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Resumo

Redegle SensoreSemFio (RSSFskaoredescomgrandenimerodemicro-sensoresompactogom

capacidadelecomunicag@éosem o, chamadosle néssensoresUmaRSSFtem o potencialparaum

grandenumerode aplica®es,quevariadesdecoletardadosdo meio-ambientate aplicad@esmilita-

res. O objetivo destetrabalhoé projetarumaplataformacomputacionalchamada@BEAN (Brazilian

Enegy-Efcient Architectural Nodg, queinclui componentesle hardware e software, e servia de
prototipo paraumaRSSFE Desa osna arquiteturacomopodercomputacionalconsumade enegia,

fontesde enepia, canaisde comunica@oe capacidadele sensoriasaoimpostosaosprojetistas Em

nossoconhecimentoBEAN €& o primeirond sensolquepermitemediro consumaleenegiadecada
componente tamkemo primeiro prottipo projetadono Brasil.



Abstract

Wirelesssensometworks are networks of large quantitiesof compactmicro-sensorsvith wireless
communicatiorcapability calledsensomodes.Emeging applicationsof datagatheringrangefrom

theernvironmentatlto the military. The objectve of thiswork is to projecta computerplatform,called
BEAN (Brazilian Enegy-Ef cient ArchitecturalNode), that includessoftware and hardware com-

ponentswhich will be a prototypedevice for wirelesssensometworks.Architecturachallengesare
posedfor designersuchascomputationapower, enegy consumptionenegy sourcescommunica-
tion channelsandsensingcapabilities. In our knowledge,BEAN is the rst sensomodethatallow

measuringhe power consumptiornof eachcomponen@andit is the rst sensomode prototypede-

signedin Brazil.



Agradecimentos

E muito dif cil mencionamlquitodasaspessoasgjuetemme apoiadoduranteestetempo.

Aos meuspais,Helo'saBeatrize Jo€ Augusto,pelo esfor@ paraque me proporcionasserama
boaformago e educa@o. Aos meusirmaosAlessandrae Luiz Filipe, que sempreestverampor
perto.

Ao Prof. Dibgenegortodoapoioguemedeu,pelaamizade pelapacéncia,pelasidéiase pelos
ensinamentoguesemprane passou.

Ao Prof. Antonio Otavio, peloapoiodesdeo in"cio, quandoeuaindaeraalunodegradua@o, pela
amizadee considerago.

Aos professore® funciorariosdo DCC, em especialaos professoredA. Alfredo, Claudionor
Linnyer, Newton, Mario, pelosensinamentos sugesbesquecontribu’ram paraa minhaformago.

Aos meusamigosde gradua@o da Turma98, membrosda Pavertecr , amigosdo Laborabrio
Engetrone LECOM, especialment&ustao (gms), Alex, Cadu,Romeo,Daniela,Breno Vitorino,
Vin'cius (Makish), Otaviano,Ajmendes Valdeci,Felipe,Maia, pelaamizade.

A equipededeserolvimentoCésare Rangel.

A vitoriosaequipeACM peloesforo e dedicaé@o.

Aos membrosdo OSV e Bier e organizadoreslo album de gurinhas, pelosmomentosielazer

A todososoutrosamigos,comoo Nacif, Ana, Tom, Rafael, Bruno,Marcia,Lidia.

Ao PNM (Programa\Nacionalde Microeletonica) (processd 3.3555/2002-0)pelabolsade es-
tudos,a TexasInstrumentsdo Brasil pelokit de desemolvimentoe amostrase ao projeto Sensornet
(552111/02-3)peloapoio nanceiro parcial.

Finalmentea Ciénciae aogloriosoClubeAtl éticoMineiro.



Contents

List of Figures
List of Tables
Breve Resumoda Dissertacao em Portugués

1 Intr oduction
1.1 WSNArchitecture . . . ... ...
1.2 Embeddedystem . ... ... ..
1.3 ObjectveandMotivation . . . . . .
1.4 TextOrganization. . . . ... ...

2 RelatedWork

3 SensorNodeAr chitecture
3.1 WSNComponents. . .. .....
3.2 Sensomodefunctionalcomponents
3.2.1 Processin@glock . . . . ..
3.2.2 Sensinglock .. ... ..
3.3 CharacteristicandRequirements .
3.4 Challenges . . ... ........

4 BEAN Hardware Components
4.1 ProcessingJnit . . . ... ... ..
4.1.1 Programmabléogic . . . .

viii

Xi

A W W DN P

14
14
15
16
16
17
18



CONTENTS ii
4.1.2 Microcontrollers . . . . . . . ... 22
4.1.3 TexasInstrumentdMSP430 . . . . . . . . . . .. .. .. ... .. ... 25

4.2 PONer . . . e e e e e 32
421 Batteries . . . . . .. e 32
4.3 Communication. . . . . . . . .. e 34
4.3.1 Lasercommunication . . . . . . . . . .. .. ... 34
432 Infrared. . . . . . . . . e 35
4.3.3 Radio-frequeng(RF) . . . . . . . . . . ... 35
4.4 SensingJdnit. . . . . e e 42
441 SensoBUS . . . . .. .. e e 43
4.5 Othercomponents . . . . . . . . . 44
45.1 Extendednemory . . . . . . . ... 44
452 Debugging . .. . ... e 47
45.3 SerialNumber . . . . . .. 47
45.4 RealTimeClock . . . . . . . . . . . . . e 48
455 MeasuringENegY . . . . . . . e 49
4.6 InterfacingCC1000andMSP430. . . . . . . . . . . . . . e 50
4.6.1 CC1000ApplicationCircuit . . . . . . ... . .. ... . ... ... 50
4.6.2 InterfacingRadioandtheMicrocontroller. . . . . ... ... ... ..... 50
4.6.3 CCL000PP . . . . . . e 55
4.6.4 RadioConnector. . . . . . . . . . . . i 57
4.7 ProjectDecCiSiONS . . . . . . . 57
5 BEAN_API 60
5.1 DriVEIS . . . . e e 61
5.1.1 SPIDriver . . . . . e 62
5.1.2 1-WireDriver. . . . . . . e 64
5.1.3 LEDDriver . . . . . . . e 66
5.1.4 QueueDriver . . . . . . . e 67
5.1.5 MemoryDriver . . . . . . . e 67
5.1.6 RadioDriver . . . . . . . .. 69



CONTENTS WY

5.1.7 CaseStudy . . . . . . . 70

5.2 Developmenflools . . . . . . . . . . . 70

6 Energyissues 74
6.1 Background. . . . . . ... 74
6.1.1 Batterybehaior . ... ... ... ... .. 76

6.1.2 RadioEnegyModel . . . . ... ... .. ... ... 76

6.2 CMOStechnology . . . . . . . o i o 78
6.3 Enegy ManagemenTechniques. . . . . . . . . . . . .. . . 79
6.4 Low PawerX Enegy-Efciency . . . ... .. .. .. ... ... . o 80
6.5 Memory . . . . . . e 81
6.6 PowverBudget. . . . . . . . . . 81

7 Final Considerations 86
7.1 ConClusioN . . . . . . e e e 86
7.2 FutureWork . . . . . . e 88
7.21 Sensoboards. . . . . ... 88

7.22 Radio. .. ... ... . e 89

7.2.3 BEANAPI . . . . e 89

7.24 NewPlatforms . . . . . . . . . . e 90
References 92
A Schematic 102
B Layout 104
C API 107
C.1 CloCK . . . e 107
C.2 LED . . . . 107
C.3 Memory . . . . . e e e 107
C.h4 1-WIre . . . . 108

Ch5 Radio . . . . . 109



CONTENTS

D RadioBoard
E Bill of Materials

F Glossary

111

113

115



List of Figures

1 RededeSensoreSemFio. . . . . . . . . . ... Xii

DiagramadeBlocosdo ProttipodoN6Sensor. . . . . ... ... ... ... ... Xiv

Y XViii
1.1 Wirelesssensometwork. . . . . . . ... 2
2.1 EYES. . . . 12
2.2 Medusaz. . . . . . . . 12
2.3 Mica. . . .. e e 12
2.4 Mica2andMica2-dot.. . . . . . . . .. 12
25 PushPin. . . . .. e 12
2.6 WecMote.. . . . . . . e 12
2.7 Telos. . . . . e e 12
2.8 AMP. . . 12
2.9 WINS . . 13
210 BTnode. . . . . . . . 13
211 NYMPhN. . e 13
2. 012 ESB.. . . . 13
213 SPEC.. . . . e e e 13
3.1 Block Diagramof SensoNodePrototype.. . . . . . . . .. .. .. ... ... ... 15
3.2 Systemarchitectureandchallenge®f asensomnode. . . . . .. .. ... ... ... 19
4.1 Typical CurrentConsumptiorvs. OperationModes[93]. . . . . . . ... ... ... 25
4.2 ReisterOverview [44]. . . . . . . e e e 26

Vi



LIST OF FIGURES vii

4.3 Low-PaverCPUI[44]. . . . . . e e 26
4.4 Functionalblockdiagramof MSP430xx16X44]. . . . . . . . . . . ... 27
4.5 Frequeng versusSupplyVoltage[44]. . . . . . . . . 28
4.6 PinDesignatioq45]. . . . . . .. e 29
4.7 Differentmodulationfor RF[48]. . . . .. .. ... .. ... . ... . .. . ..., 36
4.8 1/Q phase®f O-QPSK[18]. . . . . . . . . . e 37
4.9 Ratioof recever pacletperdistanceor TR1000andCC1000component$47]. . . . 38
4.10 Rayleighfading[47]. . . . . . . . . e e 39
4.11 M25P40[60]. . . . . o o e 46
4.12 DS2417[27]. . o o o e e e 48
4.13 A new methodologyto evaluateon-the- y the power consumptiorof WSN algorithms. 49
4.14 CC1000ApplicationCircuit[16]. . . . . . . . . . . . . 50
4.15 CC1000-MCUHardwarelnterface[96]. . . . . . . . . . .. ... ... ... .... 51
4.16 SPICon gurationinterface[96]. . . . . . . . . ... 52
4.17 SPldatalnterface[96]. . . . . . . . . .. 53
4.18 ConnectionMCU USART Modulesto otherBEAN Components. . . . . . ... .. 54
4.19 Differentencodingstrat@ies[16]. . . . . . . . . . . . . . ... ... 0. 55
4.20 Programmableutputpower allows changingadiorange.. . . . . . .. ... .. .. 56
4.21 CCL1000PHL7]. . .« o o o o e e 56
5.1 BEAN API . . 61
5.2 MSP430USART asMaster ExternalDevice With SPlasSlave[93]. . . . . . . . .. 63
5.3 MSP430USART asSlave in Three-Pinor Four-PinCon guration[93]. . . ... .. 64
5.4 1-Wirewaveforms[24]. . . . . . . . e 65
55 QUEUE.. . . . . e 67
5.6 ReadDataBytes(READ) InstructionSequencandData-OutSequencgs0]. . . .. 69
5.7 RadiodriverusingSPl. . . . . . . .. e 69
5.8 RadioDriverusingStateMachine[19]. . . . ... .. ... ... ... . ... ... 70
6.1 Currentperunittimeofasetoftasks. . . . . . ... ... ... ... ... ..... 75
6.2 RadioModel. . . . . . . . e 77

6.3 MemoryCurrentConsumptiorat StandbyandDown Mode. . . . . ... ... ... 82



LIST OF FIGURES viii

6.4

7.1

Al

B.1
B.2
B.3
B.4

D.1
D.2
D.3

BEAN Savings. . . . . . . o e e e 85
BEANDoard . . . ... . . . . e 87
BEAN Schematic. . . . . . . . . . . . . e 103
All BEAN Componentdayout. . . . . . . . . . . oot 104
BEAN BottomLayout . . . . . ... ... ... 105
BEAN TopLayout . . . . . . . . . . 105
BEAN Componentdayout. . . . . . . . . . . .. . e 106
RadioBoardBottomLayout . . . . . . .. .. ... ... . 111
RadioBoardToplLayout . . . . . . . . . . . . . . . e 111

RadioBoardSchematidayout. . . . . . . .. ... .. ... ... 112



List of Tables

1  OrcamentoenegéticodoBEAN. . . . . . . . . . . . ... ... ..., XX
2  OrcamentoEnegéticodoBEAN edoMica2. . . . . ... ... .. ... ...... XXI
3 ConsumemmA-hora. . . . . . . . . . e XXI
4  Capacidadelabateriaemmeses.. . . . . . . . . . .. XXi
5 EconomiadeBEAN. . . . . . . .. XXI
2.1 SensoMNodePlatforms.. . . . . . . . . . ... ... 11
4.1 MicrocontrollerCompariSoN.. . . . . . . v v i i 24
4.2 MCU PortMapping. . . . . . o o e 29
4.2 MCU PortMapping. . . . . . . . o e e 30
4.2 MCU PortMapping. . . . . . . . o e e e 31
4.2 MCU PortMapping. . . . . . o o 32
4.3 Comparisorof enegeticsources. . . . . . . . . . . . 33
4.4 BatterytechnologyComparison.. . . . . . . . . . . . . . . i 33
4.5 Radiocomponents.. . . . . . .. e e 41
4.6 Sensotypesspeci CationsS.. . . . . . . . . .. e 43
4.7 SensobuSCOMPANiSON.. . . . v v v v v v e e e e e e e e e e e 45
4.8 MemoryCompariSoN. . . . . . . v v v it e e e e e e e e 46
4.9 MemoryPinDescription.. . . . . . . . . . e 46
4.10 JTAGInterfacepin. . . . . . . . a7
4.11 DS2417PinDescription[27]. . . . .« o o o 49
4.12 CCL000PINS. . . o v v e e e 51
4.13 Outputpower settingsandtypical currentconsumptiorat868Mhz. . . . . . . . .. 56



LIST OF TABLES X

4.14 Pindescriptionof RadioConnector . . . . . . . . . . . . ... ... . e 57
415 BEAN OVEIVIEN. . . . . . o o e e e e e 59
51 1-WireOperations. . . . . . . . . . 0 e e e 65
5.2 MemorylnstructionSet. . . . . . . . . ... 68
5.3 Developmenflools.. . . . . . . . .. 73
6.1 BEAN PowverBudget.. . . . . . . . . .. 82
6.2 Mica2PowverBudget.. . . . . . . .. 83
6.3 Poawerbudgetof BEAN andMica2. . . ... ... ... .. ... . ... ... ... 84
6.4 ComputednA-hr. . . . . . . e 85
6.5 MonthsperbatteryCapacity . . . . . . . . . . . ... 85
7.1 SensoNodePrices.. . . . . . . . .. e 88
7.2 MSPA30F161X.. . . o v e e e e 90
E.1 RadioBoardComponents . . . . . . . . . . . . . . e 113
E.2 BeanComponents . . . . . . . . . . . . . 114



Breve Resumo da Disser tagcao em
Portugu és

1 Introduc ao

Redegle SensoreSemFio (RSSFskaoredescomgrandenimerodemicro-sensoresompactogom
capacidadele comunicgéo sem 0, chamadosie nds sensores.O objetivo destasedeseé coletar
dados. A disponibilidadede dispositvos sensoresle baixo consumo,processadoresmhutidos e
circuitosintegradosde comunica&o esé permitindoo projetode nossensoresFigural ilustrauma
RSSFE Cadapontorepresentaim nd sensor Cadadispositivo sensorieo meio-ambienteprocessa
transmiteos dadosparaum obseradorexternochamadale estagéobase.

Redede SensoressSemFio tem o potencialparavariasaplicadese algumasja sao realidade,
por exemplo,em umametiopole paramonitorartrafego e condidesdasruas; em engenharigara
monitorarpontese estruturagie predios,em orestas paradetec@o de fogo [81]; naagriculturade
precisio,emserviosderecuperagodedesastres;emservisdemanutenaocomousinasucleares
e nabiomedicing83].

O objetivo destetrabalhoé projetaruma plataformacomputacionalgueinclui componentesle
hardware e software, que servia de prototipo pararedede sensoresem 0. Esteprottipo de nd
sensorseia chamadddrazilian Enegy-Ef cient ArchitecturalNode(BEAN).

Nestedocumentoasconsideradesde projetoe escolhalecomponenteparao prottipodeRSSF
serodiscutidas.Um estudodosnos sensoresituaisé apresentadonvestigandce analisandalguns
dos desa osde arquiteturaimpostosa estesdispositvos, incluindo uma pesquisadas plataformas
dos nbs sensore® técnicasde geenciade enegia. RSSFpodeservista comoum casoespecial
de sistemaemhutido e sebene ciar do grandeconhecimentga existente. Um estudocomparatro

Xi
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AreaMonitorada NGSensor

Figura 1: Redede SensogsSenFio.

de componentesde prateleiracomomicrocontroladoredjpos de bateria,componentede radio, que
saomuitoimportantegparao projetodo sistemag apresentaddO foco do projetoé emcomponentes
individuaise naoemdetalhesn’'vel desubsistemag£scolhado hardware,assimcomoassolu@esde
software,saoapresentadasesterabalho.UmaAPI applicationprogrammingnterfacebemde nida,
guepodeserusadaemoutrosprojetostamiemeé apresentada.

Um nd sensoé compostaleunidadedepoténcia,unidadedeprocessamentonidadedesensores,
e unidadede comunicaéo. A unidadede potenciaprové enegia parao funcionamentalo né sensor
A unidadede processamenté responavel por coletare processasinaiscapturadoslossensore®
transmiti-losparaa rede. Sensoresao dispositvos que produzemuma respostamensuavel dado
umamudan@emumacondid@of’sicacomotemperatura pres§o. O canalde comunicgéosem o
prové um meio paratransmitir sinaisdos sensoreparadentroda redeou parao mundoexterior e
tamkemparaestabelecee manteraRSSFE

O consumadeenegiaéese@aprimeiramétricano projetodeum nb sensorEnquantajueexiste
alLei deMoorequepredizquea complidadededispositvosmicroeletbnicosdobraa cadadezoito
mesesege a Lei de Gilder, que predizum crescimentale comportamentaimilar ao exponencialna
largurade bandanao existe umapredi@o equivalenteparaatecnologiade baterias.

No nossoconhecimentoBEAN & o primeirond sensoiquepermitemediro consumade enegia
de cadacomponente BEAN tamkem &€ um dos primeirosprojetosa usaro novo microcontrolador
MSP430F16993] da Texas Instruments.Finalmente BEAN & o primeiro nd sensorprojetadono
Brasil.



Breve ResumcemPortugiés Xiii

As motivag@esprincipaisparaestetrabalhosdo a necessidadde um protdtipo de nd sensoipara
o projetoSensornel85] e tamkem nao existe umaplataformacomputacionaparaRSSFno mercado
nacionalbrasileiropoisesteé um topicorecente Finalmente g muito importanteo desemolvimento
datecnologiatendoconheciment@ompletodesdeo hardwareaté o software. Comoespeci cadono
documentalo NSF[66], RSSFe umadasgrandeareasie pesquisatualmente.

2 Arquitetura do N6 Sensor

2.1 Caracter ‘sticas e Requisitos

Nestase@o, se@o discutidasalgumascaracteisticase requisitosdo prototipo do né sensor Este
projeto nao tem a inten@o de projetarum dispositvo que sea compaavel a um nd sensorreal.
Enquantoque um produtorealtamanhoe custosao requisitosessenciaisp foco desteprojetoé em
um sistemdacil de expandircomum grandeniumerode sensores,obustoe facil de programar

A sguir sao apresentadoas consideradesde projeto, caracteisticase requisitosdo projetodo
BEAN:

E ci énciade enemia - Nossensoreslevemsere cientesquantoa enegia. Nossensoresem
umaquantidaddimitada de enegia quedeterminao tempode vida desteslispositvos. Como
einviawel recarrgar milharesde nds,cadand sensordeve sero maise ciente possvel quanto
aoconsumade enegia. Portantoenegia é restricdo principal, sendoa métricaprincipal para
aralise.

Baixo custo- Nbs sensoreslevem serbaratos.ComoumaRSSFpodecontercentenas mi-
Iharesde nbssensoresesteglispositvosdevemserbaratos.

Comunicaggo Sem Fio - O nd sensorprecisasersem o. Em variasaplica®es, o0 ambi-
ente que estt sensomonitoradonao tera uma infra-estruturade comunica@éo instalada. A
instala@o de cabospodesermuito dif cil ou caro.Portantoosnossensoresleve ter um canal
decomunicgéosem o.

Facil de Programar - Comoestecomponenteseia um prototipo, ele se&a constantementee-
progranawvel parao deserolvimento de protocolosde comunicaé@o e aplicadesem RSSFE
Portantoa programaéodeve serfacil.
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Depuracao
Memoria

Processador
Sensores

Figura 2: Diagramade Blocosdo Prototipo do N6 Sensar

Expansvel - O projetodehardwaredeve serexpansvel poiso ndo sensodeve darsuporteaum
grandenumerodeaplicades.

Tamanho- paraefeito de demonstra@o, osdispositvosdevemserpequenosMas, tamanhce
arestri@@omenosmportantepois esteprojetoé apenasim prototipo e naoum nod sensoreal.

2.2 Componentes funcionais do N6 Sensor

Figura?2 apresenta arquiteturade sistemade um prototipo de nd sensorgererico. Ele & composto
de seisblocosprincipais: unidadede fonte de enegia, comunicaéo, unidadede processamento,
unidadedearmazenamentmterfacededepuraéoe sensoresA unidadedefontedeenegiaconsiste
normalmentede uma bateriae um corversordc-dc e tem a fungdo de alimentaro nbé sensor A
unidadede comunicaéo consistede um canalde comunicaéo sem o bidirecional. A maioriadas
plataformasusamradio de curto alcance. Outrassolu@esincluem lasere m'dia infra-vermelho.
A unidadede processamenté compostade umamendria internaparaarmazenamentde dadose
programasum microcontroladore um corversoranabgico-digital pararecebersinaisdo bloco dos
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sensoresA unidadedearmazenament®umamendria externaquesene comomenbriasecundria,
porexemplo,manterum“log” dedados.A interfacededepura@oé usadgparaprogramare testaros
nossensoresEsteblocopodeseromitido no produto nal dend sensorA unidadedeprocessamento
€ um bloco que liga um n6 sensorao mundof’sico e tem um grupo de sensore® atuadoresjue
dependendaaplica@odaRSSF

3 Componentes de Hardware

Nestase@oserodiscutidosasescolhasloscomponentede hardware.

3.1 Unidade de Processamento

O microcontroladorusadonesteprojeto @ o MSP430F169fabricadopela Texas Instruments. Ele
tembaix ssimoconsumale enegia, CPUde 16 bits e desempenhde 8 MIPS. Ele tem 60Kbytesde
menbriadeprogramae 2Kbytesdemenbriadedados Ele possuumainterfacededepura@opadi@o
JTAG, e tamtempossuium grandeniumerode ferramentasle desemolvimento.

O MSP430consomemenosque 400 mA no modo ativo, operandoem 1 MHz com 3V e pode
acordarde um estadade repouscemmenosde 6 s. Ele & ideal parapermitir o ndé sensordormir e
acordarapenagjuandonecesario paraprocessaalgumacoisa.

O processadanclui umrico conjuntodeperifericoscomocornversoranabgico-digital,comunicaéo
serial,comparadores temporizadores.

3.2 Memoria Externa

Muitos algoritmose aplica®esrequerenum grandenimerode dadosparaseremarmazenadosA
quantidadele RAM no microcontrolado€ limitada. A solu@oé adicionaumamenbriaexternaque
funcionad comomen®bria secundria.

O M25P40([60] da ST &€ umamenoria serial ash de 4 Mbit que é rapidae podemudarparao
mododeopera@odebaixoconsumajuandmaofor utilizada.Elagastal,5msparaescreerapagina
(256 bytes)e no mododebaixoconsumayastal0 W.
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3.3 Comunicac ao

A funcdodecomunica@oentreosnossensoregrealizadgpeloCC1000[16] fabricadgoelaChipcon.
O CC1000é umtransceptodebaixoconsumoCMOS, quali cado paratransmis@odedadosde ate
76,8Kbit/s. No mododebaixoconsumoacorrentedoCC10000,2 A. O CC1000g projetadgpara
modula@oFSK nabandaSM. BEAN & con guradoparatrabalhamafaixade915MHz. E posével
controlara potenciado sinal de sdda e portantoespeci carqual o alcancedo radio, economizando
enegia e diminuindo interfeéncia. O transceptotamkem pode medir a intensidadedo sinal de
recepé@o (RSSI),fornecendaumaidéiade quaodistantesnés sensoregstioentresi.

Parapermitir o estudoe deserolvimentode outrosradios,foi de nido um barramentale radio
parao BEAN, no qual contemdez pinos. Usandoo barramentade radio, & possvel modi car o
projetodo canalderadiosemalterarBEAN.

3.4 Barramento de Sensores

E desefvel que o prottipo do nd sensorsejafacil de expandir para permitir uma variedadede
aplica®es. A solu@o encontrada de nir um barramentale sensoresO barramentale expango
prové umainterface de usiario paraplacade sensoresadicionais. Portanto,paraservir em uma
aplica@oespecca, bastaconstruirumaplacade sensoregspecca e conecé-laaobarramentale
sensoresio BEAN. Por exemplo, paraumaestaéo metereabgica, umaplacacom os sensoresle
temperaturaluz e humidade.

3.5 Depuracg ao

Para depuray quatroLEDS sao adicionadosao projeto do prototipo. O consumode correntedos
LEDS podesermaior queo do radio, e portantoé aconselawel usa-losapenagaradepuraéo. A
interfaceJTAG (IEEE1149.1¢ usadgaraprogramase depurarmo microcontroladoservindotambem
paraprogramam menbria ash.

3.6 Fonte de Energia

Comoo projetovisaa constryéo de um prototipo, a opcao foi usarumafonte de alimenta@o para
alimené-lo.
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Um diferencialdo projetodo BEAN é a possibilidadede medir o consumode enegia de cada
componenteem particular(radio, microcontroladarbarramentale sensoresmenbria externae to-
dos). Foi adicionadoum resistor“shunt” na fonte de alimentaéo de cadacomponentepermitindo
medir o consumode enegia. Parao nossoconhecimentogsteé o primeiro prototipo de nd sensor
comestavantagem.

Outraopgointeressanté conectao barramentaesensoredo BEAN comospontosdemedi@o
deoutroBEAN. Isto levara a umanova metodologigparaavaliar dinamicament® consumade ener
gia de algoritmosde RSSFe comoa acdo de medir seié feita por outro BEAN, a medidase#& inde-
pendente ndodistorcidapeloatode medir.

3.7 Outros componentes

E deseavel saberquandoum eventoocorre,como por exemplo,ao gravar a leiturado sinal de um
sensar Adicionandoum relogio de temporeal permiteo né sensomedir o tempoou criar umlivro
de“log”. Tambkem é possvel criar um reldgio de temporeal como microcontroladgrmastambem
e desegawel colocaro microcontroladoembaixo consumade enegia paraeconomizaenepia. Esta
solu@otamkemfariao softwaremaiscomplexo. A abordagenmaissimplesé adicionarum compo-
nentede hardware.

E desepvel quecadand sensotenhaum identi cador inicocomoum nimero.Umasolug@oem
software & escre@er um nimerono componentale menbria na fasede programaéo. Emboraisto
sejaumasolu@o,umasolu@ovia hardwareé maiselegante.

O component®S2417[27] ofereceumasolu@o simplesparaarmazenamenterecuperago da
informag@ode tempocomum hardwarem’nimo. Estecomponenteontemumaidenti cador Gnicoe
umreldgio detemporealimplementada@omoum contadominario. Ele usao protocolol-Wire onde
apenasim pino & necesario paraalimentare comunicarcom estedispositivo.

4 Componentes de Software

O projetodo BEAN tamieminclui o deserolvimentode componentesle software. BEAN _API é
compostaeumaAPI (applicationprogrammingnterface e oscomponentegueaimplementamA
API & um conjuntode funcionalidadegaracontrolay con gurar e prover servigos doscomponentes
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API
Radio Driver
Timer MCu Memory
ADC Driver Config Led Driver | CC1000 Leue )
Driver Driver Config Q 1-Wire
Digital
Clock SPI Configuration Software
L | Hardware
1/0 Sensor . i Serial
POWer | Andlogipigita| T | MCY | E | Memory Rado | RTC| 2
Figura 3: API.

do hardwareatravtésde umainterfacebemde nida.

A Figura3 mostraa BEAN_API. Elaé compostaledrivers quecontrolamo hardwaree prové um
conjuntode funcionalidadeparaa camadaacima. Emboratemporizadores;ornversoresanabgico-
digital (ADC), pinosde entradae sdda sejamunidadesperifericasdo microcontroladorelesesto
separadosa gura paramelhorexplicar a integra@o hardware/softvare. Emboratodosos compo-
nentesde softwareatuemdentrodo MCU, a gura tentaexplicar qual driver de softwarecontrolaos
componentede hardware.O hardwaredo relogio e o nUumeroserialcomunicancomo MCU através
do protocolode software 1-Wire. A menbria externae o radiocomunicamcomo MCU atravésdo
modulo SPI. Temporizadoresao con guradosusandao Digital Clock e Timer Driver. Paramediro
consumade enegia e os sinaisdossensoresg necesario usaro ADC, queé controladopelo ADC
Driver.

A APl comunicacoma camadale cimaqueé um sistemaoperacionasendodeserolvido parao
BEAN. Algunscomponentede softwaresao:

MCU Con g - O blocodecon guracggodo MCU permitemudaro mododeopera@odoMCU.
O MCU temseisdiferenteanodosde opergéoe sdocapazesletratareventosdeinterrup@o

ADC Driver - A funcionalidadelo ADC driveré con gurare manipularo médulodehardware
ADC. O driver &€ usadoparamedir entradasanabgicase providaspelossensore®u n'vel de
tensf0.

1-Wir e - O mbdulo 1-Wire implementeao protocolol-Wire. Ele &€ usadgparacomunicarcomo
componentd®S2417.
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Digital Clock - Estembdulocon gura o relégiodo MCU, provendoumamaneiradecon gurar
o relogio internocomomultiplos do relogio basicode 32 KHz.

SPI Driver - O médulode SPIcon gura o hardwareSPI.Esteprotocoloé usadopelamenbria
externae radio.

Memory Driver - O driver de menbria controlaa menbria externaM25P40.

Radio Driver - Estedrivercon guraaspropriedadedoradiocomopoténciadesdda,fregiéncia,
e tamkemcontrolaatransmis@oe recep@ode pacotesEstedriverde ne duas las, umapara
o buffer detransmis@oe umaparao buffer derecep@o.

5 Quest 6es Energéticas

Nestase@o, um modelode enegia parand sensore® apresentadoValoressao baseadogm da-
tasheetslosfabricantesBEAN normalmenteestad emum dosestados seyuir:

Modo Down - tudo est desligadoe 0 MCU es& no modode operaéo LPM3. A correnteé
10,5 A eapoténciaé 31,5 W.

Modo de Recepéo - o MCU est no modoativo, o radiono modode recep@oe o restoesé
desligadoA correnteé de 10mA e a potenciaé de 30mW

Modo de Transmissio - o MCU estno modoativo, o radioestino mododetransmis@oe o
restoestidesligadoA correnteg 16,9mAe apotenciaé 51mW

Lendo a memoria - o MCU esth no modo ativo, a mendria no modo de leitura e o resto
desligadoA correnteé 4,4mAe apotenciaé 13,2mW

Escrita na memoria - o MCU estano modoativo, amendriaestitno mododeescritae o resto
estdesligadoA correntemaximaé 15,4mAe a potenciaé 46,2mw

Modo de Sensoriar- o MCU est no modo ativo, 0 sensorespecco esh ligado e o resto
desligado Estemodoé dependentdequal placade sensoregst sendousada.
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Microcontrolador(1,8-3,6)V

Down:0,1 A | Atoa:1,3 A | Ativo: 400 A
Radio(2,1-3,6)V
Down:0,2uA | Transmitir:16,5mA| Receber:9,6mA

Memoéria (2,7-3,6)V

Down:10 A | Standby:50A | Ler:4mA | Escreer:15mA
Relbgiode TempoReal(2,5-5,5)V

0,200 A

Tabelal: Orcamentoenegéticodo BEAN.

Tabelal mostrao consumade correntee tenfiodamaioriadoscomponentedo BEAN.

Apenasparacomparaéo, o BTnode[52] gasta5OmW no modo down e 450mW no modode
comunica@o. ClaramenteBEAN é maisecordomico.

Paracomparara plataforma,duasaplicadesseo de nidas. No primeiro cerério, 0 nd sensor
ira coletare transmitirdadosdossensoreg repassadadosrecebidos Estecerario operaem 1% do
tempo(MCU est no modoativo). Nesteperfodo, |& a entradado sensqrtentareceberpacotes?1 do
pefodo e transmiteem %1 do pefodo. Ele nuncausamenbriaexterna.

Parao segundocerario, 0 nd sensomltuacomorepetidor mantendaimlog de eventos.Ele opera
em 1% do tempo. Nesteperfodo, recebepacotesem % do perodo e transmiteem %1 do perodo.
Escrere namenoria externausando%1 do pefodo e tamkEmIé a menbria externa%1 do tempopara
armazenaos pacotegecebidos manterconsisénciadosdados.Os sensoresao sao utilizados.

Tabela2 mostrao consumade correntedasplataformasBEAN e Mica2 e os ciclos do cerarios.
Assume-s® mesmoconsumade correntenaplacade sensoreparaasduasplataformas.

Tabela3 mostraos consumosie enegia por componentegm mA-horacalculadoparaos dois
cerariosparacadaplataforma.O processadoBEAN € maisecordmicoqueo processadoklica2.

Tabela4 mostrao tempode vida (em nimerode mesesparacadacerario e plataforma,depen-
dendodotipo decapacidadeabateria.No cerario 1, usandaumabateriade 300mA-hr BEAN pode
coletardadospor quase26 meses.

Tabelab mostraguantitatvamenteaeconomiade BEAN comparad@omMica2nosdoiscerarios.
BEAN podeconsumirquaseque50% a menosqueMica2. A economigprincipal &€ do processadog
menbriaexternado BEAN.
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BEAN | Mica2 | Cerariol | Cerario2
(mA) | (mA) (%) (%)
Processador
corrente(operag@ocompleta)| 0,4 8 1 1
correntedormindo 0,0013| 0,008 99 99
Radio
correnterecebendo 8 8 0,75 0,75
correntetransmitindo 12 12 0,25 0,25
correntedormindo 0,002 | 0,002 99 99
LoggerMemobria (max)
Escrever 15 35 0 0,25
Ler 4 10 0 0,25
Dormir 0,01 0,02 100 99,5
Placade Sensores
corrente(opera@ocompleta) 5 5 1 0
correntedormindo 0,005 | 0,005 99 100

Tabela2: OrcamentdEnegéticodo BEANe do Mica2.

CalculadomA-hr

Ciclo Cerairio 1

Ciclo Cerario2

Plataforma BEAN Mica2

BEAN Mica2

Processador 0,00529| 0,08792

0,00529| 0,08792

Radio 0,09198| 0,09198

0,09198| 0,09198

LoggerMemobria 0,01

0,02

0,05745| 0,1324

Placade Sensoreq 0,05495| 0,05495

0,005 0,005

Total (mA-hr) 0,16222| 0,25485

0,15972| 0,3173

Tabela3: Consume@mmaA-hog.

Capacidadelabateria(mA-hr) | Ciclo Cerariol | Ciclo Cerério 2
Plataforma BEAN | Mica2 | BEAN | Mica2

250 2,14 1,36 2,17 1,09

1000 8,56 5,45 8,7 4,38

3000 25,69 | 16,35 | 26,09 | 13,13

Tabela4: Capacidadala bateriaemmeses.

Economiade BEAN
Cerairiol 36,35%
Cerairio 2 49,66%

Tabela5: Economiade BEAN.
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6 Conclusao

Uma plataformacomputacionafoi projetadachamad&EAN, queinclui componentesle software
e hardware,usadacomoprototipo de um nd sensor Ele permitetestare demonstraalgoritmospara
RSSF Estesistemaemhutido & capazderealizartodasastarefisqueum nd sensorealdeve realizar
e tamkemtemasmesmasaracteisticascomorestridesde enegia, menbria e processamento.

BEAN podeconsumirquaseque 50% menosque o atualestado-da-artdica2 Mote. BEAN &
e ciente naquesiodeenegiaporqueaMCU do BEAN é umdosmicrocontroladoremaise cientes
em termosde enepgia que existe atualmentegastandacercade 0,361 nJ por instru@o. Além de
enegia, outrasvantagenslo BEAN saopre® e anaonecessidadde um dispositvo dedicado.

BEAN é gererico porqueele possuium barramentdoemde nido, sendocapazde um grande
nimerodeaplicades.E necesario apenasimaplacadesensoresspetca paraaaplicago. BEAN
tamkem suportao estudode outrostipos de radio porqueBEAN tem um barramentale radio bem
de nido.

Esteprojetotambeminclui o desermolvimentode componentesle software,a BEAN_API. Um
modelobasicode enepgia paranb sensore o orcamentcenegéticodo BEAN tamlEmsaodiscutidos.



Chapter 1

Intr oduction

[The Universelis writtenin mathematicalanguage.

Galileo Galilei

Wirelesssensometwork (WSN) is composedf hundredor thousandef autonomousndcom-
pactdevicescalledsensomodes.The objective of this network is to collectdata. The availability of
integratedow-power sensinglevices,embeddegrocessorsyirelesscommunicatiorkits, andpower
equipmentreenablingthedesignof sensonodes Figurel.lillustratesaWSN. Eachdotrepresents
a sensomode. Eachdevice senseghe ervironment,processesnd usuallytransmitsthe datato an
externalobsener calledbasestation.

WirelessSensomNetwork hasthe potentialfor mary applicationsandsomealreadyexists, for ex-
amplein alarge metropolisto monitortraf c densityandroadconditions;in engineeringo monitor
bridges[50] and buildings structuresjn a forestfor re detection[81] , in otherenvironmentslike
oceansandair resourcesjn precisionagriculture;in disasterrecovery service;in conditionbased
maintenanceleviceslik e powerplantsin biomedicing83]; in a smartkindemgartento createa devel-
opmentproblem-s&ing ervironmentfor early childhoodeducation55]. Otherapplicationsnclude
managingcomplex physicalsystemdik e airplanewingsandcomplex ecosystems.

A sensomodeis composedf a power unit, processingunit, sensingunit, and communication
unit. The power unit hasthe purposeo power thenode.The processinginit is responsibldo collect
and processsignalscapturedfrom sensorsand transmitthemto the network. Sensorgdevicesare
devicesthatproducea measurableesponsé¢o a changen a physicalconditionlik e temperatureand
pressureThewirelesscommunicatiorchannebrovidesa mediumto transfersignalsfrom sensorgo
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Monitoring Area Sensor Node

Figure 1.1: Wirelesssensometwork.

exterior world or acomputemetwork, andalsoaninternalmechanisnof communicatiorto establish
andmaintainof WSN.

Pawver consumptioris andwill bethe primary metricto designa sensomode.While thereis the
Moore's Law that predictsdoublingthe compleity of microelectronicchips every 18-month[68],
andGilder's Law [68], which theorizesa similar exponentialgrowth in communicatiorbandwidth,
thereis no equivalentforecastfor batterytechnology

1.1 WSN Architecture

This sectiongivesan overvien of the WSN architecture.WSNsare networks composef a large
numberof sensomodes. The objective of thesenetworksis to collectdata. Sensomodesare usu-
ally deployedover a desireareathenthey wake-up,self-testandestablishdynamiccommunications
amongthem,composinga network [80].

WSNsusuallydo not have aninfrastructurelik e cellularphoneor local wirelessnetworks. WSN
is consideredas a specialtype of ad hoc network, sinceits topology is dynamic, due to the fact
that sensomodescanwake-upjoining the network, or go to sleep,leaving the WSN. An important
characteristigs thatthe o w of datais typically unidirectional. The information o ws from source
nodesto oneor moreaccesoints.

Sensonodesdo generictaskssuchascomputing transmittingdataandmonitoringusingspeci ¢
sensors.
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Thekey resourceof aWSN s thestoredenegy. Eachsensonodeis composeaf asmallbattery
with a limit capacity It is almostinfeasibleto rechage all batterysince WSN can be composed
of thousand®f sensomodes. Therefore the WSN projectfocus,from hardware designto network
protocols,s savzing enepgy. Othersensomnoderestrictionancludememoryandprocessingower.

A WSN tendsto be application-dependenin otherwords, the hardware and software require-
mentsandthe operatiormodesvary accordingo the application.

1.2 Embedded System

Embeddedystemasde nedin [7], is acombinationof computerhardwareandsoftware,andper
hapsadditionalmechanicabr otherparts,designedo performaspeci c function. They arepresenin
equipmentsuchaselectriccoffeemachinescamerasndcellularphones Oppositeto personatom-
putersthatare capableof executinginnumerougasks,they aredesignedor speci ¢ functionalities,
suchascontrollingthesparksn acarengineor controllingamicrowave oven. Usingmicrocontrollers
andmicroprocessorir thesetasksallows automatiorof manualtasks.Many microcontrollershave
beendevelopedfor speci c applicationsn awayto aggreateasetof smallfunctionalities.For exam-
ple, advancedmathematicafunctionsdo not needto be presenin a coffee machinemicrocontroller
Thesmallcostof thesedevicesallows their usesat a greatnumberof equipments.

Embeddedsystemscompromisecostwith functionalities. In this way, a minimal hardwareand
softwareshouldbe utilized to attendsystenrequirementeindminimize cost.

Sensomnodescanbe seenasa specialcaseof embeddedystemsandbene t from thelarge body
of knowledgealreadypresent.

1.3 Objective and Motiv ation

The objectve of this work is to designan embeddedystem,that includessoftware and hardware
componentsyhichwill beatestbedprototypedevice for wirelesssensometworks. This sensomode
prototypeis calledBrazilian Enegy-Ef cient ArchitecturalNode(BEAN).

In this documentthedesignconsiderationandcomponenthoicedor atestbedrototypedevice
for WSNwill bediscussedWe presenthestate-of-the-arfor sensonodearchitecturesnvestigating
and analyzingsomeof the architecturalchallengegosedby thesedevices, including a surwey of
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sensomodeplatformsand enegy managementechniques.WSN can be seenas a specialcaseof
embeddedsystemand bene t from the large body of knowledgealreadypresent. A comparatre
studyof component-dfthe-shelf(COTS) suchasmicrocontrollerspatterytypes,andradio devices,
whichareveryimportantfor systendesign,s presentedThedesignfocuson individualcomponents
andnotin subsystentevel details.Hardwarechoiceswill bediscussedaswell assoftwaresolutions.
Software componentghat act as “device drivers” are presentedn this work. We alsode ne and
presentnapplicationprogrammingnterface(API) thatcanbe usedin otherprojects.

To ourknowledge BEAN isthe rst sensonodethatallows measuringhe powerconsumptiorof
eachcomponentBEAN is alsooneof the mostrecentdesignthatusesthe nevestTexasInstruments
MSP430F169nicrocontroller Finally, BEAN is the rst sensonodeprototypedesignedn Brazil.

The major motivationsfor this work arethe necessityof a sensomodeprototypefor the SEN-
SORNETproject[85] andalsothatthereis no computationaplatform for wirelesssensometwork
in the Brazilian nationalmarket sinceit is a recentresearchopic. Finally, it is very importantthe
developmentof this technology having the completeknowledgefrom the hardwareto the software.
As statedby NSF[66] WSNis oneof the greateshetworking researclthallengepresennowvadays.

1.4 Text Organization

Thiswork is organizedn sevenchaptersChapter2 discusseselatedwork for sensonodeplatforms
depictingplatforms,componentspperatingsystemsandtheir contributions.

Chapter3 presentshe systemarchitectureof a genericsensomodeprototypepointingto BEAN
architecture.

Chapted commentsaabouthardwarecomponentsisedby BEAN. A comparatie studyof COTS
suchasmicrocontrollerspatterytypes,andradiodevicesfor systendesignjs presentedThischapter
alsodiscusghe projectdecisiongor BEAN.

Chapter5 discusseghe software componentscalled BEAN_API. It includesa set of “device
drivers”to controlandcon gure thehardwarecomponents.

Chaptei6 discusseenepgy issuespresenting basicversionof anenegy modelfor asensonode.
We discusghe differencebetweernpower andenegy, betweeriow-power andenepy ef ciency, and
two power saving schemesWe alsodiscusghe minimumrequiredtime for thememorydevice to go
to the power down modesaving enegy. Finally, the power budgetof BEAN is presented.
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Chapter7 presentshe conclusionsaandnew ideasfor futureworks.



Chapter 2

Related Work

Intellectualssolve problems geniusepreventthem.

AlbertEinstein

This sectionsurweys the currentstate-of-the-arfor sensomode platformsdepictingplatforms,
componentsandoperatingsystemgTable2.1[99]). Themajority of thecomponentsvill beanalyzed
in thiswork. Most of therelatedwork usesbatteryaspower supplyunlessotherwisespeci ed.

At Berkeley, the SmartDust project[49] aims at developing sensomodesof millimetric size.
Theirfocusis on miniaturizationof sensonodessothatit hasthe sizeof adustparticle.Sincethisis
alongtermproject,the rst stepwasthe developmeniof the Mote's family. WeC Mote (Figure2.6)
and CCR motewerethe rst two typesof sensomodedevelopedin this project. CCR mote used
laserascommunicatiormediaandWeC Mote usedradio. The lasercommunicatiorpresentedome
problemghatwill bediscussedh sectiord.3. Berkeley projectoptedto useradiodevices. Then,they
developedRene Mica Mote (Figure2.3)and nally to Mica2 Mote (Figure2.4). Thedesignerlaims
that the advantageof the latteris its morerobustradio. Anotheradvantageis thatit doesnot need
a co-processoto reprogramthe sensomodesince Mica microcontrollerneedsan extra processor
to help reprogramits memory Mote family usesTinyOS [37], a compact,and simple event-based
operatingsystem.Mica2Moteis oneof the mostcommercializedensonodeq22].

Oneof theMica2Moteadwantagas theexpansiorbusthatallowstheconnectiorof devicescalled
sensoboards.Separatinghesensoboarddrom theradioandmicrocontrollerallowstheMica2Mote
to begenericandcapableof avarietyof applicationsTheMica WeatheBoard,stacledto theproces-
sorboardvia the51 pin extensionconnectarincludesemperaturephotoresistgbbarometerumidity

6
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andthermopilesensors.Otheradvantageof Mote's family is thatit usesa hardware componento
generatanuniqueidenti er number

Mica2Dot (Figure 2.4) is a small versionof Mica2 with all Mica2 capabilitiesexceptfor the
voltageregulatorandthe expansionboard,which hasonly 18 pins. Many sensoboardsareavailable
suchasmagnetometebpoard,batteryadaptersounderangingboardandultrasoundangingboard.

Telos[92] (Figure2.7)is thenext-generatiorMote platform. It will useadifferentmicrocontroller
andzigbeeradiochannelwhichis anlEEE802.15.4radio, providing only 50 meterrange.Theradio
hasaninternalFIFO,allowing themicrocontrollerto sleepwhile receving apaclet. A morecomplete
discussiorontheradiodeviceis presentedt section4.3. Teloshasanoptionalexternalmemoryand
usesanUSB componento connecto a PC.

For the gatavay, the Mica's family hasthe MIB600CA, an EthernetinterfaceBoard[22]. The
MIB600CA providesEthernet(10/100Base-T)connectvity to the MICA2 family of motesfor com-
municationandin-systemprogramming. The MIB600CA allows remoteaccesgo sensometwork
datavia TCP/IR

Berkeley projectalsoconstructedspecMode (Figure2.13),ageneral-purpossensomnodethatis
customizedor miniaturization,achieving reducedsize[38].

The PicoRadioproject[73] at Berkeley WirelessResearclCenteris anothermrojectat Berkeley.
Theobjectveis to developalow-costandlow-power sensomnode.lts focusis ontheradiohardware,
link andnetwork layer stack.

MedusaMk-2 [14] (Figure 2.2) and iBadge[55] are sensomodesfrom UCLA. Thesesensor
nodesusemorethanoneprocessoandiBagdealsoincludea Bluetoothchip. Mk-2 is alsoequipped
with a setof ultrasoundranscerersthatare usedto performhigh accurag distancemeasurements
betweeradjacennodes.iBadgeincludesa speectprocessinginit, amicrophonealocalizationunit,
anervironmentsensingunit with humidity, light, pressuretemperaturesensorsanda orientationunit
composemf accelerometeandmagneticsensorsiBadgewasusedin asmartKindergartento create
adevelopmentproblem-saing environmentfor early childhoodeducation.

GeneralizedNetwork Of Miniature EnvironmentalSensor(GNOMES) is a projectfrom Rice
University[105]. Its MCU is the MSP430F149exasInstrumentslt hasanaccelerometesxpansion
for structuralanalysisand GPSfor coordinatingsensorswith location. It alsohasa sensorbus that
allows for additionalapplicationspeci ¢ sensoiboards.TheRS232interfaceis usedto communicate
with a computer It canuseEthernetvia its HOBBIT board. A communicationdieaderallows for
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variablecommunicationdoardsand an expansionport for connectionwith additionalboards. The
communicatiorusesBluetoothor 900MHz radio. GNOMESaredesignedo bebatterypoweredwith
analternatve power sourcefor rechaging the batterie{750mAHNiIMH cell) suchassolarpanels.lt
alsohasanexternalRealTime Clock.

PushPin12] (Figure2.5)is asensomodethatis partof anMIT project. Pushpins requirements
alsomeetthe wirelesssensometwork needs.It usesa differentapproachfor communicationusing
aninfraredlink. Its operationalsystemBertha[53] is aninterestingwork sinceit ts in the 8051
microcontrollerandits purposds for distributedsystem.The power supplyis via power bus.

Somesensonodeshave alreadybeendevelopedwith GPSinterface.Multimodal Networksof In-
situ Sensor{MANTIS) sensomode,calledNymphs[67] (Figure2.11),is claimedby their authors
to bethe rst sensomodethatsupportsGPS[1]. Mantisis a projectfrom the Universityof Colorado
thatusesATMEGA asthe microcontroller They aredevelopingtheir own operatingsystem called
MantisOS whichis amulti-threadedDS. They have a clear well-de ned anddocumented\PI.

BTnode(Figure2.10)is a sensomodefrom the Smart-itsproject[52]. It usesa Bluetoothradio
andabluetoothstackcomponentor TinyOShave beingdevelopedfor this project.Martin [52] showvs
thatthe Bluetoothdevice is suggestedor applicationghatareactive overalimited time period,with
few unpredictabldurstsof very heary network traf ¢ (takingadwantageof the high throughput).

The EuropearResearclyroup,EYES[28], developeda prototypefor low-endsensomode(Fig-
ure2.1). Theprocessousedin this prototypeis the MSP430F149producedby TexasInstruments.
The sensomodeis alsoequippedwith anauxiliary serial EEPROM memoryof 8 Megabitsusedfor
applicationanddatastorage.They arealsodevelopingan operatingsystemfor wirelesssensomet-
work, called Preemptie EYES Real Time OperatingSystem(PeerOS) [65]. The projecthasalso
theideato connectspeci ¢ sensoboardto the sensomode,but their expansionbusis not available.
Sincetheradiodo not have agreatrange,it hasto addto thedesignanexternalampli er. Thesensor
nodeis programmableisinga RS232interface.

TheEmbeddedensoBoard(ESB)(Figure2.12)is thesensonodefor the Scatterwelproject[82].
It usesheMSP430processoandtheRFM TR1001[76] radiocomponentThesensois alsoembed-
dedin theboard,thus,it is not possibleto changethe application.It hasmary sensorghatincludes
microphonetilt/vibration, luminosity, temperatur@ndinfraredmovementsensor The actuatorsare
LEDs anda beeperBesidegshetranscever, it alsohasinfraredsendeandrecever, hence ESBcan
receve IR commanddrom standardemotecontrols. ESBscommunicateria the serialport with a
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standara@omputeffor applicationdevelopment ESBscommunicatevith mobilephonewiatheserial
port to connectto a wide-areamobile phonenetworks. This enablesemotecon guration of ESBs
via shortmessageéSMS)aswell asreceptionof sensodataon arbitrarymobile phonesvorld-wide.
ESB hasa batterycompartmentor threeAAA batteries.It alsohasa voltagecontrollerto stabilize
theinputvoltageto 3 V andanadditionalconnectoifor asolarpanel.

AMPS (micro-Adaptive Multi-Domain Paver-Aware Sensors)project [63] (Figure 2.8) and
WINS [106] (Figure 2.9) from Rockwell ScienceCenterchoselow power StrongARM (SA-1100)
microprocessofor computation,usesan enegy managementechnique. AMPS can programto
changedynamicallythevoltagesupplyandclock frequeng of the SA-1100from 74 to 206 MHz and
0.85t0 1.44V, respectiely.

WINS enablesdataratesof 100 kbits per secondover rangesin excessof 100 meters. At the
link layer, a Time Division Multiple Acces(TDMA) protocolhasbeenimplementedThe processor
runsat 133MHzwith 150 MIPS. The processoconsume800mW, theradio consume$00mW in
transmitmodeand300mW in receve mode,andthe sensotransducersonsumed 00mW. Thetype
of sensorareseismic,acousticmagnetometesindaccelerometer

The JetPropulsionLaboratory(JPL) [2] from California Institute of Technologyis developing
a projectcalled SensorVEb, supportedoy National Aeronauticsand SpaceAdministration(NASA).
The SensoWeb is an independentetwork of wireless,intra-communicatingsensomodes(called
sensorpods),deployed to monitor and explore a limitless rangeof ervironments.Thesngineering
objectieis to testthe SensoMebin harshenvironments asfor instanceAntarctica[33].

PODS|8] is aresearctprojectin University of Hawaii thatbuilt WSN to investigatevhy endan-
geredspecie®f plantswill grow in oneareabut notin neighboringareas They deployedcamou aged
sensorsiode,calledPods,in Hawaii VolcanosNationalPark. The Pods,consistof acomputerradio
transcerer and environmentalsensorssometimesncluding a high resolutiondigital camerarelay
sensodatavia wirelesslink backto thelnternet.BluetoothandIEEE 802.11barechoseraschannels
anddataaredeliveredin IP paclets. Two typesof sensodataarecollected weatherdataandimage
data.

Somecommercialsensomodesarealreadyavailable. Millennial Net [61] builds heterogeneous
WSNSs,dividing the networksin sensomodes(endpoints) routers,andgatevays. Its sensomodeis
calledi-Bean,its typical rangeis 30manddatarateup to 250kbps.

Ember[31] is anothercommercialsolution. Its sensomodeusesthe Atmega 64L processoand
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CC1020radio. It alsohasatemperatursensomnd2-Axis accelerometer

MicroStrain[86] haslaunchedneof thenewvestsensonode.lt hasa8-bit microcontroller Flash
EEPFOM for sensordatalogging, ADC of 16-bit resolutionanda radiotranscerer. But, the major
contribution is an enegy-hanester MicroStrainis developingan enegy-hanestingschemebased
on storingcyclic strainenegy by rectifying piezoelectricber outputinto a capacitorbank. When
the capacitorvoltagereaches presethreshold power is transferredo anintegratedwirelesssensor
node[77].

ThelEEE 802.15.4[42] speci cationis a costeffective low datarate(< 250kbps),2.4 GHz and
868/928MHz wirelesstechnologydesignedor shortrangeand personalareanetworking. Target
marketsfor the [EEE 802.15.4Standardncludeindustrialcontrolandnetworking, homeautomation
andcontrol,inventorymanagementumaninterfacedevices,aswell aswirelesssensonetworks.

The IEEE 802.15.4Standards the basisof anapplicationandnetwork layer protocolknown as
ZigBee[3]. TheZigBeeAllianceis anassociatiorof companiesvorking togetherto createsoftware
inter-operabilitycerti cation andtestingfor IEEE 802.15.4systems.

The IEEE 802.15.4Standarddetails the PhysicalLayer (PHY) and Medium AccessControl
(MAC) speci cations,and offers the building blocksfor differenttypesof networking. Key bene-
ts of the IEEE 802.15.4and ZigBee standardsnclude extendedbatterylife over currentwireless
standardsmeshandstarnetwork topologies andcosteffectiveness.

Rangefor ZigBeeproductss expectedo be 30 metersn typicalhomescomparedo 10 meters
for Bluetoothproductgwithout additionalpower ampli er) [3].
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SensolNode Radio Processor Operatingsystem Memory
BTNode EricssonROK ATmegal28L TinyOS 64KB
101007
AMPS LMX3162 StrongARM RedHat 512KB
SA-1100 andeCos Flash
WINS Conne&ant StrongARM C/OS-lI 4MB
RDSSS9M SA-1100 Flash
PicoNode Proprietary DwW8051 N/A N/A
PushPin IrDA Cygnal Bertha N/A
transcerer C8051F016
83F8851
GNOMES | Bluetoothor MSP430F149 N/A 32KB
900MHz radio
Eyes TR1001 MSP430F149 PeerOS 8 Mbit
WeC Mote TR1000 AT90LS8535 N/A 32KB
Mica Mote TR1000 ATMEGA 103L TinyOS 512KBFlash
Mica2 Mote CC1000 ATMEGA128L TinyOS 4 Mbit Flash
Telos CC2420 MSP430F149 TinyOS 4 Mbit Flash
Nymphs CC1000 ATMEGA128L MantisOS 64kB EEPFOM
ESB TR1001 MSP430F149 N/A 8kB EEPFOM
Medusa TR1000 ATMEGA128L N/A 1 MB Flash
MK-2 AT91FR4081
ARM THUMB
IBadge TR1000 AtMEGA 103L N/A N/A
Bluetooth | TMS320VC5416
ROK101007
BEAN CC1000 MSP430F169 YATOS[97] 4M bit

Table 2.1: SensoiNodePlatforms.
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Figure 2.3: Mica. Figure 2.4: Mica2 and Mica2-dot.

Figure 2.6: WecMote

Figure2.8: amp.
Figure 2.7: Telos.
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Figure2.9: WINS

Figure2.11: Nymph.

Figure2.13: Spec.

Figure2.12: ESB.



Chapter 3

Sensor Node Architecture

Hardware is the part of a computersystemthat can be kicked and
softwareis the partthatcanonly be screamedt.

—Unknown

In this sectionwe discussSWSN componentssomecharacteristicandrequirement®f a sensor
nodeprototypeandpresenthe systemarchitectureof a genericsensonodeprototype.

3.1 WSN Components

WSNscanbe classi ed accordingto its organizationashierarchical(sensomodesself-oganizedin
clusters)or at; to its compositiorashomogeneou@he sametype of sensomode)or heterogeneous
(differenttypes);andto its mobility asstatic(immobile)or mobile[79].

In a WSN, the information o ws from sourcenodesto one or more accesoints. An access
pointcanbeasensomodewith the sameor morehardwarecapability Theaccesgoint purposds to
collectdatafrom the network andsendto anexternalobsener, calledbasestation[54].

The projectof amorecomputationapowerful accesgointis outsidethe scopeof thiswork. Our
projectalsodoesnotincludeany mobilefeature.

The task that sensomodesmustbe ableto do includesmonitor their physicalernvironmental,
procesgheir measuremerdataandforward othersensomodeseadings.

14
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Debug
Memory
Processor
Sensors

Figure 3.1: Block Diagram of SensoiNodePrototype

3.2 Sensor node functional components

Figure 3.1 presentghe systemarchitectureof a genericsensomode prototype. It is composecf
six major blocks: power supply communicationprocessingunit, storage dehugginginterfaceand
sensorsThepower supplyblock hasthe purposeo power the nodeandusuallyconsistof a battery
andadc-dccorverter Thecommunicatiorblock consistof a bi-directionalwirelesscommunication
channel. Most of the platformsusea short-rangeadio. Othersolutionsinclude laserandinfrared
media.The processinginit is composef internalmemoryto storedataandapplicationgrograms,
amicrocontrollerto processlataandan Analog-to-DigitalCorverterto receve signalfrom the sens-
ing block. Thestorageunitis anexternalmemorydevice thatworksasa secondarynemory keeping
adatalog. Thedelugginginterfaceis usedto programandtestthe sensomode,for example,pro-
gramminginterface,LEDs, serialinterface JTAG (IEEE1149.1) This block canbe omittedin a nal
sensomodeproduct. The sensingunit block links the sensomodeto the physicalworld andhasa
groupof sensorandactuatorghatdepend®n the applicationof the wirelesssensomnetwork.
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3.2.1 Processing Block

A very interestingquestionss: shouldtherebe a dedicatedorocessingelementfor eachl/O device
or shouldthe processingf thel/O devicesbecentralizedFor example besideghesingleCPUunit,
otherapproachs to usetwo generapurposeprocessorsonehandlingthe communicatiorblock and
onehandlingthe otherdevices.

Sensomodesmay act as a router forwarding paclets meantfor other nodes. Srivastaa [75]
suggestedhe useof anintelligentradio hardware,with a dedicatedCPU, that enablegpacletsthat
needto be forwardedto beidenti ed andredirectedrom the communicatiorblock itself, allowing
the computingblock to remainin Sleepmode,sarzing enegy.

Sincethereis no suchintelligent radio hardware COTS yet, it would needa processoiin the
communicatiorblock to determineto forward or not the receved paclet. Thus,it would not save
aprocessoenegy. This approachmay beinterestingif the main unit consumesnuchmoreenegy
thanthe communicatiorprocessoblock.

BEAN approachs a single CPU handlingmultiple 1/O devices. It is simplerandlessexpensve.
The communicatiorblock doesnot needa processobecausd8EAN hasalreadythe processinginit
to procesgheradiopaclets. This approacimay changef thecommunicatiorchanneincreaseso a
very highrateandBEAN is overloadedandincapableof processingll theradiopaclets.

Theprocessinginit mayhave otherapproachesuchas nding thehigh-enegy piecesof software
and move themto dedicatedhardware. Lach [51] shows that implementinga JPEGcompression
algorithmfor WSN savesenegy. Thisapproachs interestingor amorerobustor speci c-application
sensomnode,thatis notBEAN purpose.

3.2.2 Sensing Block

Sensorsanproduceanalogor digital signals. Analog sensorsieedan Analog-to-Digital Corverter
(ADC). In generalmicrocontrollershave additionalperipheralghatinclude ADCs. Hence,initially,
sensorboardsdo not needdedicatedADCs. ADCs have a limited rateto cornvertersignals,for ex-
ample,the MSP430family [44] is capableof 200.000samplesper secondgksps)dividedin eight
channels.For complex sensotboardsthat needhighersampleratesor larger channelnumber a dif-
ferentapproachs to embeddedDCs directly on the sensoboards.

Dependingon the sensortype, it canchangecompletelythe sensomodedesign. For example,



CHAPTER3. SENSORNODE ARCHITECTURE 17

an imagesensomwould needa very high bandwidth,which would requirea communicationblock
redesign.

3.3 Characteristics and Requirements

This projectdoesnot intent to designa device thatwill be comparablego real-life wirelesssensor
node.While in areal productsizeandcostareessentiatequirementspur designfocusin a system
easeo expandwith a numberof sensorstobustandeasyto reprogram.

Following is thedesignconsiderations;haracteristicandrequirementsvhendesigningBEAN:

Energy-ef ciency - Sensonodesnustbeenegy ef cient. Sensonodeshavealimited amount
of enegy thatdeterminegheir lifetime. Sinceit is unfeasibleo rechage thousand®f nodes,
eachnodeshouldbe asenepy ef cient aspossible.Hence,enegy is the key resourcepeing
the primary metricfor analysis. BEAN projectfocuson enegy-efcient COTS.

Power-Aware - Thehardwareshouldbe ableto estimatevhatenengy is left, soalgorithmscan
adaptto the availablepower. BEAN is capableof measuringts own overall power consump-
tion.

Low-cost- It is desirablethat sensomodesbe cheapsinceWSN may have hundredsor thou-
sandsof sensomodes For this purpose BEAN usesonly thenecessargevices.

Distrib uted sensing- Usingawirelesssensomnetwork, mary moredatacanbecollectedcom-
paredto justonesensorEvendeplo/ing asensowith alargerangejt couldhave obstructions.
Thus,distributedsensingorovidesrobustnesgo ernvironmentalobstacle$32].

Wirelesscommunication- Thesensonodeneeddo bewireless.In mary applicationstheen-
vironmentbeingmonitoreddoesnot have installedinfrastructurefor communicationsLaying
wiresmaybetoo dif cult or expensve,thus,sensonodesshouldusewirelesscommunication
channelsThedataratein WSN s low, thus,a shortrangetransceverin alicensefree bandis
sufcient.

Multi-hop - A sensomodemay not reachthe basestation. The solutionis to communicate
through multiple hops. Another advantageis that radio signal power is proportionalto r?,
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wherer is the distanceof communication.Dependingon radio parameterasshowvn in [56],
it canbe more enegy efcient to transmitmary short-distancenessageshan one-longdis-
tancemessage.Thus, the sensomode shouldreceve and transmit, needinga bi-directional
communicatiorchannel.

Distrib uted processing Eachsensonodeshouldbe ableto procesdocal data,using Itering
anddatafusionalgorithmsto collectdatafrom ervironmentandaggreatethis data,transform-
ing it to information.BEAN hasa microcontrollerfor this purpose.

Programmability - Sincethis componentwill be a test prototyping,it will be often repro-
grammedor developmentof communicatiorprotocolsandapplicationsor WSN. Hence the
programmingshouldbe easy BEAN chooses microcontrollerwith embeddedlelug.

Expandability - The hardware designmustexpandablewith a numberof sensordo support
avariety of applications.BEAN projectde ned a genericsensorus andradio busfor future
expansion.

Size- For demonstratiorpurposeshe devicesshouldbe reasonablemall. But sizeis of less
importantin our projectsinceit doesnotneedio beassmallasareal-life wirelesssensonodes.

3.4 Challeng es

Figure 3.2 llustratessomechallengedor WSNs. Eachblock hasits uniquechallenge.The storage
block wasincludedin the processingunit andthe delugginginterfaceis not neededn a real-life
sensomode. A power managementyeris requiredto controlthe mainresourceof a sensomode,
its enegy level. The power managemenayer could usethe knowledgeof batterys voltageslopeto
adaptdynamicallythe systemperformancg69]. Anotheradvantageis thatotherenegy sourcecan
be addedandthe power managementan make the bestuseof the enegy resourcesNew network
protocolsarenecessaryincluding link, network, transportandapplicationlayersto solve problems
like routing, addressingglustering,synchronizatiorandthey have to be enegy-efcient. A micro-
kernelfor sensomodeis necessaryMarny operatingsystemsexist for small device (like handheld
and PDAs), but not so small asa sensomodeand not aggressie on power managementor long
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Power Network Operating Filtering &
Management Protocols System & fUs
Igorith Data fusion
~— ~—— N~ ~—
Power supply Communication| | Processing unit Sensing

Recio | 4m{Mcu | 2 faal[sonsors
- L

Memory

Battery
DC-DC

-

Figure 3.2: Systenarchitectue andchallengsof a sensomode

life andwirelesscommunicationaswell. Algorithmsfor lItering anddatafusion are also neces-
sary Many otherchallenge®xist, includinglocalizationof sensomodesandsecurityissuessuchas
cryptography

AlthoughWSN is arecentresearchopic, mary interestingworksalreadyexist suchasmicroker-
nels [25], middlewvares[102], schedulingalgorithmg101], routingprotocolg100], [46], deployment
algorithms[98] andarchitecturenanagemengéchemealgorithms[80] for WSN.



Chapter 4
BEAN Hardware Components

Butwhat.. is it goodfor?

Engineerat the AdvancedComputingSystems
Division of IBM, 1968,commentingpn the microchip

Make everythingassimpleaspossible put notsimplet

AlbertEinstein

In this chapterwe will discusghecomponenthoicedor thehardwaredesignof BEAN. A com-
paratve studyof COTS for the major sensomodeprototypearchitecturablock (processingpower,
communication sensing,storageand delugging interfaceunits) is presented.Then, we comment
aboutinterfacingtheradiowith the MCU. Finally, we summarizehe majorBEAN hardwareproject
decisions.

4.1 Processing Unit

Sincethesensomnodeis expectedo communicateprocesandgathersensoidata,sensonodesnust
have processinginits. The centralprocessinginit of asensomodedeterminedo alarge degreeboth

the enegy consumptioraswell asthe computationatapabilitiesof a sensomode. Many different
typesof CPUscanbe integratedinto a sensomodeandthey arediscussedn this work. Therearea

large numberof commerciallyavailable microcontrollersmicroprocessorand eld-programmable
gatearrays(FPGAs),whichallows abig e xibility for CPUimplementations.

20
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4.1.1 Programmab le Logic

Many typesof programmabléogic areavailable. Complex Programmablé.ogic Devices(CPLDs)
consistof multiple PAL-lik e (Programmablérray Logic) logic blocksinterconnectedogethervia

a programmableswitch matrix [6]. CPLDsareusedfor high-performanceontrol-logicor comple

nite statemachinesbut limited to the size of a few thousandgates. Although thereis low-power

CPLDs,suchasCoolRunneill [107], thatconsumesslow as14 A standbycurrenttheirconsump-
tion is not aslow asa sensomodeshouldbe. For example,CoolRunneiil operatingat 1.8V and
20MHz, needsa currentsupplyof 17.22mA. WSNsaredependablen theapplicationscenario.The

architectureof CPLDis notvery e xible, beingapplicablefor smallapplicationandis not capableof

implementinga CPU. For a speci ¢ applicationwhich needsa complex controlle; CPLD maybean

option.

An Field Programmablé&ateArray (FPGA) consistsof anarrayof logic blocks, surroundedy
programmablé/O blocks,andconnectedvith programmablénterconnecf6]. FPGAsoffer narrover
logic resourceshan CPLDsbut offer a higherratio of ip- ops [11]. Becauseof all the extra ip-
ops, reachingmillions of gates,the architectureof an FPGA is muchmore e xible thanthat of a
CPLD [11]. Nowadays,FPGA presentsomemajor disadantages.First, their consumptions not
aslow asa sensomodeshouldbe. Anotherdisadwantageis that todayis not possibleto turn off
separatdlocksof FPGAs.In additionto consumingnorepower, the FPGAsarenotcompatiblewith
traditionalprogrammingmethodologiegi.e.,no C compiler). It doesnot meanthatFPGAsarenota
goodsolutionfor the nearfuture. Maybewith the developmentof ultra-low power FPGAs,FPGAs
will be a goodsolutionfor sensomodemonitoringa planet,sincethey have the advantageof being
reprogrammablandrecon gurable eliminatingthe deploymentcostin spaceapplications.

In termsof enegy, microcontrollersarea bettersolutionthanFPGAs. Microcontrollersmay be
designedo be optimalandit is possibleto turn their functionalblocksoff. In addition,FPGAsare
not capableof turning off separatdlocks. Evenwith this feature turningoff a FPGAblock doesnot
meanturn off a functionalblock becausét will dependon the partitioningalgorithm. Finally, since
a FPGADlock mustbe genericto implementary logical module,it will notbe power optimizedasa
microcontroller
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4.1.2 Microcontr ollers

A microcontrolleris very similar to a microprocessorThe maindifferenceis thata microcontroller
is designedspeci cally for usein embeddeaystemd7]. In generalmicrocontrollersaremicropro-
cessowith additionalperipheralor supportdevices[5]. Microcontrollerincludesnot only memory
andprocessqrbut alsonon-\wolatile memoryandinterfacessuchasADCs, UART, SPI,countersand
timers. In this way; it caniteratewith sensorandcommunicatiordevicessuchasshort-rangeadio
to compose sensomnode.

Someof theadwantage®f themicrocontrollers higherlevel of integrationasstatedn [5] are:

Lower cost- onepartreplacesnary parts.
Mor ereliable - fewer packagesfewer interconnections.
Faster - signalscanstayon thechip.

Nowadaystherearemary typesof microcontrollersyangingfrom 4 to 32bits, varyingthenumber
of timers, bits of ADC, power consumptionsize of memory etc. A discussiorof thesedevicesis
presentedbelow.

Table4.1 shovs comparisorof actualmicrocontrollers.Microcontroller Control Units (MCUS)
have mary attributeslik e numberof bits, ash memory sizeof memory numberof ADC andtimers,
operatingvoltage,currentconsumptiorandpower modes.An importantfeatureis the start-uptime,
sincethe MCU will usuallygoto idle mode,but it is notvery oftendivulged.

The EM6603[30], which is 4-bit, is ultra-low-powver MCU but its computationapower is also
very limited. It is usedfor Radio Frequeng Identi cation (RFID) applications. The adwvantages
of Motorola DragonBallMC9328MX1 arethatit is 16-bit and hasa Bluetooth Acceleratorradio
interface. It alsohasa Time ProcessindJnit (TPU), a co-processounit that seemso be ableto
perform variousreal-time control tasks(like samplinga pin). The shortcomingsare performance
(only 2.7 MIPS), no integratedmemoryor ash, relatively large footprint (100 or 144 pins), not
ultra-low-power.

The ARM family has oating-point computationalcapabilities,being a possibility for devices
demandingmore computationalpower, suchas a gatevay or a robust sensomode, which can be
the headof hierarchicalwirelesssensometwork cluster One commonexampleis the processor
module Intel StrongArmSA1100embeddectcontroller The SA1100is a general-purpose32-bit
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RISC microprocessobasedonthe ARM architecturghatis ratedasthe mostef cient processofin

MIPS/Watt). The processopffersa 16KB instructioncachea 8KB datacache seriall/O andJTAG

interfaceall combinedin a singlechip. Programanddatastorageareprovidedby 1MB SRAM and
4MB of bootableash memory Connectiorwith thesensomoduless easilyachiezedusinga4-wire

SPlinterface. The processohasthreestates:normal,idle andsleepthatcanbe controlledto reduce
power consumption.

The choiceof MCU dependsn applicationscenario.The ideal choiceof microcontrolleris the
onethatmatchests performancédevel with applications need.Otherfactorsthataffectsthe selection
of the propermicrocontrollerbesidesenengy level include word size, peripheralsmemory speed,
physicalsize,price,availability, personakxperienceandvendorsupport.



Characteristic | Bits | Flash| RAM | ADC | Timers | Operating Power Power Powver
Voltage Active Idle Mode | Down Mode
AT90LS8535 8 | 8Kb | 512B | 10hit 3 4-6V 6.4mA 1.9mA <1 A
ATMegal28L 8 | 64Kb | 4KB | 10bhit 3 2,7-5,5V | 5mA @4MHz 2mA 12 A
@3V
PIC16F8X 8 | 68Kb | 1KB 1 2-6V 2mA @5V N/A <1 A
@4 MHz
MSP430F149 | 16 | 60Kb | 2048B | 12 bit 3 1.8-3.6V | 400 A @3V 1,3 A <1 A
SrongArm 32 | N/A N/A N/A N/A 3-3.6V 230mwW 50mwW Typical
1100 @133MHz @133MHz 25 A
MC68HCO5PV8BA| 8 N/A 192B | 8bit 1 3.3-5.0v 4.4mA 1.95mA 485uA
80C51RD+ 8 | 64kB | 1024B 0 1 2.7 16mA 4mA 50uA
to5.5V @16MHz @16MHz | @16MHz
EM6603 4 N/A 96x4 0 1 1.2-3.6V | 1.BuUA@32KHz| 0.35 A 0.1 A
DragonBall 16 | N/A | 128K | 13bit 2 1.62 90mA 0.16mw N/A
MC9328MX1 to 3.3V @96MHz

Table 4.1: Microcontoller Comparison.
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Figure 4.1: Typical CurrentConsumptiorvs. Opeiation Modes[93].

4.1.3 Texas Instruments MSP430

The microcontrollerusedin our projectis the MSP430F169producedby TexasInstruments.t is a
goodoptionfor sensomodessinceit is a 16-bit, 8 MIPS, providing morecomputationapower than
8 bit microcontrollers,andalsoultra-lowv power. It has60kbytesof programmemoryand 2kbytes
of datamemory It is equippedwith a full setof analoganddigital processors.lt hasembedded
deluggingandin-systemash programminghrougha standardITAG interface,andis supportedy
awide rangeof developmentoolsincludinggcc[62] andlIAR EmbeddedVorkbench41].

The MSP430family hassix differentoperatingmodesandis fully supportedduring interrupt
eventhandling. Therearethe actve mode(AM) and ve Low-Powver Modes(LPMO, LPM1, LPM2,
LPM3 andLPMO, LPM4). An interrupteventawakesthe systemfrom eachof the variousoperating
modesandreturns,usingthe RETI instruction,to the modethat was selectedbeforethe interrupt
eventoccurred.The currentconsumptiorof eachoperatiormodeis shovn in Figure4.1. The micro-
controllercanbe con guredto consumeonly the enegy necessaryo its worksthroughthe selected
operationrmode.More informationcanbefoundat [93].

The MSP430is a RISC microcontrollerthatemploys a von-Neumanrarchitecturetherefore all
programsanddatasharea singleaddresspace.The CPU hassixteenregistersthatprovide reduced
instructionexecutiontime. This reducegheregisterto-registeroperationexecutiontime to onecycle
of the processoffrequeng. Four of the registersareresered for specialuseas programcountey
stackpointer statusregister and constantgenerato(Figure4.2) [44]. The remainingregistersare
availableasgeneral-purposeegisters.Peripheralareconnectedo the CPUusinga dataaddres&and
controlbus,usingspeci c registersfor controlanddatatransferssharingthe memoryspaceandcan
be handledwith all memorymanipulationinstructions.

The MSP430consumedessthan400 mA in actve modeoperatingat 1 MHz in a typical 3V
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Figure 4.2: RagisterOverviav [44]. Figure 4.3: Low-RPowerCPU [44].

systemandcanwake up from a 2mA standbymodeto fully synchronizeaperationn lessthan6 s.
Theseexceptionallylow currentrequirementscombinedwith the fastwake-uptime (6us),enablea
developerto build a systemwith minimumcurrentconsumptiorandmaximumbatterylife.Figure4.3
shaws the currentconsumptiorof anapplicationthatswitchesbetweeractive andstand-bymodes.
MSP430family hasarich peripheraket. It hasanabundantmix of peripheralandmemorysizes
enablingtrue system-on-a-chiplesignsasillustratedin Figure 4.4 [44]. The peripheralancludea
12-bit Analog-to-Digitalcornverter multiple timers(somewith capture/compareegistersand PWM
output capability), integratedprecisioncomparatagron-chip clock generationhardware multiplier,
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Figure 4.4: Functionalblodk diagram of MSP430xx16§44].

USART(s), WatchdogTimer, GeneralPort Input/Output,and multiple Input/Outputwith extensve
interruptcapabilityandothers.

The BasicClock Module of MSP430is designfor low power consumptiorapplications.Appli-
cationsshoulduselow clock frequeng for enegy conseration andtime keepingbut it alsoshould
usehigh clock frequeng for fastreactionto eventsandfastburstprocessing.Théasterit nishesthe
processingthe moretime atlow-power modeit has.

The BasicClock Module addressethe above con icting requirementdy allowing the designer
to selectfrom thethreeavailableclock signals:

ACLK (Auxiliary clock) - For optimallow-power performancethe ACLK canbecon gured
to oscillatewith a low 32,786-Hzwatch-crystalfrequeng, providing a stabletime basefor
the systemand low power stand-byoperation. ACLK is software selectablefor individual
peripheraimodules.

MCLK(Main clock) - MCLK is usedby the CPUandsystem.The MCLK canbecon gured
to operatedrom the on-chipdigitally controlledoscillator(DCO) which is only activatedwhen
requestedby events.

SMCLK (Sub-mainclock) - The SMCLK canbecon guredto operatdrom eitherthewatch-
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Figure 4.5: FrequencyersusSupplyoltage [44].

crystalor the DCO, dependingn peripherakequirementsSMCLK is softwareselectabldor
individual peripheraimodules.

The clock distribution and divider systemis providedto ne tunethe individual clock require-
ments.All basicclock-modulecon gurationsareundersoftwarecontrol.
TheBasicClock Moduleincludestwo or threeclock sources:

LFXT1CLK - low-frequeng/high-frequeng clock source. One oscillator that can be used
with low-frequeng watchcrystals standardrystals resonatorsor externalclock sources.

XT2CLK - high-frequeng clock source.This optionalhigh-frequeng oscillatorcanalsouse
standardtrystals resonatorsor externalclock sourcesn the 450-kHzto 8-MHz range.

DCOCLK clock source - Thedigitally controlledoscillator(DCO) is an integratedRC-type
oscillatorin the BasicClock Module. The DCO frequeng canbetunedby software.

UsingtheDCO, it is possibleto controltheoperatingrequeng. Theoperatingrequeny depends
on the supplyvoltageas shov in Figure4.5 [44]. The MCU operatedhetweenl.8 and3.6 V. To
programthe MCU, the supplyvoltageshouldbe above 2.7 V. We canmodelthe graphusingtheline
equationLet'sy bethefrequeng (MHz) andx the supplyvoltage(V):

Y(x) = 31—885 (x 1:8)+ 415 (4.2)

Tooperateat3.3V, thefrequeng shouldbe7.358Mhz.BEAN wasdesignedo usetheLFXT1CLK
with a 32,768-Hzwatchcrystalandthe DCO at 7.358Mhz.
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Figure 4.6: Pin Designation45].

Figure4.6 [45] shaws the pin designatiorof MSP430. Table4.2 illustratesthe MCU port map-
ping, shaving the port name,port number if input or outputor programableandwhatfunctionthe

portwasmappedo.
Table 4.2: MCU Port Mapping
Name Number| I/O | Mappedto
AVCC 64 Analogsupplyvoltage
AVSS 62 Ground
DVCC 1 Digital supplyvoltage(3.3V)
DVSS 63 Ground
P1.0/ACLK 12 | | General-purposdigital I/O pin- enableinterruptintO sensoibus
P1.1/]A0 13 I | General-purposdigital I/O pin- enableinterruptintl sensoibus
P1.2/MA1 14
P1.3/MA2 15
P1.4/SMCLK 16 O | General-purposdigital I/0 pin RedLed
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Table 4.2: MCU Port Mapping

Name Number| I/O | Mappedto

P1.5/A0 17 O | General-purposdigital I/0 pin OrangelLed

P1.6/A1 18 O | General-purposdigital I/O pin- GreenLed

P1.7/A2 19 O | General-purposdigital I/O pin- Yellow Led

P2.0/ACLK 20 General-purposdigital I/O pin Dclk (Radio)
P2.1/TAINCLK 21 | | General-purposdigital I/O pin RTC_INT- RealTimeClock
P2.2/CAOUT/TAO 22 | | General-purposdigital I/O pin PWMO

P2.3/CA0/AL 23 | | General-purposdigital I/O pin PWM1

P2.4/CA1/RA2 24 | | General-purposdigital I/O pin- 1-Wire (RealTime Clock)
P2.5/Rosc 25 General-purposdigital I/O pin ExternalMemoryHold
P2.6/ADC12CLK/ 26

DMAEO

P2.7/TAO 27 General-purposdigital I/O pin - ExternalMemoryWrite
P3.0/STEO 28 General-purposdigital I/O pin ExternalMemory Chip Select
P3.1/SIMO0/SA 29 SPIModeExternalMemory

P3.2/SOMIO 30 SPIModeExternalMemory

P3.3/UCLKO/SCL 31 SPIModeExternalMemory

P3.4/UTXDO 32 O | UART mode(sensoribus)

P3.5/URXDO 33 | | UART mode(sensoibus)

P3.6/UTXD1 34 General-purposdigital I/O pin -12C (sensoibus)
P3.7/JURXD1 35 I/O | General-purposdigital I/0 pin -12C (sensoibus)
P4.0/TBO 36 | | General-purposdigital I/O pin (sensotbus)

P4.1/TB1 37 | | General-purposdigital I/O pin (sensoibus)

P4.2/TB2 38 | | General-purposdigital I/O pin (sensoibus)

P4.3/TB3 39 | | General-purposdigital I/O pin (sensoibus)

P4.4/TB4 40 | | General-purposdigital I/O pin (sensoibus)

P4.5/TB5 41 | | General-purposdigital I/O pin (sensoibus)

P4.6/TB6 42 | | General-purposdigital I/O pin (sensotbus)
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Table 4.2: MCU Port Mapping

Name Number| I/O | Mappedto

P4.7/TBCLK 43 | | General-purposdigital I/O pin (sensoibus)
P5.0/STE1 44 | | General-purposdigital I/O pin Chp.out (Radio)
P5.1/SIMO1 45 O | SPImodeDio (Radio)

P5.2/SOMI1 46 | | SPImodeDio (Radio)

P5.3/UCLK1 47 O | SPImodeDclk (Radio)

P5.4/MCLK 48 I/0O | General-purposdigital I/O pin Pale (Radio)
P5.5/SMCLK 49 General-purposdigital I/O pin Pclk (Radio)
P5.6/ACLK 50 General-purposdigital I/O pin Pdata(Radio)
P5.7/TBoutH/ 51

SVSOUT

P6.0/A0 59 | | 12-bitADC - RSSI(Radio)

P6.1/A1 60 | | 12-bitADC - SensoBus

P6.2/A2 61 | | 12-bitADC - SensoBus

P6.3/A3 2 | | 12-bitADC - SensoBus

P6.4/A4 3 | | 12-bitADC - SensoBus

P6.5/A5 4 | | 12-bitADC - SensoBus

P6.6/A6/DACO 5 | | 12-bitADC - SensoBus

P6.7/A7T/IDAC1/ 6 | | 12-bitADC - SensoBus

SVSIN

RST/NMI 58 I | Resetnput- jtag connector

TCK 57 | | Testclock- jtag connector

TDI 55 | | Testdatainput- jtag connector

TDO/TDI 54 I/O | Testdataoutputport- jtag connector

T™MS 56 | | Testmodeselect- jtag connector

VeREF 10 I/P

VREF 7 0]

VREF-/\VeREF- 11 O
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Table 4.2: MCU Port Mapping

Name Number| I/O | Mappedto

XIN 8 | | Inputportfor crystaloscillatorXT1.

XOUT/TCLK 9 I/O | Outputterminalof crystaloscillatorXT1

XT2IN 53 | | Inputportfor crystaloscillatorXT2.

XT20UT 52 O | Outputterminalof crystaloscillatorXT2
4.2 Power

The power supplyblock usually consistsof a batteryanda dc-dc corverterand hasthe purposeto
powerthenode,sincethe sensomodeneedsnegy to monitorthe ervironment.

Sincewe are constructinga prototype,we optedto usean external power supply A voltage
regulatorcouldbeaddedwhosepurposds to maintainthe outputvoltageata x edvalue.Below, we
discusssomeideathatcanbeusedin futureworks.

It mightbe possibleo extendlifetime of asensonodeby extractingenepgy from theervironment,
for examplelight, vibration and RFE. Amirtharajahet al. have demonstrateé MEMS systemthat
extractselectricenegy from vibrations[4] . Nowadays CMOStransistorandsolarcell's arrayscan
beco-fabricated Thelcarusproces$40] combinessolarcells,highvoltageCMOS,andSOI (Silicon-
on-insulator)-MEMSstructureon the samedie. With the additionof isolationtrenchesgdevicesand
MEMS structuresanbeelectricallyisolated,andsolarcellscanbe stacledto yield high voltages.

Table4.3[74] shaovsacomparisorof enegy sourcedasednacombinatiorof publishedstudies,
theory andexperiments.

ContinuumControl Corp.[21] haslaunchedheiPower enegy hanesters Thesedevices,extract
electricenegy from mechanicaVibrations,motion,or impact,andstoreit for useby wirelesssensors
or otherelectronicdevices.

4.2.1 Batteries

Batteriessupply enepgy to the sensomode. It is importantto choosethe batterytype sinceit can
affect the designof a sensomode. BatteryProtectionCircuit to avoid the overchage/orerdischage
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Enegeticsource Pawver Density
Solar(outdoors) 15mW/cnt(directsun)
0.15mW/cni(cloudyday)
Solar(indoors) 0.006mW/cn(standardbf ce desk)
0.57mW/cni(< 60W desklamp)
Vibrations 0,01-0,1mW/cm
Acousticnoise 3E-6mW/cnt a75dB
9,6-4mW/cnt a100dB
Passve human-paveredsystems 1,8mW(shoenserts)
Nuclearreaction 80mW/cn? 1IE6mWh/cni

Table 4.3: Comparisorof enegetic sources.

Battery Rechageable| Volumetricdensity(Wh/l)| Environmentalconcerns
Alkaline-MnO2(AA) No 347
Silver Oxide No 500
Li/MnO2 No 550
Zinc Air No 1150
Sealed_eadAcid Yes 90 Yes
NiCd Yes 80-105 Yes
NiMH Yes 175 No
Li-ion Yes 200 Yes
Li-Polymer Yes 300-415

Table 4.4: Batterytecdhnolagy Comparison.

problem,power voltageregulatorandothercomponentsnay be addedo the sensomnodes.

Thereare mary typesof batteriesbeing available. Batteriescan be divide into primary (non-
rechageable) andsecondaryrechageable).They canalsobeclassi edaccordingo electrochemical
materialusedfor electrodesuchasNiCd, NiZn, AgZn, NiMh, andLithium-lon.

Table4.4,basedon [68] and[34], comparesnostcommonbatteriess types.NiMh andLithium-
lon arethe mostcommercializedechageablebatteries.

The batterytype will dependon the application. If thereis not a hanestenegy source,non-
rechageablebatteryis a goodchoicesincethey have higherenegy density Amongtherechageable
batteriesLi-basedbatteriesappeato be the bestchoice.However, therearea numberof othercon-
siderationsaandthe properchoiceof batterytechnologyis not obviouswithout a detailedexamination
of theapplicationoperationapro le. For instancejn a pulse-dischaye scenarioaLi batterywould
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performpoorly while aNiCd would performwell dueto thelargedifferencesn theinternalresistance
of thesebatterytypes.Furthermorel.i-basedbatterycostis higher

Amongtherechageablebatterytypes,Nickel Metal Hydride (NiMH) is theonly environmentally
friend product. Its enegy densityis secondonly to Li-battery typesandit canbe rechagedat any
time without experiencingvoltage depressionimemoryeffect). The disadwantageis that it needs
overchage/overdischageprotection.

4.3 Communication

Sensomnodesnustcommunicatioramongthemandalsoto a basestationusingawirelesscommuni-
cationchannel We explorethreepossibilities laser infraredandradiofrequeng (RF) channels.

4.3.1 Laser comm unication
Theadwantage®f lasercommunicationsre:
Spendessenegy thanradioover largerrange.
Security sincethereis no broadcasandif achanneis interceptedt would interruptthe signal
No needfor antenna.
Thedisadwantagesre:

Needsline of sight("LOS”), sincethe laserbeamof the transmittingdevice mustbe lined up
to therecever. It involvesnot only atemporalstepbut alsoa spatialacquisitionstep

Sensiblego atmosphericonditions.

The communications directionalanddueto the factthat sensomodeswill be deployed ran-
domly, thisis notanattractve solution.

The transmittingdevice usesa laserbeamto sendinformation and the recever device usesa
photodiodeor CCD array Opticalcommunicatiorcanbeclassi edinto two types,passve andactive
communication. In active optical communicationthe transmittingdevice generatests own laser
signalwhereadn passve communicatiorthe lasersignalis generatedhrougha secondarysource.
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Hollar [39] reportsthatthe active laserconsume®0 mA at 3V andcouldestablishedommunication
with distancesup to 21.4km. The passve costof transmissions limited to the enegy requiredto
de ect one of the mirrors, which in the caseof the MEMS cornercube-re ectors(CCRs)usedin
COTS Dustamountgo 100pJ/bit[39].

4.3.2 Infrared

Infraredcommunications usuallydirectional.Sincesensonodeswill bedeployedrandomly agood
solutionadoptedy PushPirproject[12] is to useadiffusermadeof sandblastedolycarbonatéubing
to createa moreomni-directionatommunicationmangewithin aplane.But, the nodestill needgo be
aligningwithin aplane.PushPirprojectadoptedhelrDA transcerer 83F8851[91]. Its disadwantage
is a short-rangeof aboutlm. Its maximumcurrentconsumptiorin transmissioomodeis 10mA and
in receve modeis 25 mA. Theadwantageof infraredis no needfor antenna.

4.3.3 Radio-frequenc y (RF)

RF communicatioris basedon electromagnetigvaves. Oneof the mostimportantchallengesn RF
communicationgdevicesis the antennasize. To optimize transmissiorand reception,an antenna
shouldbe atleast /4, where is the wavelengthof the carrierfrequeng. Assuminga sensomode
with a quarterwavelengthof 1 mm, the RF carrierfrequeng is 75 GHz, which is out of the rangeof
modernow powverRFelectronicslt is alsonecessaryo reducesnegy consumptiorwith modulation,
Itering, demodulationgtc. RF communicatioradvantagesareits easeof use,integrality, andwell
establishedn the commerciaimarketplace which make it anidealtestingplatformfor sensonode.
Several aspectsaffect the power consumptiorof a radio including the type of modulation,data

rate, and transmissiorpower. In general,radioscan operatein threedistinct modesof operation:
transmit,receve,idle. Mostradiosoperatingonidle moderesultsin high powerconsumptionalmost
equalto receve mode thus,it is importantto shutdavn theradio.

4.3.3.1 Modulation

Here,wediscussomepopularmodulationschemesDn/Off key (OOK), Amplitude Shift Key (ASK),
Frequeng Shift Key (FSK), GaussiarFrequeng Shift Key (GFSK) and Offset-Quadraturé’hase
Shift Keying (O-QPSK).
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ASK modulationofferstheadvantageof beingmoreimmuneto interferingsignalsthanOOK and
is easierto implementat alower costthatFSK modulation.In ASK, thedatais transmittedusingthe
carrieramplitude.

OOK is the specialcaseof ASK modulationwhereno carrieris presenduring the transmission
of a zero. OOK modulationis a very popularmodulationusedin control applications. Due to its
simplicity andlow implementatiorcosts,O0K modulationhasthe advantageof allowing the trans-
mitter to idle during the transmissiorof a zero, thereforeconservingpower. The disadwantageof
OOK modulationarisesn the presenc®f anundesiredsignal.

The dataat FSK modulationis transmittedusingdifferenttones. FSK modulationis commonly
believedto performbetterin the presencef interferingsignals.However, it is usuallymoredif cult
andexpensveto implement.

Both OOK andASK receversrequireanadaptableéhresholdor anautomatiagaincontrol (AGC)
in orderto ensurean optimal thresholdsetting. The FSK modulationdoesnot usuallyrequirethis
becausat incorporatesa limiter that keepsthe signal envelopeamplitudeconstantover the useful
dynamicrange[48]. Figure4.7[48] showvsthedifferentmodulationgdiscussed.
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Figure 4.7: Differentmodulationfor RF [48].

GFSKis similarto FSK but usesa Gaussianlter . In a GFSKmodulatoreverythingis thesameas
aFSKmodulatorexceptbeforethe pulsesgo into the FSK modulator it is passedhrougha Gaussian
Iter to make the pulsesmootherlimiting its spectralwidth [15]. The purposeof the GFSKiis to

make a morebandwidthef cient system[20].
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Figure 4.8: 1/Q phaseof O-QPSK[18].

The modulationformat O-QPSKis shapedasa half-sine,transmittedalternatelyin thel andQ
channelsvith onehalf chip periodoffset. This modulationformatis usedin the [IEEE 802.15.4stan-
dard.Thisisillustratedin Figure4.8[18]. Thedataat phasemodulationis transmittedsystematically
shifting the carrierwave in uniformly degreeat spacedntenvals.

For moreinformation,seeStallings[89]. Mathematicaimodelsof the modulationsschemesglis-
cussedhbove arepresented.

4.3.3.2 Off-the-shelf radio components

RFM TR21000is a hybrid radio transcever [76] thatis very well suitedfor wirelesssensometwork
application:it haslow powerconsumptiorandsmallsize. The TR1000supportsRF datatransmission
ratesup to 115.2kbps,andoperatesat 3 V. In the 115.2kbps ASK, the power consumptiorfor the
receveris almostl4.4mW, for thetransmitteiis 36 mW, andin sleepmodel5mW. Thedisadwantage
is thatthe transmitteroutputpower maximalvalueis 0.75mW. It is necessaryo amplify the signal,
spendingnoreenenpy.

The MICA platform, constructedusing RFM Monoliths TR1000,was not capableto handlea
greatnumberof sensornodessincethe lost paclet ratio increasedwith the distancebetweenthe
sensomnodesasstatedn [47]. Figure4.9[47] illustratesthis fact.

Chipcons CC1000is a very low power CMOS RF transcever quali ed for dataratesupto 76.8
kbit/s. It hasaninternalbit synchronizethatsimpli es thedesignof a high-speedadiolink with the
microcontroller Thesignalinterfacecanalsobecon guredfor aUART serialinterfacetakingbene t
of thehardwareUART in amicrocontroller In power-dovn mode,the CC1000currentconsumption
is 0.2 A. TheCC1000is designedprimarily for FSK systemsn the ISM/SRD bandsat 315,433,
868and915MHz. Oneadwantageover TR1000is thatit caneasilybe programmedor operationat
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Figure 4.9: Ratioof receivermadet per distancefor TR1000and CC1000component§47].

otherfrequenciebetweerB00MHz and1000MHz. Anothergreatadvantages thatit is possibleto
controlthe outputpower, thus,speci ng the desiredrangeof theradio, sarzing enegy anddecreasing
interferencgoroblemsit is alsopossibleto measurgherecevedsignalpowerwith theReceve Signal
Strengthindicator(RSSI),hencejt is possibleto have anideahow distancehe sensonodesarefrom
eachother

The Mica2 and Mica2-Dot platformsusethis radio component.Figure 4.9 [47] illustratestheir
study showving theratio of receved paclet perdistanceof the CC1000radiocomponentTheir study
wasvery importantsinceit illustratesthe differencebetweerntheseradiocomponents.

Looking at the rangetestresultsin Figure4.9, the graphsconsistentlyhad dips at 300 and 900
ft. Oncethe sendermoves fartherfrom that distance,the recever receved the paclets from the
senderagain. This happenedecauseadio signalis propagatedhroughwaves. Radiowavesfrom
thesendetake differentpathswhile they travel andtheir phasecanchangenvhenthey re ect onsome
obstacles Wavesof oppositephasecanceleachotherandthe resultingsignalbecomesvealer than
the sensitvity of the receving node,thus paclets cannotbe detected. This phenomenors called
Rayleighfadingandillustratedin Figure4.10[47].

More comple devices, like CDMA cellular phone,use multiple antennaof differentphaseto
avoid this problem,but CC1000cannotusethis methodbecauset hasonly a antenna.However,
usingmulti-hop solvesthis problem.

The radio componendependsn the frequeny bandof the application. If a higherfrequeng
bandis desired,the LMX3162 [84] radiois anoption. LMX3162 is a monolithic integratedradio
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Figure 4.10: Rayleighfading[47].

transcever optimizedfor usein ISM 2.45GHz bandwirelesssystems.

Bluetoothis a standardhat speci esa small-formfactors,low-cost,short-rangeadio links [9].
TheBluetoothstandardspeci estheradiolink, basebandink, andthelink manageprotocol. Blue-
tooth devicesare classi ed into 3 power classes.The rst power classis designedor long range
(200m), with maximumoutputof 20 dBm and 100mW The secondclassis for ordinaryrangede-
vices(10m),with 4dBmand2.5 mW. Thethird power classis for short-rangedevices(10cm),with
OdBmand1mW [10].

Table 4.5 comparesBluetooth device (Philstar PH2401)with componentsalready discussed.
Bluetooththroughputis high for a sensomode, sinceit increaseghe sensomode compleity to
receve dataat this high speedthus not beinga good solution. Bluetoothcanbe a good solution
for gatavays or sensornodesthat needto transmitat high datarate suchas a video application.
Martin [52] shaws that the Bluetoothdevice, may consume ve moretimesthan CC1000andit is
suggestedor applicationghatareactive over a limited time period,with few unpredictabldurstsof
very heavry network traf ¢ (takingadwantageof the high throughput).

Chipconhasalsoreleased new device, the CC1020. It hasfastdatarate of 153.6kbit/s. The
modulationformatsupportedireFSK,ASK andGFSK.An interestingvorkis to developanextended

nite statemachinemodulationschemehat changeghe modulationtype dueto channelcharacter

istics. Themajor dravbackis the power consumption17.3mA to receve and13.7 mA to transmit.
Realizethatthereceving consumptions biggerthanthetransmittingconsumptionThisis anoppor
tunity for new WSN protocols.

TRF6900is a Texas Instrumentstranscerer that operatesn 850 to 950 MHz band. Its main
adwantageis a high datarate of 200 kbps. It also hasthe possibility to measureRSSI. Its main
disadwantagds the high enegy consumptiorto transmit(40maA).
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Micrel MICRF recever family comprises418to 433 MHz and900 MHz banddevices. Its ad-
vantageis thatthe architecturesliminatesthe needfor manualtuning of eachunit. You cansetthe
recever to periodicallywake up andcheckfor incomingsignals.

Anotheroptionis to usearadiomoduleby ConexantSystems|nc. The RDSSS9MDigital Cord-
lessTelephondDCT) chipsetusesa900MHz spreadspectrumRF communicationsink. Thechipset
hasanembedde&5C02microcontrollerthatperformsall controlandmonitoringfunctionsrequired
for directsequencespread-spectrurmommunication(12 chips/bit)aswell asdataexchangewith the
processomodule.Theradiooperate®n oneof 40 channelsn thelSM frequeng band,selectabldoy
the controller The RF portion of theradiois capableof operatingat multiple transmitpower levels
betweenl and100mW enablingthe useof power-optimizedcommunicatioralgorithms.

CC2420is the newest Chipconproduct. The CC2420is a single-chip2.4 GHz IEEE 802.15.4
compliantRF transcerer designedor low power andlow-voltagewirelessapplications.lts antenna
is of only 2.9 cm. It hasmary adwantagedhat facilitate the channeldesign. It hasa true SPI bus
to interface the microcontroller an internal FIFO, is the slave of the communicationbut canalso
generatenterruptsignals the RSSI(Receve SignalStrengthindicator)is digital anda paclet sniffer
softwareto dehug alreadyexists. Although the power consumptionn receve modeis higherthan
CC1000,t is necessara studyto determinevhatdevice spendessenegy perbit sinceCC2420has
aninternal FIFO, which allows the MCU to sleepmoretime, andthe datarateis 250kbps,speding
lessenegy perbit transmitted . The modulationis O-QPSK having a differentphysicallayer, thus,it
is not compatiblewith CC1000.Thedisadantagesrethatit hasa smallrange(lessthan50m),and
beinglEEE 802.15.4compliantdoesnot allow the studyof new algorithmsat datalink layer (MAC
andLLC) sincethey arealreadyde ned.

Table4.5 summarizeshis discussionpresentinghe characteristic®f the radio COTS devices.
The dBm is a relative power unit de ned asthe ratio of the power in Wattsto one milliw att asin
Equationd.2. For example,0 dBmis equalto 1mW of power.

Power(dBm) = 10 log(Power in Watts=0:001W att): 4.2

The recever sensitvity and transmitterpower are importantto determinethe range. Rangeis
usually estimatedwith statistics[19]. Theradiolink budgettells how muchlossexits betweenthe
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transmitterandtherecever, andis givenby [19]:

Pie = TX Transmitter Power + TX antenna Gain + RX antenna Gain RX sensitivity

(4.3)
In this budgetmodel,the antennds taken explicitly into account.The antennagainhasasgreat

in uence to the transmitterpower and sensitvity. Basedon the radio link budget,it is possibleto
estimateherange.

TR1000 CC1000 LMX | Philstar| TRF6901 MICRF | CC2420
3162 |PH2401 103/003
Modulation| OOK/ FSK N/A GFSK | FSK/ OOK/ |0-QPSK
Type ASK OOK ASK
Carrier |916,5MHz 300to 2.45GHz2,4GHz| 868to 800to | 2.4GHz
Frequeng 1000MHz 928 MHz | 1000MHz
Operating 3V 2.1V to 3.0to 1.8V 18to | 4.75Vto | 1.6to
Voltage 3V 3.6V 5.5V 3.6V 5.5V 3.6
Current 12mA 16.5mA 50mA [<20mA| 32mA |27.5mA@| 17.4mA
Transmit @868MHz 915MHz
mode 0dBm
Current | 3.8mA@ | 9.6mMmA@ 27TmA |<20mA| 18mA AMA @ | 19.7mA
Receve |115.2kbps| 868MHz 868MHz
Mode 1.8mA@
2.4kbps
Throughput OOK upto 1Mbit/s| Upto 20kbps | 250kbps
30kbps | 76.8kbit/s 200kbps
ASK
115.2kbps
Recever | -97dBm@| -110dBm | -93dBm|-84dBm| -99dBm | -95dBm | -94dBm
Sensitvity | 115.2kbps| @ 2.4kBaud
Transmitten 0dBm -20to -7.5dBm| +2dBm| 9dBm -3dBm -24t0
Pawver 10dBm 0dBm

Table 4.5: Radiocomponents.
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4.3.3.3 Wake up Radio Challeng e

An importantchallengdor thecommunicatiorblockunitis thedesignof awakeupradio,alow-power

radiothatcanreceve very simplecommunicatiorandin particulardetectsvhethera communication
with its own nodeis desired.In this case,it canpower up the mainradio thatwill thenreceve the

actualcommunicationln PCs,externaleventssuchaskeyboardpresse®r arrival of network paclet

resultin the entire systemwaking up. However, in sensomodes.this approachs not valid sinceit

is highly desirableto turn off the radio becauset is usually more power consumeithanthe other
components.Turning off the radio, unfortunately meansthat a neighboringnodethat detectedan

interestingevent cannotwake a nodeup. This canleadto missedeventsand paclets, increasing
lateny andwastingenegy. Hence,a radio technologicalchallengeis to have an ultra low-power

communicationchannelto wake up neighboringnodeson demand. Currently suchwakeupradios
arestill anareaof active researchn chip designandcommunicationgesearch.

4.4 Sensing Unit

The sensingunit is composedf a group of sensorswhich are devicesthat produceelectricalsig-
nalsto a changen a physicalcondition. Sensorsanbe classi ed aseitheranalogor digital devices
dependingon the type of outputthey produce.Many typesof sensorexist, asfor examplemagne-
tometer accelerometefight, temperaturepressurehumidity,seismicsensorgassensoffor H,S, O,,
sonarrangersarraysensorgor images.Giventhediversityof sensorsthereis no typical power con-
sumption asillustratedat Table4.6. Thetype of sensordeingusedin asensomodewill dependon
theapplicationpurpose.The sensottype canalsoaffect theradiodesignsinceit couldneeda higher
throughputik e imagesensors.

Magnetometerare sensorghat measurenagnetic elds. They canmeasures0 Hz uctuations
from power lines or the Earth's naturally occurringmagnetic eld. Accelerometersise capacity
sensingo measuraistancebetweerareferencanassanda proof mass.Theword accelerometes a
bit of amisnomersinceforceis the unit beingmeasure Accelerometersanmeasurghe magnitude
anddirectionof Earth's gravity.

An orientationunit canbe designcombiningthreecomponentbetweeraccelerometeandmag-
netometersEachsensoishouldbe mutually perpendicularRotatingthe orientunit, eachsensorde-
tectsthe Earth's magneticeld anddetectghe new orientation.An applicationthatusesthis scheme
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Type of Current Voltage Min/Max Accuragy Product
sensor Consumption, range range Accuragy
Magnetometer 650uA 2.7-5.25V -/[+0.5Gauss | 2mGauss| AA002-02
NVE
Accelerometer 600uA 3-5.25V -/+2g 25mg ADXL202
analog
Light 200uA 2.7-5,5V | 0to26mW/m2 | 6mW/m2 H53371
sensor ESSD
Temperature 600uA 2.7-5.5V | -20°C/100C 0.25C AD7418
sensor Analog
Pressure 650uA 2.7-5.5 0.6gauge 2.4mPSI| | SM5310SMI
sensor @14,4PSI
Humidity 200uA 4-9V 0-100%relatve | +/-2%RH | HIH-3605
sensor humidity Hy-Cal

Table 4.6: Sensotypesspeci cations.

is [39].

Sensordhiave a startuptime, in otherwords,minimumtime afterturnedonto correctsampledata.
It is desirableghatthe startuptime beassmallaspossiblebecausé is requiredto turn off thesensors
to reduceenegy whenthey arenotbeingused.

In the deploymenton GreatDuck Island Project[71], someissuesaboutsensorsverelearned.
Someof the readingsfrom the Mica WeatherBoardwere out of range. The solutionswereto use
all digital calibratedsensorsjncreasesensoraccurag andreducestartuptime. It hasalsohave to
decoupleheentirecircuit from the power lines.

441 Sensor Bus

It wasdesirableto constructa sensomodeprototypethatis easilyexpandabldo supporta variety of
applications.The solutionis to de ne a sensomus. The expansionconnector(sensorus) provides
a userinterfacefor additionalsensorboards. Hence,to t an application,it is only necessaryo
constructaspeci ¢ sensoboardandconnecit to theexpansiorconnectoof BEAN. For example for
thelocalizationapplicationa sensoboardwith ultrasoundfor a weatherstationa sensotboardwith
temperaturdjght, andhumidity sensorsto collectvibrationdata,asensoboardwith accelerometers.
The BEAN sensombusshouldbe smallbut alsocompleteandgeneric.The sensotbussignalscan
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beclassi edin thefollowing types:
power - powertypethatincludesdigital andanalogpower andground;
interrupt - interruptsignalsarecapableof generatingnterruptatthe MCU,;

UART/USART interface - include the Rx and Tx signalsand also the clock signal for the
USART interface;

PW - digital I/O thatcontrol power of peripherakensors;

ADC - analoginputsfor readinganalogsensoioutputs;

SPI - serial SPlinterface(SIMO,MISO,CLK);

|2C- seriall?C interface(SDA,SCLK);

PWM - signalsfor readingdigital sensooutputsat pulsewidth format;
Reset- signalcapableof resettingghe sensomnode.

After classifyingthe sensorbus signals,the BEAN sensotbuswasde ned. Table4.7 shavs the
assignedensombuspin signals. BEAN sensohbushas31 pins. It hasatleasta signalfor eachsensor
signaltype previously de ned. Althoughthe MCU haseight ADC pins,sinceonepin wasnecessary
for the radio connector seven ADC pins were left for the sensorbus. The BEAN PW signalsare
digital linesthatmay have otherpurposeghanpower control, lik e readingdigital sensorsTable4.7
alsodepictsthe Mica2 (51 pins)andMica2-Dot(18pins)sensoibus.

4.5 Other components

Herewe presenthe othercomponentshatcomposeBEAN.

45.1 Extended memory

Many algorithmsandapplicationgequireda large numberof datato be stored.Theamountof RAM
in the microcontrolleris limited. The solutionto this problemis to addan externalmemorydevice
thatwill work assecondartoragdik e a harddiskin a PersonaComputer
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Type/Platform BEAN (31pins) Mica2Dot(18pins) Mica(51pins)
Pawver GND(2),vCC,A/CC GND,VCC VCC,VSNRS,GND(2)
Interrupt 0,1 0,1 0-3
Uart/Usart Rx,Tx Rx, Tx Rx(2),Tx(2),clk
PW 0-7 0,1 0-7
ADC 0-6 2/jul 0-7
SPI Simo,somi,clk Clk Prog Simo,Progmosi,clk
12C Sda,sclk Clk,data
PWM 0-1 Pwmlb 0,1A,1B
Reset Reset Resetn Rstn
Other Rd,WrAle
ThermPWBat.Mon
AC+,AC-,Led1-3
Thrul-3(noconnection)

Table 4.7: Sensoibus comparison.

Many typesof memorydevicesareavailablefor usein embeddedystems We will discusswo
typesof programmabl@éon-wlatile memorydevices, EEPROM andFlash.

EEPFOM mean<lectrically-Erasable-Programmali®M. They areinternallysimilarto EPROMs
(erasable-and-programmablblit the eraseoperationis accomplishealectrically ratherthanby ex-
posureto ultraviolet light. Any bytein the EEPROM canbe erasecor rewritten. Oncewritten, the
new datawill remainin thedevice until is electricallyerased.

Flashmemoryis the mostrecentadvancementn memorytechnology It combinesall the best
featuresof the memorydevices. Flashmemorydevicesarehigh density low cost,norvolatile, fast
to read,andelectricallyreprogrammablefFlashandEEPROM memorydevicesarevery similarto a
softwareviewpoint. Themajordifferences thatFlashdevicescaneraseonly onesectoratatime, not
asinglebytelevel. EEPROM is relative moreexpensve thanFlash.

The Scatterwelproject[82] chosethe memorycomponen4L64. The advantage®f this device
arethatthereis alreadya softwaredriver by TexasInstrumentdor the MSP430MCU [59] andit is
low power. But this componentommunicateshroughl2C, thusit is slower than SPIdevices. For
instanceto write 32 bytes,it spendms. The Mica2 moteusesthe AT45DB041memorydevice. It
is a SPlbushbut it canconsumdoo muchenegy. The M24M01 consume®nly 2mA onwrite mode.
Thedisadwantages thatit used2C to communicatesoit is alsoslow. M24MO1 will spend20 msto
write 256 bytes,thus,40 ms*mA per256written bytes. The M25P40[60] will spend22.5mA*msper
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Component 24164 AT45DB041 M24M01 M25P40
Type EEPROM Flash Flash Flash
Bus 12C SPI 12C SPI
Write current 3mA 15-35mA 2mA 15mA
Write time | 5ms(32 bytes) 7-14ms | 10ms(128bytes)| 1.5-5ms(256ytes)

Table 4.8: MemoryComparison.

256 written bytes. Although M24MO01 hasthe lower write current,it is not the lower power device.

We choosethe ST M25P40,a serial ash memorythatis fastand canbe switchedto a low power

modewhenit is notused.Table4.8illustratesthe abose discussion.

4511 M25P40

TheM25P40is a4 Mbit (512K x 8) SerialFlashMemaory, with write protectionrmechanismsaccessed
by a high speedSPI-compatibldus. The memorycanprogramml to 256 bytesat atime, usingthe

PagePrograminstruction. The memoryis organizedas8 sectorsgachcontaining256 pages.Each

pageis 256 byteswide. Thus, the whole memorycan be viewed as consistingof 2048 pages,or

524,288bytes. The whole memorycanbe erasedusingthe Bulk Eraseinstruction,or a sectorat a

time, usingthe SectorErasenstruction.Figure4.11[60] shavs the memoryschemati@andTable4.9

explainsthe pin assignment.

M25P40
sO1 8P Vce
of2 7 HOLD
wiQ3 6HC
Vgg O 4 5D

Al04091B

Figure 4.11: M25P40[60].

C SerialClock
D SerialDatalnput
Q SerialDataOutput
S Chip Select
W Write Protect
HOLD Hold
VCC SupplyVoltage
VSS Ground

Table 4.9: MemoryPin Description.
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Pin | Description
TCLK | A clockinputthatsynchronizeshe JTAG portlogical operations
TMS | A testmodeselectinputthatis sampledon therising edgeof the
TCK to sequenc¢heinternalstatemachinecontroller(TAP Controller).
TDI | Theinputtestdatastreanthatis sampledontherising edgeof the TCK
TDO | Theoutputtestdatastreamthatis sampledon thefalling edgeof the TCK
TRST | An active low asynchronouseset

Table 4.10: JTAG interfacepin.

4.5.2 Debugging

For delugging,four LEDS areaddedo the prototypedesign.Thus,the sensomodecanmapsixteen
statesdo be dehugged.The currentconsumptiorof the LEDS canbeashigh astheradiochannelso
it is advisedto usethemonly for dehug purpose.

A JTAG (Joint TestAction GrouplEEE1149.1)interfaceis usedto programanddelug the mi-
croprocessorJTAG wasdesignedo supplementhe boardtesterby connectingall the testpointin
the boardto individual bits of a long shift register JTAG is an openstandard.However, the JTAG
standardnly de nesthe communicationgrotocolto usein the processarHow the JTAG connects
the coreelementsandextensionarespeci c of a particularmanufcturer

Becausdhe JTAG implementations a serialprotocol, it requiresfew microprocessol/O pins.
Table4.10describeshe pin for the [IEEE 1149.1JTAG interface.

A RS-232interfacecouldbe addedo thedesign but sincewe alreadyhave the JTAG interface, it
wasnotreally necessary

45.3 Serial Number

It is desiredthateachsensomnodehave a uniqueidenti cation, suchasanumber A softwaresolution
is to write a numberin the memorydevice at the programmingphase.Althoughthis is anoption,a
hardware solutionis more elegant. Dallas Semiconductodevices, suchas DS2401,offer a unique
ROM codethatcontainsa 64-bit number We optedfor a hardwaresolution,usingthe DS2417[27],
which containghe sameuniqueserialnumberfeature.

The 64-bit number wherethe rst eight bits are a 1-Wire family code,the next 48 bits area
uniqueserialnumberandthelasteightbits area Cyclic Redundang Check(CRC)of the rst 56 bits,
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6-PIN TSOC PACKAGE

TOP VIEW

Figure4.12: DS241727].

is uniquelyproduceddy DallasSemiconductorThis numberassuresbsolutdraceabilitybecauseo
two partsarealike, facilitating device management.

This serialnumberdoesnot necessariljhave to betheidenti cation numberfor aWSN protocol.
A 48-bit numberis usuallytoo large to be sentin a sensomodepaclet. A solutionis to usea bit-
maskbut this solutiondoesnot guaranteainiquenessOtherapproachs to usesmalleridenti cation
numberandthe WSN managementould keepa corversiontablebetweertheidenti cation protocol
numberandthe 48-bit serialnumber

45.4 Real Time Clock

It is desiredto know thetime whenaneventhappenslik e keepingrecordwhena sensorsignalwas
read. Adding a real-timeclock allows the sensomodeto time anddatestamp,or createa logbook.
It is alsopossibleto createa real-timeclock with the microcontroller but it is alsodesiredto putthe
microcontrollerin the low-power modeto save enegy. This solutionwould make the softwarevery
compl. A moresimpleapproachs to adda real-timeclock.

The DS2417time chip [27] offers a simple solutionfor storingandretrieving vital time infor-
mation with minimal hardware. It containsa uniqueserial number and real-time clock/calendar
implementedas a binary counter It usesthe 1-Wire protocol, thus, only one pin is requiredfor
communicatiorwith the device.

The DS2417hasclock accurag +-2 minutesper month at 25°C and usesa binary time/date
representatiomvith 1secondesolution. Figure4.12shavs the DS2417packageand Table4.11the
pin description.
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Pin Number | Name | Description
1 GND | Ground Pin
2 1-Wire | Datainput/outputOpendrain.
3 /INT | Interruptpin Opendrain.
4 VDD | Powerinputpin. 2.5Vto 5.5V.
5,6 X1, X2 | Crystalpins. Connectiondor astandard2.768kHzquartzcrystal

Table4.11: DS2417Pin Description[27].

45,5 Measuring Energy

A differentialin BEAN's projectis thatit is possibleto measurehe power consumptionof each
componen{radio, MCU, sensorbus, externalmemoryandoverall). We adda shuntresistorin the
power supply of eachcomponentallowing the measuremenof the power consumption. To our
knowledge thisis the rst sensomodeprototypewhich suchfeature.

BEAN is alsocapableof measuringt own overall power consumptionUsingajumper, theuser
cancon gure BEAN to measurat portnumber6.5its power consumptioror the ADC signal5 from
thesensoibus.

Anotherinterestingoptionis to connectthe BEAN sensorbus to the enegy measurepoints of
anotheBEAN. Thiswouldleadto anew methodologyto evaluateon-the- y the power consumption
of WirelessSensoiNetwork algorithmsandsincetheactionof measuringhe powerconsumptiorwill
be doneby theanotheBEAN, the measuremenwill beindependenandnot corrupted.Figure4.13
illustratesthis new methodology

BEAN-
measuring BEAN-
energy executing

.\© algorithms
S

& oo %
e $

Figure 4.13: A new methodolgy to evaluateon-the- y the powerconsumptiorof WSNalgorithms.

Base station
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4.6 Interfacing CC1000 and MSP430

4.6.1 CC1000 Application Circuit

Figure 4.14: CC1000ApplicationCircuit [16].

Few componentsarerequiredfor CC1000to implementa radio channel. A typical application
circuit is shavn at Figure4.14. We identify ve blocks. The rst block is an optional Iter. The
secondpartis usedto machthe transmitterandrecever to 50 Ohmsantennampedance.The third
block is composedf voltagesupply de-couplingcapacitors.Thesecapacitorsshouldbe placedas
closeaspossibleto thevoltagesupplypinsof CC1000.Block numberfour is aninductorto determine
the operatingrange.The voltagecontrolledoscillator(VCO) is completelyintegratedexceptfor this
inductor Finally, thelastblock is the crystaloscillatorcircuit.

4.6.2 Interfacing Radio and the Microcontr oller

This sectiondiscussefiow the CC1000canbeinterfacedto the MCU. The only requirements that
the MCU to have enoughfree I/O pins. To con gure the CC1000,threel/O pins arerequired(one
bidirectionalandtwo outputpins). The pins connectedo PDATA (ProgrammingData)and PLCK
(ProgrammingClock) canbe sharedwith othercircuitry, providing thesecircuitsarenotactive when
the con gurationinterfaceis actve. The PALE (ProgrammingAddressLatch Enabled)signalmust
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Figure 4.15: CC1000-MCWHardwatre Interface[96].

bedrivenby a pin dedicatednly to interfacingthe CC1000.For the datainterface,two 1/0O pinsare
required,onebidirectionalfor DIO (Datalnput/Output)andoneinput for DCLK (DataClock). The
pin usedto interfacewith DCLK shouldbe ableto generateninterrupton signaledgesFigure4.15
shavs the CC1000-MCUhardwareinterfacecon guration.

In power-down mode,the CC1000pinsassumehe statesdescribedn Table4.12.

Pin Description
PDATA Input
PCLK Input
PALE | Inputwith internalpull-up resistor
DIO Input
DCLK High-impedanceutput

Table4.12: CC1000Pins.

4.6.2.1 Conguration Interface

The CC1000is con gured usingthe PCLK, PDATA andPALE signals. The con guration registers
arealsoreadablesothatthe usercanverify settingsandreadstatusbits.

Using general-purpos#0 pinsto handlean interfacein this way is called"bit banging”. This
approachs very e xible, astheuseris freeto useary 1/0 pinsonthemicrocontrollerbut thesoftware
is morecomplec andit is alsoslower thanusinga hardwaresolution. Thebiggestadwantageof using
a hardwareinterfacemoduleis thatthe communications fasterthan”bit banging”.
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CC1000 MCU
PALE - General 1/0
PCLK = SCK

PDATA MOSI

—p MISO

Figure 4.16: SP1Con guration Interface[96].

Thealternatveis to usea synchronouserialinterfaceto interfacewith the CC1000.An SPImas-
ter interfaceor sometypesof USART (UniversalSynchronous/Asynchronotl&ecever/Transmitter)
aresuitable.Wheninterfacingwith anSPImasterthe MISO (mastelin, slave out) andMOSI (master
out, slave in) pins shouldbe connectedogether The MOSI pin shouldbe con gured asan input
whenreadingfrom the CC1000.A free generall/O pin canbe usedto interfacewith the PALE pin
of the CC1000asshaw in Figure4.16. The otherSPIsignalsare SCK (SerialClock) andSS(Slave
select).SSis notusedwheninterfacingthe CC1000with an SPlinterface.

Thesoftwaredriver mustbecarefulto avoid short-circuitsincetheMISO andMOSI areconnected
together If both port are con gured asoutputand emit differentsignalsat the sametime, it may
damagehecircuit.

Chipconrecommendsesettingthe CC1000(by clearingthe RESETN bit in the MAIN register)
whenthechipis rst poweredup. All registershatneedto becon guredshouldthenbeprogrammed.
Registerscanbe programmedreely in any ordet The CC1000shouldthenbe calibratedin bothRX
andTX mode.After thisis completethe CC1000is readyfor use.

4.6.2.2 Data Interface

The datainterfacecanbeinterfacedusinggeneral-purposfO pins. The DCLK pin onthe CC1000
shouldbe connectedo aninput pin thatcangeneratean interruptto the MCU. DIO shouldbe con-
nectedo a bi-directionall/O pin.
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CC1000 MCU
DIO ; » MOSI
MISO
DCLK » SCK

Figure 4.17: SPldatalnterface[96].

In TX mode,theinterruptshouldbe triggeredon the falling edgeof DCLK. Whenthe interrupt
occurs,write the next bit to be transmittedto the I/O pin. In RX mode,the interrupt shouldbe
triggeredon therising edgeof DCLK. Whentheinterruptoccurs readthe datafrom thel/O pin.

Note that datatransferredo/from the MCU is always NRZ coded,regardlessof whetherSyn-
chronousNRZ or Synchronoudlanchestemodeis selectedThemodesettingonly affectsthesignal
modulatedontothe RF carrier The Manchesteencoding/decoding performedoy the CC1000.

Thedatainterfacecanalsobe connectedo a synchronouserialinterfacein the sameway asthe
con gurationinterface.In this case sincethe CC1000providestheDCLK signal,themicrocontroller
mustactasa slave. If an SPlinterfaceis used,the MISO signal pin mustbe setasan input when
readingdatafrom the CC1000,asillustratedin Figure4.17. Whenreceving, the microcontroller
software musthandlebyte synchronization.This involvesdetectinga start-of-frame(SOF) unique
identi er, whichis sentafterthe preamble Whenthisword is detectedtheserialinterfaceis enabled,
andfrom thereon out, therecever is byte-synchronize@ith the transmitter

TheMSP430F16%astwo USART Modules.Eachmodulecanbecon guredexclusively to work
asSPImoduleor UART module.Onemodule(USART0) wasconnectedo the externalmemoryand
sensorconnector Thus,only one SPImodulewasavailablefor the radiointerface. We choseto use
the SPI moduleto connectthe radio datainterface. The radio con guration interfaceis connected
usinggeneral/O, in otherwords,the communicatiorprocesswill be doneusing“bit banging”. For
deluggingpurposeit is alsopossibleto communicateo theradiodatainterfaceusing“bit banging”.
An additionalconnectionto an interruptenableport (port2.0) was connectedo the radio device.
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USART
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SP Radio
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MCU

USART
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\ Sensor

Connector

I

Figure 4.18: ConnectiorMCU USARTModulesto otherBEANComponents.

Theseconnectiorareillustratedin Figure4.18.
Thememorydevice useshe USARTO in themodeSPlandthesensobusasUART, thus,it is not

possibleto useboth simultaneouslyThe MSP430F16xxXamily alsohasan12C interfaceembedded
atthe USARTO Modulebut it is notbeingused.

If projectinga MCU, it would be interestingto constructthree SPI module,one UART module
andonel2C module,sotheradiocouldconnecto usingSPImodulestheexternalmemoryusingthe
otherSPIl,andthesensobususingthel2C andUART modules.

4.6.2.3 Other features

The CC1000supportstwo encodingstratgies, NRZ (non-returnto zero)and Manchesterasillus-
tratedin Figure4.19. The NRZ mapthe datavalue 1 ontothe high signalandthe datavalueO onto
low signal. The Manchesteencodingmemgesthe clock with the datasignalby usingthe exclusive-or
(XOR) function. TheManchestecodeusuallyresultin lesstransmissiorerrorbut it only useshalf of
bit rate. The CC1000includesa Manchesteviolation bit availableatthe CHP_OUT pin if theLOCK
registeris correctlycon gured.

CC1000allows programmingthe operatingfrequeng. The operationfrequeny is setby pro-
grammingthefrequeng wordin thecon gurationregisters.Therearetwo frequeng wordsregisters,
termedA andB, which canbe programmedo two differentfrequenciesOneof thefrequeny words
canbeusedfor RX (local oscillatorfrequeng) andotherfor TX (transmittingfrequeng) in orderto
be ableto switchvery fastbetweerRX modeandTX mode. They canalsobe usedfor RX (or TX)
attwo differentchannelsFrequeng word A or B is selectedy theF_REGDbit in theMAIN register
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Figure 4.19: Differentencodingstrategies[16].

The FSK frequeng separations programmedt FSEP(1:0Yyegisters.

TheRSSI/IFpin is optionalpin to interfaceto MCU. An analogueRSSlsignalis availableatthis
pin. TheRSSIshouldbeturnedoff whennotin use,astheRSSiIcircuitry consumesround0.3mAin
receve mode.TheRSSIlis connectedo anADC, whichis a microcontrollerbuilt-in peripheral. The
RSSloutputrangesetweenl.2and0 V.

TheRF outputpoweris programmabl@ndcontrolledby the PA_POW register Controllingtrans-
mit power andmeasuringhe RSSIhasmary advantages.The outputpower canbe programmedo
reducethe enegy thatis usedto communicateo relatively closeneighbors.It allows a sensomode
to adjustthe numberof neighbors.It minimizesinterferenceandalsocanbe usedto determinethe
relative positionof thesensonode.Figure4.20illustratesthe programmabl®utputpower capability

ThesignalTable4.13shovs somevaluesfor outputpowersandthetypical currentconsumption.
Theminimumoutputpoweris -20dBmandthe currentconsumptions 8.6mA. At 0 dBm, thecurrent
consumptions 16.8mA. The maximumoutputpower is 5dBmandthe currentconsumptions 25.4
maA.

4.6.3 CC1000PP

Chipconhasdesignedhe CC1000PRplug-and-playmodule(Figure4.21),which is availablein the
CC1000Developmentit, to sene asareferencedesignandenablevery quick prototypingof anRF
system.

The CC1000PANodule(28x20mm) containsall RF componentsequiredfor properoperation.
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Figure 4.20: Programmableoutputpowerallows changingradio rance.

OutputPower (dBm) | CurrentConsumptior(mA)
-20 8.6
-15 9.3
-10 10.1
-5 13.8
0 16.8
5 254

Table 4.13: Outputpowersettingsandtypical currentconsumptiorat 868 Mhz.

Figure4.21: CC1000PH17].
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Pin | Description| Pin | Description
1 VCC| 2 VCC
3 PALE 4 Pdata
5 PCLK| 6 Chip_out
7 DIO 8 Dclk
9 GND | 10 RSSI

Table 4.14: Pin descriptionof RadioConnectar

Thisincludesthe CC1000,aswell asareferencecrystalanda LC output Iter . In aready-luilt form,

the CC1000PRs idealfor quick prototyping. Themodulemaybeconnectedo aprototypingboardor

PCB containingtherestof the system.The CC1000can,in this way, be testedin a completesystem
without having to createa customRF PCB layout.

4.6.4 Radio Connector

To allow the developmentof otherradio boards,BEAN de nes a radio connectorasillustratedin
Table4.14. The pin descriptionnamesarethe radio signalsfrom CC1000.Using aradio connectoyr
it is possibleto modify the radiodesignwithout changingBEAN. For instanceusinganadapteit is
possibleto usethe CC1000PANodule.

Theradio channeimplementedvasdesignedasan undergraduatderm projectat the Electrical
Engineeringcourseat UFMG [23]. Theradioboardusedthe CC1000PRIesignasa guidelineandits
interfacematcheBEAN radiobus. Theschemati@andlayoutarepresentedn AppendixD, andwere
performedby the studentCésarAlmeidaKhouri.

4.7 Project Decisions

In this section,we discussthe major project decisionstaken during the designof BEAN project.
BEAN major requirements to be enegy-efcient, thus, BEAN projectfocus on enegy-efcient
COTS.

BEAN MCU needdgo beenegy-efcient, with differentoperatingnodesandfastwake-uptime.
It doesnot needto have extremelypower computabilityasa 32-bitmicrocontroller TheMCU should
hasanembeddedTAG interfaceto facilitatethe programminganddehbuggingphasesBEAN MCU
choiceis the MSP430F16%inceit hasa 16-bit CPU andis ultra-low power. It hassix different
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operatingmodesthat are fully supportedduring interruptevent handling. The MSP430consumes
lessthan400mA in active modeoperatingat 1 MHz in atypical 3V systemandcanwake up from a
2-mA standbymodeto fully synchronizeaperationn lessthan6 s.

BEAN communicatiorchannelneedsto be bi-directionalto supportdifferentoperatingmodes,
to be enegy-efcient, allows settingthe outputpower, andhave relatively slow daterate. Therange
should be betweenl to 250 meters. BEAN Radio choiceis the ChipconCC1000. CC1000is a
very low power CMOS RF transcever quali ed for dataratesup to 76.8 kbit/s. It hasaninternal
bit synchronizetthat simpli es the designof a high-speedadio link with the microcontroller In
power-down mode,the CC1000currentconsumptions 0.2 A. Anothergreatadwantages thatit is
possibleto control the output power, thus, specifyingthe desiredrangeof the radio, saving enegy
anddecreasingnterferenceproblems.lt is alsopossibleto measurahe receved signal power with
the RSSlsignal,hence,it is possibleto have anideahow distancethe sensomodesarefrom each
othet

At thesensomnit, BEAN is genericsinceit hasawell-de ned expansionbus, beingcapableof a
large numberof applications For thenearfuture,BEAN will usethetemperaturesensoifMP37[26],
to developanapplicationvery similar to the Sensorneprojectexperiment.

BEAN externalmemoryshouldbeenepy-efcient, nottoo slow andoperateonlow-powermode.
BEAN usesas an externalmemorythe ST M25P40,a serial ash memorythatis fastandcanbe
switchedto alow power modewhenit is not used.

BEAN hasanuniqueserialnumberanda Real-timeClock that allows the microcontrollerto go
to thelow-power modewithoutloosingtime-control. The DallasSemiconductoDS2417is used.

BEAN hasshuntresistorsin the power supplytrack for eachcomponento measurehe power
consumptior(radio,MCU, sensoibus, externalmemoryandoverall).

BEAN wasdesignedo usetheMCU clock moduleLFXT1CLK with a32,768-Hzcrystalandthe
DCO at 7.358Mhz.Theoperatingvoltageis 3.3 V.

Table4.15summarize BEAN majorcomponents.

The schemati@ndlayoutare presentedn AppendixA andB andwereperformedby the under
graduatestudentRangelFlavio Resendé eite undera SensorneProjectgrant.
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BEAN
Microcontroller

Type MSP430F169
ProgramMemory 60KB
DataMemory 2KB

Storage
Chip M25P40
CommunicationType | SPI
Size 4Mbit

Communication

Radio CC1000
Speed Upto 76.8Kbps
ModulationType FSK

Extra
RTC DS2417
ID DS2417

Table4.15: BEANOverviev.



Chapter 5

BEAN API

Computerscienceis no moreaboutcomputerghanastronomyis about
telescopes.

E.W Dijkstra

The BEAN projectalsoincludesthe developmentof softwarecomponentsBEAN_API is com-
posedof an applicationprogramminginterface (AP1) andthe componentghatimplementit. The
APl is a setof functionalitiesto control,con gure andprovide servicesof the hardwarecomponents
throughawell de ne interface.Appendix C detailsthe APl parameters.

Figure5.1shovstheBEAN_API. It is composeaf driversthatcontrolthehardwareandprovides
asetof functionalitiesto the upperlayer. Althoughtimers,ADCs, /O pinsareperipheralunitsof the
microcontroller they wereseparatedn the gure to betterexplain the hardware/softvareiteration.
Although all softwarerunsinsidethe MCU, the gure try to explain which softwaredriver controls
eachhardwarecomponentThe RTC andSerialNumberhardwarecomponentgommunicateso the
MCU throughthe 1-Wire software protocol. The externalmemoryand radio communicatego the
MCU throughthe SPImodule. Timersarecon gured usingthe Digital Clock andTimer Driver. To
measurethe power consumptionand the sensorsignals,it is necessaryo usethe ADC, which is
controlledby the ADC Driver.

TheFigure5.1alsoexplainstheiterationbetweersoftwaremodules MemoryandRadiosoftware
componentsieedthe SPIdriver. Theradioalsoneedgo be con gured andusesthe Queuemodule.

The API communicateto anupperayerthatis anoperatingsystenbeingconcurrentlydeveloped
for BEAN, calledYet AnotherOperatingSystem(YATOS ) [97]. It is alow poweroperatingsystende-

60
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signto attendtherequiremenbf WSN, suchasmemoryandenepy constrainslt is event-driven,has
a schedulewith priority mechanismandusesthe BEAN_API. Hence,the developerhasacesseso
importanthardwarefunctionalitiesimplementedn BEAN_API suchaschangingthe microcontroller
operatingmode.

AP
Radio Driver
Timer MCU Memory
ADC Driver | Config | Led | Driver |CC1000| 5 . _
Driver Driver Config | 2 1-Wire
Digital
Clock SPI Configuration Software
L . Hardware
1/O Sensor Serial
Power | analog/Digital | T1mer | MCU g Memory |  Radio rRTC| 2
Figure5.1: BEANAPI
5.1 Drivers

Themajorsoftwarecomponentsre:

MCU Con g - TheMCU con gurationblock allows changinghe MCU operatingnode.The
MCU hassix differentoperatingnodesandis fully supportedduringinterrupteventhandling.
Therearethe active mode(AM) and ve low-power modes(LPMO, LPM1, LPM2, LPM3 and
LPMO, LPM4). We actuallyonly needto usetwo operatingmodes the active modeandthe
LPM3 sincethis is the mosteconomicalbperatingmodethat doesnot completelyturn off all
clocks.

ADC Driver - The ADC driver functionality is usedto con gure and manipulatethe ADC
hardwaremodule. This driver is usedto measuraghe analoginput signalsprovided by sensors
or thesupplyvoltagelevel.
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1-Wir e - 1-Wire moduleimplementghe 1-Wire serialprotocol.It is usedto communicatevith
DS2417[27] component.

Digital Clock - This modulecon guresthe MCU clock providing a way to setthe internal
clock asa multiple of the basicclock, the 32 KHz oscillator

Timer Driver - TheMCU hasasetof timers,which canbecon guredandsetusingthisdriver.
LED Driver - TheLED driveris asetof functionsto controlthe state(on/di of four LEDs.

SPI Driver - A SPImodulecon guresthe SPIhardware. This serialprotocolis usedby the
externalmemoryandradio.

Queue- A Queuemoduleimplementsacircularqueueabstractlatatype. Theradiodriveruses
this module. The queuemoduleis independenbf the radio driver and may be usedby other
softwarecomponents.

Memory Driver - Thememorydriver modulecontrolsthe externalmemoryM25P40.

Radio Driver - Theradiodriver con guresthe radio propertiedik e outputpower, frequeng,
andphysicallayercon guration andalsoit controlsthe transmissiorandreceptionof paclets.
Theradiodriver de nestwo queuespnefor thetransmitbuffer andonefor thereceve buffer.

5.1.1 SPI Driver

SerialPeripheralnterface(SPI)is a 4-wire full-duplex synchronouserialdatalink thatde nesthe
following signals:

SCLK (SerialClock) - synchronizesnasterandslave
MOSI (MasterOut Slave In) - Datafrom masterto slave
MISO (Masterln Slave Out) - Datafrom slave to master

SS(Slave Select) enable/disableommunicatiorto slave
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MASTER smo|  [simo SLAVE
Receive Buffer URXBUF Transmit Buffer UTXBUF SPI Receive Buffer
PX.x > STE
< Ss
STE - Port.x
) . ’ e , SOMI SOMI . ]
Receive Shift Register L1 Transmit Shift Register < Data Shift Register (DSR)
MSB LsB W MSB LsSB MSB LSB
UCLK > SCLK
MSP430 USART COMMON SPI

Figure5.2: MSP430USARTasMaster ExternalDevice With SPlas Slave[93].

SPIwasoriginally developedby Motorolaandis usedfor interconnectingperipheralg¢o micro-
processorsThedatais serially transmittedo other SPIdevices. Thereis only one masteractive at
atime. The speedtransfersdependsn the systemclock. Actually, thisis a*“3 + n"wire interface
wheren is the numberof devicesatthebus.

MSP430hasa USART peripheraimodulethatconnectdo the CPU asa byte-orientegeripheral
module.lt connectgshe MSP430to the externalsystemernvironmentwith threeor four externalpins.
This modulecanwork asUSART, UART or SPI.

The USART peripheralimoduleis a serialchannelthat shifts a serialbit streamof 7 or 8 bits in
andout of the MSP430.Bit SYNC in controlregisterUCTL selectgherequiredmode:

SYNC = 0: UART-asynchronousodeselected
SYNC = 1: SPI-synchronoumodeselected

This modulesupportshree-pinandfour-pin SPIoperationsvia SOMI, SIMO, UCLK, andSTE
ports. We con gured to operateon three-pinSPI mode. The MCU canbe the slave or master Fig-
ure 5.2 illustratesthe MSP430as the masterof the communication. This con guration is usedto
communicatdo the externalmemory Figure5.3illustratesthe MSP430asthe slave of the commu-
nication. This con gurationis usedto communicatevith theradio. The USART peripheraimodule
hasseparateshift registersfor receve (URXBUF) andtransmit(UTXBUF).
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MASTER SIMO SIMO SLAVE

\

SPI Receive Buffer Transmit Buffer UTXBUF Receive Buffer URXBUF

Px.x ——®»—1— STE
ES

STE <
- Port.x
] . SOMI SOMI o ) X . .
L] Data Shift Register DSR < Transmit Shift Register Receive Shift Register -
MSB LSB MSB LSB MSB LSB
SCLK > UCLK
COMMON SPI MSP430 USART

Figure 5.3: MSP430USARTas Slavein Three-Pinor Four-Pin Con guration [93].

5.1.2 1-Wire Driver

1-Wire! is aninterfaceprotocolthatsuppliescontrol, data,and power over a single-wireconnection.
It wasprojectedo simplify designs Althoughonly asinglewire is used,a 1-wire device mayhave a
varietyof built-in functionssuchasidenti cation, sensorcontrol,or memory

Thel-Wire protocolwasimplementedia software. Thesystenrequirementor properoperation
of the softwaresolutionare:

The communicatiorport is bidirectional,its outputis open-drainandthereis a weakpull-up
ontheline. Thisis arequirementf any 1-Wire bus.

Thesystemis capableof generatinganaccurateandrepeatabld sdelay

Thecommunicatioroperationsnustnot beinterruptedwhile beinggenerated.

Thefour basicoperationf a 1-Wire bus areResetWrite 1 bit, Write 0 bit, andReadbit. The
time it takesto performonebit of communications calleda time slot. Byte functionscanthenbe
derived from multiple callsto the bit operations.SeeTable5.1[24] below for a brief descriptionof
eachoperatiorandalist of thestepsecessaryo generatdt. Figure5.4[24] illustratesthewaveforms
graphically

The 1-Wire Driver is also the driver componentfor the RTC. The protocol for accessinghe
DS2417via the 1-Wire portis asfollows:

Initialization

11-Wire is aregisteredrademarkof DallasSemiconductor
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Write 1 ,\ i i i Waveform Legend
§ ! L Master
! ! ! ! Resistor pull-up
Write 0 .\ | | : Slave
Read \ |/ o /
o -
+— 155 —» ' v Recovery time between
¢ ' 0 s > | time slots (bits)
Reset \: E / E / _'_;
i E i Master i
: 480 s : i‘/ Sample i
——— 5505 ——> |
< 960 s >
Figure 5.4: 1-Wre waveformg24].
Operation Description Implementation
Write 1 bit | Senda 1 bit to the 1-Wire slaves | Drive buslow, delay6 s
(Write 1 time slot) Releasdus,delay64 s
Write O bit | senda O bit to the 1-Wire slaves | Drive buslow, delay60 s
(Write O time slot) Releasdus,delayl10 s
Readbit | Readabit fromthel-Wire slaves | Drive buslow, delay6 s
(Readtime slot) Releasédus,delay9 s
Samplebusto readbit from slave
Delay55 s
Reset | Resethe1l-Wire busslave devices | Drive buslow, delay480 s
andreadythemfor acommand | Releasdus,delay70 s
Samplebus,0 = device(s)present,
1 = nodevice present
Delay410 s

Table5.1: 1-Wre Opeiations.
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ROM FunctionCommand
Clock FunctionCommand

The transaction®n the 1-Wire bus begin with aninitialization sequence.The initialization se-
guenceconsistf aresetpulsetransmittedoy the masterfollowedby presenceulsetransmittedoy
theslave (DS2417).Thepresenceulseletsthe masterimicrocontroller)know thatthe DS2417is on
thebusandis readyto operate.

After the masterhasdetectedhe presenceof a device, it canissueone of the ROM function
commandghatthe DS2417supports.All ROM function commandsre eightbits long. The ROM
functionsimplementedn thedriverare [27]:

ReadROM: This commandallowsthebusmasteito readthe DS24178-bit family code,unique
48-bit serialnumberand8-bit CRC.

SkipROM: Thiscommandansavetimein asingle-dropbussystemby allowing thebusmaster
to accessheclock functionswithout providing the 64-bit ROM code.

Match ROM: The matchROM commandfollowedby a 64-bit ROM sequenceallows the bus
masterto addresaspeci c DS2417onamultidropbus. Only the DS2417thatexactly matches
the 64-bit ROM sequenceavill respondo thefollowing clock functioncommand.

After the ROM functions,the masterissueone of the Clock FunctionCommands.The Clock
functionsimplementedn thedriver are:

READ CLOCK: Thereadclock commands usedto readthe device controlbyte andthe con-
tentsof thereal-timeclock counter

WRITE CLOCK: The write clock commands usedto setthe real-timeclock counterandto
write the device control byte.

5.1.3 LED Diriver

Theleddriver functionalityis to turn on, turn off or changehe LED statesBEAN cansignalsixteen
statesvia four LEDs (red,green,orangeyellow). Usersshouldusethemonly for deluggingpurpose
sinceit consumegnengy.
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Sg?a begin
| data
pointel pointer

Figure 5.5: Queue

5.1.4 Queue Driver

The queuedriverimplementsa circular queueabstracdatatype. The radio driver usesthis module.
Figure5.5illustratesthe circular queueabstractatatype. It is basicallycomposedf two pointers,
theinitial and nal datapointers.Usingthe modulusoperatorturn this queueinto a circularqueue.
The major advantageof our implementations thatit is possibleto de ne the size of the queueat
executiontime. The queuemoduleis independendf the radio driver and may be usedby other
softwarecomponents.

5.1.5 Memory Driver

The memorydriver usesthe SPI driver. Its purposeis to communicateand control the M25P40
device [60], which is the slave on the communicatiorchannel. All instructions,addresseanddata
areshiftedin andout of thedevice, mostsigni cant bit rst. SerialDatalnput (D) is samplednthe
rst rising edgeof SerialClock (C) afterChip Select(S) is drivenLow. Then,theone-bytanstruction
codemustbeshiftedin to thedevice, mostsigni cant bit rst, onSerialDatalnput (D), eachbit being
latchedon therising edgesof SerialClock (C).

Theinstructionsetis listedin Table5.2[60]. Every instructionsequencetartswith a one-byte
instructioncode. Dependingon the instruction,this might be followed by addressytes,or by data
bytes,or by both or none. Chip Select(S) mustbe driven high after the last bit of the instruction
sequencéasbeenshiftedin.

In the caseof a ReadDataBytes(READ), ReadDataBytesat Higher SpeedFastRead),Read
StatusRegister (RDSR) or Releasdrom DeepPawver-down, and ReadElectronicSignature(RES)
instruction, the shifted-ininstructionsequencés followed by a data-outsequence Chip Select(S)
canbedrivenhigh afterary bit of the data-outsequencés beingshiftedout.
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Instruction Description One-bytelnstructionCode | Address| Dummy | Data
bytes bytes bytes
WREN Write Enable 00000110 06h 0 0 0
WRDI Write Disable 00000100 04h 0 0 0
RDSR ReadStatusRegister | 00000101 05h 0 0 ltol
WRSR | Write StatusRegister | 00000001 01lh 0 0 1
READ ReadDataBytes | 00000011 03h 3 0 ltol
FAST ReadDataBytes | 00001011 0Bh 3 1 ltol
READ atHigherSpeed
PP PageProgram 00000010 02h 3 0 1to 256
SE SectorErase 11011000 D8h 3 0 0
BE Bulk Erase 11000111 C7h 0 0 0
DP DeepPowverdown | 10111001 B9h 0 0 0
RES Releasdrom Deep | 10101011 ABh 0 3 ltol
Pover-down 10101011
RES ReadElectronic 10101011 ABh 0 3 ltol
Signature

Table 5.2: MemorylnstructionSet.

In the caseof a PageProgram(PP), SectorErase(SE), Bulk Erase(BE), Write StatusRegister
(WRSR),Write Enable(WREN), Write Disable(WRDI) or DeepPawner-dowvn (DP)instruction,Chip
Select(S) mustbedrivenHigh exactly at the byte boundaryotherwisetheinstructionis rejectedand
is notexecuted.Thatis, Chip Select(S) mustdrivenHigh whenthe numberof clock pulsesafterChip
Select(S) beingdrivenLow is anexactmultiple of eight.

To exemplify theinstructionset,we describeéhe ReadDataBytes(READ) instruction. Thedevice
is rst selectedy driving Chip Select(S) Low. Theinstructioncodefor theReadDataBytes(READ)
instructionis followedby a 3-byteaddresgA23-A0), eachbit beinglatched-induringtherisingedge
of SerialClock (C). Thenthe memorycontentsat thataddressis shiftedout on SerialDataOutput
(Q), eachbit beingshiftedout, at a maximumfrequeng fR, duringthefalling edgeof SerialClock
©).

The instructionsequenceés shown in Figure5.6 [60].The rst byte addresse@¢anbe at ary lo-
cation. The addresss automaticallyincrementedo the next higheraddressfter eachbyte of data
is shiftedout. The whole memorycan,therefore,be readwith a single ReadDataBytes (READ)
instruction.Whenthe highestaddresss reachedtheaddressounterrolls overto 000000hallowing
thereadsequencéo becontinuednde nitely. TheReadDataBytes(READ) instructionis terminated
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Figure 5.6: ReadData Bytes(READ)InstructionSequencand Data-OutSequenc§s].

Figure5.7: Radiodriver usingSPI.

by driving Chip Select(S) High. Chip Select(S) canbedrivenHigh at any time during dataoutput.
Any ReadDataBytes(READ) instruction,while an Erase Programor Write cycle is in progressis
rejectedwithout having ary effectsonthecycle thatis in progress.

5.1.6 Radio Driver

The radio driver con gures the radio propertieslike output power, frequeng, and physicallayer
con gurationandit alsocontrolsthe transmissiorandreceptionof paclets. Theradiodriver de nes
two queuespnefor thetransmitbuffer andonefor thereceve buffer.

Thehardwaresupportgwo optionsto communicateo theradiousing“bit banging”or SPI.

The advantageof SPlis thatit is fasterandallows the microcontrollerto do othertasks. The
transmissions at bytelevel, asillustratedin gure 5.7. For example,if transmittingat 76Kbps,the
bit bangingmechanisnuseshemicrocontrollerevery 13 swhile in the SPImodeit is aboutl05 s.

The dravbackis thatit needsa more complex initial con guration. For now, theradiois using
“bit banging”with a statemaching(Figure5.8) assuggestedh [19]. However, for the nearfuture,an
SPImodulewill beused.
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RX Buffer not empty
or
Pushbuttonl pressed

Valid preamble and SOF detected

Finshed sending data in buffer

Finished receiving data or error detected

Figure 5.8: RadioDriver usingStateMachine[19].

5.1.7 Case Study

Here,we presentan applicationexampleof BEAN_API usingthe LED, QueueandRadio Drivers.
First,the exampleillustrateshow to turn on andoff thered LED andhow to displaya binarynumber
usingthe led_displayfunction. Then,a queueis createdanddataareinserted removed andinserted
againusingthe Queuefunctions.Finally, theradio,whichiis initialized with aninitial queueandthe
frequeng operationsenddata.AppendixC presentshe BEAN_API.

5.2 Development Tools

Many developmenttools are availablefor the MSP430family. It is importantto discussthis issue
becausevhen programmingembeddedsystem,the sourcecodeis dependenbn the development
tools. A completetoolsetincludesat leasta C compiler assemblerinker, simulator andin-circuit
emulator A studyof thesetoolsis presentedbelow.

The MSP430FlashEmulationTool (FET) by TexasInstrumentss atool thatincludeshardware
andsoftware componentso develop applications.The tool hasan integratedsoftware ernvironment
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Code5.1 BEAN_API aplicationexamplesourcecode.
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IN
s}

#include  "led.h"
#include  "queue.h"
#include  "types.h"
#include  "radio.h"

#define QUEUE_SIZE 30
void main(){
byte i

queue_t Q_test;

queue_t q_rx;

queue_t q_tx;

byte bufferfQUEUE_SIZ EJ;
byte buffer rx[QUEUE_ Sl ZE];
byte buffer tx[QUEUE_ Sl ZE];
byte value;

[*led  test*/

led_on(RED_LED );
led_offRED_LE D);
for(i=0;i<8;i+ +) led_display(i);

[* queue test*/

queue_Init(&q_  te st, buff er QUELE_SI ZE);

for(i=0;i<QUEU E_SIZE; i+ +) queue _Enqueue(&qg _t est, i) ;

for(i=0;i<QUEU  E_SIZE-5; i+ +) val ue = queue_Dequeue( &g_te st );
for(i=0;i<QUEU  E_SIZ E-15;i ++)qu eue_Enqueue(&q_te st ,i+ QLELE_SI ZE);
[*radio & spi  test*/

queue_Init(&g_  rx ,bu ff er _t x, QURJE SIZ E);

queue_Init(&q_  tx ,bu ff er rx, QURJE SIZ E);

rf_init(&q_rx, &Q_tx ,0 x89) ;
rf_send_byte(0  xFO0);
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andconnectglirectly to the computer It permitsto executedifferentprogramadirectly from the PC
usingthemicrocontroller It is atool to dehug softwarein executiontime. A compilerandsimulator
arealsodevelopmentoolsneededn embeddedystemdesignproject.

The mspgccis a free costGNU Licenseprojectthat constructeda GCC toolchainfor the Texas
InstrumentdViISP430family. This includesthe GNU C compiler (GCC), the assembleand linker
(binutils) andthedehugger(GDB). It doesnotincludeanIDE (IntegratedDevelopmenEnvironment)
but any text editorcanbeused.A tool to permitto usethe FET adapteto delug anexecutionprogram
is beingdevelopedbut it is not completelyavailable nowadays. Thereis no interrupt/Input/Output
simulatoravailable.

The SBSIM430[87] softwaredevelopmentoolsconsistof anassembleralinker, anda simula-
tor. Thereis no C-compiler

The AQ430[72] is a proprietarylDE. Its compilerdoesnot supporttype casting,pointerexpres-
sions,multi-dimensionahbrraysor structuresit doesnotincludea simulator Thedehuggingprocess
useshe FET Adapter

The CS430(Crossvorks msp430)78] is aproprietarylDE. It includesANSI C compiler macro
assemblerlinker, core simulator ash downloaderand JTAG dehugger The C-compilersupports
longandlong double.

The ICC430from ImageCrafif43] is a C-CompilerthatalsoincludesAssemblerLinker, anda
simpleIDE. Thecompilerhasa codecompressothatcompactshe nal programby upto 20%. The
otherlmageCraftool is NoICE430,a C sourcelevel delugger

The EmbeddedNorkbenchEW430from IAR [41] is a proprietarylDE thatincludesANSI C-
compiler a dehuggingervironmentanda simulator The simulatorallows generatiorof interrupts,
watchinginternalregistersandl/O pins. It alsohasthe C-SPY programthat, with the FET Adapter
candelug in-circuittheMCU. The compilerhasextensionfunctionsfor interruptandassemblycode.
EW430hastheoptionalVS430visualSTATE, whichis agraphicaltatemachinedesigntool to model
anddelug MSP430applicationto createsystemdocumentatiorndto generateC code.

Kickstart is a toolsetwith 4K C-Compiler Assembler Delugger but limited to enerateup to
4K bytesof code. It is free availableat TexasInstrumentd94]. The MSP430SimulationEnviron-
ment[94] is afree TexasInstrumentgool thatonly simulatesassemblynstructions.t alsosimulates
I/0O andLCD.

TheHi-TideisaMSP430C-Compilerfrom Hi-TechSoftware[36]. It doesnotincludeasimulator
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Tool Name Compary Brief Description
EWA430 IAR Systems | EmbeddedVorkbenchfor MSP430:Highly optimized
C/C++430CompiletJTAG delugger430Simulator
VS430 IAR Systems | visualSTATE for 430: UML statemachinedesigntool
with autoC codegeneratiorfor the430series
ICC430 ImageCraft C Compiler AssemblerLinker, IDE
NoICE430 ImageCraft C Sourcelevel Delugger

AQ430 Quadraox, Inc. | CompleteC codedevelopmentsystem JTAG interface
sourcelevel delugger
CrossVwrks | Rowley Associates OptimizingC compiler assembledinker

for MSP430 Limited coresimulator ash downloadeyJTAG delugger
SBSIM430 SoftBaugh AssemblerLinkerandSimulator
Hi-Tide Hi-TechSoftware | C-Compiler CodeWizard
MSPGCC GCC GNU C Compiler

MSP430FET| TexasInstruments| ProgrammingandDebuggingtool
kickstart TexasInstruments| 4K C-Compiler AssemblerDebugger Simulator

Table 5.3: Developmenfools.

The main advantageof this toolsetis that thereis a Demo CodeWizard that was of greathelp to
initially con gure MSP430pieceof code.

We usedthe EW430 C-Compilersinceit is the only onethatincludesan interrupt/input/output
simulator The simulatorwasvery importantbecauseave designedhe softwarein parallelwith the
hardware, beforehaving a boardto run the software. BEAN_API wasdevelopedwith EW430and
somepieceof codearedependenbn this workbenchsuchasinterruptroutines.

For thenearfuture,if the JTAG deluggingsoftwareis completedmspgcaowill beaveryinterest-
ing option,but the BEAN_API will needto be portedto this compiler

Table5.3depictstheabove discussion.



Chapter 6
Energy issues

Bewareof bugsin theabove code;l have only provedit correct,nottried
it.
DonaldKnuth

This chapterdiscussegnepgy issues.A basicenegy modelfor a sensomodeis presented We
discussthe differencebetweenpower and enegy and also low-power and enegy-efciency. Two
power saving schemesrealsopresentedWe discusghe power down versusshutdavn trade-of for
amemorydevice in termsof minimumidle time in orderto obtainthe bestenegy saving. Finally,
the power budgetof BEAN is presenteindcomparedo the Mica2 Mote.

6.1 Background

In this sectionwe presenta backgroundo discussnegy issues.We alsopresent basicversionof
anenegy modelfor asensomnode.
Paweris de ned asvoltagetimescurrent:

P=V i (6.1)

It is importantto distinguishbetweenPaver andEnegy. Pawer is the enegy consumptiorper
unit of time, asillustrated:
P=E=t (6.2)
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current

t2

t1
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time

Figure 6.1: Currentper unit time of a setof tasks.
Thus,theenegy consumptions givenby:
E=V it (6.3)

As statedbefore,a sensomodeconsistsof several componentssuchasradio, memory micro-
controller power, andsensors.Eachcomponentasa setS of possiblestatessy, .., . The current
consumptionwill be differentfor eachstate. A taskwill have eachcomponenin a speci ¢ state.
Table6.1in the section6.6 shavs the stateandcurrentof eachBEAN component.Thetotal current
of ataskwill bethesummatiorof eachcomponens current.

Givenasetof operatiormodesthe power consumptiorof a sensomnodewill be:

Voin th (6.4)

whereV is thesupplyvoltage,i, is the suppliedcurrent,in Amperesfor taskn, t,, is the execution
time in secondsN is the numberof tasks.

Figure6.1shaws a possiblecurrentconsumptiorperunit time for a setof tasks.Thetotal Enegy
consumptior{supposingx edsupplyvolt) will be:

E=V (Il t, + i2 t, + i3 t3): (65)

This modelassumeshatthe enegy neededo switch betweerthe differentstatess meaningless
(it is alreadyembeddedh the executiontime factor)andthe batteryis a perfectenepy storagedevice
(eg. rechaging capabilityis notbeingconsidered).
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Letr bethetransmissiomate(bits/s). Theenegy perbit transmissior{J/bit)is:

Ep=V i=r (6.6)

6.1.1 Battery behavior

In mostlow-power designdesignsasour basicenegy model,batteriesareimplicitly viewedasideal
chagereserwirs, containinga x edamountof chage,andproviding a x edoutputvoltageuntil the
chageis fully depletedln reality, batteriesarenowherecloseto beingidealchagestorageunits[13].
Themainnon-idealitiesof real-life batterycellsare:

Batteryoutputvoltageis not constantover a dischage. It dropsprogressiely asthe cell dis-
chagesandthen plummetsvery rapidly whenthe chage is exhausted.Becauseof this fact,
batteriescannotbe directly connectedo electroniccircuits, but their outputvoltagemustbe
shiftedandstabilizedby feedback-baseBC-DC corversioncircuitry.

Capacitydependon the currentload. At high currents,the effective capacity(i.e., the total
amountof chage that canbe extractedfrom a battery)decreasesThus, it is importantnot to
assumehatthe chage canbe extractedfrom a cell at an arbitrarily high rate. Most batteries
arein factratedfor maximumdischage current,but at this loadlevel, capacityis signi cantly
degraded.

Batterieshave some(limited) recovery capacitywhenthey aredischagedat high currentloads.
If abatteryis dischagedathigh currentfor ashortperiod,andthenit is allowedsomeresttime
atlow load, its outputvoltagegoesup.

Nominally equalbatterycells canhave a signi cant differencein termsof internalresistance,
outputvoltageanddischage curve.

6.1.2 Radio Energy Model

A maincharacteristi¢or theradiochannein WSNis theenegy consumptionn transmitandreceve
modes.Hereasimpleradioenegy modelthatis widely used,asfor instance[56] [35] [100] [58], is
presented.
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Figure 6.2: RadioModel.

Theradioconsume&ryx elec(J/bit) to runtherecever circuitry, in otherwords,to processhere-
ceiing bit. In transmissiommode theradioconsume&ryx elec(J/bit) to runthetransmittercircuitry,
which processhe transmittingbit. The radio also dissipatesenegy with the transmitterampli er

amp (J/bit/M?). To adistanced, thereis the pathloss. In the free spacemodel,the pathlossincreases
with the squareof thedistancg19]. Thus,to transmitk bits atdistanced, theradioexpends:

ETx(k;d) = ETx elec k+ amp K d2 (6.7)
To recevek bits, theradioexpends:
Erx(K;d) = Erx elec K (6.8)

SomemodelsassuméEryx elec = ETx  elec = Eelec @asdepictedn Figure6.2.

If two sensornodesare far away from eachother direct communicationwill requirea large
amountof transmitpower from eachnodesincethedistanced is large. A solutionis to routethedata
thoughintermediatesensomodesto minimize the transmitampli er enegy. Thisis calledmultiple
hops.Theoptimumdistancewill depend®ntheEgec and ,yp factors.
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To simplify thediscussionsupposéheradioeneqgy circuitry E e cONnsumesoo little enegy and
canbe ngylected. If directtransmittingk bits over a distanced, the consumednegy over a single
hopwill be:

Esingle = K amp @ (6.9)

However, if usingtwo hopsof distanced=2, thetotal dissipatedenegy to transmitk will be:
Emut =2 K amp (d2)°=2 Kk oy 0?=4 (6.10)

ThUS,EmuI i — Esingle:2-
The above exampleillustratesthe advantageof usingmultipleshopssincethe enegy savingsis
50%.

6.2 CMOS technology

The MSP430is anultra low power MCU thatusesCMOS (ComplementaryMetal Oxide Semicon-
ductor)technology This is not a coincidence sincethe logic family more suitablefor low-power
circuitsis CMOS. This sectiondescribeghe power dissipationof CMOSto ful Il  our understanding
on how to minimize the power consumptionlt is basedon Tim's book[95].

The power dissipationof a CMOS gateundernormaloperationis dueto threefactors:quiescent
power dissipationcapacitve power dissipationandtransientpower dissipation.

Quiescenpower dissipationis dueto leakagecurrentsin the circuit whenit is not switching. It
is very small at room temperatureso thatin mostcasest canbe neglected. At high-temperature
situationsit can, however, contritute signi cantly to the overall consumption. It is a technology
dependentactor

Capacitve power dissipationPcis dueto the chaging anddischaging of load andstray capac-
itanceseachtime a device switches. This load capacitancgC, ) is distributed within the device
transistoraswell asthe externalprintedcircuit board(PCB)tracks.Every time the device swingsto
logic 1, C, chageupwith Q=C_*V . Letf betheswitchingfrequeng, sothis happeng timesper
second.Thus,thelc (chagingcurrent)is Ic =Q*f= C_*V * .

Hencethepower Pc is V¥l c= CL*V 2 4.

Transienpowerdissipation Py is dueto currentthat o wsthroughbothCMOS outputtransistors
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asthey arepartially turnedon duringthe procesof switching. It is givenby Py =Cpp *V 2*f Wheref
is theswitchingfrequeng andCpp is avaluespeci edfor a particularCMOSIC.
Theguidelinesfor minimizing power consumptiorin CMOScircuitsare:

De ne all inputsclearlyaslogic O or 1;
Minimize clock frequencies;
Minimize the power supplyvoltage;
Ensurefastlogic transitions;

Minimize loadandinterconnectiorcapacitances;

6.3 Energy Management Techniques

Therearetwo majorpower saving schemasgdynamicpower managementDPM) [104] anddynamic
voltageschedulingDVS) [70].

ThebasicideabehindDPM is to shutdavn thedeviceswhennot needecandgetthembackwhen
needed. Turning off somecomponentgives good enegy savings, but in mary cases,jt doesnot
know beforehandvhento turn on or off a particulardevice. A solutionis a stochasticanalysisto
predictfutureevents.An embeddedperatingsystenthatis ableto supportDPM is alsoneededFor
this approachthe devicesshouldhave the states:active, sleepandidle. However, it is importantto
considerthatmoving betweerntheseoperatingnodesinvolvesa power andlateng overhead.

The mainideabehindDVS is to changethe power to matchthe workload, avoiding idle cycles.
DVS reduceghe power consumedy a processoby loweringits operatingvoltage. By varyingthe
voltagealongwith thefrequeng, it is possibleto obtaina quadratiaeductionin power consumption.
Theproblemis thefactthatfutureworkloadsarenon-deterministicFor this approachthe microcon-
troller shouldpermitto changets voltagesupplyandclock. Someworkshave beenusingStrongARM
SA-1100MCU sinceit canvary voltageandfrequeny from 59MHz/0.79Vto 251Mhz/1.65V

BEAN is capableof using DPM techniquebecauseBEAN's MCU andradio can changetheir
operatingmodes.BEAN may partially apply the DVS techniquesinceit is capableof changingits
frequeng only but notits supplyvoltageandsoftwaremodulewill be necessary
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6.4 Low Power X Energy-Ef cienc y

As pointedby Srivastaa[57], it is importantto differentiatedow power from enegy-efciency. Low
poweris aquality of adevicethatconsume$ow enegy perclockandenepgy-efciency is adevicethat
consumesgow enegy peroperation.For example,ATMegal28L@ 4MHz consumed 6.5mW and
ARM Thumb@ 40 MHz consume§5 mW. But, ATMegal28L@ 4MHz ef ciency is 242MIPS/W,
spendingdnd/InstructiorandARM Thumb@ 40 MHz ef ciency is 480 MIPS/W, spendingonly 2.1
nJ/Instruction.

Otherexamplestakenfrom [14], are:

0.2nJ/Instructiorfor CygnalC8051F300@ 32KHz, 3.3V
0.35nJ/Instructiorfor IBM 405LP@ 152MHz, 1.0V
0.5nJ/Instructiorfor CygnalC8051F300@ 25MHz, 3.3V
0.8 nJ/Instructiorfor TMS320VC5510@ 200MHz, 1.5V
1.1 nJ/Instructiorfor XscalePXA250 @ 400MHz, 1.3V
1.3nJ/Instructiorfor IBM 405LP@ 380MHz, 1.8V
1.9nJ/Instructiorfor XscalePXA250@ 130MHz, .85V

Theenepgy consumptiorwill begivenby:

_ power _ V i
Emcu = clockrate — clockrate * (6-11)
CPlavg CPlavg

UsingtheMSP430datasheety=3.3V, clockrate=7.3Mhzcurrent=400 A, andsupposingCPl,4=2,
we have 0,361nJ/instruction.

DiscountingCygnal C8051F300dueto its slow clock (32KHz) and IBM405LP becausat is a
PonverPC,BEAN's MCU is the mostenepgy-efciency microcontroller In anenegetic perspectie,
MSP430is an orderof magnitudemore economicthan ATMEGA, strengthenindBEAN choiceof
MCU.
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6.5 Memory

The memorydevice hasa down power mode. But, to go to this operatingmode, it is hecessaryo
senda commandwhich spendenegy. In this sectionwe will determinghe minimumrequiredtime
thatit is necessaryo go to thedown modeandalsosase enepy.

Thememorystandbycurrentis 50 A. Lett bethetotal time thatmemorywill beinactive. LetV
bethe memorysupplyvoltage.Thus,theenegy spentat standbymodewill beV t 50 A.

To goto thedown mode,it is necessaryo senda DP instruction. The DP instructiondrainsfrom
thememoryacurrentof 4mA andit is 1 bytelong. After this, thereis anecessaryy, time, thatis 3 s
andthe memorycurrentis at standbymode. Then, let t° be the time of inactive at down mode. The
memorycurrentat down modeis 10 A. To go to active modeagain,it is necessaryo senda RES
instruction,which is 1 byte long. After this, thereis a waiting time of t, s time of 3 s. Figure6.3
shaws the currentconsumptiorof bothprocesses.

Wewill assumehetransmissiois at1MHz perbyte(8MHz/bit). Thetimerelationis t=2*(transmission
byte)#gp+testt® Thus,t=8 +t'.

Theenegy spentatdovn modewill be: Eg4n=(4mA*1 s+3 s*50 A+t*10 A+4mA*1l s+3 s*50uA)*V
=(8000+300 +10t") *V.

It is betterto go to down modewhenthe enegy spentat down modeis lower thanthe enegy
spentat standbymode:50 *t*V >=(8000+300 +10t") *V

Usingthetime equationt® 200s. Thus,it is betterto go to down modeif the memorywill be
inactive for atleast200s.

6.6 Power Budg et

In this sectionwe discussandanalyzethe power budgetfor BEAN andcompareto Mica2 platform.
Table6.1 shownsthe currentconsumptiorandvoltageof the majorcomponent®f BEAN. Thevalues
aretakenfrom datasheetandareestimated.

Assumingthe BEAN operatesn 3V, the enegy budgetcanbe obtainedusingthe formula pre-
sentedat section6.1. BEAN will beusuallyin oneof thefollowing states:

Down mode - everythingis turnedoff andthe MCU is on the LPM3 operatingmode. The
currentis 10.5 A andthepoweris 31.5 W.
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Figure 6.3: MemoryCurrentConsumptiorat Standbyand DownMode

Microcontroller(1.8-3.6)V

Down:0.1 A \ Idle: 1.3 A | Active: 400 A

Radio(2.1- 3.6)V

Down:0.2uA \ Transmit:16.5mA| Receve:9.6mA

Memory(2.7-3.6)V

Down:10 A | Standby:50A | Read:4mA| Write:15mA

Real-Time Clock (2.5-5.5)V

0.200 A

Table 6.1: BEANPowerBudget.
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Microcontroller
Idle: 8 A | Active: 6mA

Radio
Down:0.2 A | Transmit:16.5mA| Receve:9.6mA
FlashSerialMemory (AT45DB041)Max

Down: | Standby:20A | Read:10mA| Write:35mA
SensoBoard
5mA

Table 6.2: Mica2 PowerBudget.

Receve mode - the MCU is on the active mode,theradiois on receve modeandeverything
elseis turnedoff. Thecurrentis 10mA, the poweris 30mW.

Transmit mode- theMCU is ontheactve mode theradiois ontransmitmodeandeverything
elseis turnedoff. Thecurrentis 16.9mA thepoweris 51mW

Memory reading- theMCU is ontheactve mode thememoryis onreadingmodeandevery-
thing elseis turnedoff. Thecurrentis 4.4mA,the poweris 13.2mW

Memory writing - the MCU is on theactive mode,the memoryis on writing modeandevery-
thing elseis turnedoff. Thecurrentis 15.4mA,the poweris 46.2mW

Sensingmode - the MCU is on the actve mode,a speci ¢ sensolis on andeverythingelseis
turnedoff. This modeis dependenbn which sensotboarddeviceis beingused.

To know the averagepower consumptionjust multiply the power consumptiorby the percentage
of time in eachmodecycle time.

Justfor comparisonthe BTnode[52] spends50mW on dowvn modeand450mWat communica-
tion mode.Clearly, BEAN is moreeconomic.

Table6.2 shavsthe Mica2 power budget.Mica2 doesnot have anexternalReal-Time Clock. The
Mica2 power budgetincludesthe sensotboardconsumption.

To comparethe platform, we de ne two applicationsexamples.In the rst scenariothe sensor
nodewill collect, transmitandforward receving data. It operatedor 1% of thetime (MCU is on
theactive mode). In this period,it readsthe sensoiinput, triesto receve paclet % of this periodand
transmitsin %1 of this period. It never usesthe externalmemory
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In the secondscenariothe sensomodeactsasa repeaterkeepinga log of events.It operategor
1% of the time. In this period, it triesto receve paclet % of this periodandtransmitsin 711 of this
period. It writesto externalmemoryusing%1 periodandalsoreadstheexternalmemory%1 of thetime
to save therecevedpacletsandkeepconsisteng of data.It doesnotusethe sensors.

Table6.3 shows the currentconsumptiorof the platformsandthetwo dutiescycle scenariosWe
will assumehe samecurrentconsumptionfor the sensorboardsince BEAN doesnot have yet a
sensoboardandthe consumptiordepend®n the sensomevice.

BEAN | Mica2 | Scenariadl | Scenarid
(mA) | (mA) (%) (%)
Processor
current(full operation)| 0.4 8 1 1
currentsleep 0.0013| 0.008 99 99
Radio
currentin receve 8 8 0.75 0.75
currenttransmit 12 12 0.25 0.25
currentsleep 0.002 | 0.002 99 99
LoggerMemory (max)
Write 15 35 0 0.25
Read 4 10 0 0.25
Sleep 0.01 | 0.02 100 99.5
SensoBoard
current(full operation) 5 5 1 0
currentsleep 0.005 | 0.005 99 100

Table 6.3: Powerbudget of BEANandMica2.

Table6.4shovsthevaluespercomponentsf thecomputednA-hourof thetwo scenariosn each
platform. The BEAN processors moreeconomidhanthe Mica2 processar

Table 6.5 shaws the lifetime (in numberof months)for eachscenarioand platform, depending
on the batterytype capacity In scenarial, usinga 300mA-ht BEAN cancollectdatafor almost26
months.

Figure 6.4 shavs quantitatvely the saving percentagef BEAN comparedo Mica2 in the two
scenarios.BEAN canconsumealmost50% lessthanMica2. The major savings aredueto BEAN
processoandexternalmemory
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ComputedmA-hr ExampleDuty Cyclel | ExampleDuty Cycle?2
Platform BEAN Mica2 BEAN Mica2
Processor 0.00529| 0.08792 | 0.00529| 0.08792
Radio 0.09198| 0.09198 | 0.09198| 0.09198
LoggerMemory 0.01 0.02 0.05745 0.1324
SensoBoard 0.05495| 0.05495 0.005 0.005
Total current(mA-hr) | 0.16222| 0.25485 | 0.15972| 0.3173

Table 6.4: ComputednA-hr

BatteryCapacity(mA-hr) | ExampleDuty Cycle1 | ExampleDuty Cycle2
Platform BEAN Mica2 BEAN Mica2
250 2.14 1.36 2.17 1.09
1000 8.56 5.45 8.7 4.38
3000 25.69 16.35 26.09 13.13

Table 6.5: Monthsper batteryCapacity

BEAN Savings

60,00%

50,00%

40,00% -

30,00% -

20,00% -

10,00% -

0,00%

Scenario 1

Scenario 2

O BEAN Savings

Figure 6.4: BEANSavings.



Chapter 7

Final Considerations

I neverthink of thefuture- it comessoonenough.

AlbertEinstein

7.1 Conclusion

Wirelesssensometworks presenfascinatingchallengegor the applicationof distributedsignalpro-
cessinganddistributedcontrol. Thesesystemshallengethe applicationsof appropriateéechniques
to constructtheapprocessinginitswith sensingnodesconsideringenegy constraints.

We have designeda computerplatform,calledBEAN, thatincludessoftwareandhardwarecom-
ponentswhichis awirelesssensomnodeprototype.It allowsto testanddemonstratenegy ef cient
networking algorithmsto be developedin the Sensorneproject. This embeddedystemis capable
of performingall tasksof a wirelesssensomodewith enegy, memory andprocessingower restric-
tions. Figure7.1shovs BEAN PCBwith its MCU onit.

We presentedhe designconsiderationsand componentshoices,investigatingand analyzing
someof the architecturakchallengegosedby thesedeviceslike computationapower, enegy con-
sumption.enegy sourcescommunicatiorchannelsandsensingcapabilities.

In this documentthe state-of-the-artor sensomode,includinga surwey of sensonodeplatforms
andenegy managemertechniguesverealsodiscussed.

Many ideasfor futurework will bealsopresentedndicatingthatBEAN hasmoreusesandappli-
cations.We hopethis prototypeis the rst of anew family of wirelesssensomnetwork devices.

86
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Figure 7.1: BEANboad

During thedevelopmenbf this project,we foundmary dif culties. We alsoconcludethatto pro-
gramanembeddedystemis quitedifferentfrom programminga PersonaComputer Theembedded
systemddevelopermustdirectthe tools concerninghow to translatethe sourcecodefor the speci ¢
hardware. They mustknow muchmoreabouttheir developmentoolsandhow they work thana desk-
top developer For example,the sourcecodeis dependenbn the compiler For eachdifferenttested
compiler we neededo declarenterruptroutinesin differentways. Theembeddedystemsleveloper
mustknow how the systemusesmemory whathappenst startup,how interruptsandexceptionsare
handled.To testanembeddedystenmprogramis usuallymorecomplicatedhangenericPCsoftware.

A desktopprogrammensuallyjust needsa compilet a deluggerandan executionernvironment.
This is not true for embeddedsystemsdevelopers. They needmore comple< and expensve tools
like speci c compilers,developmentkit, In-Circuitry Emulator an interfaceto on-chip hardware
deluggingresourceROM Emulator logic analyzermndothers.Theradiodevelopmenkit alsoneeds
anoscilloscopeandanspectrumanalyzer

The embeddedsystemdeveloperalsofacesa dilemmabetweenef ciency and modularity Al-
thoughit is desiredto have both characteristicst is not alwayspossible.For example,aninterrupt
serviceroutineshouldbe asfastandpossible. Thus,it doesnot passary parameterThe solutionis
to useglobalvariableskilling your modulardesign.Thekey is compromise.

BEAN canconsumealmost50% lessthanthe currentstate-of-the-arMica2 Mote sensomode.
Themajorsavingsaredueto BEAN processoandexternalmemory BEAN is very enegy-efcient
since BEAN's MCU is one of the most enegy-efciency microcontroller spendingabout0,361
nJ/instruction.
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SensoilNode| Price(FOB)
March 25,2004

Mica2Dot $135,00
Mica2 $190,00

Scatterweb 130,00e
Telos $135,00

Millennial $500,00
BEAN $70,00

Table 7.1: SensolNodePrices.

We do notcompardhesizeof thesensonodeshecaus®EAN is a prototypeandusesatwo layer
PCBwhile Mica2 usedour layer PCB.Besidesnegy, anotheradwantageof BEAN is theprice. The
total price of BEAN includesthe component&ndPCB. It is overestimatesincesomesamplesvere
used.Table7.1 containsthe currentFOB pricefor eachsensomode. The price doesnotincludethe
antennandimportationcosts.Finally, BEAN doesnot needa gatevay nodeto be programmed.

BEAN is genericsinceit hasa well-de ned expansionbus, beingcapableof a greatnumberof
applicationslt justneedsaspeci ¢ sensotboardto t mary applications.

BEAN alsosupportghe studyof otherradiodevicessinceit hasawell-de ned radiobus.

This projectalsoincludesthe developmentof software componentsthe BEAN_API. It is com-
posedof an applicationprogramminginterface (API) andthe componentghat implementit. The
API is asetof functionalitiesto control,con gure andprovide servicesof the hardwarecomponents
throughawell de ne interface.

We alsopresente basicversionof anenegy modelfor asensomodeandBEAN power budget.

7.2 Future Work

Here,we list somenew ideasandinterestingworks, extendingthis project.

7.2.1 Sensor boards

Sincewe de ned a genericbusfor sensingmary sensotoardscanbe project. Uniquesensoiboard
for localization(ultrasound)weathercondition(temperatureljght, humidity), vibration (accelerom-
eter),canbe projectandinnumerousiew applicationse supportby our sensomnodeprototype.
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Somesensonodeswill have to know their spatiallocalization.Global PositioningSystem(GPS)
is anavigationsystemcomposeaf 24 satellitesandterrestriabasesGPSrecevershave beenminia-
turizedinto integratedcircuitry. However, they do notwork atindoorlocations.It couldbeusedin a
morerobustsensomode.

Solarpanelscanbe connectedo the sensomode,given someexternal power supply This can
changethe designof new wirelesssensometwork protocols lik e the project[103] thatproposedand
evaluatedwo protocolsthatperformsolarawarerouting.

7.2.2 Radio

A directionalantennaould be addedto BEAN design.Omni-directionalantennasiave 360 degree
coverageangle. This approachs simplerbut a lot of enegy is wastedin this way, sincethe power
is broadcastedowardsall directions[88]. A mechanicabirectionalantennavould consumedarge
amountof enegy. The solutionis to useelectronicallysteerablalirectionalantenng88]. This ap-
proachwould save more enegy, reducethe probability of detection,lower the interferencesignals
andwould needthe designof new wirelesssensomnetwork protocols.

BEAN allows the developmentof otherradio boards. A greatRF work is to extendthe radio
range.Chipcon[19] suggestedisinganexternalLNA (Low-NoiseAmpli er) to improve sensitvity
andanexternalPA (Pover Ampli er) to increasdéhe outputpower. TheexternalLA would addonly
1mA to the power budgetandthe external PA would increasethe output power to 14dBm (about
1400m).Chipconsuggestedsingthe Philipstransistor8FG403Wfor LNA andBFG425Wfor PA.

SinceBeanis a genericprototypesensomode,it is possibleto connecit to otherradio's device.
An interestingwork is to constructa radio boardwith the CC2420device. A new radiodevice driver
will alsobe needed.We calledthis sensomodeBeanZigsinceit would be compatiblewith ZigBee
standard.

7.2.3 BEAN_API

An interestingwork is to designa modulethat allows a sensomodeto self-program. The sensor
node could be reprogrammedy air, usingthe radio module. However, when accessinga ash-
memoryarrayfor an erase/prograneperation,the CPU cannotsimultaneouslyexecutethe codein
the ash array Thus,the MCU cannotexecutecodeand modify its memorycontentsat the same
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time. The problemcan be solved copingthe erase/progranmemoryinto RAM. Interestedoeople
shouldread[64].The Scatterwelproject[82] and XNP componenbf TinyOS[90] have supportfor
this application.Many new applicationsasfor examplemobile code,would useit.

BEAN needghe developmentof anentireprotocolstack. New protocolsfor datalink, network,
transport,applicationlayer neededo be designed.An interestingwork is to communicateBEAN
with Mica2 sincethey have the samephysicallayer.

7.2.4 New Platforms

Constructa boardthatpermitsthe BEAN to communicatevith a PCfor datacollectionandanalysis.
Two simplesolutionsareconnectingusinga RS232or USB. The RS-232serialinterfacewould have
level corvertersthatallow free connectionwith PCsor notebooks A componenthoicefor RS-232
driver andrecever is the st3232. A componenthoicefor USB is FT232BM. The expansionboard
alreadysupportthe connectionto the UART receve and UART transmitsignalsthat communicate
directly to the MCU hardwaremodule. If the PC boardusesthis option, then,the externalmemory
shouldnotbeused.

The technologygrows very fast, as statedin Moore's Law, nev COTS with increasedperfor
mance,more memoryavailable, more enegetically economicaldevicesare constantlyappearingn
themarket.

Device Flash(KB) | RAM(KB) 1KU Price
March25,2004

MSP430F1610 32 5 $8.25
MSP430F1611 48 10 $8.65
MSP430F1612 55 5 $8.95

Table7.2: MSP430F161x.

For the future, BEAN may be update.For instance, Tl announcedhatthey will producea nen
seriesof MCU. Table7.2shav thenewestmicrocontrollersandtheir respectre ash size,RAM size,
andprice perthousandunits. The newvestdevice will have upto 10 KB of RAM. The MSP430F1610
is thebestoptionsinceit will haveupto 10KB of RAM. BEAN wasalreadydesignedo supporithis
device.

Constructareal-life sensonode,usingourdesign.Thedelugginginterfacecouldbeomitted. The
componentsisedshouldbethe same.Thedifferencen theprojectis thataneffort at miniaturization
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of the layout shouldbe made. More thantwo layerscould be used,using both side of integrated
circuitto x thecomponents.
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Appendix A

Schematic

TheBEAN projectusedthe layouttool Eagle[29].
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Layout
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Appendix C
API

C.1 Clock

void delay(word ticks);

void short_Delay(word ticks);

C.2 LED

void led_init();

byte led_get num_leds();
void led_on(byte led);

void led_off(byte led);

void led _toggle(byte led);
void led_display(byte display_value);
C.3 Memory

void EEPROM_Disable(void);

void EEPROM _Init(void);
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void EEPROM_Instr(byte instr);

byte EEPROM_Get_ Status(void);

void EEPROM_Set Status(byte S);

void EEPROM_Write(dword address, byte *buf,
void EEPROM_Erase(dword address);

void OSP_EEPROM_Bulkerase(void);

C.4 1-Wire

unsigned char OWTouchReset(void);
void OWWriteBit(unsigned char bit);
unsigned char OWReadBit(void);

void OWWriteByte(unsigned char data);

unsigned char OWReadByte(void);

word

unsigned char OWTouchByte(unsigned char data);

void OWBIlock(unsigned char *data, unsigned
id t get lwire_addr(void);

clock_t  readClock(void);

void setClock(const clock_ptr clock);

void enableClock();

void disableClock();

unsigned char isClockEnable();

int

length);

data_len);
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void usDelay(unsigned int  no_of _usec);

C.5 Radio

void rf_init(queue_ptr rx,queue_ptr tx,byte
void rf_set_mode(byte mode);

byte rf_recv();

void rf_send(byte data);

void rf_send_byte(byte data);

void rf_set power(byte powerLevel);
byte rf_get power();

void rf_set freq(byte newFreq);

byte rf_get freq();

C.6 SPI

void spi_radio_system_init();

void spi_radio_init();

void spi_radio_rxmode();

void spi_radio_txmode();

void spi_radio_send(byte data);
byte spi_radio_recv();

void send_string_using_tx_int(char *s);

freq);
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C.7 Queue

void queue_Init(queue_ptr g,byte*  buffer,byte max_size);
BOOLEANqueue Empty(queue_ptr Q);
BOOLEANqueue_Full(queue_ptr q);
BOOLEANqueue_Enqueue(queue_ptr g, byte d);

byte queue_Dequeue(queue_ptr Q);



Appendix D
Radio Board

Figure D.2: RadioBoard Top Layout
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Appendix E

Bill of Materials

RadioBoard
DigiKey number Description PriceUnit
Inductor $ (March25,2004
TKS2362CTND INDUCTOR2.7NHLL TYPE SMD 0.9
TKS2365CTND INDUCTOR4.7NHLL TYPESMD 0.75
TKS2366CTND INDUCTORS5.6NHLL TYPE SMD 0.75
PCD1173CIND INDUCTOR .12UH5% FIXED SMD 0.93
490-1015-1-ND FERRITECHIP 10000HM 100MA 0603 0.0375
Resitors
311-27.0KHCTND RES27.0KOHM 1/10W 1% 0603SMD 0.414
RRO0O8P82.0KDCIND RES82.0KOHM 1/16W.5%0603SMD 0.151
Crystal
300-6131-1-ND CRYSTAL 14.7456MHZ SMT 18PF 0.975
Capacitors
399-3100-1-ND CAPACITORTANT 3.3UF35V 20% SMD 0.49
PCC100CVCIND CAP 10PF50V CERAMIC 0603SMD 0.067
PCC120ACVCT-ND CAP CERAMIC 12PF50V 0603SMD 0.067
PCC180ACVCT-ND CAP CERAMIC 18PF50V 0603SMD 0.067
PCC102BVCIND CAP 1000PF50V CERAMIC 0603SMD 0.087
PCC220ACVCT-ND CAP CERAMIC 22PF50V 0603SMD 0.048
PCC331ACVCT-ND CAP CERAMIC 330PF50V 0603SMD 0.108
PCC2284CIND CAP .033UF50V CERAMIC X7R 0603 0.089
478-1159-1-ND CAP CERM4.7PF50V NP00603 0.209
478-1161-1-ND CAP CERM 6.8PF50V NP00603 0.209
478-1162-1-ND CAP CERM 8.2PF50V NP00603 0.209
Transcever
SingleChiptranscerer CC1000 5
Connector
a26714-nd Radio- CONNECTORHEADER VERT .10010POS30AU 1.65
Total 13.208

Table E.1: RadioBoard Components
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BEAN board Digikey-number Description Priceunit
Component $ (March25,2004
Radio a26486-nd CONNRECEPT10POS.100VERT DUAL 1.170
receptacleonnector
Sensor h2161-nd CONNRECEPT31POSIMM SMD TIN 1.790
hiroseconnector
Sensor h2173-nd CONNHEADER 31POS1IMM SMD TIN 2.260
hiroseconnector
JTAG Connectorldpins| A26720-ND | CONNHEADER VERT .10014POS30AU 2.160
Crystal32KHz 300-2066-1-ND CRYSTAL 32.768KHZ 6PFSMD 0.690
Crystal8Mhz 300-6117-1-nd CRYSTAL 8.000MHZ SMT 18PF 1.130
Memory 497-1624-1-ND IC SRLFLASH 4MBIT 3.6V 8-SOIC 3.510
M25P40-VMNG6T
RTC DS2417P-ND | IC TIMECHIP W/INTRPT 1WIRE 6TSOC 2.700
MSP430F169 296-16842-ND IC MCU 16BIT 60K FLASH 64-LQFP 13.000
Molex 22-23-2021 WM4200-ND CONNHEADER 2POS.100VERT TIN 0.270
wm2200-nd CONNTERM FEMALE 22-30ANG TIN 0.067
wm2601-nd CONNHOUSING2P0OS.100HI PRESS 0.190
A26242-ND SHUNTLP W/HANDLE 2 POS30AU 0.116
Capacitors
3u3 pct1335ct-nd | CAPACITOR 3.3UF/6.3VTEH SERSMD 0.470
100n pcc2277ct-nd CAP .1UF25V CERAMIC X7R 0603 0.046
10u pct2106ct-nd | CAPACITOR 10UF/10VTEH SERSMD 1.100
Resistors
100 311-100GCIND RES1000HM 1/10W5% 0603SMD 0.038
10k 311-10KGCTND | RES10K OHM 1/10W5% 0603SMD 0.038
470 311-470GCIND RES4700HM 1/10W5% 0603SMD 0.038
100k 311-100GCIND RES1000HM 1/10W5% 0603SMD 0.038
Resistorshunt RR08Q10DCTnd RES10 OHM 1/16W.5%0603SMD 0.081
Indutor
Ferrite 240-1035-1-ND FERRITE1.5A 40 OHM 0805SMD 0.215
Discretes
Diodo Schotly bat54fsct-nd | DIODE SCHOTTKY 30V 200MA SOT-23 0.151
power conector cp-102b-nd | CONNPOWER JACK 2.5MM PCBCIRC 0.330
resetbutton SW400-ND SWITCHTACT 6MM MOM 100GF 0.200
Led
Led Orange 404-1019-1-ND LED ORANGE0805SMD 0.177
LedRed 404-1017-1-ND LED RED 0805SMD 0.189
Led Green 404-1021-1-ND LED GREENO0805SMD 0.165
Led Yellow 404-1019-1-ND LED YELLOW 0805SMD 0.170
Total 32.498

Table E.2: BeanComponents
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Glossar y

ACLK Auxiliary clock

ADC Analogto Digital Corverter
AGC AutomaticGainControl
AM Active Mode

API ApplicationProgrammingnterface
ASK Amplitude Shift Key
BEAN BrazilianEnegy-Ef cient ArchitecturalNode
CCR CornerCube-Re ectors
CMOS Complementaryvletal Oxide Semiconductor
COTS ComponenOff-The-Shelf
CPLD Complex Programmablé.ogic Device
CRC Cyclic Redundang Check
DAC Digital to Analog Corverter
DCLK DataClock

DCO Digitally ControlledOscillator
DCT Digital CordlessTelephone
DIO Datalnput/Output
DP DeepPower-down
DPM DynamicPowver Management
DVS DynamicVoltageScheduling
EPROM ErasableandProgrammabl&OM
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EEPFOM
ESB
EW
FET
FOB
FPGA
FSK
GFSK
GND
GNOMES
GPS
12C
IC
IDE
1/10
ISM
JPL
JTAG
LED
LNA
LOS
LPM
MAC
AMPS
MANTIS
MCLK
MCU
MEMS
MIPS
MISO
MOSI

Electrically Erasablé®rogrammabl&OM
EmbeddedsensoBoard
EmbeddedNorkbench
FlashEmulationTool

FreeOn Board
Field-Programmabl&ateArray
Frequeng Shift Key

GaussiarFrequeng Shift Key

Ground

GeneralizedNetwork Of Miniature ErvironmentalSensor

GlobalPositioningSystem
Inter-IntegratedCircuit
IntegratedCircuit
IntegratedDevelopmentErnvironment
Input/ Output

IndustrialScienti c andMedical
JetPropulsionLaboratory
JointTestAction GrouplEEE1149.1
Light Emitting Diode
Low-NoiseAmpli er

Line of Sight

Low-Pover Mode

Medium AccessControl
Micro-Adaptive Multi-Domain Pover-AwareSensors
Multimodal Networksof In-situ Sensors
Main clock
MicrocontrollerControlUnit
Micro-Electro-Mechanicabystems
Million InstructionPerSecond
Masterin Slave Out

MasterOut Slave In
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NASA
NiMH
NRZ
OOK
0-QPSK
PA
PAL
PALE
PCB
PCLK
PDATA
PHY
PLL
PP
PWM
RAM
RDSR
RES
RF
RFID
ROM
RTC
RSSI
RX
SCK
SE
SIMO
SMCLK
SMS
SOF
o]

NationalAeronauticsaandSpaceAdministration

Nickel Metal Hydride
Non-Returrnto Zero

On/Off key
Offset-Quadratur@haseshift Keying
Paver Ampli er
Programmablérray Logic
ProgrammingAddressLatchEnabled
PrintedCircuit Board
ProgrammingClock
Programmindlata
PhysicalLayer
Phasd.ockedLoop
PageProgram

Pulse-Wdth Modulation
RandomAccessMemory
ReadStatusRegister
ReadElectronicSignature
RadioFrequeng
RadioFrequenyg Identi cation
ReadOnly Memory

RealTime Clock

Receve SignalStrengthindicator
Receve

SerialClock

SectorErase

Slave In MasterOut
Sub-MainClock
ShortMessages$Service
Start-Of-Frame
Silicon-on-insulator
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SOMI
SPI

SS
TDMA
TPU
X
UART
USART
VCO
WRDI
WREN
WRSR
WSN
YATOS

Slave Out Masterin

SerialPeripheralnterface

Slave select

Time Division Multiple Access

Time ProcessindJnit

Transmit
UniversalAsynchronousRecever/Transmitter
UniversalSynchronous/AsynchronotrRecever/Transmitter
VoltageControlledOscillator

Write Disable

Write Enable

Write StatusRegister

Wirelesssensometwork

Yet AnotherTiny OperatingSystem



