Modulation

It was mentionedthat digital methodscan be usedto allow tuning of the modu-
lation. Discussedbelown is somebackgroundon pulse-shapingvhich is usedto
tunea modulations spectrum.After that, somedifferentmodulationschemesre

discussed.

2.4.1 PulseShaping

Becausef thedecisionto usedigital synthesidor the generatiorof the signalthat
is transmittedjt is easyto shapehe pulsesthataretransmitted.Pulseshapingcan
be usedto vary the spectrumof the transmittedsignaland control levels of inter-
symbolinterference[® Inter-symbolinterferences causedby a pulsefrom one
transmittedbit interferingwith a pulsedueto anothertransmittedbit which was
producedat a differenttime.

Figure2.3givesspectralfrequeny domain)plotsfor afew pulseshapes.
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Figure2.3: Time andfrequeny domainplotscomparingdifferentpulseshapeghat

canbegeneratedor digital datatransmission.



14 CHAPTER 2. LITERA TURE REVIEW AND BACKGROUND

1. Thefirstpulseis arectangulapulse.Thespectrunof this pulsehasaninfinite

extentandhencehasalow spectrakfficiengy.

2. Thesecondulseis asyncfunction. Thespectrunmof the syncfunctiongives
theidealbrick wall responsehowever, the syncfunctionhasaninfinite extent
in thetime domain.This meanghatdatato betransmittecheeddo beknown
for aninfinite time beforeit is to be transmittedto be ableto determinethe

waveform.

3. Thefinal waveformis araisedcosineresponsevhich canbeapproximatedo
have afinite durationbecause¢helevel dropssignificantlyafteronly threebit
periods(the raisedcosineresponselottedis for aroll-off factof of 0.5). In
thefrequengy domain,althoughthe responses notasgoodasthe brick wall

responsef the syncfunction,it is still finite in extent.

Theequatiorfor theraisedcosinetime domainresponsappearsn equatior2.1
andthefrequeny domainresponsés in equation2.2.  is thesymbolperiodand

is theroll-off factor

(2.1)

(2.2)
Anotherimportantfeatureof the responsepresenteds that they don't suffer
from inter-symbolinterference.This canbe seenon the time domainplots asthe

amplitudevalueat all bit locations(which correspondo integervalueson thetime

Theroll-off factordetermineshe extent of the spectrum.A roll-off factorof 0 correspondso
the brick wall spectrunproducedoy the syncfunction, while aroll-off factorof 1 correspondso a

time domainresponsehatdampsout very quickly.
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axis), otherthanthe centralbit, hasa valueof zero. Also notethatslight changes
in thetiming of the samplinginstantcancauseanter-symbolinterferenceo present
itself[8]. Thisis mostpronouncedn thesyncresponseausingncreasearrorrates
if thereis significanttiming jitter in therecever.

The raisedcosinepulseshapeis often usedin high performancecommunica-
tions systemsthat require good spectralefficiency. This is becausat providesa
goodtradeof betweerthe extentin thetime domain,andits spectrumandit is less

affectedby timing errors.

2.4.2 Modulation Schemes

Thereareseveralmodulationschemeswvailablefor digital communicatiorsystems.
Table 2.1 givesa summaryof variousadwantagesand disadwantagesof the main
modulationsschemesThetablepresenteds to be usedasa guideonly in compar
ing modulationschemedbecauseherearemary variationsto eachscheme.These
variationsmayyield exceptiongo theadwantagesanddisadwantagedisted.

OOSKis usedby the Radiometrixmodulesusedin the currentRoboRoogde-
sign. Thisis becaus®©OSKis simply a matterof switchinga carrieronandoff and
suitablefor compactandcheapedesigns.BecauséOOSKis spectrallyinefficient,
thethroughpuif thesemoduless restrictedsothatthe spectrums nottoo large.

Frequeng shift keying (FSK) is a modulationschemeusedby mary mobile
devices suchas GSM mobile phonesbecausat canbe amplified using efficient
classC amplifiers[8]. FSK is generatedy varying the frequeng of a constant
amplitudesignal.

Binary phaseshift keying (BPSK) is generatedy varying the phaseof a con-
stantamplitudecarrier betweentwo valuescorrespondingo a logic 0 and logic
1.

Quadraturgphaseshift keying (QPSK)is similarto BPSKexceptthatfour phase
valuesareusedinsteadof two sothattwo bits aretransmittedsimultaneously[ If

BPSK s generatedn the basebandasthe proposeddesigndoes),two channels
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Modul-

ation Advantaes Disadvantges

Sdeme

OOSK
Easyto generate Poorspectralefficiengy

FSK
Goodpower efficiengy Poorbandwidthefficiengy
Canusenon-linearamplifica- Unsuitablefor DS-SS
tion
Suitablefor FH-SS

BPSK
Relatively simpleto generate Requiredinearamplification
Fair powver and spectraleffi-
cieng

QPSK
Well suited to DS-SS tech- Requires linear amplifica-
niques tions
Better spectral efficiency More difficult that BPSK to
than BPSK while maintain- generate

ing samepower efficiency

Table 2.1: Summaryof adwantagesand disadwantagesof various modulation

schemesonsideredor design.
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are neededin-phaseand quadra-phasethat are then combinedwith a carrierto
generate singleintermediate-frequenyq1F) signal. Thisis becaus@PSKmakes
useof bothsideband®f the modulatedvaveformto transmitdata(ascomparedo
BPSKwherebothsidebandsontainthe samenformation). This alsoexplainswhy

QPSKis twice asbandwidthefficientasBPSK.



Chapter 3

The Hardware Design

This chapterdiscusseghe customhardware designdevelopedduring the thesis.
Firstly, the performancespecificationsare presented.This is followed by various
designdecisionsanda link budgetusedto verify the design.Finally, detailon each

of themajorsectiongs given.

3.1 Performance Specifications

The main performanceequirement®f the customcommunicatiorsystemdesign

are:

¢ It shouldbe ableto transmitpaclets at a rate of at least25Hz; preferably
fasterto minimizethelateng of thesystem.Thisis sothattheradiocommu-
nicationsratecankeepup with the rateat which framesareprocessedby the

vision software.

e Thesystemshouldhave averylow errorrate. Recevederrorscurrentlylead
to a droppedframe. This meanghatif anerroroccursin aframe,therobot
hasto wait until the next valid frame of informationis receved beforeit is
awareof the currentcommandt shouldundertale androbotpositions. This

addssignificantlyto theresponseime of therobot.

18
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Figure3.1: Computermodelof the RoboRoogobot. The currentcommunications
PCBis visible at the top of the robotandthe main PCBiis visible underneathhe

communication®CB.

e Thesystemshouldbe low power andrun from a 7.2V batterysupplywhich
candropto below 6V. Becausef sizerestrictions patterypoweris limited so

alow power solutionis desirable.

3.2 DesignDecisions

Becauseof the limited processingoower on the robot’s central CPU board, size
constraintsand performancerequirementsit was decideda customsolutionwas

neededThemainadwantage®f this approachnclude:
1. Completeflexibility of thedesign.

2. The potentialfor high performanceand low cost solution by tailoring the

designto the exactrequirement®f the RoboRoosystem.

Figure 3.1 is a computermodel of the RoboRoosobot shaving the location
of the communicationPCB (top) andthe main PCB (underneath).The proposed

communication$CBtakesup anareaequalto themain PCB.
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After researclonvariousoptionsavailable,it wasdecidedhatit would bequite
feasibleto obtaina raw bit rate of around200k bpswithout usingexpensve com-
ponents.This, in fact, turnsout to be a quite conserative figure andthe hardware
designedshouldbe ableto work at far quicker bit rates. The limiting factorin the
designis the speedof the PC's RS232serial interfacewhich is limited to 115.2k
bps. However, high speedserial cardsare available which provide speedsabove
230k bpsthat could be usedto increasethe throughputof the systemif that be-
comesdesirable.

Major designdecisionsmadeduringthecourseof theprojectincludedthechoice
of modulationschemeand the choice of digital methodsover analog methods.

Thesedecisionsarediscussedbelow.

3.2.1 Modulation Scheme

The modulationschemeefersto the the methodby which anincomingsignal(in
this casea digital bit stream)is corvertedto a signal suitablefor transmissiorat
radio-frequeng (RF).

Many modulationschemeswere consideredfor the design. Theseincluded
frequeng-shift keying (FSK), phase-shifkkeying (PSK) and amplitude-shiftkey-
ing (ASK) andcombinationsuchasquadraturemplitudemodulation(QAM).

The advantagesanddisadwantage®f the variousmodulationschemesverein-

vestigated andQPSKwaschosenTherewereseveralreasongor selectingQPSK.

o QPSKis well suitedfor usein directsequencaspreadspectrumDS-SS)sys-
tems. Spreadspectrumechniquedave beentakeninto consideratiorin the

designof the hardwaresothatit canbeimplementedn thefuture.

e QPSKprovidesa goodtradeof betweenspectralefficiency and power effi-

ciengy.

!Referto table2.10on pagel6.
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e Thespectrunof thetransmittedsignalcanbecontrolledby basebandiltering
in thedigital domain.Thisis difficult to achieve for modulationschemesuch
asFrequeng Shift Keying thatusuallymakesuseof non-linearamplification,

which leadsto spectrake-grawvth?.

Eventhoughthe designwasbasedon the modulationschemebeingQPSK,the
useof digital processingechniquesnmeanghatthe hardware could alsouseother

PSKmodulationsschemesddingflexibility to thedesign.

3.2.2 Digital BasebandSection

It wasdecidedto make useof digital techniquedor the basebandectionof the de-
sign. Thiswasbecaus®f the advantagegligital methodsoffer (which aredetailed
in section2.4). Advantagesnakingthis choiceparticularlydesirabléor this design

were:

e Reducingthecomponentountandcostof thesystem.
e Increasalesignperformancandflexibility .

e Allowing spread-spectruttechniqueso beimplementedn future.

Thedigital basebandectionis linkedto theanalogsectionsy digital-to-analog

andanalog-to-digitacorverters.

3.3 Link Budget

A link budgetis atableof thevariousgainsandlossef a systenmusedto determine
the overall gainof a system.Thelink budgetwasusedto determinewhetherextra
amplificationwas requiredfor the systemto maintainacceptableeceved signal
strength. It is determinedby following the power levels throughthe system.The

resultsobtainedaredisplayedn table3.1.

2Spectralre-gronth refersto the broadeningof a signal spectrumwhenit is passedhrougha

non-lineardevice
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Transmitter dBm 2
Tx AntennaGain  dBi 3
FreeSpacd.oss dB -45
Rx AntennaGain dB 3
LNA Gain dB 14.5
TranscererGain  dB 19

SAW FilterLoss dB -18
DemodulatoiGain dB 36
Total dBm 14.5

Table3.1: Valuesusedin link margin calculation.

The transmittedpower was determinedrom the data-sheetor the transcever
IC usedin the design. Antennagainsare basedon the typical gain for a quarter
wave mono-poleantenna. The free spacepath lossis the loss due to the signal
traveling throughfree space. The equationfor free spacepathlossis givenin[2]
andreproducedn equation3.1. The equationwasevaluatedfor a distanceof five
metreswhich correspondso the maximumrequiredrange.The othergainandloss

valuesweredeterminedrom data-sheetsf therespectre devices.

—_— (3.1)
Thessignallevel requiredat the demodulatois around which givesa
link mamgin of about . This might soundlik e a large mamgin, fading effects

causedoy multi-path signalscan easily causesignificantdropsin receved signal
levels. Anotherreasorfor leaving thismamgin is becauséuturedesignsmayrequire

longerrange.
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3.4 Hardware Overview

Figure 3.2 is a block diagramshaving the major componentghat make up the
proposeccommunicationsystem.

The hardwaredesignwill be discussedoughlyin orderof the patha signalto
be transmittedakes. Thevariousmoduleswill be discussedn the orderpresented

below:

1. Power Supply

2. Digital Module

3. Digital/AnalogInterface

4. Frequenyg Synthesizer

5. QuadratureModulator/Demodulator
6. Intermediatd-requeng Module

7. Transcever

8. Low-NoiseAmplifier

9. Diplexer

3.5 Power Supply

The power supply for the wirelesscommunicationsystemrequiredtwo supply
voltages.A 2.5volt supplyis usedby the FPGA coreanda 3.3 volt supplyis used
for therestof thedesign.

To satisfythe low power specificationof the system,the power supply makes
useof a switchingregulator The switcherusedis an LM2574 manufcturedby
On Semiconductothatrequiresonly two morecomponentganinductoranddiode)

thananequialentlinearregulatorandhasanefficiengy of around72%/[14.



24

CHAPTER 3. THE HARDWARE DESIGN

Async. Serial Data In FPGA
. e
Async. Serial Data Out Link ——
- Control
Power Modulator Demodulator
 E A— —
Dto A AtoD
Converters Converters
* * + + Quadrature
— Quadrature Quadrature Modulator/
Modulator Demodulator Demodulator
Frequency *
Synthesisef IF Filter
V + Transceiver
I Up Converter Down Converter

Figure 3.2: Block diagramof major componentshat make up the communication

system.

!

Low—Noise
Amplifier
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Figure3.3: Schematidiagramof power supply

A linearvoltageregulators efficiency wascalculatedsoa comparisorcouldbe
madeto the switching regulator The calculationis shown in equation3.2. The
linear regulatorhasan efficiengy of 46% comparedo the switchingregulatorthat
hasanefficiency of 72%. This clearlyillustratesthe advantageof usinga switching

regulator

_ (3.2)

The schematiaiagramfor the power supplyis shown in figure 3.3. Note that
the 2.5V regulator was connectedo the output of the 3.3V regulator This was
doneto minimize the power wastedby the voltagedrop developedacrosshe 2.5V

regulatorfrom inputto output.

3.6 Digital Module

All basebangbrocessings performedin the digital domainto obtainhigh perfor
manceandto reducethe componentount. To caterfor the digital requirement®f
thesystemaXilinx FPGAwaschosen.Therewereseveralreasongor choosingan

FPGAoveraDSPor Micro-Controller Thesereasonarelisted below:
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1. AsThedesireddatarateis around200kbps,andsamplingof thesignaloccurs
at 32 timesthis rate,a samplingrateof atleast6 MHz is required.Although
DSP5s that canoperateat this speedarereadily available, they arequite ex-

pensve.

2. Anotherdisadwantageof usinga DSPis thatlearningtheintricaciesof aDSP
can be quite time consuming. As the time frame for the projectwas quite

limited, any way of reducingdevelopmentime wasdesirable.

3. A DSPwouldrequireexternalmemorywhich alreadyexistsin anFPGA.

4. An FPGA could potentiallyuselesspower thana DSPasa DSPwould re-
quireavery high clock rate (andhencedissipatea lot of power) to be ableto
performall the requiredprocessingOn the otherhand,an FPGA canberun

atalowerfrequeny aslogic to performeachtaskcanrunin parallel.

The FPGAusedfor thedesignwasa Xilinx Spartar2 XC2S200-PQ208which
is a 208 pin quadflat pack packagethat contains200 thousandequivalentgates.
This numberof gateds overkill for the currentdesignbut leavesplenty of roomfor
expansionf extrafeaturessuchasspreadspectrumareto beimplemented.

The FPGAs configurationdatais readfrom a Xilinx XC18VvV02VQ44config-
uration device which has2M bits of flash memory The configurationdevice is
necessarnasan FPGA storesit’s configurationin RAM thatis lost whenpower is
removed. Whenpower is appliedto the circuit, the FPGA requestdatafrom the
configurationdevice. After the configurations loaded the FPGAgoesinto normal
operation.A schematiaiagramof the FPGA andconfigurationdevice is givenin
figure3.4.

Both the FPGA andthe configurationdevice can be programmedy using a
JTAG interface.Theparallelport JTAG interfaceusedis picturedin figure 3.5.

TheFPGAperformsall thebasebang@rocessingrom acceptingheasynchronous

serialdatato generatinga filtered modulatedvaveform. The modulatedvaveform
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Figure3.4: Schematidiagramof FPGAandsupportingeircuitry.
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Figure3.5: Photograplof parallelport JTAG interface

is thecorvertedto analogform readyfor up-corversion.Thereverseprocesss also

supportedThe FPGAlogic is discussedn chapter4.

3.7 Digital/Analog Interface

To interfacethe digital logic of the FPGA to the analogsignalsof the communi-
cationsystemanalogto digital corverters(ADCs) anddigital to analogcorverters
(DACs)areused.Figure3.6 shav the schematiof the converters.

Primaryrequirement®f the cornverterswerehigh speedandlow voltageoper
ation. The ADCs usedare ADC1173savailablefrom NationalSemiconductothat
have a samplingrate of 15 Million per second.This is certainly sufiicient asthe
proposedit rateof 312k bpsfor the designrequires5 million samplegersecond
perchannel.

As is typical of mosthigh speedADCs, the ADC1173's analoginput appears
asadynamiccapacitance[P(the capacitancearieswith the clock signal). An op-
ampwaschosenthat could drive this type of load to buffer the signalinput to the
converter Notethattheop-amphasbeenconfiguredasadifferentialamplifier (with
adifferentiallow pasdilter). Thisreducesnterferencdrom surroundingcircuitry.

In additionto thetwo ADCs, two DACsarealsorequired.Both requiredDACs
are housedin the single packageof an AD9709 that is manufcturedby Analog
Devices. It is alow-voltagedesignmanufcturedspecificallyfor portablewireless
systems.Outputsconsistof differentialcurrentsourceshat. Theseoutputsdrive

themodulatorghatshift the basebandgignalto theintermediatdrequeng.
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Figure3.6: Schematiaiagramof digital to analogandanalogto digital corverters

thatinterfaceddigital logic signalsto analogsignals.
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3.8 FrequencySynthesizer

A frequeny synthesizers a device thatcanbe programmedo generatea specific
desiredrequeng. For basicinformationontheoperatiorof afrequeng synthesizer
referto [2].

Thefrequeny synthesizeusedin this designis a LMX2335 manugcturedby
National Semiconductor It is a low costunit that can control the frequeng of
two VCOs (voltagecontrolledoscillators)over the rangeof 50 MHz to 2.2 GHz.
Oneof thechannelss usedio generateheintermediatdrequeny (whichis fixedat
70MHz)andtheotherchanneis usedo controlthefinal transmit/receiefrequeng.

Thedesignallowsthetransmit/receie frequeng to betunedovertherange915
to 928MHz in smallfrequeng steps. This more thansatisfiesthe requiremenof
theRoboCupcompetitionof having atleasttwo bandsof operation.The915to 928
MHz bandis oneof theISM bandswhich doesnotrequirealicensefor use.

Theschematiaiagramof thefrequeng synthesizeis shovnin figure3.7. Note
thatthereferenceclock which is usedasa referencdor the frequenyg synthesizer
is alsousedasa globalclock for the FPGA.

The frequeng synthesizercontrolsthe VCOs by varying the voltage (ports
VCOL1CNTLandVCO2CNTL) in responseo the frequeny generateqsensedat
portsRF.OUT1andRF.OUT?2.

3.9 Quadratur e Modulator/Demodulator

The MAX2450 from Maxim is alow power quadraturenodulatorusedto translate
a basebandgignalto anintermediatdrequeny andvice-versa. Integratedinto the
modulatorIC is alsoa VCO, which is controlledby the frequeng synthesizeto
generatehe 70MHz local oscillatorfrequeng.

A schematiadiagramof the quadraturenodulator/demodulata@ndsupportcir-
cuitry is shavn in figure 3.8. The inputsto the modulatorarefirst filtered through

balancedow pasdilters (component®nright sideof schematiconnectedo | and
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Figure3.7: Schematidiagramof frequeny synthesizeconfiguration.

Q inputs)to remove aliasingcomponentslueto sampling.Notethatthefilterswere
simplifiedafterthe PCBwasmanufcturedo take advantageof digital filtering per
formedby the FPGA, therefore someof thecomponentaluesarelabelledshortor
open.Shortrefersto a componentvhich shouldbe replacedoy a shortcircuit, and
openrefersto componentshatshouldbeleft out.

Component£249 C25Q L211andD203form theresonantankcircuit® of the
VCO. The frequeny is varied by changingthe voltageon the port VCO2CNTL
which is connectedo varactors(diodeswhich operateasa voltagecontrolledca-
pacitances).VCO2CNTL and RFout2 connectto the frequeng synthesizeithat
controlsthe VCO to obtainthe desiredfrequeny. Becausedhe centerfrequeny
of the intermediatdrequeny (IF) filter waschosento be 70 MHz, the frequeng
synthesizers programmedo generat&’ OMHz from the VCO.

The two signalsinput to the modulator(l and Q) are combinedinto the inter-
mediatefrequeng signal. The intermediatdrequenyg signalthenpasseshrough

anotherstageof up-corversionthat shifts the signalto the final transmittedfre-

3A resonantankcircuit is a circuit usedto controlthe frequeng of anoscillatot
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Figure3.8: Schematidiagramof quadraturenodulator/demodulatandsupport-

ing circuitry.
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Figure3.9: Schematidiagramof IF filter.

queng.
The input to the quadraturedemodulatorcomesfrom the IF stage,which fil-
tersout the desiredsignal. The quadraturedemodulatothenextractsthel andQ

baseban@dhannelsaandpasseshisto the ADCs andthe FPGAfor demodulation.

3.10 Intermediate-FrequencyModule

The primary function of the Intermediate-Frequeganoduleis filtering of there-
ceivedsignal. Filtering at anintermediaterequeng leadsto far betterselectvity
(that is the ability to selectthe desiredsignal from nearbynoisein the receved
spectrum}hanfiltering atthe RF stageor at baseband.

Figure3.9 shavs the schematidiagramof theintermediatesectionof thecom-
municationsystem.The IF sectionlinks the transcerer with the quadraturenodu-
lator/demodulator

The componenthat performsthefiltering is the surfaceacousticwave (SAW)

filter. Thesecomponentsnake useof acousticwavesto provide very high order
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Figure3.10: Frequeng responsef the SAW filter.

filtering thatyieldsavery sharppassbandrequeng responsewhichis closeto the
idealbrick wall filter response.

The inductorsand capacitorsaroundthe SAW filter are impedancematching
componentavhosevalueswere determinedusing a simulator The resultingfre-
queng responseobtainedfrom the simulatoris plottedin figure 3.10. The sav
filter usedhasa 1MHz -3dB bandwidthwhich is much broaderthanthe current
designrequires. However, this bandwidthwill be necessaryf a spreadspectrum
designis pursued Notethevery sharpcutoffs outsideof the passbandndexcellent
out of bandattenuatiorprovided by the SAW filter.

The PIN diode (D300) and surroundingbiasingand DC blocking capacitors
form avariableattenuatousedto attenuateheincomingsignalto maintaina con-
stantsignallevel at the demodulatar This attenuationis controlledby the FPGA,
which providesa pulse-widthmodulatedvoltageat net IF_BIAS The signalfrom
theFPGAIs determinedasednthesignalrecevedfrom theADCsandis adjusted
to maintainagoodrecevedsignallevel.

The transmitpath of the intermediatefrequeng sectionsimply consistsof a
strait-througlconnection.ThePCBhastheprovisionfor impedancenatchingcom-
ponentandanattenuatofformedby R226andR227), however, calculationamade

afterthe PCBwasfabricatedndicatedthesecomponentarenot neededhencethe
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openandshortcomponentalues.

3.11 Transcewer

The transcever performsthe translationbetweenthe intermediatefrequeny and
final transmission/receptioinequeny. A MAX2422 manufcturedoy Maxim was
usedfor thetranscever asit integratesmary of therequiredpartsthatwould other
wisebeneededo createatranscerer andits supportingcircuitry.

Anotherimportantfeatureof theMAX2422 is its reducediltering requirements
dueto its imagerejectdesign. A recever is usually formed by a single mixer.
Mix ers have the property of outputtingthe sum and differenceof the two input
signals.This meanghatusinga mixer asa down-corverterwill down-corverttwo
signals(onedesiredsignalplusanimagesignal). This problemis solved eitherby
filtering out the image signal beforethe mixer, or by combiningtwo mixersthat
aredriven by alocal oscillatorwith a phasedifferenceof 90 degreesbetweenthe
two mixers. Thelateroptionis incorporatednto the MAX2422 which reducedhe
overallcomponentountof the designby removing the needof anadditionalfilter.

The MAX2422 alsoincludesa voltagecontrolledoscillatorwhichis controlled
by thefrequeng synthesizeto producethe 985-998MHzocal oscillator(LO) sig-
nal. As high-sideinjectionis usedin this design,the LO frequencie®9©85-998cor
respondo recevedsignalfrequencie®f 915MHzto 928MHzwhich arepartof the
900MHzISM band.

The schematiadiagramof thetranscever is shavn in figure 3.11andthe main

partsareoutlinedbelow.

e L212 C22Q C221andD202form theresonantankthatdetermineghefre-

queng of oscillationandis similar to thatusedby the quadraturenodulator

e The RFoutl andVCOL1CNTL portsconnectto the frequeng synthesizeto

generatehedesired.O reference.
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Figure 3.11: Schematicdiagram of the transcerer, which consistsof an up-

converter down-corverterandVCO.
e R243is atrim-pot usedto setthetransmitgainof the transmitter

e ThepinsRXON TXONandVCOONareusedto enablethe transmitsection,

thereceve sectionandthe VCO respectrely.

e TheLNAGAIN pinis controlledby theFPGAto adjustthelow-noiseamplifier
(LNA) gainof thedevice.

3.12 Low-NoiseAmplifier

A primaryrequiremenbf the wirelesscommunicatiorsystemwasgooderror per
formance. Error performancas closelylinked to noiselevels andis improved by

reducingnoisein the system.
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Figure3.12: Schematiaiagramof the LNA andvoltagecontrolledattenuatar

A low-noiseamplifier (LNA) wasincorporatednto the designto improve the
sensitvity of the systemandreducenoiselevelsin the system. Becausehe low-
noiseamplifieris thefirst stageof therecevery, it is usuallydominantin determining
the noisefigure of the entiresystem[2 hencea LNA canimprove the performance

of thedesignsignificantly

Theschematidiagramof theLNA circuitandsupportingcomponentareshovn
in figure 3.12. An INA-12063LNA manufcturedby Agilent wasselectedor its
easeof use. The INA-12063 consistsof a self biasedtransistoramplifier Thein-
ductorandcapacitorL204andC235 connectedo the RF portform animpedance
matchingnetwork while theinductor, L205, attheoutputof theLNA providesaDC
pathto thevoltagesupply

The PIN diode (D201) and surroundingbiasingand DC blocking capacitors
form anothervariableattenuatossimilar to thatusedin the IF section. Thereason
for having two attenuatorss to provide finer attenuatiorcontrol. The RF attenuator

providesa coursecontrolandthe IF attenuatoprovidesfine tuning.
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Figure3.13: Schematidiagramof thediplexerwhichis usedto switchtheantenna

betweertransmitandreceve sectionf thecommunicatiorsystem.
3.13 Diplexer

The diplexer performsthe task of switching the antennabetweenthe transmitter
andrecever sectionsof the communicationsystem. The schematiadiagramfor
thediplexeris givenin figure 3.13.

The switching is achiezed by alternatinga bias currentbetweenthe two PIN
diodes. Passinga bias currentthroughthe PIN diode causest to go into a low
impedancestatethatallows a signalto passthrough. The biascurrentis controlled
by signalsfrom the FPGA.



Chapter 4

VHDL Description

The VHDL codeusedin the designforms a major part of the designdueto the
heary relianceon processingn thedigital domain.The FPGAthatimplementghe
digital logic specifiedby the VHDL codeperformsseveral majorfunctions,which

arelistedbelow.
e Highlevel DataLink Control(HDLC)
e Scrambler/De-scrambler
e Modulation
¢ Demodulation
e GainControl

The block diagramin figure 4.1 shavs how the VHDL modulesinteract. Each

of thesemoduleswill bediscussedn thefollowing sections

4.1 HDLC

The HDLC moduleforms the interfacebetweenthe asynchronouserial port that

connectshecommunicatiorsystento theoutsideworld andthesynchronouserial

39
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Async. Serial In/Out TX/RX
- p-| HDLC
* + To Diplexer
Descrambler Scrambler
Gain Control |g|{ Demodulator Modulator
To PIN From A/D To D/A
Diodes Converter Converter

Figure4.1: Block diagramshowing the interactionof major modulesthatmake up

thelogic usedfor thebasebandignalprocessing.

streamusedby the modulatoranddemodulatarlt is alsoresponsibldor arbitrating
transmitandreceve modes.

This moduleis necessarpecausasynchronousommunicationss unsuitedto
digital transmissiongspeciallyin a coherentdesign.Synchronouserialtransmis-
sionprovidesa constanstreamof datawhich therecever cansynchronizeo.

TheHDLC layeris alsoresponsibldor errordetectiorandcorrectionthatis yet
to beimplemented.

If two-way communications desired(which could prove very useful for de-
buggingof the RoboRoos)the HDLC layerwill berequiredto determinewhenit
shouldbetransmittingdataandwhenit shouldbereceving. Therearemary algo-
rithmsthatcanbe usedfor makingthis decisionwhich could be a topic for further

work.

4.2 Scrambler/De-scrambler

The purposeof the scramblelis to randomizethe transmittedsignalsothat contin-

uousstreamsof logic 1sor logic Osareavoided. Continuousstreamf logic 1sor
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logic Os poseproblemsfor the recever in trying to maintainsynchronizatiorwith
thetransmittebecausdogic level transitionsareusedto maintainsynchronization.

The proposedscrambleris a simple self-synchronizingscramblermaking use
of a shift registerwith severaltapsandexclusive or gates.The De-scrambletakes
aroundasmary bit periodsasthe size of the shift registerto synchronizeandpro-
ducevalid output. A typical shift registersizeis 17 bits which correspondso just
over two bytes. A sideeffect of a scramblerof this type is that a single bit error
receved causesseveral errorsat the de-scrambleoutput (the numberdependson
the numberof taps,usuallyaround3). This oftendoesnt posea problemthough,
dependingonthe errordetectionor correctionschemeused.

Codewaswrittenfor thecurrentRoboRoosommunicatiorsystemwhich made
useof this techniqueto reducethe amountof datatransmittedbecausedatawas
otherwisetransmittediwice to maintaina constantnumberof logic 1s and0s this

wasexplainedin sectionl.4.1.

4.3 Modulation

Modulationis perhapghe mostfundamentapart of a radio transmitter The mod-
ulatorimplementeds a quadraturgphaseshift keying (QPSK)with raised-cosine
pulseshaping.

As araisedcosinewaveformhasa durationlongerthanasinglebit period, the
transmittedvaveformdependsotonly onthebit beingtransmittedput on bits that
have alreadybeentransmittedandon bits to come. To determinethe waveformto
transmit,informationto be sentis shiftedinto a shift register The middlebit of the
shift registercorrespondso the currentbit beingsent. The contribution from each
bit in the shift registeris determinedusinga lookup tableandaddedto determine

the samplevaluethatshouldbe passedo the DACs.

The durationof a raisedcosinetime domainwaveformis strictly infinite, but canbe approxi-

matedto befinite becaus¢he amplitudelevel is insignificantaftera few bit periods.
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Itestbench/clock

Itestbench/i_out

Itestbench/uut/i_modulator/bit_clock
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Figure4.2: Simulatedwaveformof the modulator

The VHDL codethatimplementsthe modulatoris in modulatorvhd on page
54. This makesuseof thelookuptablegivenin lookup.vhdon page53, which was
generatedby samplingthe raisedcosinefunctionwith Matlah

A testbedwascreatedo simulatetheoperatiorof themodulator Thesimulated
datatransmittedwas the bit stream101011111.... The outputof the testbedin

modulatortb.vhd (on page56)is shovn in figure4.2.

4.4 Demodulation

The purposeof the demodulatois to determinghe datathatwastransmittedrom
the receved waveform. The demodulatoimplementedby the VHDL code, de-
modulatorvhd on page49 usesan integrateand dump methodfor extractingthe
transmitteddata. Thatis, theincomingsamplesreintegratedover abit period,and
theintegral valueis dumpedat the endof the bit period. Thedumpedvalueis used
to determineweathera logic 1 or logic 0 wasreceved. The incomingwaveform
is alsosampledto extract timing information. This timing informationis usedto
determinghe optimumtime to dumptheintegrationprocess.
Theintegrateanddumpmethodof extractingdatahelpsremove noisefrom the
signal. This is becauséhe procesof integratingis analogoudo low-passfiltering

of thesignal.
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A testbedhasbeenwritten to testthe functionswritten andthe codeis in de-
modulatortb.vhd on page51. The outputof the simulationhasbeenverified to

producearecevedbit patterncorrespondingo thetransmitteddata.

4.5 Gain Control

Gaincontrolis importantfor gooddemodulatiorof a QPSKsignalsothattheam-
plitude variationsof the signalare presered. This is in contrastwith frequeny
modulationtechniqueshatdon’t needto recover ary amplitudeinformation.

The gain control usedis dynamicandis continuouslyadjustedto maintaina
good dynamicrangeof the receved signal. It works by averagingthe receved
valueover onebit periodandadjuststhe gain by a smallamountto maintainit at
thecorrectlevel.

Thegainloopis implementedn demodulatavhd The outputof the gaincon-
trol loop drivesthe PIN attenuatordiodesusing a pulse-widthmodulated(PWM)
signal. This PWM signalis implementedoy codepresentedn pwm.vhdon page
57.
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Final Project Performance

This projecthasseenthe designof a high performanceustomcommunicatiorsys-
tem. Dueto time constraintshowever, constructionandtestinghasnot beencom-
pletedat thetime of writing.
Currently the PCBis in the procesf beingtestedandis still waiting on com-
ponents.The power supplyanddigital sectionshave beenassemble@ndtested.
Therearestill gapsin theVHDL codeghatwill needto befilled in beforeit can
betestedin it's entirety As the hardwareis assembledhowever, variousmodules

will beableto betested.

5.1 Hardware Status

Figure5.1shavsthe PCB's thatwereconstructedThe bottomPCBwasusedwith
the currentcommunicatiorsystem. It wascreatedo fit into the new robotdesign
asatemporarysolutionuntil the new communicatiorsystemwascompleted.The
top PCB photograptshaws the hardwarefor the nev communicatiorsystemat its
currentstateof completion.

VHDL testcodehasbeenwritten andloadedonto the communicationdoard
to testvariouspartsof the hardware. Everythingthathasbeenassembledofar is

working.
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Figure5.1: Photographef PCBsfor the designpresentedtop) andfor the current
system(bottom).

The only problemthatwasencounteredvasthe 2.5V voltageregulatorhastoo
highadrop-outvoltageto bedrivenby the 3.3V supply Insteadjt is directlydriven
by the batteryvoltage. A lower drop-outregulatorshouldbe soughtto provide the
2.5V supplysothata higherefficiency is obtained.

5.2 VHDL codeStatus

A significantportion of the VHDL codehasbeenproducedor the design,mostof
which hasbeentestedin a simulator The modulationanddemodulatiorcodehas
beenwritten andsimulatedwvhich formsthemostsignificantportionsof thesystem.
Also, codefor the gain controlhasbeenwritten. However, codeto implementthe
HDLC layerneedgo be written beforea completesolutionis ready

A limiting factorin testingcodeon the hardwarehasbeenthe supplyproblems

with thedigital to analogconverterchip.



Chapter 6

Further Work

Therearemary possibleareador furtherwork in this projectowing to theflexibility

of thedesign.

6.1 Construction and Testing

Theobviousareador furtherwork arepopulatingthe PCB andtestingof the hard-
ware. Thereis alsosomemoreVHDL codeto be written beforea completesystem

will berealized. Themainareawherecodeis neededs for theHDLC.

6.2 Error Detectionand Correction

A largetopic to be investigateds error detectionandcorrectionalgorithms. Both
forward error correctiort (FEC) andtwo way error correctionschemesould be
investigated. The hardware designedwill be ableto supporterror detectionand

correctionschemes.

IForward error correctionis whereredundantlatais addedto datado be transmittedso that if

smallnumbersof errorsarereceved,they canbecorrected

46



6.3. SPREAD SPECTRUM a7

6.3 SpreadSpectrum

Anothermajorareathatcouldbeinvestigateds spreadspectrum Spreadspectrum
hasthe potentialof producingan extremely robust communicationsystemthat is
tolerantto quite significantlevelsof interference.

The hardwarehasbeendesignedo accommodata DS-SSdesign,andthe ad-

dition of VHDL algorithmsshouldbeall thatis required.

6.4 Two Way Communications

In contrasto the currentsystemthe communicatiorsystempresenteds capableof
half-duplex communicationTherearemary motivationsfor a duplex communica-

tion system.Thesenclude:
Dehbuggingthe RoboRoosThis couldincludedataloggingfunctions.

Rolust error correction. This would be necessaryf, for instance,on field
re-programmabilityof the RoboRoosvasdesired. This would be very con-

venientif a 11 playerteamis built.

Use with the ViperRooslocal vision robots. The ViperRoosneedduplex

communicatiorandcould benefitfrom a high performancesystem.



Chapter 7

Conclusions

This projecthasseerthedevelopmenbf acustomcommunicationsystenmwith the
potentialperformancdevels far betterthe the currentcommunicationsystem. A
hardwaredesignhasbeencompletedandits constructiorandtestingis undervay.
Somemore VHDL codewill have to be written beforea completeworking
designcan be demonstratedhut much of the software hasbeenverified through
simulation.
The designpresenteatould alsobe usedin othersystemsequiringhigh speed

serialcommunications.
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Appendix A

Codelisting

A.1 demodulator.vhd

-- denodul at or. vhd

-- This code inplenents a single channel of a PSK denodul ator.

-- It nakes use of an integrate and dunp filter and nmmintains synchronisation.
-- Also performed by this code is the automatic attenuation used to control

-- the received signal level.

-- Author: Russell Kliese, The University of Queensland
-- Creation Date: 15/07/2001

library | EEE;
use | EEE. STD_LOG C_1164. ALL;
use | EEE. STD_LOG C_UNSI GNED. ALL;

entity denodul ator is
generic(average_interval : integer :=8; -- nunber of sanples averaged to determ ne peak

-- signal level

bit_length : integer := 64; -- number of sanples per bit
resolution : integer := 2; -- nunber of sanples to shift for optimal position
number _bits : integer := 6); -- number of bits in |ookup table
Port ( resetn :in std_logic;
sanple_clock : in std_logic; -- data valid on falling edge
sanpl e : in std_logic_vector(7 downto 0);
data : out std_logic;

bit_clock : out std_|logic;
attenl : out std_| ogic; -- attenuator signal used for agc
atten2 : out std_logic); -- ditto

end denodul at or;

archi tecture behavioral of denodul ator is
type integral _array_type is array (0 to bit_length / resolution - 1) of
std_|l ogi c_vector (15 downto 0);
signal integral : integral _array_type;
signal running_integral : integral_array_type;
signal early_offset,offset,late_offset,later_offset, offset_half, offset_counter
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integer range O to bit_length / resolution - 1;

signal sanple_counter : integer range O to bit_length - 1;
-- signal average : is array O to bit_length / resolution - 1 of integer;
begi n
process(sanpl e_cl ock, resetn) -- both rising and falling edge
begi n
if resetn = '0" then

sanmpl e_counter <= 0;
early_offset <= 1;
of fset <= 0;
late_of fset <= 1;
| ater_of fset <= 2;
of f set _counter <= 0;
offset_half <= bit_length / resolution/ 2 - 1;
el sif (sanple_clock’ event and sanple_clock = '0") then

-- update running integrals
for i in O to bit_length / resolution - 1 |oop
running_integral (i) <= running_integral (i) + sanple;

end | oop;

-- increnent the sanple counter.
if sanple_counter < resolution - 1 then
sanpl e_counter <= sanple_counter + 1;
el se
sanpl e_counter <= 0;

if offset_counter = bit_length / resolution - 1 then
of f set _counter <= 0;

el se
of fset _counter <= offset_counter + 1;

end if;

-- update integrals used for integrate and dunp filtering to determ ne output val ue
integral (of fset_counter) <= running_integral (offset_counter);
runni ng_i ntegral (of fset_counter) <= (others =>'0");

-- maintain approx. 50% bit_clock duty cycle

if offset_counter = offset_half then
bit_clock <= '0";

end if;

-- output data and
-- deternine new optinal offset

if offset_counter = later_offset then
if integral (offset) > (bit_length * 255 / 2) then
data <= '1";

if integral (early_offset) > integral (offset) and
integral (early_offset) > integral (late_offset) then
of fset <= early_offset;
elsif integral (late_offset) > integral (offset) and
integral (late_offset) > integral (early_offset) then
of fset <= late_offset;

end if;
el se
data <= '0";

if integral (early_offset) < integral (offset) and
integral (early_offset) < integral (late_offset) then
of fset <= early_offset;

elsif integral (late_offset) < integral (offset) and
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integral (late_offset) < integral (early_offset) then
of fset <= |ate_of fset;

end if;
end if;
bit_clock <= '1";
-- deternine early and late offsets
if offset = (bit_length/resolution - 1) then

| ate_offset <= 0;
el se

late_of fset <= offset + 1;
end if;
if offset = 0 then

early_offset <= bit_length/resolution - 1;
el se

early_offset <= offset - 1;
end if;

-- determine |ater_offset

if offset = bit_length / resolution - 2 then
| ater_offset <= 0;

elsif offset = bit_length / resolution - 1 then
| ater_offset <= 1;

el se
later_offset <= offset + 2;

end if;

-- deternine offset_half
if late_offset > (bit_length / resolution/ 2 - 1) then
of fset_half <= late_offset - bit_length / resolution / 2;
el se
of fset_half <= late_offset + bit_length / resolution / 2;
end if;
end if;
end if;
end if;
end process;
end behavioral ;

A.2 demodulator_tb.vhd

-- denodul ator_tb. vhd

-- This is a test bed witten to test the denpdul ator.vhd denodul at or nodul e.

-- An signal corrosponding to a given bit pattern is sent to the denpdul ator which
-- synchronizes to the data, and outputs the received data.

-- Author: Russell Kliese, The University of Queensland
-- Creation Date: 19/07/2001

LI BRARY i eee;
USE ieee.std_| ogi c_1164. ALL;
USE i eee. nuneric_std. ALL;

ENTI TY denodul ator _tb IS
END denodul at or _tb;
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ARCHI TECTURE behavi or OF denodul ator_tb is

-- Conponent Decl aration
conponent denodul at or

PORT(
resetn :in std_logic;
sanmpl e_cl ock: in std_|logic;
sanpl e : in std_logic_vector(7 downto 0);
data : out std_logic;
bit _cl ock : out std_logic
)

END COVPONENT;

SI GNAL resetn : std_logic;

si gnal sanpl e_cl ock : std_l ogic;

signal sanple : std_logic_vector(7 downto 0);

signal data : std_l ogic;

signal bit_clock : std_l ogic;

constant rx_data : std_l ogi c_vector (15 downto 0) := "1010101010101010";
BEG N

-- Conponent |nstantiation
uut: denodul at or PORT MAP(resetn, sanple_clock, sanple, data, bit_clock);

-- sanpled received signal
-- bit_rate = 156250
sanpl e_process : PROCESS
BEG N
sanple <= (others => '0");
wait for 1 us;
for i in 0 to 15 | oop
if rx_data(i) ='1 then
sanple <= (others => '1");
el se
sanple <= (others => '0");
end if;
wait for 6.4 us;
end | oop;
wait; -- will wait forever
END PROCESS;

-- the reset signal
reset_process : PROCESS
BEG N
resetn <= '0";
wait for 100 ns;
resetn <= '1';
wait;
END PROCESS;

-- the sanple clock. In this case at 10M#
cl ock_process : process
begi n
for i in 1 to 5000 |oop
sampl e_clock <= "1";
wait for 50 ns;

sanple_clock <= "'0";
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wait for 50 ns;
end | oop;
end process;

end;

A.3 lookup.vhd

-- | ookup. vhd

-- This is the | ookup table used by the nodul ator.

-- The waveformis a raised cosine wave with a roll-off factor of 0.5.

-- Author: Russell Kliese, The University of Queensland

-- Creation Date: 28/6/2001
library | EEE;
use | EEE. std_|l ogic_1164.all;

-- a 1kX8 romused for storing the waveforns

entity lookup is

port (ADDR in INTEGER range O to 191;
DATA: out STD_LOG C VECTOR (7 downto 0));

end | ookup;

architecture XILINX of |ookup is

subtype ROMWORD is STD_LOG C VECTOR (7 downto 0);

type ROMTABLE is array (0 to 191) of ROM WORD,

constant ROM ROM TABLE : = (

"00000000", "00000000", "00000000", "00000000",
*00000000", " 00000000", *00000000", "00000000",
"00000001", "00000001", "00000001", "00000001",
" 00000001, " 00000001", *00000001", "00000001",
"00000000","11111111","11111110", "11111110",
“11111010","11111001","11111001","11111000",
“11110101","11110100","11110100","11110100",
"11110110","11110111","11111000","11111001",
"00000010", " 00000100", *00000111", "00001001",
"00011010","00011110", "00100010", "00100110",
"00111001","00111100", *01000000", "01000011",
"01010001", "01010011", *01010101", "01010110",
"01011001","01011001", "01010111","01010110",
"01001101", " 01001010", *01000110", "01000011",
"00110001","00101101", "00101001", "00100110",
"00010011", " 00010000", *00001101", "00001001",
"11111110","11111100","11111010","11111001",
"11110100","11110100","11110100","11110100",
“11110110","11110111","11110111","11111000",
"11i11100","11111100","11111101","11111110",
" 00000000, " 00000000", *00000000", "00000001",
"00000001", "00000001", "00000001", "00000001",

"00000000", "00000000", "00000000",
*00000000", *00000000", *00000000",
"00000001", "00000001", "00000001",
*00000000", *00000000", *00000000",
“11111101","11111100","11111100",
“11110111","11110111","11110110",
“11110100","11110100", "11110100",
“11111010","11111100","11111110",
*00001101", *00010000", "00010011",
"00101001", "00101101", "00110001",
*01000110", *01001010", "01001101",
"01010111","01011001", "01011001",
"01010101","01010011", "01010001",
*01000000", *00111100", "00111001",
"00100010", "00011110", "00011010",
*00000111", *00000100", *00000010",
“11111000","11110111","11110110",
“11110100","11110100","11110101",
“11111001","11111001","11111010",
“11111110","11111111","00000000",
*00000001", *00000001", *00000001",
"00000001", "00000001", "00000001",

*00000000", " 00000000", * 00000000, *00000000", *00000000", "00000000", "00000000",
"00000000", " 00000000", * 00000000, *00000000", *00000000", "00000000", *00000000"

)
begin
DATA <= ROV ADDR);

"00000000"
*00000001"
"00000001"
“00000000"
"11111011"
“11110101"
“11110101"
"00000000"
"00010111"
"00110101"
"01001111"
"01011001"
"01001111"
"00110101"
"00010111"
"00000000"
“l11110101"

"11110101",

"11111011"
"00000000"
"00000001"

"00000001",

"00000000"

"00000000"
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end XI LI NX;

A.4 modulator.vhd

-- nodul ator. vhd

-- This code inplenents a signlge channel of a QPSK nodul ator.

-- Pul se shaping is acheived by making use of a |ook-up table (lookup.vhd).
-- Author: Russell Kliese, The University of Queensland

-- Creation Date: 28/06/2001

library | EEE;

use | EEE. STD LOG C_1164. ALL;

use | EEE. STD _LOG C_ARI TH. ALL;

use | EEE. STD_LOG C_SI GNED. ALL;

entity nmodul ator is

generic(lookup_length : integer := 192; -- length of sanple |ookup table
bit_length : integer := 32; -- nunmber of sanples per bit
nunber _bits : integer := 6); -- number of bits in lookup table

Port ( resetn : in std_logic;
clock : in std_logic; -- the gl obal sanple clock
data : in std_|ogic; -- the data to be nodul ated
sanmple : out std_logic_vector(7 downto 0); -- the current sanple val ue
bit_clock : out std_logic -- bit clock is sanple clock / bit_length

)i

end nodul at or;

archi tecture behavioral of nodulator is

signal count : integer range O to | ookup_length - 1;
signal bit_clock_signal : std_|ogic;

type sanple_counter_array is array (0 to nunber_bits - 1) of integer range O to | ookup_length - 1;
signal sanple_counter : sanple_counter_array;

signal shift_register : std_logic_vector (nunber_bits - 1 downto 0);

conponent | ookup

port (ADDR in |INTEGER range O to |ookup_length - 1;
DATA: out STD LOG C_VECTOR (7 downto 0));

end conponent;

type sanple_array is array (O to nunber_bits - 1) of std_logic_vector(7 downto 0);
signal sanple_signal : sanple_array;
signal signed_sanpl e_signal : sanple_array;

signal total _sanple : std_logic_vector (10 downto 0);

begi n

process(cl ock, resetn)

begi n

if resetn =0 then

count <= 0;
sanpl e_counter (0) <= 0;
bit_clock_signal <='0";
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-- shift_register <= (others =>'0");

shift_register <= "101010";

el sif(clock’ event and clock="1") then

if sanple_counter(0) = (bit_length / 2 - 1) then

bit_clock_signal <="'1";
end if;
if sanple_counter(0) = (bit_length

-- do a shift and put the next d

- 1) then

ata bit into the shift register

for i in 1 to nunmber_bits - 1 |oop

shift_register(nunber_bits -
end | oop;
shift_register(0) <= data;

-- reset the sanple counter
sanpl e_counter (0) <= 0;

bit_clock_signal <='0";

el se

i) <= shift_register(nunber_bits -

sanmpl e_counter (0) <= sanpl e_counter(0) + 1;

end if;

if count = (lookup_length - 1) then
count <= 0;

el se
count <= count + 1;

end if;

end if;

end process;

-- update all the other sanple_counters

generate_counters:

for i in 1 to nunber_bits - 1 generate
sanpl e_counter (i) <= sanpl e_counter(0)

end generate;

gener at e_| ookups:
for i in O to nunber_bits - 1 generate

+ i * bit_length;

lut : | ookup port map(sanple_counter(i), sanple_signal (i));

si gned_sanpl e_signal (i) <= sanple_signal (i) when shift_register(i) ="'1

- sanple_signal (i);

end generate;

sanpl e <= signed_sanpl e_signal (0) + signed_sanple_signal (1) +

si gned_sanpl e_signal (2) +
si gned_sanpl e_si gnal (4) +

--generate_sanpl e:

--for i in O to 7 generate

-- sanple(i) <= total _sanple(i);

--end generate;

bit_clock <= bit_cl ock_signal;

end behavioral ;

si gned_sanpl e_si gnal (3) +
si gned_sanpl e_si gnal (5);

el se

1);
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A.5 modulator_tb.vhd

-- nodul ator _thb. vhd

-- This file is used for testing the nodul ator in nodul ator. vhd.

-- Author: Russell Kliese, The University of Queensland
-- Creation Date: 29/6/2001

LI BRARY i eee;

USE ieee.std_| ogi c_1164. ALL;

USE i eee. nuneric_std. ALL;

ENTITY testbench IS
END t est bench;

ARCHI TECTURE behavi or OF testbench IS

-- Conponent Decl aration
conponent nodul at or

Port ( resetn : in std_|logic;
clock : in std_logic;
data : in std_| ogic;

sanple : out std_logic_vector(7 downto 0);
bit_clock : out std_logic
)
END COMPONENT;

SIGNAL resetn : std_logic;
SIGNAL clock : std_logic;
signal data : std_logic;
signal sanple : std_|l ogic_vector(7 downto 0);
signal bit_clock : std_|ogic;

BEG N

-- Conponent |nstantiation
uut: nodul ator PORT MAP(resetn, cl ock, dat a, sanpl e, bit_cl ock);

-- Test Bench Statenents

tb : PROCESS

BEG N

data <= '0";

resetn <= '0";
wait for 10 ns;-- wait until 10;
resetn <= '1';

END PROCESS;

process
begi n
-- while true | oop
for i in1to 224 |oop
clock <= '0";
wait for 10 ns;
clock <= "1";
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wait for 10 ns;
end | oop;
end process;
-- End Test Bench
END;

A.6 pwm.vhd

-- pwm vhd
-- This code is used to inplenent a pulse wi dth nodul ator

-- Author: Russell Kliese, The University of Queensland
-- Creation Date: 5/8/2001

library | EEE;

use | EEE. STD LOG C_1164. ALL;

use | EEE. STD LOG C_ARI TH. ALL;

use | EEE. STD_LOG C_UNSI GNED. ALL;

entity pwmis
generic(bits : integer := 8 -- number of bits used for duty cycle.
-- Al'so determ nes pwm period.

)i
Port ( resetn : in std_|ogic;
clock : in std_logic;
duty_cycle : in std_logic_vector(bits - 1 downto 0);
pwm: out std_logic);
end pwm

archi tecture behavioral of pwmis
signal counter : std_logic_vector(bits - 1 downto 0);

begi n
process(cl ock, resetn)
begi n
if resetn =’'0" then

counter <= (others =>'0");
elsif (clock’ event and clock = '1") then
counter <= counter + 1;

if counter >= duty_cycle then

pwm <= '0";
el se
pwm<="1";
end if;
end if;

end process;
end behavioral ;
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Glossary

ADC Analogto Digital Corverter

BPSK Binary Phaseshift Keying.

DAC Digital to AnalogCorverter

DSP Digital SignalProcessor

DS-SS Direct-Sequenc8preadSpectrum.
FH-SS Frequeng-HoppedSpreadSpectrum.

FPGA Field Programmablé&ateArray. Thesearehigh densityconfigurabldogic

deviceswhoseconfigurationis storedin staticRAM memory
FSK Frequeng Shift Keying.
GSM Global Systemfor Mobile Communication.

Half Duplex A methodof two way communicationsvhereonly onedirectionof

communicatiorcantake placeatagiventime.
HDLC High level DataLink Control.

ISM Industrial,ScientificandMedical.
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JTAG JointTestAction Groupor “IEEE Standardl149.1" A standardspecifying
how to controlandmonitorthe pins of compliantdeviceson a printedcircuit

board.
LNA Low-noiseamplifier.
LO Local Oscillator
OOSK On-Of Shift Keying.
PCB PrintedCircuit Board.

PIN Diode is adiodewhich behaesasa voltage-ariableresistanceandis usedto

switchor attenuatemicrowave signals[4.

Power Efficiency is theratio of requiredpower for agivenbit rateto achievze some

specifiedbit errorrate.
PWM PulseWidth Modulation.
QPSK Quadraturd’haseshift Keying.
RF RadioFrequeng.
RFIC RadioFrequeng IntegratedCircuit.

Spectral Efficiency is theratio of bandwidthoccupiedby the modulatedsignalto

thebit rateof databeingtransmitted.
VCO VoltageControlledOscillator

VHDL Very high speedntegratedcircuit HardwareDescriptionLanguage.
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