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Abstract

Thepurposeof this thesiswasto provide a bettercommunicationssystemsfor

the RoboRoossmall size soccerrobots. The RoboRoosare a teamof five au-

tonomousrobotswhichcompetein theannualRoboCuprobotsoccercompetition.

Thesoccerrobotsarerequiredto obtaincommandsfrom a hostcomputer. The

hostcomputeris connectedto an overheadcamerathatdeterminesthe locationof

all robotson thefield. Thehostcomputerthenmakesuseof amulti-agentplanning

system(MAPS) to determinetheactionsthattherobotsshouldtake. Theseactions

andthepositionsof therobotsaretransmittedto therobotsvia awirelesstransmitter

connectedto the serial port of the host computerand receiversconnectedto the

serialcommunicationsinterfaceof themicro-controllerson therobots.

The currentcommunicationsystemmakesuseof Radiometrixtransmitterand

receiver modules. The modulesare very simple to interfaceto and requirelittle

externalcircuitry. Unfortunately, performancein not very goodandonly modest

dataratesof around19200bpsareachievablewith acceptableerrorrates.

The communicationsystempresentedmakesuseof more sophisticatedhard-

warewhich is capableof transmittingdataat around300kbpsandhigherwith low

error rates.Theseimprovementsareachievedby usinga modulationschemethat

providesbetterpower and bandwidthefficiency aswell as a more noisetolerant

receiverdesign.

Due to time constraintsandthe complexity of the project,a full working ver-

sionwasnot completedat the time of writing. Testingof thebasebandsectionsis

underway.

Furtherwork that canbuild on this thesisincludesthe useof spreadspectrum

techniquesto furtherincreasenoiseimmunityof thesystem,andtheimplementation

of half-duplex (two-way)communication.



Acknowledgements

I would like to thankthefollowing peoplefor their contributionsto thisproject:� Dr. GordonWyethfor hisguidancethroughoutthecourseof theproject.� Mark Chang,for helpingmeoutwith detailsregardingtheXilinx FPGAsand

for providing mewith aparallelport JTAG interface.� Therestof theRoboRoosteam:David Ball, David Cusack,RobertMiljk ovic

andAdrian Ratnapalafor providing astimulatingworkingenvironment.

ii



Contents

1 Intr oduction 1

1.1 Purposeof Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Background. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.3 Scopeof TheThesis. . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Limitationsof theExistingCommunicationSystem . . . . . . . . . 5

1.4.1 DataTransferRate . . . . . . . . . . . . . . . . . . . . . . 5

1.4.2 High Error Rate. . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Outlineof ThesisContents . . . . . . . . . . . . . . . . . . . . . . 6

2 Literatur e Review and Background 8

2.1 ExistingCommunicationSystem. . . . . . . . . . . . . . . . . . . 8

2.2 PossibleAlternatives . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 WirelessEthernet. . . . . . . . . . . . . . . . . . . . . . . 9

2.2.2 RF Modems. . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.3 OtherRF Modules . . . . . . . . . . . . . . . . . . . . . . 10

2.2.4 Infraredtransceivers . . . . . . . . . . . . . . . . . . . . . 10

2.2.5 Customdesign . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 Digital vs AnalogMethods . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Advantagesof Digital Methods . . . . . . . . . . . . . . . 11

2.4 Digital Modulation . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4.1 PulseShaping. . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4.2 ModulationSchemes. . . . . . . . . . . . . . . . . . . . . 15

iii



iv CONTENTS

3 The HardwareDesign 18

3.1 PerformanceSpecifications. . . . . . . . . . . . . . . . . . . . . . 18

3.2 DesignDecisions . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2.1 ModulationScheme . . . . . . . . . . . . . . . . . . . . . 20

3.2.2 Digital BasebandSection. . . . . . . . . . . . . . . . . . . 21

3.3 Link Budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.4 HardwareOverview . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.5 PowerSupply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.6 Digital Module . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.7 Digital/AnalogInterface . . . . . . . . . . . . . . . . . . . . . . . 28

3.8 Frequency Synthesizer . . . . . . . . . . . . . . . . . . . . . . . . 30

3.9 QuadratureModulator/Demodulator. . . . . . . . . . . . . . . . . 30

3.10 Intermediate-Frequency Module . . . . . . . . . . . . . . . . . . . 33

3.11 Transceiver . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.12 Low-NoiseAmplifier . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.13 Diplexer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4 VHDL Description 39

4.1 HDLC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.2 Scrambler/De-scrambler. . . . . . . . . . . . . . . . . . . . . . . 40

4.3 Modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.4 Demodulation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.5 GainControl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5 Final Project Performance 44

5.1 HardwareStatus. . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.2 VHDL codeStatus . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6 Further Work 46

6.1 ConstructionandTesting . . . . . . . . . . . . . . . . . . . . . . . 46

6.2 ErrorDetectionandCorrection . . . . . . . . . . . . . . . . . . . . 46



CONTENTS v

6.3 SpreadSpectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6.4 Two WayCommunications. . . . . . . . . . . . . . . . . . . . . . 47

7 Conclusions 48

A Codelisting 49

A.1 demodulator.vhd . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

A.2 demodulatortb.vhd . . . . . . . . . . . . . . . . . . . . . . . . . . 51

A.3 lookup.vhd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

A.4 modulator.vhd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

A.5 modulatortb.vhd . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

A.6 pwm.vhd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

B Glossary 58



.



Chapter 1

Intr oduction

1.1 Purposeof Thesis

Thepurposeof this thesiswasto improve thecommunicationssystemusedby the

RoboRoosRobotSoccerTeam.Thetwo mainimprovementsdesiredwereahigher

datatransferrate,andlowererrorrates.

1.2 Background

TheRoboRoosrobotsoccerteamis a completelyautonomoussystemwhich com-

petesin theRoboCuprobotsoccercompetition.TheRobotscompetein thesmall

sizeleague(F-180league)whichrestrictsrobotstohaveadiameterlessthat180mm.

A photographof a2001RoboRoorobotis shown in figure1.1.This leaguepermits

the useof an overheadcamerafor imagecapturecoupledto a PC which is used

to processimagedata. The PC thentransmitsdesiredactionsto the robotsvia a

wirelesscommunicationlink.

Figure1.2 shows thecompletesetupof thesystem.Therobotsplay on a field

approximatelythe sizeof a ping-pongtablewith five robotsper side. The over-

headcamerais visible at the top of thegantryandthehostcomputerwhich sends

commandsto the robotsis on the left handsideof the photograph.The wireless

1



2 CHAPTER 1. INTRODUCTION

Figure1.1: Photographof a2001RoboRoosoccerrobot.

communicationstransmitteris on topof thecomputertower.

Thefollowing stepsareexecutedby theRoboRoossystemfor eachnew frame

of information.

1. Image Capture: A PCI framegrabbercardin thePCreceivesa framefrom

theoverheadcamera.

2. Image Processing: The capturedimageis processedby the RoboRoosim-

ageprocessingsoftware to extract the ball locationandvelocity, opponent

locationsandthelocationandorientationof theRoboRoosRobots.

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

commandsthatshouldbetransmittedto therobots.

4. Communications: Theoutputfrom MAPS is transmittedto therobotsover

a radio-frequency link. Improvementsof this moduleis the subjectof this

thesis.

5. Command Execution and Navigation: The robot determinesthe location

thatit shouldbemoving to andnavigatesto thatpositiontakinginto account

obstacles.
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Overhead Camera

Vision and
MAPS PC

RF Transmitter

RoboRoos Robots

Figure1.2: Photographof completesetupof theRoboRoosrobotsoccersystem.

For thesystemto beresponsive,thetotalsystemlatency from imageacquisition

to thetimetherobotprocessesgivenactionsmustbekeptto aminimum.Currently,

thecompletesystemlatency (the time it takesfor aneventon thefield to becom-

municatedto therobot)is around160millisecondswith about50 millisecondsdue

to thecommunicationlatency.

A major innovationmadein thesystemthis yearwasthemechanicalredesign

which featuresanomnidirectionaldrive system.A photographof thedrive config-

urationis shown in figure1.3. This omnidirectionaldrive hasimprovedtheagility

of therobotwhich canfurtherbenefitfrom low latency communicationscompared

to theold wheelchairconfigurationusedpreviously. This is becausethewheelchair

designtypically tookfar longerto reachagoalpositionwith thedesiredorientation,

whereastheomnidirectionaldrivemeansthis now occursquickly.

1.3 Scopeof The Thesis

Thework performedin this thesiscoveredthedesignof a customcommunications

systemfor theRoboRoosrobotsoccerteam.Thethesisinvolved:
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Figure 1.3: Photographof the undersideof a 2001 RoboRoorobot showing the

arrangementusedto provideomnidirectionaldrive.� The hardwaredesignof the systemwhich featuresdigital basebandsynthe-

sis methodsandmakesuseof high performanceradio frequency integrated

circuits(RFICs).� Thelogic designwhich is written in VHDL.

Anothermajorpartof thethesiswastesting.Muchof thelogic designwastested

in asimulatorandsomeof thehardwarehasbeentested.

Otherwork thatwascarriedoutduringthecourseof thethesiswas:� ThePCBredesignof lastyearscommunicationsystemto fit thenew mechan-

ical design.� Theadditionof anamplifierto lastyear’s communicationstransmitter.� And thedesignandconstructionof thetransmitterusedby a teamof human

controlledrobotsthatareusedto competeagainstthe2001RoboRoosrobots.

Work thatwasnot coveredin this thesiswastheimplementationof a complete

workingsystemdueto time constraints.
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1.4 Limitations of the Existing Communication Sys-

tem

In theexistingRoboRoossystem,imagesfrom theoverheadcameracanbeprocess

atarateof 25framespersecond(40millisecondsperframe),thereforeto beableto

makeuseof this framerate,communicationsshouldbeat leastableto senda frame

of informationin this time. Sendingthedatasignificantlyfasterthanthisminimum

time will alsoimprove thesystemby reducingthetotal latency of thesystem.This

is very importantdueto thedynamicnatureof thegame.For example,the robots

typically reachspeedsof 2m/s which correspondsto a distanceof 32cm in 160

milliseconds.This meansthatby thetime a robot receivespositionalinformation,

it couldbeout by asignificantamount.

Thetwo mainlimitationsof thecurrentsystemarethelimited datatransferrate

andthesignificanterrorrate.

1.4.1 Data Transfer Rate

The communicationssystemcurrentlytakesaround50 millisecondsto transmita

frameof informationandis thereforethebottleneckin thesystem.

TheRadiometrixmodulesusedin thecurrentcommunicationssystemarelim-

ited to a usabledatatransmissionrateof around19.2kbps. Above this rate,error

ratesincreasesignificantly. Thetransmissionrateis furtherlimited becauseall data

is transmittedtwicesoasto maintainthesamenumberof logic 1sbeingtransmitted

aslogic 0s. This wasrequireddueto limitationsof thethresholdingcircuit usedto

determinewhethera logic 1 or logic 0 wasbeingreceived. The thresholdcircuit

is simply a low passfilter, which is certainlynot an optimumway to determinea

suitablethreshold. This meansthat the thresholdvaluemovesfar away from the

optimumthresholdpoint whenseverallogic 1sor logic 0saretransmittedtogether.

A methodwhich was testedto try to increasethe efficiency of datatransfer

was to randomizethe datatransmittedratherthat sendthe datatwice. This way
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Figure1.4: Photographof transmitterusedin thecurrentcommunicationsystem.

thenumberof logic 1sand0s transmittedwould berelatively constant,but would

remove the redundancy. Event thoughthe datafrom the randomizerhadan even

distributionof logic 1sto logic 0s,thedistributionoversmalltime intervalswasnot

goodenoughto maintainanerrorrateof anacceptablelevel.

1.4.2 High Err or Rate

Thehigh errorratethatwasdiscussedearlier, is a significantlimitation of thesys-

tem.Theproblemis evenmorepronouncedduringthecompetitionwheninterfering

signalsfrom other teamsare present. A temporaryfix was to build a radio fre-

quency (RF) amplifier for thetransmittermodule,which madeuseof a monolithic

microwave integratedcircuit (MMIC). Theamplifierwassolderedto theunderside

of thecircuit boardasshown at thebottomof figure1.4.

1.5 Outline of ThesisContents

Chapter 2 containsinformationaboutpossiblealternativesolutionsavailablefor a

robotcommunicationssystem.Also discussedis somebackgroundondigital

methodsthatcanbeusedin a communicationssystem.
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Chapter 3 goesintodetailaboutthehardwaredesignof theproposedsystem.First,

the performancerequirementsarepresented,thenvariousmajor designde-

cisionsarediscussed.Lastly, eachmajor modulemakingup the proposed

communicationsystemis discussedin turn.

Chapter 4 givesa discussionon the VHDL codeusedto implementthe digital

logic of thesystem.Thischapteraddresseachof themaincodemodules.

Chapter 5 thenpresentsan evaluationof the resultsobtainedfrom the projectto

date.

Chapter 6 givesa list of possibleareasfor futurework relatingto this project.

Chapter 7 providestheconclusionsof this thesis,which sumsup themajorfind-

ings.



Chapter 2

Literatur eReview and Background

2.1 Existing Communication System

The existing systemmakesuseof simplecommunicationsmodulesmanufactured

by Radiometrix.TheparticularmodulesusedweretheRadiometrixTX2 (transmit-

ter)andRX2 (receiver).

Thesemodulesmakeuseof anOOSK(on-off shift keying) modulationscheme.

This is thesimplestform of digital amplitudemodulatedtransmissionandis very

easyto generate[7].It is simply a matterof beingableto switch a RF signalat a

givencarrierfrequency on or off accordingto a digital bit beingtransmitted.Refer

to figure2.1 for anexampleof anOOSKedbit stream.

The primary reasonthat previous year’s RoboRoosteamsusedthesemodules

wasbecausethey areeasyto interfaceto andno RFcircuitry needsto bedesigned.

2.2 PossibleAlter natives

Thereareseveralcommerciallyavailablealternativesfor wirelesscommunications

in a mobile robot situation. SomealternativesincludeWirelessEthernetdevices,

Wirelessmodemsandeveninfra-redtransceivers[1]. Thefinal alternative,which is

thesubjectof this thesis,is to build acustomcommunicationsystemthatis tailored

8
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Figure2.1: Plot of on-off shift keyed data(bottomtrace)correspondingto input

datashown in top trace.

to theneedsof theRoboRoosteam.

2.2.1 Wir elessEthernet

Spreadspectrumtechniquescan be usedto make a communicationsystemvery

resistantto interference[11] and is oneof the advantagesof the 802.11wireless

Ethernetdevices. WirelessEthernetalsoprovidesvery low latency. Typical round

trip timesbetweennodesseparatedby a couplehundredmetersareof theorderof

onemillisecond. Anotheradvantageof wirelessEthernetis it cantransmitdataat

a rateof 11 M bpsandit is relatively cheapwith PCMCIA versionsavailablefrom

around$300.

The primary disadvantageof wirelessEthernet,which prohibitedit’ s usewith

theRoboRoosteamwasitscomplex interface.It wouldrequiresignificantprocessor

time to run anddriversto bewrittenmeaninganew CPUboardwouldbeneeded.

2.2.2 RF Modems

RF Modemsareavailablefrom severalmanufacturersandtypically interfacevia a

serialport [1] which makesthemeasyto integrateinto a micro-controllerdesign.

The major drawbacksof thesedevices is their low datarateperformanceto cost

ascomparedwith wirelessEthernetalternatives. Their bulkinessalsomakesthem
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Figure2.2: Photographof Radiometrixradioshowing receiver(top)andtransmitter

(bottom).

unsuitablefor the RoboRoosrobotswhich participatein the small size leagueof

RoboCup.

2.2.3 Other RF Modules

Modulessuchasthoseusedin thecurrentdesignaresuitablefor usein theRoboRoos

robotsdueto theavailability of moduleswith asmallsize(figure2.2is aphotograph

of themodulesusedin thecurrentdesign).They arealsogenerallyeasyto interface

to andaswith the othermethodsof communicationdiscussed,they don’t require

any externalRF circuitry apartfrom anantenna[7].

The major drawbackof the compactRF modulesis that they typically exhibit

fairly poorperformance.For example,the418MHzTX2 andRX2 pair usedon the

currentRoboRoosexhibits a 10% packet error rateat a distanceof only 4m from

thetransmitterat themodesttransmissionrateof 19.2kbps[6].

2.2.4 Infrar ed transceivers

Althoughmostcommerciallyavailableinfraredtransceiversonly have a very short

range[1],highpoweredemittersareavailablethatcanextendtheusefulrangeto tens

of metres.Theseemittersarecapableof outputtingupto 700milliw attsof light and

haveveryhighswitchingspeedssuitablefor highspeeddataapplications[5].

Reasonsfor not pursuingthis option includedthe problemof interferencedue
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to surroundinglight sources.Thetransmittedsignalwouldneededto bemodulated

doreducetheeffectsof interferencewhichbringsusbackto designproblemsfaced

by conventionalradiosystems.

2.2.5 Customdesign

Oneway to satisfyall thedesignrequirementsis to build a customwirelesscom-

municationssystem.

An amateurradio transceiver thatwasanexampleof a customcommunication

systemdesignwaspresentedby[3]. This designwasmadeflexible dueto theuse

of a field-programmablegatearray(FPGA)which performsmany of thefunctions

traditionallyperformedby analogcircuitry. TheFPGAalsoimplementsthedigital

synthesisof waveformswhich is usedto tailor the transmittedspectrumfor best

efficiency.

2.3 Digital vsAnalog Methods

Traditionally, radiowirelesscommunicationsdesignshavepredominantlybeenim-

plementedusing analogtechniques.More recently, however, the trend hasbeen

towardimplementingmoreandmoreof thedesignwith digital techniques.

The advantagesof digital methodsaresignificant. Theseadvantagesaredis-

cussedbelow.

2.3.1 Advantagesof Digital Methods

AllowsPreciseTuning of Modulation

If themodulationis generatedby digital methods,theshapeof themodulatedwave-

form,andhenceit’ sspectrum,canbepreciselygenerated.Waveformsaregenerated

by usingequationsor by usinglookuptables.
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ReducedFiltering Requirements

Becauseit is possibleto performfiltering in the digital domain,externalfiltering

requirementsarereduced.This is an importantadvantagebecausefiltering is an

importantpart of a high performancecommunicationssystemwhich canaddsig-

nificantly to thecomponentcountif performedusinganalogtechniques.

Modifications and UpgradesDon’t Require HardwareRedesign

If a reconfigurabledigital device suchasa field-programmablegatearray(FPGA)

is used,modificationscanbemadeby simply downloadingnew configurationdata

to thedevice. Thesemodificationscouldbeused,for instance,to changethemodu-

lationschemeimplemented.This is oftenimpossibleto changein ananalogimple-

mentation.

2.4 Digital Modulation

It wasmentionedthat digital methodscanbe usedto allow tuning of the modu-

lation. Discussedbelow is somebackgroundon pulse-shapingwhich is usedto

tunea modulation’s spectrum.After that, somedifferentmodulationschemesare

discussed.

2.4.1 PulseShaping

Becauseof thedecisionto usedigital synthesisfor thegenerationof thesignalthat

is transmitted,it is easyto shapethepulsesthataretransmitted.Pulseshapingcan

be usedto vary the spectrumof the transmittedsignalandcontrol levels of inter-

symbol interference[8]. Inter-symbol interferenceis causedby a pulsefrom one

transmittedbit interferingwith a pulsedue to anothertransmittedbit which was

producedat adifferenttime.

Figure2.3givesspectral(frequency domain)plotsfor a few pulseshapes.
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1. Thefirstpulseis arectangularpulse.Thespectrumof thispulsehasaninfinite

extentandhencehasa low spectralefficiency.

2. Thesecondpulseis asyncfunction.Thespectrumof thesyncfunctiongives

theidealbrick wall response,however, thesyncfunctionhasaninfinite extent

in thetimedomain.Thismeansthatdatato betransmittedneedsto beknown

for an infinite time beforeit is to be transmittedto be ableto determinethe

waveform.

3. Thefinal waveformis a raisedcosineresponsewhichcanbeapproximatedto

haveafinite durationbecausethelevel dropssignificantlyafteronly threebit

periods(theraisedcosineresponseplottedis for a roll-off factor1 of 0.5). In

thefrequency domain,althoughtheresponseis not asgoodasthebrick wall

responseof thesyncfunction,it is still finite in extent.

Theequationfor theraisedcosinetimedomainresponseappearsin equation2.1

andthefrequency domainresponseis in equation2.2. ��� is thesymbolperiodand� is theroll-off factor.�	��

�����
��������� ������� ��� ���� � � � �!� ��� � ��� ��� �"$# �&% � ���'��( �)� �*�,+!� (2.1)

- �.

�0/��1� 2333334 333335
" 687:9 / 9;7 � "<# � �*�=( ���>+@? "BA �C�=�EDGF=H I +�J K*L MNL OQP >0R'SUT+ S V=W � "X# � �*�Y( ���[Z 9 / 9\7 � "[A � ���Y( �)�6 /^]_� "BA � �*�=( ���

(2.2)

Another importantfeatureof the responsespresentedis that they don’t suffer

from inter-symbolinterference.This canbe seenon the time domainplots asthe

amplitudevalueat all bit locations(which correspondto integervalueson thetime
1Theroll-off factordeterminestheextentof thespectrum.A roll-off factorof 0 correspondsto

thebrick wall spectrumproducedby thesyncfunction,while a roll-off factorof 1 correspondsto a

timedomainresponsethatdampsout veryquickly.
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axis),otherthanthecentralbit, hasa valueof zero. Also notethat slight changes

in thetiming of thesamplinginstantcancauseinter-symbolinterferenceto present

itself[8]. This is mostpronouncedin thesyncresponsecausingincreasederrorrates

if thereis significanttiming jitter in thereceiver.

The raisedcosinepulseshapeis often usedin high performancecommunica-

tions systemsthat requiregoodspectralefficiency. This is becauseit providesa

goodtradeoff betweentheextentin thetimedomain,andits spectrumandit is less

affectedby timing errors.

2.4.2 Modulation Schemes

Thereareseveralmodulationschemesavailablefor digital communicationsystems.

Table2.1 givesa summaryof variousadvantagesanddisadvantagesof the main

modulationsschemes.Thetablepresentedis to beusedasa guideonly in compar-

ing modulationschemesbecausetherearemany variationsto eachscheme.These

variationsmayyield exceptionsto theadvantagesanddisadvantageslisted.

OOSK is usedby the Radiometrixmodulesusedin the currentRoboRoosde-

sign.This is becauseOOSKis simplyamatterof switchingacarrieronandoff and

suitablefor compactandcheaperdesigns.BecauseOOSKis spectrallyinefficient,

thethroughputof thesemodulesis restrictedsothatthespectrumis not too large.

Frequency shift keying (FSK) is a modulationschemeusedby many mobile

devices suchas GSM mobile phonesbecauseit can be amplified using efficient

classC amplifiers[8]. FSK is generatedby varying the frequency of a constant

amplitudesignal.

Binary phaseshift keying (BPSK) is generatedby varying thephaseof a con-

stantamplitudecarrier betweentwo valuescorrespondingto a logic 0 and logic

1.

Quadraturephaseshift keying (QPSK)is similarto BPSKexceptthatfour phase

valuesareusedinsteadof two sothattwo bitsaretransmittedsimultaneously[8]. If

BPSK is generatedin the baseband(as the proposeddesigndoes),two channels
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Modul-

ation

Scheme

Advantages Disadvantages

OOSK `
Easyto generate

`
Poorspectralefficiency

FSK `
Goodpowerefficiency`
Canusenon-linearamplifica-

tion`
Suitablefor FH-SS

`
Poorbandwidthefficiency`
Unsuitablefor DS-SS

BPSK `
Relatively simpleto generate`
Fair power and spectraleffi-

ciency

`
Requireslinearamplification

QPSK `
Well suited to DS-SS tech-

niques`
Better spectral efficiency

than BPSK while maintain-

ing samepower efficiency

`
Requires linear amplifica-

tions`
More difficult that BPSK to

generate

Table 2.1: Summaryof advantagesand disadvantagesof various modulation

schemesconsideredfor design.
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areneeded(in-phaseandquadra-phase)that are then combinedwith a carrier to

generatea singleintermediate-frequency (IF) signal.This is becauseQPSKmakes

useof bothsidebandsof themodulatedwaveformto transmitdata(ascomparedto

BPSKwherebothsidebandscontainthesameinformation).Thisalsoexplainswhy

QPSKis twiceasbandwidthefficientasBPSK.



Chapter 3

The HardwareDesign

This chapterdiscussesthe customhardware designdevelopedduring the thesis.

Firstly, the performancespecificationsarepresented.This is followed by various

designdecisionsanda link budgetusedto verify thedesign.Finally, detailoneach

of themajorsectionsis given.

3.1 PerformanceSpecifications

The main performancerequirementsof the customcommunicationsystemdesign

are:� It shouldbe able to transmitpackets at a rate of at least25Hz; preferably

fasterto minimizethelatency of thesystem.This is sothattheradiocommu-

nicationsratecankeepup with therateat which framesareprocessedby the

visionsoftware.� Thesystemshouldhave a very low errorrate.Receivederrorscurrentlylead

to a droppedframe. This meansthat if anerroroccursin a frame,therobot

hasto wait until the next valid frameof informationis received beforeit is

awareof thecurrentcommandit shouldundertake androbotpositions.This

addssignificantlyto theresponsetimeof therobot.

18
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Figure3.1: Computermodelof theRoboRoosrobot. Thecurrentcommunications

PCB is visible at the top of the robot andthe main PCB is visible underneaththe

communicationsPCB.� Thesystemshouldbe low power andrun from a 7.2V batterysupplywhich

candropto below 6V. Becauseof sizerestrictions,batterypower is limited so

a low powersolutionis desirable.

3.2 DesignDecisions

Becauseof the limited processingpower on the robot’s centralCPU board,size

constraintsandperformancerequirements,it wasdecideda customsolutionwas

needed.Themainadvantagesof this approachinclude:

1. Completeflexibility of thedesign.

2. The potential for high performanceand low cost solution by tailoring the

designto theexactrequirementsof theRoboRoossystem.

Figure3.1 is a computermodelof the RoboRoosrobot showing the location

of the communicationPCB (top) andthe main PCB (underneath).The proposed

communicationsPCBtakesup anareaequalto themainPCB.
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After researchonvariousoptionsavailable,it wasdecidedthatit wouldbequite

feasibleto obtaina raw bit rateof around200kbpswithout usingexpensive com-

ponents.This, in fact, turnsout to bea quiteconservative figureandthehardware

designedshouldbeableto 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 speedserialcardsareavailablewhich provide speedsabove

230k bps that could be usedto increasethe throughputof the systemif that be-

comesdesirable.

Majordesigndecisionsmadeduringthecourseof theprojectincludedthechoice

of modulationschemeand the choice of digital methodsover analogmethods.

Thesedecisionsarediscussedbelow.

3.2.1 Modulation Scheme

Themodulationschemerefersto the themethodby which an incomingsignal(in

this casea digital bit stream)is convertedto a signalsuitablefor transmissionat

radio-frequency (RF).

Many modulationschemeswere consideredfor the design. Theseincluded

frequency-shift keying (FSK), phase-shiftkeying (PSK) andamplitude-shiftkey-

ing (ASK) andcombinationssuchasquadratureamplitudemodulation(QAM).

Theadvantagesanddisadvantagesof thevariousmodulationschemeswerein-

vestigated1 andQPSKwaschosen.Therewereseveralreasonsfor selectingQPSK.� QPSKis well suitedfor usein directsequencespreadspectrum(DS-SS)sys-

tems.Spreadspectrumtechniqueshave beentaken into considerationin the

designof thehardwaresothatit canbeimplementedin thefuture.� QPSKprovidesa goodtradeoff betweenspectralefficiency andpower effi-

ciency.

1Referto table2.1on page16.
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in thedigital domain.Thisis difficult to achievefor modulationschemessuch

asFrequency Shift Keying thatusuallymakesuseof non-linearamplification,

which leadsto spectralre-growth2.

Eventhoughthedesignwasbasedon themodulationschemebeingQPSK,the

useof digital processingtechniquesmeansthat the hardwarecouldalsouseother

PSKmodulationsschemesaddingflexibility to thedesign.

3.2.2 Digital BasebandSection

It wasdecidedto makeuseof digital techniquesfor thebasebandsectionof thede-

sign. This wasbecauseof theadvantagesdigital methodsoffer (which aredetailed

in section2.4).Advantagesmakingthischoiceparticularlydesirablefor thisdesign

were:� Reducingthecomponentcountandcostof thesystem.� Increasedesignperformanceandflexibility .� Allowing spread-spectrumtechniquesto beimplementedin future.

Thedigital basebandsectionis linkedto theanalogsectionsby digital-to-analog

andanalog-to-digitalconverters.

3.3 Link Budget

A link budgetis atableof thevariousgainsandlossesof asystemusedto determine

theoverall gainof a system.Thelink budgetwasusedto determinewhetherextra

amplificationwas requiredfor the systemto maintainacceptablereceived signal

strength.It is determinedby following the power levels throughthe system.The

resultsobtainedaredisplayedin table3.1.
2Spectralre-growth refersto the broadeningof a signalspectrumwhen it is passedthrougha

non-lineardevice
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Transmitter dBm 2

Tx AntennaGain dBi 3

FreeSpaceLoss dB -45

Rx AntennaGain dB 3

LNA Gain dB 14.5

TransceiverGain dB 19

SAW Filter Loss dB -18

DemodulatorGain dB 36

Total dBm 14.5

Table3.1: Valuesusedin link margin calculation.

The transmittedpower wasdeterminedfrom the data-sheetfor the transceiver

IC usedin the design. Antennagainsarebasedon the typical gain for a quarter

wave mono-poleantenna. The free spacepath loss is the loss due to the signal

traveling throughfree space.The equationfor free spacepathloss is given in[2]

andreproducedin equation3.1. Theequationwasevaluatedfor a distanceof five

metreswhich correspondsto themaximumrequiredrange.Theothergainandloss

valuesweredeterminedfrom data-sheetsof therespectivedevices.

a@b �&c\d8�1� #@"N6Ye �gf � h +�&%=���,+ic;+=� (3.1)

Thesignallevel requiredat thedemodulatoris around
#j" (=c\dlk

which givesa

link margin of about
(=mYc\d

. This might soundlike a large margin, fadingeffects

causedby multi-pathsignalscaneasilycausesignificantdropsin received signal

levels.Anotherreasonfor leaving thismargin is becausefuturedesignsmayrequire

longerrange.
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3.4 HardwareOverview

Figure 3.2 is a block diagramshowing the major componentsthat make up the

proposedcommunicationssystem.

Thehardwaredesignwill bediscussedroughly in orderof thepatha signalto

betransmittedtakes.Thevariousmoduleswill bediscussedin theorderpresented

below:

1. PowerSupply

2. Digital Module

3. Digital/AnalogInterface

4. Frequency Synthesizer

5. QuadratureModulator/Demodulator

6. IntermediateFrequency Module

7. Transceiver

8. Low-NoiseAmplifier

9. Diplexer

3.5 Power Supply

The power supply for the wirelesscommunicationssystemrequiredtwo supply

voltages.A 2.5volt supplyis usedby theFPGAcoreanda 3.3volt supplyis used

for therestof thedesign.

To satisfythe low power specificationof the system,the power supplymakes

useof a switching regulator. The switcherusedis an LM2574 manufacturedby

OnSemiconductorthatrequiresonly two morecomponents(aninductoranddiode)

thananequivalentlinearregulatorandhasanefficiency of around72%[10].
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Quadrature
Modulator/
Demodulator

Transceiver

FPGA

Diplexer

Control
Link

Frequency
Synthesiser

Power
Supply

Quadrature
Demodulator

Down Converter

A to D
Converters

IF Filter

Modulator

D to A
Converters

Quadrature
Modulator

Up Converter

Demodulator

Low−Noise
Amplifier

Async. Serial Data Out

Async. Serial Data In

Tx/Rx

Figure3.2: Block diagramof majorcomponentsthatmake up thecommunication

system.
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Figure3.3: Schematicdiagramof powersupply.

A linearvoltageregulator’s efficiency wascalculatedsoa comparisoncouldbe

madeto the switching regulator. The calculationis shown in equation3.2. The

linear regulatorhasanefficiency of 46%comparedto theswitchingregulatorthat

hasanefficiency of 72%.Thisclearlyillustratestheadvantageof usingaswitching

regulator. ³ � ´iµ&¶,·´i¸�¹»º "N6Y6Y¼� ½*¾ ½¿ ¾ + º "N6=6;¼� %;m ¼ (3.2)

Theschematicdiagramfor thepower supplyis shown in figure3.3. Note that

the 2.5V regulator was connectedto the output of the 3.3V regulator. This was

doneto minimizethepower wastedby thevoltagedropdevelopedacrossthe2.5V

regulatorfrom input to output.

3.6 Digital Module

All basebandprocessingis performedin the digital domainto obtainhigh perfor-

manceandto reducethecomponentcount.To caterfor thedigital requirementsof

thesystem,aXilinx FPGAwaschosen.Therewereseveralreasonsfor choosingan

FPGAovera DSPor Micro-Controller. Thesereasonsarelistedbelow:
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1. AsThedesireddatarateis around200kbps,andsamplingof thesignaloccurs

at 32 timesthis rate,a samplingrateof at least6 MHz is required.Although

DSP’s that canoperateat this speedarereadilyavailable,they arequite ex-

pensive.

2. Anotherdisadvantageof usingaDSPis thatlearningtheintricaciesof aDSP

canbe quite time consuming.As the time frame for the projectwasquite

limited, any wayof reducingdevelopmenttimewasdesirable.

3. A DSPwould requireexternalmemorywhich alreadyexistsin anFPGA.

4. An FPGA could potentiallyuselesspower thana DSPasa DSPwould re-

quirea veryhigh clock rate(andhencedissipatea lot of power) to beableto

performall therequiredprocessing.On theotherhand,anFPGAcanberun

ata lower frequency aslogic to performeachtaskcanrun in parallel.

TheFPGAusedfor thedesignwasaXilinx Spartan2 XC2S200-PQ208,which

is a 208 pin quadflat packpackagethat contains200 thousandequivalentgates.

Thisnumberof gatesis overkill for thecurrentdesignbut leavesplentyof roomfor

expansionif extra featuressuchasspreadspectrumareto beimplemented.

The FPGA’s configurationdatais readfrom a Xilinx XC18V02VQ44config-

uration device which has2M bits of flash memory. The configurationdevice is

necessaryasanFPGAstoresit’ s configurationin RAM that is lost whenpower is

removed. Whenpower is appliedto the circuit, the FPGA requestsdatafrom the

configurationdevice. After theconfigurationis loaded,theFPGAgoesinto normal

operation.A schematicdiagramof theFPGAandconfigurationdevice is givenin

figure3.4.

Both the FPGA and the configurationdevice can be programmedby using a

JTAG interface.Theparallelport JTAG interfaceusedis picturedin figure3.5.

TheFPGAperformsall thebasebandprocessingfromacceptingtheasynchronous

serialdatato generatinga filteredmodulatedwaveform. Themodulatedwaveform
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Figure3.4: Schematicdiagramof FPGAandsupportingcircuitry.



28 CHAPTER 3. THE HARDWARE DESIGN

Figure3.5: Photographof parallelport JTAG interface

is theconvertedto analogform readyfor up-conversion.Thereverseprocessis also

supported.TheFPGAlogic is discussedin chapter4.

3.7 Digital/Analog Interface

To interfacethe digital logic of the FPGA to the analogsignalsof the communi-

cationsystem,analogto digital converters(ADCs) anddigital to analogconverters

(DACs)areused.Figure3.6show theschematicof theconverters.

Primaryrequirementsof theconverterswerehigh speedandlow voltageoper-

ation. TheADCs usedareADC1173savailablefrom NationalSemiconductorthat

have a samplingrateof 15 Million per second.This is certainlysufficient asthe

proposedbit rateof 312kbpsfor thedesignrequires5 million samplespersecond

perchannel.

As is typical of mosthigh speedADCs, the ADC1173’s analoginput appears

asa dynamiccapacitance[9] (thecapacitancevarieswith theclock signal).An op-

ampwaschosenthat coulddrive this typeof load to buffer thesignalinput to the

converter. Notethattheop-amphasbeenconfiguredasadifferentialamplifier(with

adifferentiallow passfilter). This reducesinterferencefrom surroundingcircuitry.

In additionto thetwo ADCs, two DACsarealsorequired.Both requiredDACs

arehousedin the singlepackageof an AD9709 that is manufacturedby Analog

Devices. It is a low-voltagedesignmanufacturedspecificallyfor portablewireless

systems.Outputsconsistof differentialcurrentsourcesthat. Theseoutputsdrive

themodulatorsthatshift thebasebandsignalto theintermediatefrequency.
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Figure3.6: Schematicdiagramof digital to analogandanalogto digital converters

thatinterfacesdigital logic signalsto analogsignals.



30 CHAPTER 3. THE HARDWARE DESIGN

3.8 FrequencySynthesizer

A frequency synthesizeris a device thatcanbeprogrammedto generatea specific

desiredfrequency. Forbasicinformationontheoperationof afrequency synthesizer

referto [2].

The frequency synthesizerusedin this designis a LMX2335 manufacturedby

National Semiconductor. It is a low cost unit that can control the frequency of

two VCOs (voltagecontrolledoscillators)over the rangeof 50 MHz to 2.2 GHz.

Oneof thechannelsis usedto generatetheintermediatefrequency (whichis fixedat

70MHz)andtheotherchannelisusedtocontrolthefinal transmit/receivefrequency.

Thedesignallowsthetransmit/receivefrequency to betunedovertherange915

to 928MHz in small frequency steps.This morethansatisfiesthe requirementof

theRoboCupcompetitionof having at leasttwo bandsof operation.The915to 928

MHz bandis oneof theISM bands,whichdoesnot requirea licensefor use.

Theschematicdiagramof thefrequency synthesizeris shown in figure3.7.Note

thatthereferenceclock which is usedasa referencefor thefrequency synthesizer,

is alsousedasaglobalclock for theFPGA.

The frequency synthesizercontrols the VCOs by varying the voltage (ports

VCO1CNTLandVCO2CNTL) in responseto the frequency generated(sensedat

portsRF OUT1andRF OUT2).

3.9 Quadratur eModulator/Demodulator

TheMAX2450 from Maxim is a low powerquadraturemodulatorusedto translate

a basebandsignalto an intermediatefrequency andvice-versa.Integratedinto the

modulatorIC is alsoa VCO, which is controlledby the frequency synthesizerto

generatethe70MHz localoscillatorfrequency.

A schematicdiagramof thequadraturemodulator/demodulatorandsupportcir-

cuitry is shown in figure3.8. The inputsto themodulatorarefirst filtered through

balancedlow passfilters (componentsonright sideof schematicconnectedto I and
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Figure3.7: Schematicdiagramof frequency synthesizerconfiguration.

Q inputs)to removealiasingcomponentsdueto sampling.Notethatthefilterswere

simplifiedafterthePCBwasmanufacturedto takeadvantageof digital filtering per-

formedby theFPGA,therefore,someof thecomponentvaluesarelabelledshortor

open.Shortrefersto a componentwhich shouldbereplacedby a shortcircuit, and

openrefersto componentsthatshouldbeleft out.

ComponentsC249, C250, L211andD203form theresonanttankcircuit3 of the

VCO. The frequency is variedby changingthe voltageon the port VCO2CNTL

which is connectedto varactors(diodeswhich operateasa voltagecontrolledca-

pacitances).VCO2CNTL and RFout2 connectto the frequency synthesizerthat

controlsthe VCO to obtain the desiredfrequency. Becausethe centerfrequency

of the intermediatefrequency (IF) filter waschosento be 70 MHz, the frequency

synthesizeris programmedto generate70MHz from theVCO.

The two signalsinput to the modulator(I andQ) arecombinedinto the inter-

mediatefrequency signal. The intermediatefrequency signalthenpassesthrough

anotherstageof up-conversionthat shifts the signal to the final transmittedfre-

3A resonanttankcircuit is acircuit usedto controlthefrequency of anoscillator.
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Figure3.8: Schematicdiagramof quadraturemodulator/demodulatorandsupport-

ing circuitry.
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Figure3.9: Schematicdiagramof IF filter.

quency.

The input to the quadraturedemodulatorcomesfrom the IF stage,which fil-

tersout the desiredsignal. The quadraturedemodulatorthenextractsthe I andQ

basebandchannelsandpassesthis to theADCs andtheFPGAfor demodulation.

3.10 Intermediate-FrequencyModule

The primary function of the Intermediate-Frequency moduleis filtering of the re-

ceivedsignal. Filtering at an intermediatefrequency leadsto far betterselectivity

(that is the ability to selectthe desiredsignal from nearbynoisein the received

spectrum)thanfiltering at theRFstageor at baseband.

Figure3.9showstheschematicdiagramof theintermediatesectionof thecom-

municationsystem.TheIF sectionlinks thetransceiverwith thequadraturemodu-

lator/demodulator.

Thecomponentthatperformsthefiltering is thesurfaceacousticwave (SAW)

filter. Thesecomponentsmake useof acousticwavesto provide very high order
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Figure3.10:Frequency responseof theSAW filter.

filtering thatyieldsaverysharppassbandfrequency response,which is closeto the

idealbrick wall filter response.

The inductorsandcapacitorsaroundthe SAW filter are impedancematching

componentswhosevaluesweredeterminedusinga simulator. The resultingfre-

quency responseobtainedfrom the simulatoris plotted in figure 3.10. The saw

filter usedhasa 1MHz -3dB bandwidthwhich is much broaderthan the current

designrequires. However, this bandwidthwill be necessaryif a spreadspectrum

designis pursued.Notetheverysharpcutoffs outsideof thepassbandandexcellent

outof bandattenuationprovidedby theSAW filter.

The PIN diode (D300) and surroundingbiasingand DC blocking capacitors

form a variableattenuatorusedto attenuatetheincomingsignalto maintaina con-

stantsignallevel at thedemodulator. This attenuationis controlledby theFPGA,

which providesa pulse-widthmodulatedvoltageat net IF BIAS. The signalfrom

theFPGAis determinedbasedonthesignalreceivedfrom theADCsandis adjusted

to maintainagoodreceivedsignallevel.

The transmitpath of the intermediatefrequency sectionsimply consistsof a

strait-throughconnection.ThePCBhastheprovisionfor impedancematchingcom-

ponentsandanattenuator(formedby R226andR227), however, calculationsmade

afterthePCBwasfabricatedindicatedthesecomponentsarenotneeded,hencethe
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openandshortcomponentvalues.

3.11 Transceiver

The transceiver performsthe translationbetweenthe intermediatefrequency and

final transmission/receptionfrequency. A MAX2422 manufacturedby Maxim was

usedfor thetransceiverasit integratesmany of therequiredpartsthatwouldother-

wisebeneededto createa transceiverandits supportingcircuitry.

Anotherimportantfeatureof theMAX2422 is its reducedfiltering requirements

due to its imagereject design. A receiver is usually formed by a single mixer.

Mixers have the propertyof outputtingthe sum and differenceof the two input

signals.This meansthatusinga mixer asa down-converterwill down-convert two

signals(onedesiredsignalplusanimagesignal).This problemis solvedeitherby

filtering out the imagesignalbeforethe mixer, or by combiningtwo mixers that

aredrivenby a local oscillatorwith a phasedifferenceof 90 degreesbetweenthe

two mixers.Thelateroptionis incorporatedinto theMAX2422 which reducesthe

overallcomponentcountof thedesignby removing theneedof anadditionalfilter.

TheMAX2422 alsoincludesa voltagecontrolledoscillatorwhich is controlled

by thefrequency synthesizerto producethe985-998MHzlocaloscillator(LO) sig-

nal. As high-sideinjectionis usedin this design,theLO frequencies985-998cor-

respondto receivedsignalfrequenciesof 915MHzto 928MHzwhicharepartof the

900MHzISM band.

Theschematicdiagramof thetransceiver is shown in figure3.11andthemain

partsareoutlinedbelow.� L212, C220, C221andD202 form theresonanttankthatdeterminesthefre-

quency of oscillationandis similar to thatusedby thequadraturemodulator.� The RFout1 andVCO1CNTL portsconnectto the frequency synthesizerto

generatethedesiredLO reference.
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Figure 3.11: Schematicdiagram of the transceiver, which consistsof an up-

converter, down-converterandVCO.� R243is a trim-pot usedto setthetransmitgainof thetransmitter.� ThepinsRXON, TXONandVCOONareusedto enablethetransmitsection,

thereceivesectionandtheVCO respectively.� TheLNAGAIN pin is controlledby theFPGAto adjustthelow-noiseamplifier

(LNA) gainof thedevice.

3.12 Low-NoiseAmplifier

A primaryrequirementof thewirelesscommunicationsystemwasgooderrorper-

formance.Error performanceis closelylinked to noiselevelsandis improvedby

reducingnoisein thesystem.
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Figure3.12:Schematicdiagramof theLNA andvoltagecontrolledattenuator.

A low-noiseamplifier (LNA) wasincorporatedinto the designto improve the

sensitivity of the systemandreducenoiselevels in the system.Becausethe low-

noiseamplifieris thefirst stageof thereceiver, it is usuallydominantin determining

thenoisefigureof theentiresystem[2] hencea LNA canimprove theperformance

of thedesignsignificantly.

Theschematicdiagramof theLNA circuitandsupportingcomponentsareshown

in figure 3.12. An INA-12063LNA manufacturedby Agilent wasselectedfor its

easeof use. The INA-12063consistsof a self biasedtransistoramplifier. The in-

ductorandcapacitor(L204andC235) connectedto theRF port form animpedance

matchingnetwork while theinductor, L205, at theoutputof theLNA providesaDC

pathto thevoltagesupply.

The PIN diode (D201) and surroundingbiasingand DC blocking capacitors

form anothervariableattenuatorsimilar to thatusedin the IF section.The reason

for having two attenuatorsis to providefinerattenuationcontrol.TheRFattenuator

providesa coursecontrolandtheIF attenuatorprovidesfine tuning.
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Figure3.13:Schematicdiagramof thediplexerwhich is usedto switchtheantenna

betweentransmitandreceivesectionsof thecommunicationsystem.

3.13 Diplexer

The diplexer performsthe task of switching the antennabetweenthe transmitter

andreceiver sectionsof the communicationssystem. The schematicdiagramfor

thediplexer is givenin figure3.13.

The switching is achieved by alternatinga biascurrentbetweenthe two PIN

diodes. Passinga bias currentthroughthe PIN diode causesit to go into a low

impedancestatethatallows a signalto passthrough.Thebiascurrentis controlled

by signalsfrom theFPGA.



Chapter 4

VHDL Description

The VHDL codeusedin the designforms a major part of the designdue to the

heavy relianceon processingin thedigital domain.TheFPGAthatimplementsthe

digital logic specifiedby theVHDL codeperformsseveralmajor functions,which

arelistedbelow.� High level DataLink Control(HDLC)� Scrambler/De-scrambler� Modulation� Demodulation� GainControl

Theblock diagramin figure4.1 shows how theVHDL modulesinteract.Each

of thesemoduleswill bediscussedin thefollowing sections

.

4.1 HDLC

The HDLC moduleforms the interfacebetweenthe asynchronousserialport that

connectsthecommunicationsystemto theoutsideworld andthesynchronousserial
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HDLC

Gain Control

Async. Serial In/Out

To Diplexer

TX/RX

To D/A
Converter

From A/D
Converter

To PIN
Diodes

Demodulator

Descrambler Scrambler

Modulator

Figure4.1: Block diagramshowing theinteractionof majormodulesthatmake up

thelogic usedfor thebasebandsignalprocessing.

streamusedby themodulatoranddemodulator. It is alsoresponsiblefor arbitrating

transmitandreceivemodes.

Thismoduleis necessarybecauseasynchronouscommunicationsis unsuitedto

digital transmission,especiallyin a coherentdesign.Synchronousserialtransmis-

sionprovidesaconstantstreamof datawhich thereceivercansynchronizeto.

TheHDLC layeris alsoresponsiblefor errordetectionandcorrectionthatis yet

to beimplemented.

If two-way communicationis desired(which could prove very useful for de-

buggingof theRoboRoos),theHDLC layerwill berequiredto determinewhenit

shouldbetransmittingdataandwhenit shouldbereceiving. Therearemany algo-

rithmsthatcanbeusedfor makingthis decisionwhich couldbea topic for further

work.

4.2 Scrambler/De-scrambler

Thepurposeof thescrambleris to randomizethetransmittedsignalsothatcontin-

uousstreamsof logic 1sor logic 0sareavoided.Continuousstreamsof logic 1sor
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logic 0sposeproblemsfor the receiver in trying to maintainsynchronizationwith

thetransmitterbecauselogic level transitionsareusedto maintainsynchronization.

The proposedscrambleris a simpleself-synchronizingscramblermakinguse

of a shift registerwith severaltapsandexclusiveor gates.TheDe-scramblertakes

aroundasmany bit periodsasthesizeof theshift registerto synchronizeandpro-

ducevalid output. A typical shift registersizeis 17 bits which correspondsto just

over two bytes. A sideeffect of a scramblerof this type is that a singlebit error

received causesseveral errorsat the de-scrambleroutput(the numberdependson

thenumberof taps,usuallyaround3). This oftendoesn’t posea problemthough,

dependingon theerrordetectionor correctionschemeused.

Codewaswrittenfor thecurrentRoboRooscommunicationsystemwhichmade

useof this techniqueto reducethe amountof datatransmittedbecausedatawas

otherwisetransmittedtwice to maintaina constantnumberof logic 1s and0s this

wasexplainedin section1.4.1.

4.3 Modulation

Modulationis perhapsthemostfundamentalpartof a radio transmitter. Themod-

ulator implementedis a quadraturephaseshift keying (QPSK)with raised-cosine

pulseshaping.

As a raisedcosinewaveformhasadurationlongerthana singlebit period1, the

transmittedwaveformdependsnotonly onthebit beingtransmitted,but onbits that

have alreadybeentransmittedandon bits to come.To determinethewaveformto

transmit,informationto besentis shiftedinto a shift register. Themiddlebit of the

shift registercorrespondsto thecurrentbit beingsent.Thecontribution from each

bit in theshift registeris determinedusinga lookup tableandaddedto determine

thesamplevaluethatshouldbepassedto theDACs.

1The durationof a raisedcosinetime domainwaveform is strictly infinite, but canbe approxi-

matedto befinite becausetheamplitudelevel is insignificantaftera few bit periods.
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0 2 us 4 us 6 us

/testbench/resetn

/testbench/clock

/testbench/i_out

/testbench/uut/i_modulator/bit_clock

/testbench/uut/i_modulator/data

/testbench/uut/i_modulator/shift_register 101010 010101 101011 010111 101111 011111 111111

Figure4.2: Simulatedwaveformof themodulator.

The VHDL codethat implementsthe modulatoris in modulator.vhd on page

54. This makesuseof thelookuptablegivenin lookup.vhdon page53,which was

generatedby samplingtheraisedcosinefunctionwith Matlab.

A testbedwascreatedto simulatetheoperationof themodulator. Thesimulated

datatransmittedwasthe bit stream101011111.... The outputof the testbed in

modulatortb.vhd(onpage56) is shown in figure4.2.

4.4 Demodulation

Thepurposeof thedemodulatoris to determinethedatathatwastransmittedfrom

the received waveform. The demodulatorimplementedby the VHDL code,de-

modulator.vhd, on page49 usesan integrateanddumpmethodfor extractingthe

transmitteddata.Thatis, theincomingsamplesareintegratedoverabit period,and

theintegral valueis dumpedat theendof thebit period.Thedumpedvalueis used

to determineweathera logic 1 or logic 0 wasreceived. The incomingwaveform

is alsosampledto extract timing information. This timing informationis usedto

determinetheoptimumtime to dumptheintegrationprocess.

Theintegrateanddumpmethodof extractingdatahelpsremovenoisefrom the

signal.This is becausetheprocessof integratingis analogousto low-passfiltering

of thesignal.
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A testbedhasbeenwritten to testthe functionswritten andthecodeis in de-

modulatortb.vhd on page51. The output of the simulationhasbeenverified to

producea receivedbit patterncorrespondingto thetransmitteddata.

4.5 Gain Control

Gaincontrol is importantfor gooddemodulationof a QPSKsignalsothattheam-

plitude variationsof the signalarepreserved. This is in contrastwith frequency

modulationtechniquesthatdon’t needto recoverany amplitudeinformation.

The gain control usedis dynamicand is continuouslyadjustedto maintaina

good dynamicrangeof the received signal. It works by averagingthe received

valueover onebit periodandadjuststhegainby a small amountto maintainit at

thecorrectlevel.

Thegain loop is implementedin demodulator.vhd. Theoutputof thegaincon-

trol loop drivesthe PIN attenuatordiodesusinga pulse-widthmodulated(PWM)

signal. This PWM signal is implementedby codepresentedin pwm.vhdon page

57.



Chapter 5

Final Project Performance

Thisprojecthasseenthedesignof ahighperformancecustomcommunicationsys-

tem. Dueto time constraints,however, constructionandtestinghasnot beencom-

pletedat thetimeof writing.

Currently, thePCBis in theprocessof beingtestedandis still waiting on com-

ponents.Thepowersupplyanddigital sectionshavebeenassembledandtested.

Therearestill gapsin theVHDL codesthatwill needto befilled in beforeit can

betestedin it’ s entirety. As thehardwareis assembled,however, variousmodules

will beableto betested.

5.1 HardwareStatus

Figure5.1showsthePCB’s thatwereconstructed.ThebottomPCBwasusedwith

thecurrentcommunicationsystem.It wascreatedto fit into thenew robot design

asa temporarysolutionuntil thenew communicationsystemwascompleted.The

top PCBphotographshows thehardwarefor thenew communicationsystemat its

currentstateof completion.

VHDL testcodehasbeenwritten andloadedonto the communicationsboard

to testvariouspartsof thehardware. Everythingthathasbeenassembledsofar is

working.
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Figure5.1: Photographsof PCBsfor thedesignpresented(top) andfor thecurrent

system(bottom).

Theonly problemthatwasencounteredwasthe2.5V voltageregulatorhastoo

highadrop-outvoltageto bedrivenby the3.3Vsupply. Instead,it is directlydriven

by thebatteryvoltage.A lower drop-outregulatorshouldbesoughtto provide the

2.5V supplysothatahigherefficiency is obtained.

5.2 VHDL codeStatus

A significantportionof theVHDL codehasbeenproducedfor thedesign,mostof

which hasbeentestedin a simulator. Themodulationanddemodulationcodehas

beenwrittenandsimulatedwhichformsthemostsignificantportionsof thesystem.

Also, codefor thegaincontrolhasbeenwritten. However, codeto implementthe

HDLC layerneedsto bewrittenbeforeacompletesolutionis ready.

A limiting factorin testingcodeon thehardwarehasbeenthesupplyproblems

with thedigital to analogconverterchip.



Chapter 6

Further Work

Therearemany possibleareasfor furtherwork in thisprojectowing to theflexibility

of thedesign.

6.1 Construction and Testing

Theobviousareasfor furtherwork arepopulatingthePCBandtestingof thehard-

ware.Thereis alsosomemoreVHDL codeto bewrittenbeforeacompletesystem

will berealized.Themainareawherecodeis neededis for theHDLC.

6.2 Err or Detectionand Corr ection

A large topic to be investigatedis errordetectionandcorrectionalgorithms.Both

forward error correction1 (FEC) and two way error correctionschemescould be

investigated.The hardware designedwill be able to supporterror detectionand

correctionschemes.

1Forwarderror correctionis whereredundantdatais addedto datado be transmittedso that if

smallnumbersof errorsarereceived,they canbecorrected
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6.3 SpreadSpectrum

Anothermajorareathatcouldbeinvestigatedis spreadspectrum.Spreadspectrum

hasthe potentialof producingan extremelyrobust communicationsystemthat is

tolerantto quitesignificantlevelsof interference.

Thehardwarehasbeendesignedto accommodatea DS-SSdesign,andthead-

dition of VHDL algorithmsshouldbeall thatis required.

6.4 Two Way Communications

In contrastto thecurrentsystem,thecommunicationsystempresentedis capableof

half-duplex communication.Therearemany motivationsfor a duplex communica-

tion system.Theseinclude:

� DebuggingtheRoboRoos.Thiscouldincludedataloggingfunctions.

� Robust error correction. This would be necessaryif, for instance,on field

re-programmabilityof theRoboRooswasdesired.This would bevery con-

venientif a11 playerteamis built.

� Use with the ViperRooslocal vision robots. The ViperRoosneedduplex

communicationandcouldbenefitfrom ahighperformancesystem.



Chapter 7

Conclusions

Thisprojecthasseenthedevelopmentof acustomcommunicationssystemwith the

potentialperformancelevels far betterthe the currentcommunicationssystem.A

hardwaredesignhasbeencompletedandits constructionandtestingis underway.

Somemore VHDL codewill have to be written beforea completeworking

designcanbe demonstrated,but muchof the softwarehasbeenverified through

simulation.

Thedesignpresentedcouldalsobeusedin othersystemsrequiringhigh speed

serialcommunications.
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Appendix A

Codelisting

A.1 demodulator.vhd
-- demodulator.vhd

-- This code implements a single channel of a PSK demodulator.

-- It makes use of an integrate and dump filter and maintains 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 IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity demodulator is

generic(average_interval : integer := 8; -- number of samples averaged to determine peak

-- signal level

bit_length : integer := 64; -- number of samples per bit

resolution : integer := 2; -- number of samples to shift for optimal position

number_bits : integer := 6); -- number of bits in lookup table

Port ( resetn : in std_logic;

sample_clock : in std_logic; -- data valid on falling edge

sample : in std_logic_vector(7 downto 0);

data : out std_logic;

bit_clock : out std_logic;

atten1 : out std_logic; -- attenuator signal used for agc

atten2 : out std_logic); -- ditto

end demodulator;

architecture behavioral of demodulator is

type integral_array_type is array (0 to bit_length / resolution - 1) of

std_logic_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 0 to bit_length / resolution - 1;

signal sample_counter : integer range 0 to bit_length - 1;

-- signal average : is array 0 to bit_length / resolution - 1 of integer;

begin

process(sample_clock, resetn) -- both rising and falling edge

begin

if resetn = ’0’ then

sample_counter <= 0;

early_offset <= 1;

offset <= 0;

late_offset <= 1;

later_offset <= 2;

offset_counter <= 0;

offset_half <= bit_length / resolution / 2 - 1;

elsif (sample_clock’event and sample_clock = ’0’) then

-- update running integrals

for i in 0 to bit_length / resolution - 1 loop

running_integral(i) <= running_integral(i) + sample;

end loop;

-- increment the sample counter.

if sample_counter < resolution - 1 then

sample_counter <= sample_counter + 1;

else

sample_counter <= 0;

if offset_counter = bit_length / resolution - 1 then

offset_counter <= 0;

else

offset_counter <= offset_counter + 1;

end if;

-- update integrals used for integrate and dump filtering to determine output value

integral(offset_counter) <= running_integral(offset_counter);

running_integral(offset_counter) <= (others => ’0’);

-- maintain approx. 50% bit_clock duty cycle

if offset_counter = offset_half then

bit_clock <= ’0’;

end if;

-- output data and

-- determine new optimal 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

offset <= early_offset;

elsif integral(late_offset) > integral(offset) and

integral(late_offset) > integral(early_offset) then

offset <= late_offset;

end if;

else

data <= ’0’;

if integral(early_offset) < integral(offset) and

integral(early_offset) < integral(late_offset) then

offset <= early_offset;

elsif integral(late_offset) < integral(offset) and
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integral(late_offset) < integral(early_offset) then

offset <= late_offset;

end if;

end if;

bit_clock <= ’1’;

-- determine early and late offsets

if offset = (bit_length/resolution - 1) then

late_offset <= 0;

else

late_offset <= offset + 1;

end if;

if offset = 0 then

early_offset <= bit_length/resolution - 1;

else

early_offset <= offset - 1;

end if;

-- determine later_offset

if offset = bit_length / resolution - 2 then

later_offset <= 0;

elsif offset = bit_length / resolution - 1 then

later_offset <= 1;

else

later_offset <= offset + 2;

end if;

-- determine offset_half

if late_offset > (bit_length / resolution / 2 - 1) then

offset_half <= late_offset - bit_length / resolution / 2;

else

offset_half <= late_offset + bit_length / resolution / 2;

end if;

end if;

end if;

end if;

end process;

end behavioral;

A.2 demodulator tb.vhd
-- demodulator_tb.vhd

-- This is a test bed written to test the demodulator.vhd demodulator module.

-- An signal corrosponding to a given bit pattern is sent to the demodulator which

-- synchronizes to the data, and outputs the received data.

--

-- Author: Russell Kliese, The University of Queensland

-- Creation Date: 19/07/2001

LIBRARY ieee;

USE ieee.std_logic_1164.ALL;

USE ieee.numeric_std.ALL;

ENTITY demodulator_tb IS

END demodulator_tb;
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ARCHITECTURE behavior OF demodulator_tb is

-- Component Declaration

component demodulator

PORT(

resetn : in std_logic;

sample_clock: in std_logic;

sample : in std_logic_vector(7 downto 0);

data : out std_logic;

bit_clock : out std_logic

);

END COMPONENT;

SIGNAL resetn : std_logic;

signal sample_clock : std_logic;

signal sample : std_logic_vector(7 downto 0);

signal data : std_logic;

signal bit_clock : std_logic;

constant rx_data : std_logic_vector(15 downto 0) := "1010101010101010";

BEGIN

-- Component Instantiation

uut: demodulator PORT MAP(resetn, sample_clock, sample, data, bit_clock);

-- sampled received signal

-- bit_rate = 156250

sample_process : PROCESS

BEGIN

sample <= (others => ’0’);

wait for 1 us;

for i in 0 to 15 loop

if rx_data(i) = ’1’ then

sample <= (others => ’1’);

else

sample <= (others => ’0’);

end if;

wait for 6.4 us;

end loop;

wait; -- will wait forever

END PROCESS;

-- the reset signal

reset_process : PROCESS

BEGIN

resetn <= ’0’;

wait for 100 ns;

resetn <= ’1’;

wait;

END PROCESS;

-- the sample clock. In this case at 10MHz

clock_process : process

begin

for i in 1 to 5000 loop

sample_clock <= ’1’;

wait for 50 ns;

sample_clock <= ’0’;
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wait for 50 ns;

end loop;

end process;

end;

A.3 lookup.vhd
-- lookup.vhd

-- This is the lookup table used by the modulator.

-- The waveform is 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 IEEE;

use IEEE.std_logic_1164.all;

-- a 1kX8 rom used for storing the waveforms

entity lookup is

port (ADDR: in INTEGER range 0 to 191;

DATA: out STD_LOGIC_VECTOR (7 downto 0));

end lookup;

architecture XILINX of lookup is

subtype ROM_WORD is STD_LOGIC_VECTOR (7 downto 0);

type ROM_TABLE is array (0 to 191) of ROM_WORD;

constant ROM: ROM_TABLE := (

"00000000","00000000","00000000","00000000","00000000","00000000","00000000","00000000",

"00000000","00000000","00000000","00000000","00000000","00000000","00000000","00000001",

"00000001","00000001","00000001","00000001","00000001","00000001","00000001","00000001",

"00000001","00000001","00000001","00000001","00000000","00000000","00000000","00000000",

"00000000","11111111","11111110","11111110","11111101","11111100","11111100","11111011",

"11111010","11111001","11111001","11111000","11110111","11110111","11110110","11110101",

"11110101","11110100","11110100","11110100","11110100","11110100","11110100","11110101",

"11110110","11110111","11111000","11111001","11111010","11111100","11111110","00000000",

"00000010","00000100","00000111","00001001","00001101","00010000","00010011","00010111",

"00011010","00011110","00100010","00100110","00101001","00101101","00110001","00110101",

"00111001","00111100","01000000","01000011","01000110","01001010","01001101","01001111",

"01010001","01010011","01010101","01010110","01010111","01011001","01011001","01011001",

"01011001","01011001","01010111","01010110","01010101","01010011","01010001","01001111",

"01001101","01001010","01000110","01000011","01000000","00111100","00111001","00110101",

"00110001","00101101","00101001","00100110","00100010","00011110","00011010","00010111",

"00010011","00010000","00001101","00001001","00000111","00000100","00000010","00000000",

"11111110","11111100","11111010","11111001","11111000","11110111","11110110","11110101",

"11110100","11110100","11110100","11110100","11110100","11110100","11110101","11110101",

"11110110","11110111","11110111","11111000","11111001","11111001","11111010","11111011",

"11111100","11111100","11111101","11111110","11111110","11111111","00000000","00000000",

"00000000","00000000","00000000","00000001","00000001","00000001","00000001","00000001",

"00000001","00000001","00000001","00000001","00000001","00000001","00000001","00000001",

"00000000","00000000","00000000","00000000","00000000","00000000","00000000","00000000",

"00000000","00000000","00000000","00000000","00000000","00000000","00000000" "00000000"

);

begin

DATA <= ROM(ADDR);



54 APPENDIX A. CODE LISTING

end XILINX;

A.4 modulator.vhd
-- modulator.vhd

-- This code implements a signlge channel of a QPSK modulator.

-- Pulse shaping is acheived by making use of a look-up table (lookup.vhd).

--

-- Author: Russell Kliese, The University of Queensland

-- Creation Date: 28/06/2001

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_SIGNED.ALL;

entity modulator is

generic(lookup_length : integer := 192; -- length of sample lookup table

bit_length : integer := 32; -- number of samples per bit

number_bits : integer := 6); -- number of bits in lookup table

Port ( resetn : in std_logic;

clock : in std_logic; -- the global sample clock

data : in std_logic; -- the data to be modulated

sample : out std_logic_vector(7 downto 0); -- the current sample value

bit_clock : out std_logic -- bit clock is sample clock / bit_length

);

end modulator;

architecture behavioral of modulator is

signal count : integer range 0 to lookup_length - 1;

signal bit_clock_signal : std_logic;

type sample_counter_array is array (0 to number_bits - 1) of integer range 0 to lookup_length - 1;

signal sample_counter : sample_counter_array;

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

component lookup

port (ADDR: in INTEGER range 0 to lookup_length - 1;

DATA: out STD_LOGIC_VECTOR (7 downto 0));

end component;

type sample_array is array (0 to number_bits - 1) of std_logic_vector(7 downto 0);

signal sample_signal : sample_array;

signal signed_sample_signal : sample_array;

signal total_sample : std_logic_vector (10 downto 0);

begin

process(clock, resetn)

begin

if resetn = ’0’ then

count <= 0;

sample_counter(0) <= 0;

bit_clock_signal <= ’0’;
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-- shift_register <= (others => ’0’);

shift_register <= "101010";

elsif(clock’event and clock=’1’) then

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

bit_clock_signal <= ’1’;

end if;

if sample_counter(0) = (bit_length - 1) then

-- do a shift and put the next data bit into the shift register

for i in 1 to number_bits - 1 loop

shift_register(number_bits - i) <= shift_register(number_bits - i - 1);

end loop;

shift_register(0) <= data;

-- reset the sample counter

sample_counter(0) <= 0;

bit_clock_signal <= ’0’;

else

sample_counter(0) <= sample_counter(0) + 1;

end if;

if count = (lookup_length - 1) then

count <= 0;

else

count <= count + 1;

end if;

end if;

end process;

-- update all the other sample_counters

generate_counters:

for i in 1 to number_bits - 1 generate

sample_counter(i) <= sample_counter(0) + i * bit_length;

end generate;

generate_lookups:

for i in 0 to number_bits - 1 generate

lut : lookup port map(sample_counter(i), sample_signal(i));

signed_sample_signal(i) <= sample_signal(i) when shift_register(i) = ’1’ else

- sample_signal(i);

end generate;

sample <= signed_sample_signal(0) + signed_sample_signal(1) +

signed_sample_signal(2) + signed_sample_signal(3) +

signed_sample_signal(4) + signed_sample_signal(5);

--generate_sample:

--for i in 0 to 7 generate

-- sample(i) <= total_sample(i);

--end generate;

bit_clock <= bit_clock_signal;

end behavioral;
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A.5 modulator tb.vhd
-- modulator_tb.vhd

-- This file is used for testing the modulator in modulator.vhd.

--

-- Author: Russell Kliese, The University of Queensland

-- Creation Date: 29/6/2001

LIBRARY ieee;

USE ieee.std_logic_1164.ALL;

USE ieee.numeric_std.ALL;

ENTITY testbench IS

END testbench;

ARCHITECTURE behavior OF testbench IS

-- Component Declaration

component modulator

Port ( resetn : in std_logic;

clock : in std_logic;

data : in std_logic;

sample : 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 sample : std_logic_vector(7 downto 0);

signal bit_clock : std_logic;

BEGIN

-- Component Instantiation

uut: modulator PORT MAP(resetn,clock,data,sample,bit_clock);

-- Test Bench Statements

tb : PROCESS

BEGIN

data <= ’0’;

resetn <= ’0’;

wait for 10 ns;-- wait until 10;

resetn <= ’1’;

END PROCESS;

process

begin

-- while true loop

for i in 1 to 224 loop

clock <= ’0’;

wait for 10 ns;

clock <= ’1’;
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wait for 10 ns;

end loop;

end process;

-- End Test Bench

END;

A.6 pwm.vhd
-- pwm.vhd

-- This code is used to implement a pulse width modulator

--

-- Author: Russell Kliese, The University of Queensland

-- Creation Date: 5/8/2001

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

entity pwm is

generic(bits : integer := 8 -- number of bits used for duty cycle.

-- Also determines pwm period.

);

Port ( resetn : in std_logic;

clock : in std_logic;

duty_cycle : in std_logic_vector(bits - 1 downto 0);

pwm : out std_logic);

end pwm;

architecture behavioral of pwm is

signal counter : std_logic_vector(bits - 1 downto 0);

begin

process(clock, resetn)

begin

if resetn = ’0’ then

counter <= (others => ’0’);

elsif (clock’event and clock = ’1’) then

counter <= counter + 1;

if counter >= duty_cycle then

pwm <= ’0’;

else

pwm <= ’1’;

end if;

end if;

end process;

end behavioral;



Appendix B

Glossary

ADC Analogto Digital Converter.

BPSK BinaryPhaseShift Keying.

DAC Digital to AnalogConverter.

DSP Digital SignalProcessor.

DS-SS Direct-SequenceSpreadSpectrum.

FH-SS Frequency-HoppedSpreadSpectrum.

FPGA Field ProgrammableGateArray. Thesearehigh densityconfigurablelogic

deviceswhoseconfigurationis storedin staticRAM memory.

FSK Frequency Shift Keying.

GSM GlobalSystemfor Mobile Communication.

Half Duplex A methodof two way communicationswhereonly onedirectionof

communicationcantakeplaceat agiventime.

HDLC High level DataLink Control.

ISM Industrial,ScientificandMedical.
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JTAG JointTestAction Groupor “IEEE Standard1149.1.” A standardspecifying

how to controlandmonitorthepinsof compliantdeviceson a printedcircuit

board.

LNA Low-noiseamplifier.

LO LocalOscillator.

OOSK On-Off Shift Keying.

PCB PrintedCircuit Board.

PIN Diode is adiodewhichbehavesasavoltage-variableresistanceandis usedto

switchor attenuatemicrowavesignals[4].

Power Efficiency is theratioof requiredpowerfor agivenbit rateto achievesome

specifiedbit errorrate.

PWM PulseWidth Modulation.

QPSK QuadraturePhaseShift Keying.

RF RadioFrequency.

RFIC RadioFrequency IntegratedCircuit.

SpectralEfficiency is theratio of bandwidthoccupiedby themodulatedsignalto

thebit rateof databeingtransmitted.

VCO VoltageControlledOscillator.

VHDL Veryhigh speedintegratedcircuit HardwareDescriptionLanguage.
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