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BEAN: Uma Plataforma Computacional
para RededeSensoresSemFio

Dissertac¸ão apresentadaao Curso de Pós-
graduac¸ão em Ciência da Computac¸ão da
UniversidadeFederal de Minas Gerais, como
requisito parcial para a obtenç̃ao do grau de
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Resumo

RedesdeSensoresSemFio (RSSFs)sãoredescomgrandenúmerodemicro-sensorescompactoscom

capacidadedecomunicac¸ãosem�o, chamadosdenóssensores.UmaRSSFtemo potencialparaum

grandenúmerodeaplicaç̃oes,quevariadesdecoletardadosdo meio-ambienteat́e aplicaç̃oesmilita-

res. O objetivo destetrabalhoé projetarumaplataformacomputacional,chamadaBEAN (Brazilian

Energy-Ef�cient Architectural Node), queinclui componentesde hardwaree software,e serviŕa de

protótipo paraumaRSSF. Desa�osnaarquiteturacomopodercomputacional,consumodeenergia,

fontesdeenergia,canaisdecomunicac¸ãoecapacidadedesensoriarsãoimpostosaosprojetistas.Em

nossoconhecimento,BEAN éo primeironó sensorquepermitemediro consumodeenergia decada

componentee tamb́emo primeiroprotótipoprojetadonoBrasil.



Abstract

Wirelesssensornetworks arenetworks of large quantitiesof compactmicro-sensorswith wireless

communicationcapability, calledsensornodes.Emerging applicationsof datagatheringrangefrom

theenvironmentalto themilitary. Theobjectiveof thiswork is to projectacomputerplatform,called

BEAN (Brazilian Energy-Ef�cient ArchitecturalNode), that includessoftwareandhardwarecom-

ponents,which will bea prototypedevice for wirelesssensornetworks.Architecturalchallengesare

posedfor designerssuchascomputationalpower, energy consumption,energy sources,communica-

tion channelsandsensingcapabilities.In our knowledge,BEAN is the �rst sensornodethatallow

measuringthe power consumptionof eachcomponentandit is the �rst sensornodeprototypede-

signedin Brazil.
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Breve Resumo da Disser taç ão em

Por tugu ês

1 Intr oduç ão

RedesdeSensoresSemFio (RSSFs)sãoredescomgrandenúmerodemicro-sensorescompactoscom

capacidadede comunicac¸ão sem�o, chamadosde nós sensores.O objetivo destasredesé coletar

dados. A disponibilidadede dispositivos sensoresde baixo consumo,processadoresembutidos e

circuitosintegradosdecomunicac¸ãoest́a permitindoo projetodenóssensores.Figura1 ilustrauma

RSSF. Cadapontorepresentaum nó sensor. Cadadispositivo sensoriao meio-ambiente,processae

transmiteosdadosparaum observadorexternochamadodeestac¸ãobase.

Redede SensoresSemFio tem o potencialparaváriasaplicaç̃oese algumasjá são realidade,

por exemplo,em umametŕopoleparamonitorartráfego e condiç̃oesdasruas;em engenhariapara

monitorarpontese estruturasde prédios,em �orestasparadetecc¸ãode fogo [81]; naagriculturade

precis̃ao,emserviçosderecuperac¸ãodedesastres;emserviçosdemanutenc¸ãocomousinasnucleares

e nabiomedicina[83].

O objetivo destetrabalhoé projetarumaplataformacomputacional,queinclui componentesde

hardwaree software,queserviŕa de protótipo pararedede sensoressem�o. Esteprotótipo de nó

sensorseŕachamadoBrazilianEnergy-Ef�cient ArchitecturalNode(BEAN).

Nestedocumento,asconsiderac¸õesdeprojetoeescolhadecomponentesparao protótipodeRSSF

ser̃aodiscutidas.Um estudodosnóssensoresatuaisé apresentado,investigandoe analisandoalguns

dos desa�osde arquiteturaimpostosa estesdispositivos, incluindo uma pesquisadasplataformas

dos nós sensorese técnicasde ger̂enciade energia. RSSFpodeservista como um casoespecial

de sistemaembutido e sebene�ciar do grandeconhecimentojá existente. Um estudocomparativo

xi
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Estação Base

Nó Sensor
ÁreaMonitorada

Figura 1: RededeSensoresSemFio.

decomponentesdeprateleiracomomicrocontroladores,tiposdebateria,componentesderádio,que

sãomuito importantesparao projetodosistema,́eapresentado.O focodoprojetoéemcomponentes

individuaisenãoemdetalhesań�veldesubsistemas.Escolhadohardware,assimcomoassoluç̃oesde

software,sãoapresentadasnestetrabalho.UmaAPI applicationprogramminginterfacebemde�nida,

quepodeserusadaemoutrosprojetostamb́eméapresentada.

Umnósensoŕecompostodeunidadedepot̂encia,unidadedeprocessamento,unidadedesensores,

e unidadedecomunicac¸ão.A unidadedepot̂enciaprovêenergia parao funcionamentodonó sensor.

A unidadedeprocessamentóe responśavel por coletare processarsinaiscapturadosdossensorese

transmiti-losparaa rede. Sensoressão dispositivos queproduzemumarespostamensuŕavel dado

umamudanc¸aemumacondiç̃aof�́sicacomotemperaturaepress̃ao.O canaldecomunicac¸ãosem�o

provê um meio paratransmitirsinaisdossensoresparadentroda redeou parao mundoexterior e

tamb́emparaestabeleceremanteraRSSF.

O consumodeenergiaéeseŕaaprimeiramétricanoprojetodeumnó sensor. Enquantoqueexiste

aLei deMoorequepredizqueacomplexidadededispositivosmicroeletr̂onicosdobraacadadezoito

meses,e a Lei de Gilder, quepredizum crescimentode comportamentosimilar ao exponencialna

larguradebanda,nãoexisteumaprediç̃aoequivalenteparaa tecnologiadebaterias.

No nossoconhecimento,BEAN é o primeironó sensorquepermitemediro consumodeenergia

de cadacomponente.BEAN tamb́em é um dosprimeirosprojetosa usaro novo microcontrolador

MSP430F169[93] da TexasInstruments.Finalmente,BEAN é o primeiro nó sensorprojetadono

Brasil.
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As motivaç̃oesprincipaisparaestetrabalhosãoa necessidadedeum protótipo denó sensorpara

o projetoSensornet[85] e tamb́emnãoexisteumaplataformacomputacionalparaRSSFnomercado

nacionalbrasileiropoisesteé um tópicorecente.Finalmente,́e muito importanteo desenvolvimento

datecnologia,tendoconhecimentocompletodesdeo hardwareat́eo software.Comoespeci�cadono

documentodo NSF[66], RSSFéumadasgrandéareasdepesquisaatualmente.

2 Arquitetura do Nó Sensor

2.1 Caracter �́sticas e Requisitos

Nestaseç̃ao, ser̃ao discutidasalgumascaracteŕ�sticase requisitosdo protótipo do nó sensor. Este

projeto não tem a intenç̃ao de projetarum dispositivo que seŕa compaŕavel a um nó sensorreal.

Enquantoqueum produtoreal tamanhoe custosão requisitosessenciais,o foco desteprojetoé em

um sistemafácil deexpandircomumgrandenúmerodesensores,robustoe fácil deprogramar.

A seguir sãoapresentadosasconsiderac¸õesdeprojeto,caracteŕ�sticase requisitosdo projetodo

BEAN:

� E�ci ênciade energia - Nóssensoresdevemsere�cientesquantoa energia. Nóssensorestêm

umaquantidadelimitadadeenergia quedeterminao tempodevida destesdispositivos. Como

é inviável recarregarmilharesdenós,cadanó sensordeve sero maise�ciente posś�vel quanto

aoconsumodeenergia. Portanto,energia é restriç̃aoprincipal,sendoa métricaprincipalpara

ańalise.

� Baixo custo - Nóssensoresdevemserbaratos.ComoumaRSSFpodecontercentenasa mi-

lharesdenóssensores,estesdispositivosdevemserbaratos.

� Comunicaç̃ao Sem Fio - O nó sensorprecisaser sem�o. Em váriasaplicaç̃oes,o ambi-

enteque est́a sensomonitoradonão teŕa uma infra-estruturade comunicac¸ão instalada. A

instalaç̃aodecabospodesermuito dif�́cil ou caro.Portanto,osnóssensoresdeve ter um canal

decomunicac¸ãosem�o.

� Fácil de Programar - Comoestecomponenteseŕa um protótipo, eleseŕa constantementere-

prograḿavel parao desenvolvimento de protocolosde comunicac¸ão e aplicaç̃oesem RSSF.

Portanto,aprogramac¸ãodeveserfácil.
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Figura 2: DiagramadeBlocosdoProtótipo doNó Sensor.

� Expanś�vel - O projetodehardwaredeveserexpanś�vel poiso nó sensordevedarsuporteaum

grandenúmerodeaplicaç̃oes.

� Tamanho- paraefeitodedemonstrac¸ão,osdispositivosdevemserpequenos.Mas,tamanhóe

a restriç̃aomenosimportantepoisesteprojetoéapenasumprotótipoenãoum nó sensorreal.

2.2 Componentes funcionais do Nó Sensor

Figura2 apresentaa arquiteturadesistemadeum protótipo denó sensorgeńerico. Ele é composto

de seisblocosprincipais: unidadede fonte de energia, comunicac¸ão, unidadede processamento,

unidadedearmazenamento,interfacededepurac¸ãoesensores.A unidadedefontedeenergiaconsiste

normalmentede uma bateriae um conversordc-dc e tem a função de alimentaro nó sensor. A

unidadedecomunicac¸ãoconsistedeum canaldecomunicac¸ãosem�o bidirecional. A maioriadas

plataformasusamrádio de curto alcance. Outrassoluç̃oesincluem lasere m�́dia infra-vermelho.

A unidadede processamentóe compostade umameḿoria internaparaarmazenamentode dadose

programas,um microcontroladore um conversoranaĺogico-digitalpararecebersinaisdo blocodos
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sensores.A unidadedearmazenamentóeumameḿoriaexternaqueservecomomeḿoriasecund́aria,

porexemplo,manterum“log” dedados.A interfacededepurac¸ãoéusadaparaprogramare testaros

nóssensores.Esteblocopodeseromitidonoproduto�nal denó sensor. A unidadedeprocessamento

é um bloco que liga um nó sensorao mundof�́sico e tem um grupo de sensorese atuadoresque

dependemdaaplicaç̃aodaRSSF.

3 Componentes de Hardware

Nestaseç̃aoser̃aodiscutidosasescolhasdoscomponentesdehardware.

3.1 Unidade de Processamento

O microcontroladorusadonesteprojeto é o MSP430F169,fabricadopelaTexas Instruments.Ele

tembaix́�ssimoconsumodeenergia,CPUde16 bits edesempenhode8 MIPS.Ele tem60Kbytesde

meḿoriadeprogramae2Kbytesdemeḿoriadedados.Elepossuiumainterfacededepurac¸ãopadr̃ao

JTAG, e tamb́empossuiumgrandenúmerodeferramentasdedesenvolvimento.

O MSP430consomemenosque400 mA no modoativo, operandoem 1 MHz com 3V e pode

acordardeum estadoderepousoemmenosde6 � s. Ele é idealparapermitir o nó sensordormir e

acordarapenasquandonecesśarioparaprocessaralgumacoisa.

Oprocessadorinclui umricoconjuntodeperiféricoscomoconversoranaĺogico-digital,comunicac¸ão

serial,comparadorese temporizadores.

3.2 Memoria Externa

Muitos algoritmose aplicaç̃oesrequeremum grandenúmerodedadosparaseremarmazenados.A

quantidadedeRAM nomicrocontroladoŕe limitada.A soluç̃aoéadicionarumameḿoriaexternaque

funcionaŕacomomeḿoriasecund́aria.

O M25P40[60] da ST é umameḿoria serial �ash de 4 Mbit queé rápidae podemudarparao

mododeoperac¸ãodebaixoconsumoquandonãofor utilizada.Elagasta1,5msparaescreverapágina

(256bytes)eno mododebaixoconsumogasta10� W.



Breve ResumoemPortugûes xvi

3.3 Comunicaç ão

A funçãodecomunicac¸ãoentreosnóssensoreśerealizadapeloCC1000[16] fabricadopelaChipcon.

O CC1000éumtransceptordebaixoconsumo,CMOS,quali�cado paratransmiss̃aodedadosdeat́e

76,8Kbit/s. No mododebaixoconsumo,acorrentedoCC1000é0,2� A. O CC1000éprojetadopara

modulaç̃aoFSKnabandaISM. BEAN écon�guradoparatrabalharnafaixade915MHz. É posś�vel

controlara pot̂enciado sinal desá�da e portantoespeci�carqualo alcancedo rádio,economizando

energia e diminuindo interfer̂encia. O transceptortamb́em podemedir a intensidadedo sinal de

recepc¸ão(RSSI),fornecendoumaidéiadequãodistantesosnóssensoresest̃aoentresi.

Parapermitir o estudoe desenvolvimentodeoutrosrádios,foi de�nido um barramentoderádio

parao BEAN, no qual contemdez pinos. Usandoo barramentode rádio, é posś�vel modi�car o

projetodocanalderádiosemalterarBEAN.

3.4 Barramento de Sensores

É desej́avel que o protótipo do nó sensorseja fácil de expandir parapermitir uma variedadede

aplicaç̃oes. A soluç̃ao encontradáe de�nir um barramentodesensores.O barramentode expans̃ao

provê uma interfacede usúario paraplacade sensoresadicionais. Portanto,paraservir em uma

aplicaç̃aoespeć��ca, bastaconstruirumaplacadesensoresespeć��ca e conect́a-laaobarramentode

sensoresdo BEAN. Por exemplo,paraumaestac¸ão metereoĺogica,umaplacacom os sensoresde

temperatura,luz ehumidade.

3.5 Depuraç ão

Para depurar, quatroLEDS são adicionadosao projeto do protótipo. O consumode correntedos

LEDS podesermaior queo do rádio, e portantoé aconselh́avel uśa-losapenasparadepurac¸ão. A

interfaceJTAG (IEEE1149.1)́eusadaparaprogramaredepuraro microcontroladorservindotamb́em

paraprogramarameḿoria �ash.

3.6 Fonte de Energia

Comoo projetovisaa construc¸ãodeum protótipo, a opç̃ao foi usarumafontedealimentac¸ãopara

aliment́a-lo.
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Um diferencialdo projetodo BEAN é a possibilidadede medir o consumode energia de cada

componenteemparticular(rádio,microcontrolador, barramentode sensores,meḿoria externae to-

dos). Foi adicionadoum resistor“shunt” na fontede alimentac¸ão de cadacomponente,permitindo

medir o consumode energia. Parao nossoconhecimento,esteé o primeiro protótipo de nó sensor

comestavantagem.

Outraopç̃aointeressantéeconectarobarramentodesensoresdoBEAN comospontosdemediç̃ao

deoutroBEAN. Isto levaŕaaumanovametodologiaparaavaliardinamicamenteo consumodeener-

gia dealgoritmosdeRSSFe comoa aç̃aodemedirseŕa feita por outroBEAN, a medidaseŕa inde-

pendenteenãodistorcidapeloatodemedir.

3.7 Outr os componentes

É desej́avel saberquandoum eventoocorre,comopor exemplo,ao gravar a leitura do sinal de um

sensor. Adicionandoum relógio de temporealpermiteo nó sensormediro tempoou criar um livro

de “log”. Tamb́emé posś�vel criar um relógio de temporealcomo microcontrolador, mastamb́em

é desej́avel colocaro microcontroladorembaixoconsumodeenergia paraeconomizarenergia. Esta

soluç̃aotamb́emfariao softwaremaiscomplexo. A abordagemmaissimpleséadicionarum compo-

nentedehardware.

É desej́avel quecadanó sensortenhaum identi�cador únicocomoum número.Umasoluç̃aoem

softwareé escrever um númerono componentede meḿoria na fasede programac¸ão. Emboraisto

sejaumasoluç̃ao,umasoluç̃aovia hardwareémaiselegante.

O componenteDS2417[27] ofereceumasoluç̃aosimplesparaarmazenamentoe recuperac¸ãoda

informaç̃aodetempocomumhardwarem�́nimo. Estecomponentecontemumaidenti�cador únicoe

umrelógiodetemporealimplementadocomoumcontadorbinário. Eleusao protocolo1-Wire onde

apenasum pino énecesśarioparaalimentarecomunicarcomestedispositivo.

4 Componentes de Software

O projetodo BEAN tamb́em inclui o desenvolvimentode componentesde software. BEAN API é

compostodeumaAPI (applicationprogramminginterface) eoscomponentesqueaimplementam.A

API é um conjuntodefuncionalidadesparacontrolar, con�gurar e prover serviçosdoscomponentes
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Figura 3: API.

do hardwareatravésdeumainterfacebemde�nida.

A Figura3 mostraaBEAN API. Elaécompostadedriversquecontrolamo hardwareeprovêum

conjuntode funcionalidadesparaa camadaacima. Emboratemporizadores,conversoresanaĺogico-

digital (ADC), pinosde entradae sá�da sejamunidadesperiféricasdo microcontrolador, elesest̃ao

separadosna �gura paramelhorexplicar a integraç̃aohardware/software. Emboratodososcompo-

nentesdesoftwareatuemdentrodo MCU, a �gura tentaexplicar qualdriver desoftwarecontrolaos

componentesdehardware.O hardwaredorelógioeo númeroserialcomunicamcomo MCU através

do protocolodesoftware1-Wire. A meḿoria externae o rádiocomunicamcomo MCU atravésdo

móduloSPI.Temporizadoressãocon�guradosusandoo Digital Clock e Timer Driver. Paramediro

consumodeenergia e ossinaisdossensores,́e necesśario usaro ADC, queé controladopeloADC

Driver.

A API comunicacomacamadadecimaqueéumsistemaoperacionalsendodesenvolvido parao

BEAN. Algunscomponentesdesoftwaresão:

� MCU Con�g - O blocodecon�guraç̃aodoMCU permitemudaro mododeoperac¸ãodoMCU.

O MCU temseisdiferentesmodosdeoperac¸ãoe sãocapazesdetratareventosdeinterrupç̃ao

� ADC Dri ver - A funcionalidadedoADC driverécon�guraremanipularo módulodehardware

ADC. O driver é usadoparamedir entradasanaĺogicase providaspelossensoresou ń�vel de

tens̃ao.

� 1-Wir e - O módulo1-Wire implementao protocolo1-Wire. Ele éusadoparacomunicarcomo

componenteDS2417.
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� Digital Clock - Estemódulocon�gurao relógiodoMCU, provendoumamaneiradecon�gurar

o relógio internocomomúltiplosdo relógiobásicode32 KHz.

� SPI Dri ver - O módulodeSPIcon�gura o hardwareSPI.Esteprotocoloéusadopelameḿoria

externae rádio.

� Memory Dri ver - O driverdemeḿoriacontrolaameḿoriaexternaM25P40.

� RadioDri ver - Estedrivercon�guraaspropriedadesdorádiocomopot̂enciadesá�da,freqüência,

e tamb́emcontrolaa transmiss̃aoe recepc¸ãodepacotes.Estedriverde�ne duas�las, umapara

o buffer detransmiss̃aoeumaparao buffer derecepc¸ão.

5 Quest ões Energéticas

Nestaseç̃ao, um modelode energia paranó sensoreśe apresentado.Valoressão baseadosem da-

tasheetsdosfabricantes.BEAN normalmenteestaŕaemumdosestadosaseguir:

� Modo Down - tudo est́a desligadoe o MCU est́a no modode operac¸ão LPM3. A correnteé

10,5� A eapot̂enciaé31,5� W.

� Modo de Recepç̃ao - o MCU est́a no modoativo, o rádiono mododerecepc¸ãoe o restoest́a

desligado.A correntéede10mAeapot̂enciaé de30mW.

� Modo de Transmiss̃ao - o MCU est́a no modoativo, o rádioest́a no mododetransmiss̃aoe o

restoest́adesligado.A correntée16,9mAeapot̂enciaé51mW.

� Lendo a memória - o MCU est́a no modo ativo, a meḿoria no modo de leitura e o resto

desligado.A correntée4,4mAeapot̂enciaé13,2mW.

� Escrita na memória - o MCU est́anomodoativo, ameḿoriaest́anomododeescritaeo resto

est́adesligado.A correntemáximaé15,4mAeapot̂enciaé46,2mW.

� Modo de Sensoriar - o MCU est́a no modoativo, o sensorespeć��co est́a ligado e o resto

desligado.Estemodoédependentedequalplacadesensoresest́asendousada.
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Microcontrolador(1,8-3,6)V
Down:0,1� A Atoa: 1,3� A Ativo: 400� A
Rádio(2,1- 3,6)V
Down:0,2uA Transmitir:16,5mA Receber:9,6mA
Memória (2,7-3,6)V
Down:10� A Standby:50� A Ler:4mA Escrever:15mA
RelógiodeTempoReal(2,5-5,5)V
0,200� A

Tabela1: Orçamentoenergéticodo BEAN.

Tabela1 mostrao consumodecorrentee tens̃aodamaioriadoscomponentesdoBEAN.

Apenasparacomparac¸ão, o BTnode[52] gasta50mW no mododown e 450mW no modode

comunicac¸ão.Claramente,BEAN émaisecon̂omico.

Paracomparara plataforma,duasaplicaç̃oesser̃ao de�nidas. No primeiro ceńario, o nó sensor

irá coletare transmitirdadosdossensorese repassardadosrecebidos.Esteceńario operaem1% do

tempo(MCU est́a no modoativo). Nestepeŕ�odo, lê a entradado sensor, tentareceberpacotes3
4 do

peŕ�odoe transmiteem 1
4 do peŕ�odo. Ele nuncausameḿoriaexterna.

Parao segundoceńario,o nó sensoratuacomorepetidor, mantendoumlog deeventos.Ele opera

em 1% do tempo. Nestepeŕ�odo, recebepacotesem 3
4 do peŕ�odo e transmiteem 1

4 do peŕ�odo.

Escreve na meḿoria externausando1
4 do peŕ�odo e tamb́emlê a meḿoria externa 1

4 do tempopara

armazenarospacotesrecebidosemanterconsist̂enciadosdados.Ossensoresnãosãoutilizados.

Tabela2 mostrao consumodecorrentedasplataformasBEAN e Mica2 e osciclosdo ceńarios.

Assume-seo mesmoconsumodecorrentenaplacadesensoresparaasduasplataformas.

Tabela3 mostraos consumosde energia por componentesem mA-horacalculadoparaos dois

ceńariosparacadaplataforma.O processadorBEAN émaisecon̂omicoqueo processadorMica2.

Tabela4 mostrao tempodevida (emnúmerodemeses)paracadaceńario e plataforma,depen-

dendodotipo decapacidadedabateria.No ceńario1, usandoumabateriade300mA-hr, BEAN pode

coletardadosporquase26 meses.

Tabela5mostraquantitativamenteaeconomiadeBEAN comparadocomMica2nosdoisceńarios.

BEAN podeconsumirquaseque50%a menosqueMica2. A economiaprincipalé do processadore

meḿoriaexternado BEAN.
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BEAN Mica2 Ceńario1 Ceńario2
(mA) (mA) (%) (%)

Processador
corrente(operaç̃aocompleta) 0,4 8 1 1
correntedormindo 0,0013 0,008 99 99
Rádio
correnterecebendo 8 8 0,75 0,75
correntetransmitindo 12 12 0,25 0,25
correntedormindo 0,002 0,002 99 99
LoggerMemória (max)
Escrever 15 35 0 0,25
Ler 4 10 0 0,25
Dormir 0,01 0,02 100 99,5
PlacadeSensores
corrente(operaç̃aocompleta) 5 5 1 0
correntedormindo 0,005 0,005 99 100

Tabela2: OrçamentoEnergéticodoBEANedo Mica2.

CalculadomA-hr Ciclo Ceńario1 Ciclo Ceńario2
Plataforma BEAN Mica2 BEAN Mica2
Processador 0,00529 0,08792 0,00529 0,08792

Rádio 0,09198 0,09198 0,09198 0,09198
LoggerMemória 0,01 0,02 0,05745 0,1324
PlacadeSensores 0,05495 0,05495 0,005 0,005

Total (mA-hr) 0,16222 0,25485 0,15972 0,3173

Tabela3: ConsumoemmA-hora.

Capacidadedabateria(mA-hr) Ciclo Ceńario1 Ciclo Ceńario2
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: Capacidadedabateriaemmeses.

EconomiadeBEAN
Ceńario1 36,35%
Ceńario2 49,66%

Tabela5: EconomiadeBEAN.
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6 Conc lus ão

Umaplataformacomputacionalfoi projetada,chamadaBEAN, queinclui componentesdesoftware

e hardware,usadacomoprotótipo deum nó sensor. Ele permitetestare demonstraralgoritmospara

RSSF. Estesistemaembutido é capazderealizartodasastarefasqueum nó sensorrealdeve realizar

e tamb́emtemasmesmascaracteŕ�sticascomorestriç̃oesdeenergia,meḿoriaeprocessamento.

BEAN podeconsumirquaseque50% menosqueo atualestado-da-arteMica2 Mote. BEAN é

e�cientenaquest̃aodeenergiaporqueaMCU doBEAN éumdosmicrocontroladoresmaise�cientes

em termosde energia que existe atualmente,gastandocercade 0,361nJ por instruç̃ao. Al ém de

energia,outrasvantagensdoBEAN sãopreço e anãonecessidadedeumdispositivo dedicado.

BEAN é geńerico porqueele possuium barramentobem de�nido, sendocapazde um grande

númerodeaplicaç̃oes.É necesśarioapenasumaplacadesensoresespeć��ca paraaaplicaç̃ao.BEAN

tamb́em suportao estudode outrostipos de rádio porqueBEAN tem um barramentode rádio bem

de�nido.

Esteprojetotamb́em inclui o desenvolvimentode componentesde software,a BEAN API. Um

modelobásicodeenergia paranó sensoreo orçamentoenergéticodoBEAN tamb́emsãodiscutidos.



Chapter 1

Intr oduction

[TheUniverse]is written in mathematicallanguage.

GalileoGalilei

Wirelesssensornetwork (WSN) is composedof hundredsor thousandsof autonomousandcom-

pactdevicescalledsensornodes.Theobjectiveof this network is to collectdata.Theavailability of

integratedlow-powersensingdevices,embeddedprocessors,wirelesscommunicationkits, andpower

equipmentareenablingthedesignof sensornodes.Figure1.1illustratesaWSN.Eachdot represents

a sensornode. Eachdevice sensesthe environment,processesandusuallytransmitsthe datato an

externalobservercalledbasestation.

WirelessSensorNetwork hasthepotentialfor many applicationsandsomealreadyexists,for ex-

amplein a largemetropolisto monitortraf�c densityandroadconditions;in engineeringto monitor

bridges[50] andbuildings structures;in a forestfor �re detection[81] , in otherenvironmentslike

oceansandair resources;in precisionagriculture;in disasterrecovery service;in conditionbased

maintenancedeviceslikepowerplants;in biomedicine[83]; in asmartkindergartento createadevel-

opmentproblem-saving environmentfor earlychildhoodeducation[55]. Otherapplicationsinclude

managingcomplex physicalsystemslikeairplanewingsandcomplex ecosystems.

A sensornodeis composedof a power unit, processingunit, sensingunit, andcommunication

unit. Thepowerunit hasthepurposeto power thenode.Theprocessingunit is responsibleto collect

andprocesssignalscapturedfrom sensorsand transmitthemto the network. Sensorsdevicesare

devicesthatproducea measurableresponseto a changein a physicalconditionlike temperatureand

pressure.Thewirelesscommunicationchannelprovidesamediumto transfersignalsfrom sensorsto

1
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Base Station

Sensor Node
Monitoring Area

Figure 1.1: Wirelesssensornetwork.

exteriorworld or acomputernetwork, andalsoaninternalmechanismof communicationto establish

andmaintainof WSN.

Power consumptionis andwill betheprimarymetricto designa sensornode.While thereis the

Moore's Law that predictsdoublingthe complexity of microelectronicchipsevery 18-month[68],

andGilder's Law [68], which theorizesa similar exponentialgrowth in communicationbandwidth,

thereis noequivalentforecastfor batterytechnology.

1.1 WSN Architecture

This sectiongivesan overview of the WSN architecture.WSNsarenetworks composedof a large

numberof sensornodes.The objective of thesenetworks is to collect data. Sensornodesareusu-

ally deployedovera desirearea,thenthey wake-up,self-testandestablishdynamiccommunications

amongthem,composinganetwork [80].

WSNsusuallydonothaveaninfrastructure,likecellularphoneor localwirelessnetworks.WSN

is consideredas a specialtype of ad hoc network, sinceits topology is dynamic,due to the fact

that sensornodescanwake-upjoining thenetwork, or go to sleep,leaving theWSN. An important

characteristicis that the �o w of datais typically unidirectional.The information�o ws from source

nodesto oneor moreaccesspoints.

Sensornodesdogenerictaskssuchascomputing,transmittingdataandmonitoringusingspeci�c

sensors.
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Thekey resourceof aWSNis thestoredenergy. Eachsensornodeis composedof asmallbattery,

with a limit capacity. It is almostinfeasibleto recharge all batterysinceWSN can be composed

of thousandsof sensornodes.Therefore,theWSN projectfocus,from hardwaredesignto network

protocols,is saving energy. Othersensornoderestrictionsincludememoryandprocessingpower.

A WSN tendsto be application-dependent,in otherwords, the hardwareandsoftwarerequire-

mentsandtheoperationmodesvaryaccordingto theapplication.

1.2 Embed ded System

Embeddedsystem,asde�ned in [7], is a combinationof computerhardwareandsoftware,andper-

hapsadditionalmechanicalor otherparts,designedto performaspeci�c function.They arepresentin

equipmentssuchaselectriccoffeemachines,camerasandcellularphones.Oppositeto personalcom-

putersthatarecapableof executinginnumeroustasks,they aredesignedfor speci�c functionalities,

suchascontrollingthesparksin acarengineor controllingamicrowaveoven.Usingmicrocontrollers

andmicroprocessorsfor thesetasksallowsautomationof manualtasks.Many microcontrollershave

beendevelopedfor speci�c applicationsin awayto aggregateasetof smallfunctionalities.For exam-

ple,advancedmathematicalfunctionsdo not needto bepresentin a coffeemachinemicrocontroller.

Thesmallcostof thesedevicesallows theirusesatagreatnumberof equipments.

Embeddedsystemscompromisecostwith functionalities. In this way, a minimal hardwareand

softwareshouldbeutilized to attendsystemrequirementsandminimizecost.

Sensornodescanbeseenasa specialcaseof embeddedsystemsandbene�t from thelargebody

of knowledgealreadypresent.

1.3 Objective and Motiv ation

The objective of this work is to designan embeddedsystem,that includessoftwareandhardware

components,whichwill bea testbedprototypedevice for wirelesssensornetworks.Thissensornode

prototypeis calledBrazilianEnergy-Ef�cient ArchitecturalNode(BEAN).

In thisdocument,thedesignconsiderationsandcomponentchoicesfor a testbedprototypedevice

for WSNwill bediscussed.Wepresentthestate-of-the-artfor sensornodearchitectures,investigating

and analyzingsomeof the architecturalchallengesposedby thesedevices, including a survey of
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sensornodeplatformsandenergy managementtechniques.WSN canbe seenasa specialcaseof

embeddedsystemand bene�t from the large body of knowledgealreadypresent. A comparative

studyof component-off-the-shelf(COTS) suchasmicrocontrollers,batterytypes,andradiodevices,

whicharevery importantfor systemdesign,is presented.Thedesignfocuson individualcomponents

andnot in subsystemlevel details.Hardwarechoiceswill bediscussed,aswell assoftwaresolutions.

Software componentsthat act as “device drivers” are presentedin this work. We also de�ne and

presentanapplicationprogramminginterface(API) thatcanbeusedin otherprojects.

To ourknowledge,BEAN is the�rst sensornodethatallowsmeasuringthepowerconsumptionof

eachcomponent.BEAN is alsooneof themostrecentdesignthatusesthenewestTexasInstruments

MSP430F169microcontroller. Finally, BEAN is the�rst sensornodeprototypedesignedin Brazil.

The major motivationsfor this work arethe necessityof a sensornodeprototypefor the SEN-

SORNETproject[85] andalsothat thereis no computationalplatform for wirelesssensornetwork

in the Brazilian nationalmarket sinceit is a recentresearchtopic. Finally, it is very importantthe

developmentof this technology, having thecompleteknowledgefrom thehardwareto thesoftware.

As statedby NSF[66] WSNis oneof thegreatestnetworkingresearchchallengespresentnowadays.

1.4 Text Organization

Thiswork is organizedin sevenchapters.Chapter2 discussesrelatedwork for sensornodeplatforms

depictingplatforms,components,operatingsystemsandtheir contributions.

Chapter3 presentsthesystemarchitectureof a genericsensornodeprototypepointingto BEAN

architecture.

Chapter4 commentsabouthardwarecomponentsusedby BEAN. A comparativestudyof COTS

suchasmicrocontrollers,batterytypes,andradiodevicesfor systemdesign,is presented.Thischapter

alsodiscusstheprojectdecisionsfor BEAN.

Chapter5 discussesthe software components,called BEAN API. It includesa set of “device

drivers” to controlandcon�gure thehardwarecomponents.

Chapter6discussesenergy issues,presentingabasicversionof anenergy modelfor asensornode.

We discussthedifferencebetweenpowerandenergy, betweenlow-powerandenergy ef�ciency, and

two powersaving schemes.Wealsodiscusstheminimumrequiredtime for thememorydevice to go

to thepowerdown modesaving energy. Finally, thepowerbudgetof BEAN is presented.
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Chapter7 presentstheconclusionsandnew ideasfor futureworks.



Chapter 2

Related Work

Intellectualssolveproblems,geniusespreventthem.

AlbertEinstein

This sectionsurveys the currentstate-of-the-artfor sensornodeplatformsdepictingplatforms,

components,andoperatingsystems(Table2.1[99]). Themajorityof thecomponentswill beanalyzed

in thiswork. Most of therelatedwork usesbatteryaspowersupplyunlessotherwisespeci�ed.

At Berkeley, the SmartDust project [49] aims at developingsensornodesof millimetric size.

Their focusis onminiaturizationof sensornodessothatit hasthesizeof adustparticle.Sincethis is

a long termproject,the�rst stepwasthedevelopmentof theMote's family. WeCMote (Figure2.6)

andCCR motewere the �rst two typesof sensornodedevelopedin this project. CCR moteused

laserascommunicationmediaandWeCMote usedradio. Thelasercommunicationpresentedsome

problemsthatwill bediscussedin section4.3.Berkeley projectoptedto useradiodevices.Then,they

developedRene,Mica Mote(Figure2.3)and�nally to Mica2Mote(Figure2.4).Thedesignerclaims

that the advantageof the latter is its morerobust radio. Anotheradvantageis that it doesnot need

a co-processorto reprogramthe sensornodesinceMica microcontrollerneedsan extra processor

to help reprogramits memory. Mote family usesTinyOS [37], a compact,andsimpleevent-based

operatingsystem.Mica2Moteis oneof themostcommercializedsensornodes[22].

Oneof theMica2Moteadvantageis theexpansionbusthatallowstheconnectionof devicescalled

sensorboards.Separatingthesensorboardsfrom theradioandmicrocontrollerallowstheMica2Mote

to begenericandcapableof avarietyof applications.TheMica WeatherBoard,stackedto theproces-

sorboardvia the51pin extensionconnector, includestemperature,photoresistor, barometer, humidity

6
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andthermopilesensors.Otheradvantageof Mote's family is that it usesa hardwarecomponentto

generateanuniqueidenti�er number.

Mica2Dot (Figure 2.4) is a small versionof Mica2 with all Mica2 capabilitiesexcept for the

voltageregulatorandtheexpansionboard,whichhasonly 18pins.Many sensorboardsareavailable

suchasmagnetometerboard,batteryadapter, sounderrangingboardandultrasoundrangingboard.

Telos[92] (Figure2.7)is thenext-generationMoteplatform.It will useadifferentmicrocontroller

andZigbeeradiochannel,which is anIEEE802.15.4radio,providing only 50meterrange.Theradio

hasaninternalFIFO,allowing themicrocontrollertosleepwhile receiving apacket. A morecomplete

discussionon theradiodevice is presentedatsection4.3. Teloshasanoptionalexternalmemoryand

usesanUSB componentto connectto aPC.

For the gateway, the Mica's family hasthe MIB600CA, an EthernetInterfaceBoard[22]. The

MIB600CA providesEthernet(10/100Base-T)connectivity to theMICA2 family of motesfor com-

municationand in-systemprogramming.The MIB600CA allows remoteaccessto sensornetwork

datavia TCP/IP.

Berkeley projectalsoconstructedSpecMode(Figure2.13),ageneral-purposesensornodethatis

customizedfor miniaturization,achieving reducedsize[38].

ThePicoRadioproject[73] at Berkeley WirelessResearchCenteris anotherprojectat Berkeley.

Theobjective is to developa low-costandlow-powersensornode.Its focusis on theradiohardware,

link andnetwork layerstack.

MedusaMk-2 [14] (Figure 2.2) and iBadge[55] are sensornodesfrom UCLA. Thesesensor

nodesusemorethanoneprocessorandiBagdealsoincludea Bluetoothchip. Mk-2 is alsoequipped

with a setof ultrasoundtransceiversthatareusedto performhigh accuracy distancemeasurements

betweenadjacentnodes.iBadgeincludesaspeechprocessingunit, amicrophone,a localizationunit,

anenvironmentsensingunit with humidity, light, pressure,temperaturesensors,andaorientationunit

composedof accelerometerandmagneticsensors.iBadgewasusedin asmartKindergartento create

a developmentproblem-saving environmentfor earlychildhoodeducation.

GeneralizedNetwork Of Miniature EnvironmentalSensor(GNOMES) is a project from Rice

University[105]. Its MCU is theMSP430F149TexasInstruments.It hasanaccelerometerexpansion

for structuralanalysisandGPSfor coordinatingsensorswith location. It alsohasa sensorbus that

allowsfor additionalapplicationspeci�c sensorboards.TheRS232interfaceis usedto communicate

with a computer. It canuseEthernetvia its HOBBIT board. A communicationsheaderallows for
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variablecommunicationsboardsandan expansionport for connectionwith additionalboards.The

communicationusesBluetoothor 900MHz radio.GNOMESaredesignedto bebatterypoweredwith

analternativepowersourcefor recharging thebatteries(750mAHNiMH cell) suchassolarpanels.It

alsohasanexternalRealTimeClock.

PushPin[12] (Figure2.5) is a sensornodethatis partof anMIT project.Pushpin's requirements

alsomeetthewirelesssensornetwork needs.It usesa differentapproachfor communication,using

an infraredlink. Its operationalsystemBertha[53] is an interestingwork sinceit �ts in the 8051

microcontrollerandits purposeis for distributedsystem.Thepowersupplyis via powerbus.

Somesensornodeshavealreadybeendevelopedwith GPSinterface.MultimodalNetworksof In-

situ Sensors(MANTIS) sensornode,calledNymphs[67] (Figure2.11),is claimedby their authors

to bethe�rst sensornodethatsupportsGPS[1]. Mantisis aprojectfrom theUniversityof Colorado

thatusesATMEGA asthemicrocontroller. They aredevelopingtheir own operatingsystem,called

MantisOS,which is amulti-threadedOS.They haveaclear, well-de�ned anddocumentedAPI.

BTnode(Figure2.10)is a sensornodefrom theSmart-itsproject[52]. It usesa Bluetoothradio

andabluetoothstackcomponentfor TinyOShavebeingdevelopedfor thisproject.Martin [52] shows

thattheBluetoothdevice is suggestedfor applicationsthatareactiveovera limited timeperiod,with

few unpredictableburstsof veryheavy network traf�c (takingadvantageof thehigh throughput).

TheEuropeanResearchgroup,EYES[28], developeda prototypefor low-endsensornode(Fig-

ure2.1). Theprocessorusedin this prototypeis theMSP430F149,producedby TexasInstruments.

Thesensornodeis alsoequippedwith anauxiliary serialEEPROM memoryof 8 Megabitsusedfor

applicationanddatastorage.They arealsodevelopinganoperatingsystemfor wirelesssensornet-

work, calledPreemptive EYES RealTime OperatingSystem(PeerOS) [65]. The projecthasalso

theideato connectspeci�c sensorboardto thesensornode,but their expansionbusis not available.

Sincetheradiodonothaveagreatrange,it hasto addto thedesignanexternalampli�er. Thesensor

nodeis programmableusingaRS232interface.

TheEmbeddedSensorBoard(ESB)(Figure2.12)is thesensornodefor theScatterwebproject[82].

It usestheMSP430processorandtheRFM TR1001[76] radiocomponent.Thesensoris alsoembed-

dedin theboard,thus,it is not possibleto changetheapplication.It hasmany sensorsthat includes

microphone,tilt/vibration, luminosity, temperatureandinfraredmovementsensor. Theactuatorsare

LEDs anda beeper. Besidesthetransceiver, it alsohasinfraredsenderandreceiver, hence,ESBcan

receive IR commandsfrom standardremotecontrols. ESBscommunicatevia theserialport with a
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standardcomputerfor applicationdevelopment.ESBscommunicatewith mobilephonesvia theserial

port to connectto a wide-areamobile phonenetworks. This enablesremotecon�guration of ESBs

via shortmessages(SMS)aswell asreceptionof sensordataonarbitrarymobilephonesworld-wide.

ESBhasa batterycompartmentfor threeAAA batteries.It alsohasa voltagecontrollerto stabilize

theinput voltageto 3 V andanadditionalconnectorfor asolarpanel.

� AMPS (micro-Adaptive Multi-Domain Power-Aware Sensors)project [63] (Figure 2.8) and

WINS [106] (Figure2.9) from Rockwell ScienceCenterchoselow power StrongARM(SA-1100)

microprocessorfor computation,usesan energy managementtechnique. � AMPS canprogramto

changedynamicallythevoltagesupplyandclock frequency of theSA-1100from 74to 206MHz and

0.85to 1.44V, respectively.

WINS enablesdataratesof 100 kbits per secondover rangesin excessof 100 meters. At the

link layer, aTimeDivisionMultiple Access(TDMA) protocolhasbeenimplemented.Theprocessor

runsat 133MHzwith 150MIPS. Theprocessorconsumes300mW, theradioconsumes600mW in

transmitmodeand300mW in receivemode,andthesensortransducersconsumes100mW. Thetype

of sensorsareseismic,acoustic,magnetometerandaccelerometer.

The JetPropulsionLaboratory(JPL) [2] from California Instituteof Technologyis developing

a projectcalledSensorWeb,supportedby NationalAeronauticsandSpaceAdministration(NASA).

The SensorWeb is an independentnetwork of wireless,intra-communicatingsensornodes(called

sensorpods),deployed to monitor and explore a limitless rangeof environments.Theengineering

objective is to testtheSensorWebin harshenvironments,asfor instanceAntarctica[33].

PODS[8] is a researchprojectin Universityof Hawaii thatbuilt WSN to investigatewhy endan-

geredspeciesof plantswill grow in oneareabutnotin neighboringareas.They deployedcamou�aged

sensorsnode,calledPods,in Hawaii VolcanosNationalPark. ThePods,consistof acomputer, radio

transceiver andenvironmentalsensorssometimesincluding a high resolutiondigital camera,relay

sensordatavia wirelesslink backto theInternet.BluetoothandIEEE802.11barechosenaschannels

anddataaredeliveredin IP packets.Two typesof sensordataarecollected,weatherdataandimage

data.

Somecommercialsensornodesarealreadyavailable. Millennial Net [61] builds heterogeneous

WSNs,dividing thenetworks in sensornodes(endpoints),routers,andgateways. Its sensornodeis

calledi-Bean,its typical rangeis 30manddatarateup to 250kbps.

Ember[31] is anothercommercialsolution. Its sensornodeusestheAtmega64L processorand
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CC1020radio. It alsohasa temperaturesensorand2-Axis accelerometer.

MicroStrain[86] haslaunchedoneof thenewestsensornode.It hasa8-bit microcontroller, Flash

EEPROM for sensordatalogging,ADC of 16-bit resolutionanda radio transceiver. But, themajor

contribution is an energy-harvester. MicroStrain is developingan energy-harvestingschemebased

on storingcyclic strainenergy by rectifying piezoelectric�ber outputinto a capacitorbank. When

thecapacitorvoltagereachesa presetthreshold,power is transferredto anintegratedwirelesssensor

node[77].

TheIEEE 802.15.4[42] speci�cationis a costeffective low datarate(< 250kbps),2.4GHz and

868/928MHz wirelesstechnologydesignedfor short rangeandpersonalareanetworking. Target

marketsfor theIEEE802.15.4Standardincludeindustrialcontrolandnetworking,homeautomation

andcontrol,inventorymanagement,humaninterfacedevices,aswell aswirelesssensornetworks.

TheIEEE 802.15.4Standardis thebasisof anapplicationandnetwork layerprotocolknown as

ZigBee[3]. TheZigBeeAlliance is anassociationof companiesworking togetherto createsoftware

inter-operabilitycerti�cation andtestingfor IEEE802.15.4systems.

The IEEE 802.15.4Standarddetails the PhysicalLayer (PHY) and Medium AccessControl

(MAC) speci�cations,andoffers the building blocksfor differenttypesof networking. Key bene-

�ts of the IEEE 802.15.4andZigBeestandardsincludeextendedbatterylife over currentwireless

standards,meshandstarnetwork topologies,andcosteffectiveness.

Rangefor ZigBeeproductsis expectedto be 30metersin typicalhomes,comparedto 10meters

for Bluetoothproducts(withoutadditionalpowerampli�er) [3].
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SensorNode Radio Processor Operatingsystem Memory

BTNode EricssonROK ATmega128L TinyOS 64KB

101007

� AMPS LMX3162 StrongARM RedHat 512KB

SA-1100 andeCos Flash

WINS Connexant StrongARM � C/OS-II 4MB

RDSSS9M SA-1100 Flash

PicoNode Proprietary DW8051 N/A N/A

PushPin IrDA Cygnal Bertha N/A

transceiver C8051F016

83F8851

GNOMES Bluetoothor MSP430F149 N/A 32KB

900MHz radio

Eyes TR1001 MSP430F149 PeerOS 8 Mbit

WeCMote TR1000 AT90LS8535 N/A 32KB

Mica Mote TR1000 ATMEGA 103L TinyOS 512KBFlash

Mica2Mote CC1000 ATMEGA128L TinyOS 4 Mbit Flash

Telos CC2420 MSP430F149 TinyOS 4 Mbit Flash

Nymphs CC1000 ATMEGA128L MantisOS 64kBEEPROM

ESB TR1001 MSP430F149 N/A 8kB EEPROM

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

Table2.1: SensorNodePlatforms.
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Figure2.1: EYES. Figure 2.2: Medusa2.

Figure 2.3: Mica. Figure 2.4: Mica2andMica2-dot.

Figure 2.5: PushPin.
Figure2.6: WecMote.

Figure 2.7: Telos.

Figure 2.8: � amp.
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Figure2.9: WINS
Figure 2.10: BTnode.

Figure2.11: Nymph.
Figure2.12: ESB.

Figure2.13: Spec.



Chapter 3

Sensor Node Architecture

Hardware is the part of a computersystemthat can be kicked and
softwareis thepartthatcanonly bescreamedat.

–Unknown

In this sectionwe discussWSN components,somecharacteristicsandrequirementsof a sensor

nodeprototypeandpresentthesystemarchitectureof agenericsensornodeprototype.

3.1 WSN Components

WSNscanbeclassi�ed accordingto its organizationashierarchical(sensornodesself-organizedin

clusters)or �at; to its compositionashomogeneous(thesametypeof sensornode)or heterogeneous

(differenttypes);andto its mobility asstatic(immobile)or mobile[79].

In a WSN, the information �o ws from sourcenodesto oneor moreaccesspoints. An access

pointcanbeasensornodewith thesameor morehardwarecapability. Theaccesspointpurposeis to

collectdatafrom thenetwork andsendto anexternalobserver, calledbasestation[54].

Theprojectof a morecomputationalpowerful accesspoint is outsidethescopeof thiswork. Our

projectalsodoesnot includeany mobilefeature.

The task that sensornodesmust be able to do includesmonitor their physicalenvironmental,

processtheir measurementdataandforwardothersensornodesreadings.

14
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Communication

Memory

Sensors

Power

Processor

Debug

Figure3.1: Block Diagramof SensorNodePrototype.

3.2 Sensor node functional components

Figure3.1 presentsthe systemarchitectureof a genericsensornodeprototype. It is composedof

six major blocks: power supply, communication,processingunit, storage,debugginginterfaceand

sensors.Thepower supplyblock hasthepurposeto power thenodeandusuallyconsistsof a battery

andadc-dcconverter. Thecommunicationblockconsistsof abi-directionalwirelesscommunication

channel.Most of the platformsusea short-rangeradio. Othersolutionsincludelaserandinfrared

media.Theprocessingunit is composedof internalmemoryto storedataandapplicationsprograms,

amicrocontrollerto processdataandanAnalog-to-DigitalConverterto receivesignalfrom thesens-

ing block. Thestorageunit is anexternalmemorydevice thatworksasasecondarymemory, keeping

a datalog. The debugginginterfaceis usedto programandtestthe sensornode,for example,pro-

gramminginterface,LEDs,serialinterface,JTAG (IEEE1149.1).Thisblockcanbeomittedin a �nal

sensornodeproduct. The sensingunit block links the sensornodeto the physicalworld andhasa

groupof sensorsandactuatorsthatdependson theapplicationof thewirelesssensornetwork.
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3.2.1 Processing Bloc k

A very interestingquestionsis: shouldtherebea dedicatedprocessingelementfor eachI/O device

or shouldtheprocessingof theI/O devicesbecentralized?For example,besidesthesingleCPUunit,

otherapproachis to usetwo generalpurposeprocessors:onehandlingthecommunicationblock and

onehandlingtheotherdevices.

Sensornodesmay act as a router, forwarding packets meantfor other nodes. Srivastava [75]

suggestedthe useof an intelligent radio hardware,with a dedicatedCPU, that enablespacketsthat

needto be forwardedto be identi�ed andredirectedfrom thecommunicationblock itself, allowing

thecomputingblock to remainin Sleepmode,saving energy.

Sincethereis no suchintelligent radio hardware COTS yet, it would needa processorin the

communicationblock to determineto forward or not the received packet. Thus, it would not save

a processorenergy. This approachmaybe interestingif themainunit consumesmuchmoreenergy

thanthecommunicationprocessorblock.

BEAN approachis a singleCPUhandlingmultiple I/O devices. It is simplerandlessexpensive.

Thecommunicationblock doesnot needa processorbecauseBEAN hasalreadytheprocessingunit

to processtheradiopackets.This approachmaychangeif thecommunicationchannelincreasesto a

veryhigh rateandBEAN is overloadedandincapableof processingall theradiopackets.

Theprocessingunit mayhaveotherapproachessuchas�nding thehigh-energy piecesof software

and move them to dedicatedhardware. Lach [51] shows that implementinga JPEGcompression

algorithmfor WSNsavesenergy. Thisapproachis interestingfor amorerobustor speci�c-application

sensornode,thatis notBEAN purpose.

3.2.2 Sensing Bloc k

Sensorscanproduceanalogor digital signals.AnalogsensorsneedanAnalog-to-DigitalConverter

(ADC). In general,microcontrollershave additionalperipheralsthat includeADCs. Hence,initially,

sensorboardsdo not needdedicatedADCs. ADCs have a limited rateto convertersignals,for ex-

ample,the MSP430family [44] is capableof 200.000samplesper seconds(ksps)divided in eight

channels.For complex sensorboardsthatneedhighersampleratesor largerchannelnumber, a dif-

ferentapproachis to embeddedADCsdirectlyon thesensorboards.

Dependingon the sensortype, it canchangecompletelythe sensornodedesign. For example,
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an imagesensorwould needa very high bandwidth,which would requirea communicationblock

redesign.

3.3 Characteristics and Requirements

This projectdoesnot intent to designa device that will be comparableto real-life wirelesssensor

node.While in a realproductsizeandcostareessentialrequirements,our designfocusin a system

easeto expandwith a numberof sensors,robustandeasyto reprogram.

Following is thedesignconsiderations,characteristicsandrequirementswhendesigningBEAN:

� Energy-ef�ciency - Sensornodesmustbeenergy ef�cient. Sensornodeshavealimited amount

of energy thatdeterminestheir lifetime. Sinceit is unfeasibleto recharge thousandsof nodes,

eachnodeshouldbeasenergy ef�cient aspossible.Hence,energy is thekey resource,being

theprimarymetricfor analysis.BEAN projectfocusonenergy-ef�cient COTS.

� Power-Aware - Thehardwareshouldbeableto estimatewhatenergy is left, soalgorithmscan

adaptto theavailablepower. BEAN is capableof measuringits own overall power consump-

tion.

� Low-cost - It is desirablethatsensornodesbecheapsinceWSN mayhave hundredsor thou-

sandsof sensornodes.For thispurpose,BEAN usesonly thenecessarydevices.

� Distrib uted sensing- Usingawirelesssensornetwork, many moredatacanbecollectedcom-

paredto justonesensor. Evendeploying asensorwith a largerange,it couldhaveobstructions.

Thus,distributedsensingprovidesrobustnessto environmentalobstacles[32].

� Wir elesscommunication- Thesensornodeneedsto bewireless.In many applications,theen-

vironmentbeingmonitoreddoesnot have installedinfrastructurefor communications.Laying

wiresmaybetoodif�cult or expensive,thus,sensornodesshouldusewirelesscommunication

channels.Thedataratein WSN is low, thus,a shortrangetransceiver in a licensefreebandis

suf�cient.

� Multi-hop - A sensornodemay not reachthe basestation. The solutionis to communicate

throughmultiple hops. Another advantageis that radio signal power is proportionalto r2,
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wherer is the distanceof communication.Dependingon radio parametersasshown in [56],

it canbe moreenergy ef�cient to transmitmany short-distancemessagesthanone-longdis-

tancemessage.Thus, the sensornodeshouldreceive and transmit,needinga bi-directional

communicationchannel.

� Distrib uted processing- Eachsensornodeshouldbeableto processlocaldata,using�ltering

anddatafusionalgorithmsto collectdatafrom environmentandaggregatethisdata,transform-

ing it to information.BEAN hasamicrocontrollerfor thispurpose.

� Programmability - Sincethis componentwill be a test prototyping,it will be often repro-

grammedfor developmentof communicationprotocolsandapplicationsfor WSN.Hence,the

programmingshouldbeeasy. BEAN choosesamicrocontrollerwith embeddeddebug.

� Expandability - The hardwaredesignmustexpandablewith a numberof sensorsto support

a varietyof applications.BEAN projectde�ned a genericsensorbusandradiobus for future

expansion.

� Size- For demonstrationpurposesthedevicesshouldbe reasonablesmall. But sizeis of less

importantin ourprojectsinceit doesnotneedto beassmallasareal-lifewirelesssensornodes.

3.4 Challeng es

Figure3.2 illustratessomechallengesfor WSNs. Eachblock hasits uniquechallenge.Thestorage

block was includedin the processingunit and the debugging interfaceis not neededin a real-life

sensornode. A power managementlayer is requiredto control themain resourceof a sensornode,

its energy level. Thepower managementlayercouldusetheknowledgeof battery's voltageslopeto

adaptdynamicallythesystemperformance[69]. Anotheradvantageis thatotherenergy sourcecan

be addedandthe power managementcanmake thebestuseof theenergy resources.New network

protocolsarenecessary, including link, network, transport,andapplicationlayersto solve problems

like routing,addressing,clustering,synchronizationandthey have to beenergy-ef�cient. A micro-

kernel for sensornodeis necessary. Many operatingsystemsexist for small device (like handheld

andPDAs), but not so small asa sensornodeandnot aggressive on power managementfor long
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 System architecture and challenges of a sensor node.Figure3.2: Systemarchitecture andchallengesof a sensornode.

life andwirelesscommunicationaswell. Algorithms for �ltering anddatafusion arealso neces-

sary. Many otherchallengesexist, includinglocalizationof sensornodesandsecurityissues,suchas

cryptography.

AlthoughWSNis arecentresearchtopic,many interestingworksalreadyexist suchasmicroker-

nels [25], middlewares[102], schedulingalgorithms[101], routingprotocols[100], [46], deployment

algorithms[98] andarchitecturemanagementschemealgorithms[80] for WSN.



Chapter 4

BEAN Hardware Components

But what.. is it goodfor?

Engineerat theAdvancedComputingSystems
Divisionof IBM, 1968,commentingon themicrochip

Makeeverythingassimpleaspossible,but not simpler.

AlbertEinstein

In thischapter, wewill discussthecomponentchoicesfor thehardwaredesignof BEAN. A com-

parative studyof COTS for themajorsensornodeprototypearchitecturalblock (processing,power,

communication,sensing,storageanddebugging interfaceunits) is presented.Then,we comment

aboutinterfacingtheradiowith theMCU. Finally, we summarizethemajorBEAN hardwareproject

decisions.

4.1 Processing Unit

Sincethesensornodeis expectedto communicate,processandgathersensordata,sensornodesmust

haveprocessingunits.Thecentralprocessingunit of asensornodedeterminesto a largedegreeboth

the energy consumptionaswell asthe computationalcapabilitiesof a sensornode. Many different

typesof CPUscanbeintegratedinto a sensornodeandthey arediscussedin this work. Therearea

large numberof commerciallyavailablemicrocontrollers,microprocessorsand�eld-programmable

gatearrays(FPGAs),whichallowsabig �e xibility for CPUimplementations.

20
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4.1.1 Programmab le Logic

Many typesof programmablelogic areavailable. Complex ProgrammableLogic Devices(CPLDs)

consistof multiple PAL-lik e (ProgrammableArray Logic) logic blocksinterconnectedtogethervia

a programmableswitchmatrix [6]. CPLDsareusedfor high-performancecontrol-logicor complex

�nite statemachinesbut limited to the sizeof a few thousandgates. Although thereis low-power

CPLDs,suchasCoolRunner-II [107], thatconsumesaslow as14� A standbycurrent,theirconsump-

tion is not as low asa sensornodeshouldbe. For example,CoolRunner-II operatingat 1.8V and

20MHz,needsacurrentsupplyof 17.22mA. WSNsaredependableon theapplicationscenario.The

architectureof CPLD is notvery �e xible, beingapplicablefor smallapplicationandis notcapableof

implementinga CPU.For a speci�c applicationwhich needsa complex controller, CPLD maybean

option.

An Field ProgrammableGateArray (FPGA)consistsof anarrayof logic blocks,surroundedby

programmableI/O blocks,andconnectedwith programmableinterconnect[6]. FPGAsoffer narrower

logic resourcesthanCPLDsbut 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 presentssomemajor disadvantages.First, their consumptionis not

as low asa sensornodeshouldbe. Anotherdisadvantageis that today is not possibleto turn off

separateblocksof FPGAs.In additionto consumingmorepower, theFPGAsarenotcompatiblewith

traditionalprogrammingmethodologies(i.e.,no C compiler). It doesnot meanthatFPGAsarenot a

goodsolutionfor thenearfuture. Maybewith thedevelopmentof ultra-low power FPGAs,FPGAs

will bea goodsolutionfor sensornodemonitoringa planet,sincethey have theadvantageof being

reprogrammableandrecon�gurable,eliminatingthedeploymentcostin spaceapplications.

In termsof energy, microcontrollersarea bettersolutionthanFPGAs.Microcontrollersmaybe

designedto beoptimalandit is possibleto turn their functionalblocksoff. In addition,FPGAsare

not capableof turningoff separateblocks.Evenwith this feature,turningoff aFPGAblockdoesnot

meanturn off a functionalblock becauseit will dependon thepartitioningalgorithm. Finally, since

a FPGAblock mustbegenericto implementany logical module,it will not bepoweroptimizedasa

microcontroller.
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4.1.2 Micr ocontr oller s

A microcontrolleris very similar to a microprocessor. Themaindifferenceis thata microcontroller

is designedspeci�cally for usein embeddedsystems[7]. In general,microcontrollersaremicropro-

cessorwith additionalperipheralor supportdevices[5]. Microcontrollerincludesnot only memory

andprocessor, but alsonon-volatile memoryandinterfacessuchasADCs,UART, SPI,countersand

timers. In this way, it caniteratewith sensorsandcommunicationdevicessuchasshort-rangeradio

to composeasensornode.

Someof theadvantagesof themicrocontroller'shigherlevel of integrationasstatedin [5] are:

� Lower cost- onepartreplacesmany parts.

� Mor e reliable - fewerpackages,fewer interconnections.

� Faster - signalscanstayon thechip.

Nowadays,therearemany typesof microcontrollers,rangingfrom4 to32bits,varyingthenumber

of timers,bits of ADC, power consumption,sizeof memory, etc. A discussionof thesedevicesis

presentedbelow.

Table4.1 shows comparisonof actualmicrocontrollers.MicrocontrollerControlUnits (MCUs)

havemany attributeslikenumberof bits, �ash memory, sizeof memory, numberof ADC andtimers,

operatingvoltage,currentconsumptionandpower modes.An importantfeatureis thestart-uptime,

sincetheMCU will usuallygo to idle mode,but it is notveryoftendivulged.

The EM6603[30], which is 4-bit, is ultra-low-power MCU but its computationalpower is also

very limited. It is usedfor Radio Frequency Identi�cation (RFID) applications. The advantages

of Motorola DragonBallMC9328MX1 are that it is 16-bit and hasa BluetoothAcceleratorradio

interface. It alsohasa Time ProcessingUnit (TPU), a co-processorunit that seemsto be able to

perform variousreal-timecontrol 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 gateway or a robust sensornode,which can be

the headof hierarchicalwirelesssensornetwork cluster. One commonexampleis the processor

moduleIntel StrongArmSA1100embeddedcontroller. The SA1100is a general-purpose,32-bit
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RISCmicroprocessorbasedon theARM architecturethat is ratedasthemostef�cient processor(in

MIPS/Watt). Theprocessoroffersa 16KB instructioncache,a 8KB datacache,serialI/O andJTAG

interfaceall combinedin a singlechip. Programanddatastorageareprovidedby 1MB SRAM and

4MB of bootable�ash memory. Connectionwith thesensormodulesis easilyachievedusinga4-wire

SPI interface.Theprocessorhasthreestates:normal,idle andsleepthatcanbecontrolledto reduce

powerconsumption.

Thechoiceof MCU dependson applicationscenario.The idealchoiceof microcontrolleris the

onethatmatchesits performancelevel with application'sneed.Otherfactorsthataffectstheselection

of the propermicrocontrollerbesidesenergy level includeword size,peripherals,memory, speed,

physicalsize,price,availability, personalexperience,andvendorsupport.
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Characteristic Bits Flash RAM ADC Timers Operating Power Power Power

Voltage Active Idle Mode Down Mode
AT90LS8535 8 8 Kb 512B 10 bit 3 4-6V 6.4mA 1.9mA < 1� A
ATMega128L 8 64Kb 4K B 10 bit 3 2,7- 5,5V 5mA @4MHz 2 mA 12� A

@3V
PIC16F8X 8 68Kb 1 KB 1 2-6V 2mA @5V N/A < 1� A

@4MHz
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 230mW 50mW Typical
1100 @133MHz @133MHz 25� A

MC68HC05PV8A 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

to 5.5V @16MHz @16MHz @16MHz
EM6603 4 N/A 96x4 0 1 1.2-3.6V 1.8uA@32KHz 0.35� A 0.1� A

DragonBall 16 N/A 128K 13 bit 2 1.62 90mA 0.16mW N/A
MC9328MX1 to 3.3V @96MHz

Table4.1: Microcontroller Comparison.
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4.1.3 Texas Instruments MSP430

Themicrocontrollerusedin our projectis theMSP430F169,producedby TexasInstruments.It is a

goodoptionfor sensornodessinceit is a 16-bit, 8 MIPS,providing morecomputationalpower than

8 bit microcontrollers,andalsoultra-low power. It has60kbytesof programmemoryand2kbytes

of datamemory. It is equippedwith a full setof analoganddigital processors.It hasembedded

debuggingandin-system�ash programmingthrougha standardJTAG interface,andis supportedby

a wide rangeof developmenttoolsincludinggcc[62] andIAR EmbeddedWorkbench[41].

The MSP430family hassix differentoperatingmodesand is fully supportedduring interrupt

eventhandling.Therearetheactivemode(AM) and� ve Low-PowerModes(LPM0, LPM1, LPM2,

LPM3 andLPM0, LPM4). An interrupteventawakesthesystemfrom eachof thevariousoperating

modesandreturns,using the RETI instruction,to the modethat wasselectedbeforethe interrupt

eventoccurred.Thecurrentconsumptionof eachoperationmodeis shown in Figure4.1.Themicro-

controllercanbecon�gured to consumeonly theenergy necessaryto its worksthroughtheselected

operationmode.More informationcanbefoundat [93].

TheMSP430is a RISCmicrocontrollerthatemploys a von-Neumannarchitecture,therefore,all

programsanddatasharea singleaddressspace.TheCPUhassixteenregistersthatprovide reduced

instructionexecutiontime. This reducestheregister-to-registeroperationexecutiontime to onecycle

of the processorfrequency. Four of the registersare reserved for specialuseasprogramcounter,

stackpointer, statusregister, andconstantgenerator(Figure4.2) [44]. The remainingregistersare

availableasgeneral-purposeregisters.Peripheralsareconnectedto theCPUusingadataaddressand

controlbus,usingspeci�c registersfor controlanddatatransferssharingthememoryspace,andcan

behandledwith all memorymanipulationinstructions.

The MSP430consumeslessthan400 mA in active modeoperatingat 1 MHz in a typical 3V
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systemandcanwakeupfrom a2mA standbymodeto fully synchronizedoperationin lessthan6 � s.

Theseexceptionallylow currentrequirements,combinedwith the fastwake-uptime (6us),enablea

developerto build asystemwith minimumcurrentconsumptionandmaximumbatterylife.Figure4.3

shows thecurrentconsumptionof anapplicationthatswitchesbetweenactiveandstand-bymodes.

MSP430family hasarich peripheralset.It hasanabundantmix of peripheralsandmemorysizes

enablingtrue system-on-a-chipdesignsasillustratedin Figure4.4 [44]. The peripheralsincludea

12-bit Analog-to-Digitalconverter, multiple timers(somewith capture/compareregistersandPWM

outputcapability), integratedprecisioncomparator, on-chipclock generation,hardwaremultiplier,
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USART(s), WatchdogTimer, GeneralPort Input/Output,andmultiple Input/Outputwith extensive

interruptcapabilityandothers.

TheBasicClock Moduleof MSP430is designfor low power consumptionapplications.Appli-

cationsshoulduselow clock frequency for energy conservationandtime keepingbut it alsoshould

usehighclock frequency for fastreactionto eventsandfastburstprocessing.Thefasterit �nishes the

processing,themoretimeat low-powermodeit has.

TheBasicClock Moduleaddressestheabove con�icting requirementsby allowing thedesigner

to selectfrom thethreeavailableclocksignals:

� ACLK (Auxiliary clock) - For optimal low-powerperformance,theACLK canbecon�gured

to oscillatewith a low 32,786-Hzwatch-crystalfrequency, providing a stabletime basefor

the systemand low power stand-byoperation. ACLK is software selectablefor individual

peripheralmodules.

� MCLK(Main clock) - MCLK is usedby theCPUandsystem.TheMCLK canbecon�gured

to operatefrom theon-chipdigitally controlledoscillator(DCO) which is only activatedwhen

requestedby events.

� SMCLK (Sub-mainclock) - TheSMCLK canbecon�guredto operatefrom eitherthewatch-
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crystalor theDCO,dependingon peripheralrequirements.SMCLK is softwareselectablefor

individualperipheralmodules.

The clock distribution anddivider systemis provided to �ne tunethe individual clock require-

ments.All basicclock-modulecon�gurationsareundersoftwarecontrol.

TheBasicClockModuleincludestwo or threeclocksources:

� LFXT1CLK - low-frequency/high-frequency clock source. Oneoscillator that can be used

with low-frequency watchcrystals,standardcrystals,resonators,or externalclocksources.

� XT2CLK - high-frequency clock source.This optionalhigh-frequency oscillatorcanalsouse

standardcrystals,resonators,or externalclocksourcesin the450-kHzto 8-MHz range.

� DCOCLK clock source - The digitally controlledoscillator(DCO) is an integratedRC-type

oscillatorin theBasicClockModule.TheDCOfrequency canbetunedby software.

UsingtheDCO,it is possibleto controltheoperatingfrequency. Theoperatingfrequency depends

on the supplyvoltageasshow in Figure4.5 [44]. The MCU operatesbetween1.8 and3.6 V. To

programtheMCU, thesupplyvoltageshouldbeabove2.7V. We canmodelthegraphusingtheline

equation.Let'sy bethefrequency (MHz) andx thesupplyvoltage(V):

Y(x) =
3:85
1:8

� (x � 1:8) + 4:15 (4.1)

Tooperateat3.3V, thefrequency shouldbe7.358Mhz.BEAN wasdesignedtousetheLFXT1CLK

with a 32,768-HzwatchcrystalandtheDCOat7.358Mhz.
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Figure4.6: Pin Designation[45].

Figure4.6 [45] shows thepin designationof MSP430.Table4.2 illustratestheMCU port map-

ping, showing theport name,port number, if input or outputor programable,andwhat functionthe

port wasmappedto.

Table4.2: 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/TACLK 12 I General-purposedigital I/O pin- enableinterruptInt0 sensorbus

P1.1/TA0 13 I General-purposedigital I/O pin- enableinterruptInt1 sensorbus

P1.2/TA1 14

P1.3/TA2 15

P1.4/SMCLK 16 O General-purposedigital I/O pin RedLed
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Table4.2: MCU Port Mapping.

Name Number I/O Mappedto

P1.5/TA0 17 O General-purposedigital I/O pin OrangeLed

P1.6/TA1 18 O General-purposedigital I/O pin- GreenLed

P1.7/TA2 19 O General-purposedigital I/O pin- Yellow Led

P2.0/ACLK 20 General-purposedigital I/O pin Dclk (Radio)

P2.1/TAINCLK 21 I General-purposedigital I/O pin RTC INT- RealTimeClock

P2.2/CAOUT/TA0 22 I General-purposedigital I/O pin PWM0

P2.3/CA0/TA1 23 I General-purposedigital I/O pin PWM1

P2.4/CA1/TA2 24 I General-purposedigital I/O pin- 1-Wire (RealTimeClock)

P2.5/Rosc 25 General-purposedigital I/O pin ExternalMemoryHold

P2.6/ADC12CLK/ 26

DMAE0

P2.7/TA0 27 General-purposedigital I/O pin - ExternalMemoryWrite

P3.0/STE0 28 General-purposedigital I/O pin ExternalMemoryChipSelect

P3.1/SIMO0/SDA 29 SPIModeExternalMemory

P3.2/SOMI0 30 SPIModeExternalMemory

P3.3/UCLK0/SCL 31 SPIModeExternalMemory

P3.4/UTXD0 32 O UART mode(sensorbus)

P3.5/URXD0 33 I UART mode(sensorbus)

P3.6/UTXD1 34 General-purposedigital I/O pin -I2C (sensorbus)

P3.7/URXD1 35 I/O General-purposedigital I/O pin -I2C (sensorbus)

P4.0/TB0 36 I General-purposedigital I/O pin (sensorbus)

P4.1/TB1 37 I General-purposedigital I/O pin (sensorbus)

P4.2/TB2 38 I General-purposedigital I/O pin (sensorbus)

P4.3/TB3 39 I General-purposedigital I/O pin (sensorbus)

P4.4/TB4 40 I General-purposedigital I/O pin (sensorbus)

P4.5/TB5 41 I General-purposedigital I/O pin (sensorbus)

P4.6/TB6 42 I General-purposedigital I/O pin (sensorbus)
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Table4.2: MCU Port Mapping.

Name Number I/O Mappedto

P4.7/TBCLK 43 I General-purposedigital I/O pin (sensorbus)

P5.0/STE1 44 I General-purposedigital I/O pin Chp out (Radio)

P5.1/SIMO1 45 O SPImodeDio (Radio)

P5.2/SOMI1 46 I SPImodeDio (Radio)

P5.3/UCLK1 47 O SPImodeDclk (Radio)

P5.4/MCLK 48 I/O General-purposedigital I/O pin Pale(Radio)

P5.5/SMCLK 49 General-purposedigital I/O pin Pclk (Radio)

P5.6/ACLK 50 General-purposedigital I/O pin Pdata(Radio)

P5.7/TBoutH/ 51

SVSOUT

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

P6.1/A1 60 I 12-bitADC - SensorBus

P6.2/A2 61 I 12-bitADC - SensorBus

P6.3/A3 2 I 12-bitADC - SensorBus

P6.4/A4 3 I 12-bitADC - SensorBus

P6.5/A5 4 I 12-bitADC - SensorBus

P6.6/A6/DAC0 5 I 12-bitADC - SensorBus

P6.7/A7/DAC1/ 6 I 12-bitADC - SensorBus

SVSIN

RST/NMI 58 I Resetinput - jtagconnector

TCK 57 I Testclock - jtag connector

TDI 55 I Testdatainput - jtag connector

TDO/TDI 54 I/O Testdataoutputport - jtag connector

TMS 56 I Testmodeselect- jtagconnector

VeREF 10 I/P

VREF 7 O

VREF-/VeREF- 11 O
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Table4.2: MCU Port Mapping.

Name Number I/O Mappedto

XIN 8 I Inputport for crystaloscillatorXT1.

XOUT/TCLK 9 I/O Outputterminalof crystaloscillatorXT1

XT2IN 53 I Inputport for crystaloscillatorXT2.

XT2OUT 52 O Outputterminalof crystaloscillatorXT2

4.2 Power

The power supplyblock usuallyconsistsof a batteryanda dc-dcconverterandhasthe purposeto

power thenode,sincethesensornodeneedsenergy to monitortheenvironment.

Sincewe are constructinga prototype,we optedto usean external power supply. A voltage

regulatorcouldbeadded,whosepurposeis to maintaintheoutputvoltageata �x edvalue.Below, we

discusssomeideathatcanbeusedin futureworks.

It mightbepossibleto extendlifetime of asensornodebyextractingenergy from theenvironment,

for examplelight, vibration andRF. Amirtharajahet al. have demonstrateda MEMS systemthat

extractselectricenergy from vibrations[4] . Nowadays,CMOStransistorsandsolarcell'sarrayscan

beco-fabricated.TheIcarusprocess[40] combinessolarcells,highvoltageCMOS,andSOI(Silicon-

on-insulator)-MEMSstructureson thesamedie. With theadditionof isolationtrenches,devicesand

MEMS structurescanbeelectricallyisolated,andsolarcellscanbestackedto yield highvoltages.

Table4.3[74] showsacomparisonof energy sourcesbasedonacombinationof publishedstudies,

theory, andexperiments.

ContinuumControlCorp.[21] haslaunchedtheiPowerenergy harvesters.Thesedevices,extract

electricenergy from mechanicalvibrations,motion,or impact,andstoreit for useby wirelesssensors

or otherelectronicdevices.

4.2.1 Batteries

Batteriessupplyenergy to the sensornode. It is importantto choosethe batterytype sinceit can

affect thedesignof a sensornode.BatteryProtectionCircuit to avoid theovercharge/overdischarge
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Energeticsource PowerDensity
Solar(outdoors) 15mW/cm2(directsun)

0.15mW/cm2(cloudyday)
Solar(indoors) 0.006mW/cm2(standardof�ce desk)

0.57mW/cm2(< 60Wdesklamp)
Vibrations 0,01-0,1mW/cm3

Acousticnoise 3E-6mW/cm2 a75dB
9,6-4mW/cm2 a100dB

Passivehuman-poweredsystems 1,8mW(shoeinserts)
Nuclearreaction 80mW/cm3 1E6mWh/cm3

Table4.3: Comparisonof energetic sources.

Battery Rechargeable Volumetricdensity(Wh/l) Environmentalconcerns
Alkaline-MnO2(AA) No 347

SilverOxide No 500
Li/MnO2 No 550
Zinc Air No 1150

SealedLeadAcid Yes 90 Yes
NiCd Yes 80-105 Yes
NiMH Yes 175 No
Li-ion Yes 200 Yes

Li-Polymer Yes 300-415

Table4.4: Batterytechnology Comparison.

problem,powervoltageregulatorandothercomponentsmaybeaddedto thesensornodes.

Thereare many typesof batteriesbeing available. Batteriescan be divide into primary (non-

rechargeable),andsecondary(rechargeable).They canalsobeclassi�edaccordingto electrochemical

materialusedfor electrodesuchasNiCd, NiZn, AgZn, NiMh, andLithium-Ion.

Table4.4,basedon [68] and[34], comparesmostcommonbatteries's types.NiMh andLithium-

Ion arethemostcommercializedrechargeablebatteries.

The batterytype will dependon the application. If thereis not a harvestenergy source,non-

rechargeablebatteryis agoodchoicesincethey havehigherenergy density. Amongtherechargeable

batteries,Li-basedbatteriesappearto bethebestchoice.However, therearea numberof othercon-

siderationsandtheproperchoiceof batterytechnologyis notobviouswithoutadetailedexamination

of theapplicationoperationalpro�le. For instance,in a pulse-dischargescenario,a Li batterywould
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performpoorlywhile aNiCd wouldperformwell dueto thelargedifferencesin theinternalresistance

of thesebatterytypes.Furthermore,Li-basedbatterycostis higher.

Amongtherechargeablebatterytypes,Nickel MetalHydride(NiMH) is theonly environmentally

friend product. Its energy densityis secondonly to Li-battery typesandit canbe rechargedat any

time without experiencingvoltagedepression(memoryeffect). The disadvantageis that it needs

overcharge/overdischargeprotection.

4.3 Comm unication

Sensornodesmustcommunicationamongthemandalsoto abasestationusingawirelesscommuni-

cationchannel.We explorethreepossibilities,laser, infraredandradiofrequency (RF)channels.

4.3.1 Laser comm unication

Theadvantagesof lasercommunicationsare:

� Spendlessenergy thanradioover largerrange.

� Security, sincethereis nobroadcastandif achannelis interceptedit would interruptthesignal

� No needfor antenna.

Thedisadvantagesare:

� Needsline of sight (”LOS”), sincethe laserbeamof thetransmittingdevice mustbe lined up

to thereceiver. It involvesnot only a temporalstepbut alsoaspatialacquisitionstep

� Sensibleto atmosphericconditions.

� The communicationis directionalanddueto the fact that sensornodeswill be deployed ran-

domly, this is notanattractivesolution.

The transmittingdevice usesa laserbeamto sendinformation and the receiver device usesa

photodiodeor CCDarray. Opticalcommunicationcanbeclassi�edinto two types,passiveandactive

communication. In active optical communication,the transmittingdevice generatesits own laser

signalwhereasin passive communicationthe lasersignal is generatedthrougha secondarysource.
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Hollar [39] reportsthattheactive laserconsumes50mA at3V andcouldestablishedcommunication

with distancesup to 21.4km. The passive costof transmissionis limited to the energy requiredto

de�ect oneof the mirrors, which in the caseof the MEMS corner-cube-re�ectors(CCRs)usedin

COTS Dustamountsto 100pJ/bit[39].

4.3.2 Infrared

Infraredcommunicationis usuallydirectional.Sincesensornodeswill bedeployedrandomly, agood

solutionadoptedbyPushPinproject[12] is touseadiffusermadeof sandblastedpolycarbonatetubing

to createamoreomni-directionalcommunicationrangewithin aplane.But, thenodestill needsto be

aligningwithin aplane.PushPinprojectadoptedtheIrDA transceiver83F8851[91]. Its disadvantage

is a short-rangeof about1m. Its maximumcurrentconsumptionin transmissionmodeis 10mA and

in receivemodeis 25 mA. Theadvantageof infraredis no needfor antenna.

4.3.3 Radio-frequenc y (RF)

RF communicationis basedon electromagneticwaves. Oneof themostimportantchallengesin RF

communicationsdevices is the antennasize. To optimize transmissionand reception,an antenna

shouldbeat least� /4, where� is thewavelengthof thecarrierfrequency. Assuminga sensornode

with a quarterwavelengthof 1 mm, theRF carrierfrequency is 75 GHz,which is out of therangeof

modernlow powerRFelectronics.It isalsonecessaryto reduceenergy consumptionwith modulation,

�ltering, demodulation,etc. RF communicationadvantagesareits easeof use,integrality, andwell

establishedin thecommercialmarketplace,whichmake it anidealtestingplatformfor sensornode.

Several aspectsaffect the power consumptionof a radio including the type of modulation,data

rate,and transmissionpower. In general,radioscanoperatein threedistinct modesof operation:

transmit,receive,idle. Mostradiosoperatingonidle moderesultsin highpowerconsumption,almost

equalto receivemode,thus,it is importantto shutdown theradio.

4.3.3.1 Modulation

Here,wediscusssomepopularmodulationschemes,On/Off key (OOK),AmplitudeShiftKey (ASK),

Frequency Shift Key (FSK), GaussianFrequency Shift Key (GFSK) andOffset-QuadraturePhase

Shift Keying (O-QPSK).
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ASK modulationofferstheadvantageof beingmoreimmuneto interferingsignalsthanOOK and

is easierto implementata lowercostthatFSK modulation.In ASK, thedatais transmittedusingthe

carrieramplitude.

OOK is thespecialcaseof ASK modulationwhereno carrieris presentduring thetransmission

of a zero. OOK modulationis a very popularmodulationusedin control applications.Due to its

simplicity andlow implementationcosts,OOK modulationhastheadvantageof allowing thetrans-

mitter to idle during the transmissionof a zero, thereforeconservingpower. The disadvantageof

OOK modulationarisesin thepresenceof anundesiredsignal.

Thedataat FSK modulationis transmittedusingdifferenttones.FSK modulationis commonly

believedto performbetterin thepresenceof interferingsignals.However, it is usuallymoredif�cult

andexpensiveto implement.

BothOOK andASK receiversrequireanadaptablethresholdor anautomaticgaincontrol(AGC)

in orderto ensurean optimal thresholdsetting. The FSK modulationdoesnot usuallyrequirethis

becauseit incorporatesa limiter that keepsthe signalenvelopeamplitudeconstantover the useful

dynamicrange[48]. Figure4.7[48] showsthedifferentmodulationsdiscussed.

Figure 4.7: Differentmodulationfor RF [48].

GFSKis similar to FSKbut usesaGaussian�lter . In aGFSKmodulatoreverythingis thesameas

aFSKmodulatorexceptbeforethepulsesgo into theFSKmodulator, it is passedthroughaGaussian

�lter to make the pulsesmoother, limiting its spectralwidth [15]. The purposeof the GFSK is to

makeamorebandwidthef�cient system[20].
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Figure 4.8: I/Q phasesof O-QPSK[18].

The modulationformat O-QPSKis shapedasa half-sine,transmittedalternatelyin the I andQ

channelswith onehalf chip periodoffset.Thismodulationformatis usedin theIEEE802.15.4stan-

dard.This is illustratedin Figure4.8[18]. Thedataatphasemodulationis transmittedsystematically

shifting thecarrierwave in uniformly degreeatspacedintervals.

For moreinformation,seeStallings[89]. Mathematicalmodelsof themodulationsschemesdis-

cussedabovearepresented.

4.3.3.2 Off-the-shelf radio components

RFM TR1000is a hybrid radio transceiver [76] that is very well suitedfor wirelesssensornetwork

application:it haslow powerconsumptionandsmallsize.TheTR1000supportsRFdatatransmission

ratesup to 115.2kbps,andoperatesat 3 V. In the115.2kbpsASK, thepower consumptionfor the

receiveris almost14.4mW, for thetransmitteris 36mW, andin sleepmode15mW. Thedisadvantage

is that thetransmitteroutputpower maximalvalueis 0.75mW. It is necessaryto amplify thesignal,

spendingmoreenergy.

The MICA platform, constructedusingRFM Monoliths TR1000,wasnot capableto handlea

greatnumberof sensornodessincethe lost packet ratio increasedwith the distancebetweenthe

sensornodes,asstatedin [47]. Figure4.9[47] illustratesthis fact.

Chipcon's CC1000is a very low power CMOSRF transceiver quali�ed for dataratesup to 76.8

kbit/s. It hasaninternalbit synchronizerthatsimpli�es thedesignof ahigh-speedradiolink with the

microcontroller. Thesignalinterfacecanalsobecon�guredfor aUART serialinterfacetakingbene�t

of thehardwareUART in a microcontroller. In power-down mode,theCC1000currentconsumption

is 0.2 � A. The CC1000is designedprimarily for FSK systemsin the ISM/SRDbandsat 315,433,

868and915MHz. Oneadvantageover TR1000is that it caneasilybeprogrammedfor operationat
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TinyOS keeps program files dependent on a specific 
 directory. We 

placed the files related to DOT3 platform under 
 directory. In Current 

the platform specific directories 
are scanned only when the nesC compiler is built unlike 0.6 

form specific files and modifying 
make files doesn’ t work. These are the steps to install DOT3 

DOT3 platform. We simply copied the statements for mica 
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Figure 4.9: Ratioof receiverpacket perdistancefor TR1000andCC1000components[47].

otherfrequenciesbetween300MHz and1000MHz. Anothergreatadvantageis thatit is possibleto

controltheoutputpower, thus,speci�ng thedesiredrangeof theradio,saving energy anddecreasing

interferenceproblems.It is alsopossibleto measurethereceivedsignalpowerwith theReceiveSignal

StrengthIndicator(RSSI),hence,it is possibleto haveanideahow distancethesensornodesarefrom

eachother.

The Mica2 andMica2-Dot platformsusethis radio component.Figure4.9 [47] illustratestheir

study, showing theratioof receivedpacketperdistanceof theCC1000radiocomponent.Their study

wasvery importantsinceit illustratesthedifferencebetweentheseradiocomponents.

Looking at the rangetestresultsin Figure4.9, the graphsconsistentlyhaddips at 300 and900

ft. Oncethe sendermoves farther from that distance,the receiver received the packets from the

senderagain. This happenedbecauseradio signalis propagatedthroughwaves. Radiowavesfrom

thesendertakedifferentpathswhile they travel andtheirphasecanchangewhenthey re�ect onsome

obstacles.Wavesof oppositephasecanceleachotherandtheresultingsignalbecomesweaker than

the sensitivity of the receiving node,thuspacketscannotbe detected.This phenomenonis called

Rayleighfadingandillustratedin Figure4.10[47].

More complex devices, like CDMA cellular phone,usemultiple antennaof differentphaseto

avoid this problem,but CC1000cannotusethis methodbecauseit hasonly a antenna.However,

usingmulti-hopsolvesthisproblem.

The radio componentdependson the frequency bandof the application. If a higher frequency

bandis desired,the LMX3162 [84] radio is an option. LMX3162 is a monolithic integratedradio
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Figure 20. Rayleigh fading  
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Figure4.10: Rayleighfading[47].

transceiveroptimizedfor usein ISM 2.45GHzbandwirelesssystems.

Bluetoothis a standardthatspeci�esa small-formfactors,low-cost,short-rangeradio links [9].

TheBluetoothstandardspeci�estheradio link, basebandlink, andthelink managerprotocol.Blue-

tooth devicesareclassi�ed into 3 power classes.The �rst power classis designedfor long range

(100m),with maximumoutputof 20 dBm and100mW. The secondclassis for ordinaryrangede-

vices(10m),with 4dBmand2.5 mW. Thethird power classis for short-rangedevices(10cm),with

0dBmand1mW[10].

Table 4.5 comparesBluetooth device (Philstar PH2401)with componentsalreadydiscussed.

Bluetooththroughputis high for a sensornode,sinceit increasesthe sensornodecomplexity to

receive dataat this high speed,thusnot beinga goodsolution. Bluetoothcanbe a goodsolution

for gateways or sensornodesthat needto transmitat high datarate suchas a video application.

Martin [52] shows that the Bluetoothdevice, may consume� ve moretimesthanCC1000andit is

suggestedfor applicationsthatareactiveovera limited time period,with few unpredictableburstsof

veryheavy network traf�c (takingadvantageof thehigh throughput).

Chipconhasalsoreleaseda new device, the CC1020. It hasfastdatarateof 153.6kbit/s. The

modulationformatsupportedareFSK,ASK andGFSK.An interestingwork is todevelopanextended

�nite statemachinemodulationschemethat changesthemodulationtypedueto channelcharacter-

istics. Themajordrawbackis thepower consumption,17.3mA to receive and13.7mA to transmit.

Realizethatthereceiving consumptionis biggerthanthetransmittingconsumption.This is anoppor-

tunity for new WSN protocols.

TRF6900is a Texas Instrumentstransceiver that operatesin 850 to 950 MHz band. Its main

advantageis a high datarate of 200 kbps. It also hasthe possibility to measureRSSI. Its main

disadvantageis thehighenergy consumptionto transmit(40mA).
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Micrel MICRF receiver family comprises418 to 433 MHz and900 MHz banddevices. Its ad-

vantageis that thearchitectureeliminatestheneedfor manualtuningof eachunit. You cansetthe

receiver to periodicallywake upandcheckfor incomingsignals.

Anotheroptionis to usearadiomoduleby ConexantSystems,Inc. TheRDSSS9MDigital Cord-

lessTelephone(DCT) chipsetusesa900MHz spreadspectrumRFcommunicationslink. Thechipset

hasanembedded65C02microcontrollerthatperformsall controlandmonitoringfunctionsrequired

for directsequencespread-spectrumcommunication(12 chips/bit)aswell asdataexchangewith the

processormodule.Theradiooperatesononeof 40channelsin theISM frequency band,selectableby

thecontroller. TheRF portionof theradio is capableof operatingat multiple transmitpower levels

between1 and100mW enablingtheuseof power-optimizedcommunicationalgorithms.

CC2420is the newestChipconproduct. The CC2420is a single-chip2.4 GHz IEEE 802.15.4

compliantRF transceiver designedfor low power andlow-voltagewirelessapplications.Its antenna

is of only 2.9 cm. It hasmany advantagesthat facilitate the channeldesign. It hasa true SPI bus

to interfacethe microcontroller, an internalFIFO, is the slave of the communicationbut can also

generateinterruptsignals,theRSSI(ReceiveSignalStrengthIndicator)is digital andapacket sniffer

softwareto debug alreadyexists. Although the power consumptionin receive modeis higherthan

CC1000,it is necessaryastudyto determinewhatdevicespendlessenergy perbit sinceCC2420has

an internalFIFO, which allows theMCU to sleepmoretime, andthedatarateis 250kbps,speding

lessenergy perbit transmitted.Themodulationis O-QPSK,having adifferentphysicallayer, thus,it

is not compatiblewith CC1000.Thedisadvantagesarethat it hasa smallrange(lessthan50m),and

beingIEEE 802.15.4compliantdoesnot allow thestudyof new algorithmsat datalink layer(MAC

andLLC) sincethey arealreadyde�ned.

Table4.5 summarizesthis discussion,presentingthe characteristicsof the radio COTS devices.

The dBm is a relative power unit de�ned asthe ratio of the power in Watts to onemilliw att as in

Equation4.2.For example,0 dBmis equalto 1mWof power.

Power(dBm) = 10� log(Power in Watts=0:001Watt): (4.2)

The receiver sensitivity and transmitterpower are importantto determinethe range. Rangeis

usuallyestimatedwith statistics[19]. The radio link budgettells how muchlossexits betweenthe
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transmitterandthereceiver, andis givenby [19]:

PLB = TX Transmitter Power + TX antenna Gain + RX antenna Gain � RX sensitiv ity

(4.3)

In this budgetmodel,theantennais takenexplicitly into account.Theantennagainhasasgreat

in�uence to the transmitterpower andsensitivity. Basedon the radio link budget,it is possibleto

estimatetherange.

TR1000 CC1000 LMX Philstar TRF6901 MICRF CC2420

3162 PH2401 103/003

Modulation OOK/ FSK N/A GFSK FSK/ OOK/ O-QPSK

Type ASK OOK ASK

Carrier 916,5MHz 300to 2.45GHz 2,4GHz 868to 800to 2.4GHz

Frequency 1000MHz 928MHz 1000MHz

Operating 3V 2.1V to 3.0to 1.8V 1.8to 4.75V to 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@ 9.6mA@ 27mA < 20mA 18mA 4mA @ 19.7mA

Receive 115.2kbps 868MHz 868MHz

Mode 1.8mA@

2.4kbps

Throughput OOK up to 1Mbit/s Up to 20kbps 250kbps

30kbps 76.8kbit/s 200kbps

ASK

115.2kbps

Receiver -97dBm@ -110dBm -93dBm -84dBm -99dBm -95dBm -94dBm

Sensitivity 115.2kbps @ 2.4kBaud

Transmitter 0dBm -20 to -7.5dBm +2dBm 9dBm -3 dBm -24 to

Power 10dBm 0dBm

Table4.5: Radiocomponents.



CHAPTER4. BEAN HARDWARE COMPONENTS 42

4.3.3.3 Wake up Radio Challeng e

An importantchallengefor thecommunicationblockunit is thedesignof awakeupradio,alow-power

radiothatcanreceiveverysimplecommunicationandin particulardetectswhetheracommunication

with its own nodeis desired.In this case,it canpower up the main radio thatwill thenreceive the

actualcommunication.In PCs,externaleventssuchaskeyboardpressesor arrival of network packet

result in the entiresystemwakingup. However, in sensornodes,this approachis not valid sinceit

is highly desirableto turn off the radio becauseit is usuallymorepower consumerthan the other

components.Turning off the radio, unfortunately, meansthat a neighboringnodethat detectedan

interestingevent cannotwake a nodeup. This can lead to missedeventsandpackets, increasing

latency andwastingenergy. Hence,a radio technologicalchallengeis to have an ultra low-power

communicationchannelto wake up neighboringnodeson demand.Currently, suchwakeupradios

arestill anareaof active researchin chip designandcommunicationsresearch.

4.4 Sensing Unit

The sensingunit is composedof a groupof sensors,which aredevicesthat produceelectricalsig-

nalsto a changein a physicalcondition.Sensorscanbeclassi�edaseitheranalogor digital devices

dependingon the type of outputthey produce.Many typesof sensorexist, asfor examplemagne-

tometer, accelerometer, light, temperature,pressure,humidity,seismicsensor, gassensorfor H2S,O2,

sonarrangers,arraysensorsfor images.Giventhediversityof sensors,thereis no typicalpowercon-

sumption,asillustratedat Table4.6. Thetypeof sensorsbeingusedin a sensornodewill dependon

theapplicationpurpose.Thesensortypecanalsoaffect theradiodesignsinceit couldneeda higher

throughputlike imagesensors.

Magnetometersaresensorsthat measuremagnetic�elds. They canmeasure60 Hz �uctuations

from power lines or the Earth's naturally occurringmagnetic�eld. Accelerometersusecapacity

sensingto measuredistancebetweenareferencemassandaproofmass.Thewordaccelerometeris a

bit of a misnomersinceforceis theunit beingmeasure.Accelerometerscanmeasurethemagnitude

anddirectionof Earth'sgravity.

An orientationunit canbedesigncombiningthreecomponentsbetweenaccelerometerandmag-

netometers.Eachsensorshouldbemutuallyperpendicular. Rotatingtheorientunit, eachsensorde-

tectstheEarth's magnetic�eld anddetectsthenew orientation.An applicationthatusesthis scheme
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Typeof Current Voltage Min/Max Accuracy Product
sensor Consumption range range Accuracy

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 0 to26mW/m2 6mW/m2 H53371
sensor ESSD

Temperature 600uA 2.7-5.5V -20oC/100oC 0.25oC AD7418
sensor Analog

Pressure 650uA 2.7-5.5 0.6gauge 2.4mPSI SM5310SMI
sensor @14,4PSI

Humidity 200uA 4-9V 0-100%relative +/-2%RH HIH-3605
sensor humidity Hy-Cal

Table4.6: Sensortypesspeci�cations.

is [39].

Sensorshaveastartuptime, in otherwords,minimumtimeafterturnedonto correctsampledata.

It is desirablethatthestartuptimebeassmallaspossiblebecauseit is requiredto turnoff thesensors

to reduceenergy whenthey arenotbeingused.

In the deploymenton GreatDuck IslandProject[71], someissuesaboutsensorswere learned.

Someof the readingsfrom the Mica WeatherBoardwereout of range. The solutionswereto use

all digital calibratedsensors,increasesensoraccuracy andreducestartuptime. It hasalsohave to

decoupletheentirecircuit from thepower lines.

4.4.1 Sensor Bus

It wasdesirableto constructa sensornodeprototypethat is easilyexpandableto supporta varietyof

applications.Thesolutionis to de�ne a sensorbus. Theexpansionconnector(sensorbus)provides

a userinterfacefor additionalsensorboards. Hence,to �t an application,it is only necessaryto

constructaspeci�c sensorboardandconnectit to theexpansionconnectorof BEAN. For example,for

thelocalizationapplicationa sensorboardwith ultrasound;for a weatherstationa sensorboardwith

temperature,light, andhumiditysensors;tocollectvibrationdata,asensorboardwith accelerometers.

TheBEAN sensorbusshouldbesmallbut alsocompleteandgeneric.Thesensorbussignalscan
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beclassi�ed in thefollowing types:

� power - power typethatincludesdigital andanalogpowerandground;

� interrupt - interruptsignalsarecapableof generatinginterruptat theMCU;

� UART/USART interface - include the Rx andTx signalsandalso the clock signal for the

USART interface;

� PW - digital I/O thatcontrolpowerof peripheralsensors;

� ADC - analoginputsfor readinganalogsensoroutputs;

� SPI - serialSPIinterface(SIMO,MISO,CLK);

� I 2C- serialI2C interface(SDA,SCLK);

� PWM - signalsfor readingdigital sensoroutputsatpulsewidth format;

� Reset- signalcapableof resettingthesensornode.

After classifyingthesensorbussignals,theBEAN sensorbuswasde�ned. Table4.7 shows the

assignedsensorbuspin signals. BEAN sensorbushas31pins. It hasat leastasignalfor eachsensor

signaltypepreviouslyde�ned. AlthoughtheMCU haseightADC pins,sinceonepin wasnecessary

for the radio connector, seven ADC pins were left for the sensorbus. The BEAN PW signalsare

digital linesthatmayhave otherpurposesthanpower control,like readingdigital sensors.Table4.7

alsodepictstheMica2 (51pins)andMica2-Dot(18pins)sensorbus.

4.5 Other components

HerewepresenttheothercomponentsthatcomposeBEAN.

4.5.1 Extended memor y

Many algorithmsandapplicationsrequireda largenumberof datato bestored.Theamountof RAM

in themicrocontrolleris limited. Thesolutionto this problemis to addanexternalmemorydevice

thatwill work assecondarystoragelikeaharddiskin aPersonalComputer.



CHAPTER4. BEAN HARDWARE COMPONENTS 45

Type/Platform BEAN (31pins) Mica2Dot(18pins) Mica(51pins)
Power GND(2),VCC,AVCC 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 ProgSimo,Progmosi,clk
I2C Sda,sclk Clk,data

PWM 0-1 Pwm1b 0,1A,1B
Reset Reset Resetn Rstn
Other Rd,Wr,Ale

ThermPWr,Bat Mon
AC+,AC-,Led1-3

Thru1-3(noconnection)

Table4.7: Sensorbuscomparison.

Many typesof memorydevicesareavailablefor usein embeddedsystems.We will discusstwo

typesof programmablenon-volatilememorydevices,EEPROM andFlash.

EEPROM meansElectrically-Erasable-ProgrammableROM. They areinternallysimilartoEPROMs

(erasable-and-programmable),but theeraseoperationis accomplishedelectrically, ratherthanby ex-

posureto ultraviolet light. Any byte in the EEPROM canbe erasedor rewritten. Oncewritten, the

new datawill remainin thedeviceuntil is electricallyerased.

Flashmemoryis the mostrecentadvancementin memorytechnology. It combinesall the best

featuresof thememorydevices. Flashmemorydevicesarehigh density, low cost,nonvolatile, fast

to read,andelectricallyreprogrammable.FlashandEEPROM memorydevicesarevery similar to a

softwareviewpoint. Themajordifferenceis thatFlashdevicescaneraseonly onesectorata time,not

a singlebytelevel. EEPROM is relativemoreexpensivethanFlash.

TheScatterwebproject[82] chosethememorycomponent24L64.Theadvantagesof this device

arethat thereis alreadya softwaredriver by TexasInstrumentsfor theMSP430MCU [59] andit is

low power. But this componentcommunicatesthroughI2C, thusit is slower thanSPIdevices. For

instance,to write 32 bytes,it spends5ms.TheMica2 moteusestheAT45DB041memorydevice. It

is a SPIbusbut it canconsumetoomuchenergy. TheM24M01consumesonly 2mA on write mode.

Thedisadvantageis thatit usesI2C to communicate,soit is alsoslow. M24M01 will spend20 msto

write 256bytes,thus,40ms*mA per256writtenbytes.TheM25P40[60] will spend22.5mA*msper
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Component 24L64 AT45DB041 M24M01 M25P40
Type EEPROM Flash Flash Flash
Bus I2C SPI I2C SPI

Write current 3mA 15-35mA 2mA 15mA
Write time 5ms(32bytes) 7-14ms 10ms(128bytes) 1.5-5ms(256bytes)

Table4.8: MemoryComparison.

256written bytes.AlthoughM24M01 hasthe lower write current,it is not the lower power device.

We choosethe ST M25P40,a serial �ash memorythat is fastandcanbe switchedto a low power

modewhenit is notused.Table4.8 illustratestheabovediscussion.

4.5.1.1 M25P40

TheM25P40is a4 Mbit (512Kx 8) SerialFlashMemory, with writeprotectionmechanisms,accessed

by a high speedSPI-compatiblebus. Thememorycanprogramm1 to 256bytesat a time, usingthe

PagePrograminstruction.Thememoryis organizedas8 sectors,eachcontaining256pages.Each

pageis 256 byteswide. Thus, the whole memorycanbe viewed asconsistingof 2048pages,or

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

time,usingtheSectorEraseinstruction.Figure4.11[60] showsthememoryschematicandTable4.9

explainsthepin assignment.

1

AI04091B

2
3
4

8
7
6
5 DVSS

C
HOLDQ

S VCC

W

M25P40

Figure 4.11: M25P40[60].

C SerialClock
D SerialDataInput
Q SerialDataOutput
S Chip Select
W Write Protect

HOLD Hold
VCC SupplyVoltage
VSS Ground

Table4.9: MemoryPin Description.
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Pin Description
TCLK A clock input thatsynchronizestheJTAG port logicaloperations
TMS A testmodeselectinput thatis sampledon therisingedgeof the

TCK to sequencetheinternalstatemachinecontroller(TAP Controller).
TDI Theinput testdatastreamthatis sampledon therisingedgeof theTCK
TDO Theoutputtestdatastreamthatis sampledon thefalling edgeof theTCK
TRST An active low asynchronousreset

Table4.10: JTAG interfacepin.

4.5.2 Debugging

For debugging,four LEDSareaddedto theprototypedesign.Thus,thesensornodecanmapsixteen

statesto bedebugged.Thecurrentconsumptionof theLEDS canbeashigh astheradiochannel,so

it is advisedto usethemonly for debugpurpose.

A JTAG (Joint TestAction GroupIEEE1149.1)interfaceis usedto programanddebug the mi-

croprocessor. JTAG wasdesignedto supplementthe boardtesterby connectingall the testpointin

the boardto individual bits of a long shift register. JTAG is an openstandard.However, the JTAG

standardonly de�nes thecommunicationsprotocolto usein theprocessor. How theJTAG connects

thecoreelementsandextensionarespeci�c of aparticularmanufacturer.

Becausethe JTAG implementationis a serialprotocol, it requiresfew microprocessorI/O pins.

Table4.10describesthepin for theIEEE1149.1JTAG interface.

A RS-232interfacecouldbeaddedto thedesign,but sincewealreadyhavetheJTAG interface,it

wasnot reallynecessary.

4.5.3 Serial Number

It is desiredthateachsensornodehaveauniqueidenti�cation, suchasanumber. A softwaresolution

is to write a numberin thememorydevice at theprogrammingphase.Althoughthis is anoption,a

hardwaresolutionis moreelegant. DallasSemiconductordevices,suchasDS2401,offer a unique

ROM codethatcontainsa 64-bit number. We optedfor a hardwaresolution,usingtheDS2417[27],

which containsthesameuniqueserialnumberfeature.

The 64-bit number, wherethe �rst eight bits are a 1-Wire family code,the next 48 bits are a

uniqueserialnumberandthelasteightbitsareaCyclic Redundancy Check(CRC)of the�rst 56bits,
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Figure 4.12: DS2417[27].

is uniquelyproducedby DallasSemiconductor. Thisnumberassuresabsolutetraceabilitybecauseno

two partsarealike,facilitatingdevicemanagement.

Thisserialnumberdoesnotnecessarilyhave to betheidenti�cation numberfor aWSNprotocol.

A 48-bit numberis usuallytoo large to be sentin a sensornodepacket. A solutionis to usea bit-

maskbut this solutiondoesnotguaranteeuniqueness.Otherapproachis to usesmalleridenti�cation

numberandtheWSNmanagementcouldkeepaconversiontablebetweentheidenti�cation protocol

numberandthe48-bit serialnumber.

4.5.4 Real Time Cloc k

It is desiredto know thetime whenaneventhappens,like keepingrecordwhena sensorsignalwas

read. Adding a real-timeclock allows thesensornodeto time anddatestamp,or createa logbook.

It is alsopossibleto createa real-timeclock with themicrocontroller, but it is alsodesiredto put the

microcontrollerin the low-power modeto save energy. This solutionwould make thesoftwarevery

complex. A moresimpleapproachis to adda real-timeclock.

The DS2417time chip [27] offers a simplesolutionfor storingandretrieving vital time infor-

mation with minimal hardware. It containsa uniqueserial number, and real-timeclock/calendar

implementedas a binary counter. It usesthe 1-Wire protocol, thus, only one pin is requiredfor

communicationwith thedevice.

The DS2417hasclock accuracy +-2 minutesper month at 25oC and usesa binary time/date

representationwith 1secondresolution.Figure4.12shows theDS2417packageandTable4.11the

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 Power inputpin. 2.5V to 5.5V.

5, 6 X1, X2 Crystalpins.Connectionsfor astandard32.768kHzquartzcrystal

Table4.11: DS2417Pin Description[27].

4.5.5 Measuring Energy

A differential in BEAN's project is that it is possibleto measurethe power consumptionof each

component(radio,MCU, sensorbus,externalmemoryandoverall). We adda shuntresistorin the

power supply of eachcomponent,allowing the measurementof the power consumption. To our

knowledge,this is the�rst sensornodeprototypewhichsuchfeature.

BEAN is alsocapableof measuringit own overall power consumption.Usinga jumper, theuser

cancon�gure BEAN to measureatportnumber6.5its powerconsumptionor theADC signal5 from

thesensorbus.

Another interestingoption is to connectthe BEAN sensorbus to the energy measurepointsof

anotherBEAN. Thiswould leadto anew methodologyto evaluateon-the-�y thepowerconsumption

of WirelessSensorNetwork algorithmsandsincetheactionof measuringthepowerconsumptionwill

bedoneby theanotherBEAN, themeasurementwill beindependentandnot corrupted.Figure4.13

illustratesthisnew methodology.

Base station

BEAN-
executing
algorithms

BEAN-
measuring
     energy

Figure4.13: A new methodology to evaluateon-the-�y thepowerconsumptionof WSNalgorithms.
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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 shown at Figure4.14. We identify � ve blocks. The �rst block is an optional �lter . The

secondpart is usedto machthe transmitterandreceiver to 50 Ohmsantennaimpedance.The third

block is composedof voltagesupplyde-couplingcapacitors.Thesecapacitorsshouldbe placedas

closeaspossibleto thevoltagesupplypinsof CC1000.Block numberfour is aninductorto determine

theoperatingrange.Thevoltagecontrolledoscillator(VCO) is completelyintegratedexceptfor this

inductor. Finally, thelastblock is thecrystaloscillatorcircuit.

4.6.2 Interfacing Radio and the Micr ocontr oller

This sectiondiscusseshow theCC1000canbeinterfacedto theMCU. Theonly requirementis that

the MCU to have enoughfree I/O pins. To con�gure the CC1000,threeI/O pins arerequired(one

bidirectionalandtwo outputpins). The pins connectedto PDATA (ProgrammingData)andPLCK

(ProgrammingClock)canbesharedwith othercircuitry, providing thesecircuitsarenotactivewhen

thecon�guration interfaceis active. ThePALE (ProgrammingAddressLatchEnabled)signalmust
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Figure4.15: CC1000-MCUHardware Interface[96].

bedrivenby a pin dedicatedonly to interfacingtheCC1000.For thedatainterface,two I/O pinsare

required,onebidirectionalfor DIO (DataInput/Output)andoneinput for DCLK (DataClock). The

pin usedto interfacewith DCLK shouldbeableto generateaninterrupton signaledges.Figure4.15

shows theCC1000-MCUhardwareinterfacecon�guration.

In power-down mode,theCC1000pinsassumethestatesdescribedin Table4.12.

Pin Description
PDATA Input
PCLK Input
PALE Input with internalpull-up resistor
DIO Input

DCLK High-impedanceoutput

Table4.12: CC1000Pins.

4.6.2.1 Con�guration Interface

TheCC1000is con�gured usingthePCLK, PDATA andPALE signals.Thecon�guration registers

arealsoreadable,sothattheusercanverify settingsandreadstatusbits.

Using general-purposeI/O pins to handlean interfacein this way is called”bit banging”. This

approachis very�e xible,astheuseris freeto useany I/O pinsonthemicrocontroller, but thesoftware

is morecomplex andit is alsoslower thanusingahardwaresolution.Thebiggestadvantageof using

a hardwareinterfacemoduleis thatthecommunicationis fasterthan”bit banging”.
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CC1000 MCU

PALE

PCLK

PDATA MOSI

MISO

SCK

General I/O

Figure4.16: SPICon�guration Interface[96].

Thealternative is to useasynchronousserialinterfaceto interfacewith theCC1000.An SPImas-

ter interfaceor sometypesof USART (UniversalSynchronous/AsynchronousReceiver/Transmitter)

aresuitable.Wheninterfacingwith anSPImaster, theMISO (masterin, slaveout)andMOSI (master

out, slave in) pins shouldbe connectedtogether. The MOSI pin shouldbe con�gured asan input

whenreadingfrom theCC1000.A freegeneralI/O pin canbeusedto interfacewith thePALE pin

of theCC1000asshow in Figure4.16. TheotherSPIsignalsareSCK (SerialClock) andSS(Slave

select).SSis not usedwheninterfacingtheCC1000with anSPIinterface.

Thesoftwaredrivermustbecarefulto avoid short-circuitsincetheMISO andMOSI areconnected

together. If both port arecon�gured asoutputandemit differentsignalsat the sametime, it may

damagethecircuit.

ChipconrecommendsresettingtheCC1000(by clearingtheRESETN bit in theMAIN register)

whenthechipis �rst poweredup. All registersthatneedto becon�guredshouldthenbeprogrammed.

Registerscanbeprogrammedfreely in any order. TheCC1000shouldthenbecalibratedin bothRX

andTX mode.After this is complete,theCC1000is readyfor use.

4.6.2.2 Data Interface

Thedatainterfacecanbeinterfacedusinggeneral-purposeI/O pins. TheDCLK pin on theCC1000

shouldbeconnectedto an input pin thatcangeneratean interruptto theMCU. DIO shouldbecon-

nectedto abi-directionalI/O pin.
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CC1000 MCU

DIO

DCLK SCK

MISO

MOSI

Figure 4.17: SPIdataInterface[96].

In TX mode,the interruptshouldbe 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 therisingedgeof DCLK. Whentheinterruptoccurs,readthedatafrom theI/O pin.

Note that datatransferredto/from the MCU is alwaysNRZ coded,regardlessof whetherSyn-

chronousNRZ or SynchronousManchestermodeis selected.Themodesettingonly affectsthesignal

modulatedontotheRFcarrier. TheManchesterencoding/decodingis performedby theCC1000.

Thedatainterfacecanalsobeconnectedto a synchronousserialinterfacein thesameway asthe

con�gurationinterface.In thiscase,sincetheCC1000providestheDCLK signal,themicrocontroller

mustact asa slave. If an SPI interfaceis used,the MISO signalpin mustbe setasan input when

readingdatafrom the CC1000,as illustratedin Figure4.17. Whenreceiving, the microcontroller

softwaremusthandlebyte synchronization.This involvesdetectinga start-of-frame(SOF)unique

identi�er, which is sentafterthepreamble.Whenthisword is detected,theserialinterfaceis enabled,

andfrom thereonout, thereceiver is byte-synchronizedwith thetransmitter.

TheMSP430F169hastwo USART Modules.Eachmodulecanbecon�guredexclusively to work

asSPImoduleor UART module.Onemodule(USART0) wasconnectedto theexternalmemoryand

sensorconnector. Thus,only oneSPImodulewasavailablefor theradio interface.We choseto use

the SPI moduleto connectthe radio datainterface. The radio con�guration interfaceis connected

usinggeneralI/O, in otherwords,thecommunicationprocesswill bedoneusing“bit banging”.For

debuggingpurpose,it is alsopossibleto communicateto theradiodatainterfaceusing“bit banging”.

An additionalconnectionto an interrupt enableport (port2.0)was connectedto the radio device.
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Memory
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Figure4.18: ConnectionMCU USARTModulesto otherBEANComponents.

Theseconnectionareillustratedin Figure4.18.

ThememorydeviceusestheUSART0 in themodeSPIandthesensorbusasUART, thus,it is not

possibleto usebothsimultaneously. TheMSP430F16xxfamily alsohasanI2C interfaceembedded

at theUSART0 Modulebut it is notbeingused.

If projectinga MCU, it would be interestingto constructthreeSPI module,oneUART module

andoneI2C module,sotheradiocouldconnectto usingSPImodules,theexternalmemoryusingthe

otherSPI,andthesensorbususingtheI2C andUART modules.

4.6.2.3 Other features

The CC1000supportstwo encodingstrategies,NRZ (non-returnto zero)andManchester, asillus-

tratedin Figure4.19. TheNRZ mapthedatavalue1 onto thehigh signalandthedatavalue0 onto

low signal.TheManchesterencodingmergestheclockwith thedatasignalby usingtheexclusive-or

(XOR) function.TheManchestercodeusuallyresultin lesstransmissionerrorbut it only useshalf of

bit rate.TheCC1000includesaManchesterviolationbit availableat theCHP OUT pin if theLOCK

registeris correctlycon�gured.

CC1000allows programmingthe operatingfrequency. The operationfrequency is setby pro-

grammingthefrequency wordin thecon�gurationregisters.Therearetwo frequency wordsregisters,

termedA andB, whichcanbeprogrammedto two differentfrequencies.Oneof thefrequency words

canbeusedfor RX (local oscillatorfrequency) andotherfor TX (transmittingfrequency) in orderto

beableto switchvery fastbetweenRX modeandTX mode.They canalsobeusedfor RX (or TX)

at two differentchannels.Frequency wordA or B is selectedby theF REGbit in theMAIN register.
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Figure 4.19: Differentencodingstrategies[16].

TheFSK frequency separationis programmedatFSEP(1:0)registers.

TheRSSI/IFpin is optionalpin to interfaceto MCU. An analogueRSSIsignalis availableat this

pin. TheRSSIshouldbeturnedoff whennot in use,astheRSSIcircuitry consumesaround0.3mAin

receivemode.TheRSSIis connectedto anADC, which is amicrocontrollerbuilt-in peripheral.The

RSSIoutputrangesbetween1.2and0 V.

TheRFoutputpower is programmableandcontrolledby thePA POW register. Controllingtrans-

mit power andmeasuringtheRSSIhasmany advantages.Theoutputpower canbeprogrammedto

reducetheenergy that is usedto communicateto relatively closeneighbors.It allows a sensornode

to adjustthenumberof neighbors.It minimizesinterferenceandalsocanbe usedto determinethe

relativepositionof thesensornode.Figure4.20illustratestheprogrammableoutputpowercapability.

ThesignalTable4.13showssomevaluesfor outputpowersandthetypical currentconsumption.

Theminimumoutputpower is -20dBmandthecurrentconsumptionis 8.6mA.At 0 dBm,thecurrent

consumptionis 16.8mA. Themaximumoutputpower is 5dBmandthecurrentconsumptionis 25.4

mA.

4.6.3 CC1000PP

ChipconhasdesignedtheCC1000PPplug-and-playmodule(Figure4.21),which is availablein the

CC1000DevelopmentKit, to serveasa referencedesignandenableveryquickprototypingof anRF

system.

TheCC1000PPmodule(28x20mm) containsall RF componentsrequiredfor properoperation.
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Figure4.20: Programmableoutputpowerallowschangingradio range.

OutputPower (dBm) CurrentConsumption(mA)
-20 8.6
-15 9.3
-10 10.1
-5 13.8
0 16.8
5 25.4

Table4.13: Outputpowersettingsandtypical currentconsumptionat 868Mhz.

Figure4.21: CC1000PP[17].
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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

Table4.14: Pin descriptionof RadioConnector.

This includestheCC1000,aswell asa referencecrystalandaLC output�lter . In a ready-built form,

theCC1000PPis idealfor quickprototyping.Themodulemaybeconnectedto aprototypingboardor

PCBcontainingtherestof thesystem.TheCC1000can,in this way, betestedin a completesystem

without having to createacustomRF PCBlayout.

4.6.4 Radio Connector

To allow the developmentof other radio boards,BEAN de�nes a radio connectoras illustratedin

Table4.14. Thepin descriptionnamesaretheradiosignalsfrom CC1000.Usinga radioconnector,

it is possibleto modify theradiodesignwithout changingBEAN. For instance,usinganadapterit is

possibleto usetheCC1000PPmodule.

Theradiochannelimplementedwasdesignedasanunder-graduatetermprojectat theElectrical

EngineeringcourseatUFMG [23]. TheradioboardusedtheCC1000PPdesignasaguidelineandits

interfacematchesBEAN radiobus.Theschematicandlayoutarepresentedin AppendixD, andwere

performedby thestudentCésarAlmeidaKhouri.

4.7 Project Decisions

In this section,we discussthe major project decisionstaken during the designof BEAN project.

BEAN major requirementis to be energy-ef�cient, thus, BEAN project focus on energy-ef�cient

COTS.

BEAN MCU needsto beenergy-ef�cient, with differentoperatingmodes,andfastwake-uptime.

It doesnotneedto haveextremelypowercomputabilityasa32-bitmicrocontroller. TheMCU should

hasanembeddedJTAG interfaceto facilitatetheprogramminganddebuggingphases.BEAN MCU

choiceis the MSP430F169sinceit hasa 16-bit CPU and is ultra-low power. It hassix different
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operatingmodesthat are fully supportedduring interruptevent handling. The MSP430consumes

lessthan400mA in activemodeoperatingat 1 MHz in a typical3V systemandcanwake up from a

2-mA standbymodeto fully synchronizedoperationin lessthan6 � s.

BEAN communicationchannelneedsto be bi-directionalto supportdifferentoperatingmodes,

to beenergy-ef�cient, allows settingtheoutputpower, andhave relatively slow daterate.Therange

shouldbe between1 to 250 meters. BEAN Radio choiceis the ChipconCC1000. CC1000is a

very low power CMOS RF transceiver quali�ed for dataratesup to 76.8kbit/s. It hasan internal

bit synchronizerthat simpli�es the designof a high-speedradio link with the microcontroller. In

power-down mode,theCC1000currentconsumptionis 0.2 � A. Anothergreatadvantageis that it is

possibleto control the outputpower, thus,specifyingthe desiredrangeof the radio, saving energy

anddecreasinginterferenceproblems.It is alsopossibleto measurethe receivedsignalpower with

the RSSIsignal,hence,it is possibleto have an ideahow distancethe sensornodesarefrom each

other.

At thesensorunit, BEAN is genericsinceit hasawell-de�ned expansionbus,beingcapableof a

largenumberof applications.For thenearfuture,BEAN will usethetemperaturesensorTMP37[26],

to developanapplicationverysimilar to theSensornetprojectexperiment.

BEAN externalmemoryshouldbeenergy-ef�cient, not tooslow andoperateonlow-powermode.

BEAN usesasan externalmemorythe ST M25P40,a serial �ash memorythat is fastandcanbe

switchedto a low powermodewhenit is notused.

BEAN hasanuniqueserialnumberanda Real-timeClock thatallows themicrocontrollerto go

to thelow-powermodewithout loosingtime-control.TheDallasSemiconductorDS2417is used.

BEAN hasshuntresistorsin the power supplytrack for eachcomponentto measurethe power

consumption(radio,MCU, sensorbus,externalmemoryandoverall).

BEAN wasdesignedto usetheMCU clockmoduleLFXT1CLK with a32,768-Hzcrystalandthe

DCO at7.358Mhz.Theoperatingvoltageis 3.3V.

Table4.15summarizesBEAN majorcomponents.

Theschematicandlayoutarepresentedin AppendixA andB andwereperformedby theunder-

graduatestudentRangelFlávio ResendeLeiteunderaSensornetProjectgrant.
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BEAN
Microcontroller

Type MSP430F169
ProgramMemory 60KB
DataMemory 2KB

Storage
Chip M25P40
CommunicationType SPI
Size 4Mbit

Communication
Radio CC1000
Speed Up to 76.8Kbps
ModulationType FSK

Extra
RTC DS2417
ID DS2417

Table4.15: BEANOverview.



Chapter 5

BEAN API

Computerscienceis no moreaboutcomputersthanastronomyis about
telescopes.

E.W. Dijkstra

TheBEAN projectalsoincludesthedevelopmentof softwarecomponents.BEAN API is com-

posedof an applicationprogramminginterface(API) and the componentsthat implementit. The

API is a setof functionalitiesto control,con�gure andprovide servicesof thehardwarecomponents

throughawell de�ne interface.Appendix C detailstheAPI parameters.

Figure5.1showstheBEAN API. It is composedof driversthatcontrolthehardwareandprovides

asetof functionalitiesto theupperlayer. Althoughtimers,ADCs,I/O pinsareperipheralunitsof the

microcontroller, they wereseparatedin the �gure to betterexplain the hardware/softwareiteration.

Althoughall softwarerunsinsidetheMCU, the �gure try to explain which softwaredriver controls

eachhardwarecomponent.TheRTC andSerialNumberhardwarecomponentscommunicatesto the

MCU throughthe 1-Wire softwareprotocol. The externalmemoryandradio communicatesto the

MCU throughtheSPImodule.Timersarecon�gured usingtheDigital Clock andTimer Driver. To

measurethe power consumptionand the sensorsignals,it is necessaryto usethe ADC, which is

controlledby theADC Driver.

TheFigure5.1alsoexplainstheiterationbetweensoftwaremodules.MemoryandRadiosoftware

componentsneedtheSPIdriver. Theradioalsoneedsto becon�guredandusestheQueuemodule.

TheAPI communicatesto anupperlayerthatis anoperatingsystembeingconcurrentlydeveloped

for BEAN, calledYetAnotherOperatingSystem(YATOS) [97]. It is a low poweroperatingsystemde-

60
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signto attendtherequirementof WSN,suchasmemoryandenergy constrains.It is event-driven,has

a schedulerwith priority mechanism,andusestheBEAN API. Hence,thedeveloperhasacessesto

importanthardwarefunctionalitiesimplementedin BEAN API suchaschangingthemicrocontroller

operatingmode.

MCUPower Radio

API

I/O Sensor
Analog/Digital

Memory

ADC
Driver

RTC
Serial

ID

1-Wire
Led

Driver

SPI Configuration

Timer
Driver

Timer

Queue

Memory
Driver CC1000

Config

Radio Driver

MCU
Config

Digital
Clock

Hardware

Software

L
E
D

Figure 5.1: BEANAPI

5.1 Driver s

Themajorsoftwarecomponentsare:

� MCU Con�g - TheMCU con�gurationblock allowschangingtheMCU operatingmode.The

MCU hassix differentoperatingmodesandis fully supportedduringinterrupteventhandling.

Therearetheactivemode(AM) and� ve low-powermodes(LPM0, LPM1, LPM2, LPM3 and

LPM0, LPM4). We actuallyonly needto usetwo operatingmodes,the active modeandthe

LPM3 sincethis is themosteconomicaloperatingmodethatdoesnot completelyturn off all

clocks.

� ADC Dri ver - The ADC driver functionality is usedto con�gure andmanipulatethe ADC

hardwaremodule.This driver is usedto measuretheanaloginput signalsprovidedby sensors

or thesupplyvoltagelevel.
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� 1-Wir e- 1-Wire moduleimplementsthe1-Wire serialprotocol.It is usedto communicatewith

DS2417[27] component.

� Digital Clock - This modulecon�gures the MCU clock providing a way to set the internal

clockasamultipleof thebasicclock, the32KHz oscillator.

� Timer Dri ver - TheMCU hasasetof timers,whichcanbecon�guredandsetusingthisdriver.

� LED Dri ver - TheLED driver is asetof functionsto controlthestate(on/off) of four LEDs.

� SPI Dri ver - A SPI modulecon�guresthe SPI hardware. This serialprotocolis usedby the

externalmemoryandradio.

� Queue- A Queuemoduleimplementsacircularqueueabstractdatatype.Theradiodriveruses

this module. The queuemoduleis independentof the radio driver andmay be usedby other

softwarecomponents.

� Memory Dri ver - ThememorydrivermodulecontrolstheexternalmemoryM25P40.

� Radio Dri ver - Theradiodriver con�guresthe radiopropertieslike outputpower, frequency,

andphysicallayercon�gurationandalsoit controlsthetransmissionandreceptionof packets.

Theradiodriverde�nestwo queues,onefor thetransmitbuffer andonefor thereceivebuffer.

5.1.1 SPI Driver

SerialPeripheralInterface(SPI) is a 4-wire full-duplex synchronousserialdatalink thatde�nes the

following signals:

� SCLK (SerialClock) - synchronizesmasterandslave

� MOSI (MasterOutSlave In) - Datafrom masterto slave

� MISO (MasterIn SlaveOut) - Datafrom slave to master

� SS(SlaveSelect)- enable/disablecommunicationto slave
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Figure 13±3. MSP430 USART as Master, External Device With SPI as Slave

Receive Buffer URXBUF

Receive Shift Register

MSB LSB

Transmit Buffer UTXBUF

Transmit Shift Register

MSB LSB

SPI Receive Buffer

Data Shift Register (DSR)

MSB LSB

SOMI SOMI

SIMO SIMOMASTER SLAVE

Px.x STE

STE SS
Port.x

UCLK SCLK
MSP430 USART COMMON SPI

Figure5.2: MSP430USARTasMaster, ExternalDeviceWith SPIasSlave[93].

SPIwasoriginally developedby Motorolaandis usedfor interconnectingperipheralsto micro-

processors.Thedatais serially transmittedto otherSPIdevices. Thereis only onemasteractive at

a time. The speedtransfersdependson the systemclock. Actually, this is a “3 + n”wire interface

wheren is thenumberof devicesat thebus.

MSP430hasa USART peripheralmodulethatconnectsto theCPUasa byte-orientedperipheral

module.It connectstheMSP430to theexternalsystemenvironmentwith threeor four externalpins.

Thismodulecanwork asUSART, UART or SPI.

TheUSART peripheralmoduleis a serialchannelthat shiftsa serialbit streamof 7 or 8 bits in

andoutof theMSP430.Bit SYNC in controlregisterUCTL selectstherequiredmode:

� SYNC = 0: UART-asynchronousmodeselected

� SYNC = 1: SPI-synchronousmodeselected

This modulesupportsthree-pinandfour-pin SPIoperationsvia SOMI, SIMO, UCLK, andSTE

ports. We con�gured to operateon three-pinSPImode.TheMCU canbe theslave or master. Fig-

ure 5.2 illustratesthe MSP430as the masterof the communication.This con�guration is usedto

communicateto theexternalmemory. Figure5.3 illustratestheMSP430astheslave of thecommu-

nication. This con�guration is usedto communicatewith theradio. TheUSART peripheralmodule

hasseparateshift registersfor receive (URXBUF) andtransmit(UTXBUF).
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Figure 13±6. MSP430 USART as Slave in Three-Pin or Four-Pin Configuration
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Figure 5.3: MSP430USARTasSlavein Three-Pinor Four-Pin Con�guration [93].

5.1.2 1-Wire Driver

1-Wire1 is aninterfaceprotocolthatsuppliescontrol,data,andpower overa single-wireconnection.

It wasprojectedto simplify designs.Althoughonly asinglewire is used,a1-wiredevicemayhavea

varietyof built-in functionssuchasidenti�cation, sensor, control,or memory.

The1-Wireprotocolwasimplementedviasoftware.Thesystemrequirementsfor properoperation

of thesoftwaresolutionare:

� Thecommunicationport is bidirectional,its outputis open-drain,andthereis a weakpull-up

on theline. This is a requirementof any 1-Wire bus.

� Thesystemis capableof generatinganaccurateandrepeatable1� s delay.

� Thecommunicationoperationsmustnotbeinterruptedwhile beinggenerated.

Thefour basicoperationsof a 1-Wire busareReset,Write 1 bit, Write 0 bit, andReadbit. The

time it takesto performonebit of communicationis calleda time slot. Byte functionscanthenbe

derivedfrom multiple calls to thebit operations.SeeTable5.1 [24] below for a brief descriptionof

eachoperationandalist of thestepsnecessaryto generateit. Figure5.4[24] illustratesthewaveforms

graphically.

The 1-Wire Driver is also the driver componentfor the RTC. The protocol for accessingthe

DS2417via the1-Wire port is asfollows:

� Initialization
11-Wire is a registeredtrademarkof DallasSemiconductor.
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1-WIRE WAVEFORMS Figure 1

Reset
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Master
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Waveform Legend

Master
Resistor pull-up
Slave
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time slots (bits)
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Master
Sample

Write 1

Write 0

Read

Figure 5.4: 1-Wire waveforms[24].

Operation Description Implementation
Write 1 bit Senda1 bit to the1-Wire slaves Drivebuslow, delay6� s

(Write 1 timeslot) Releasebus,delay64� s
Write 0 bit senda0 bit to the1-Wire slaves Drivebuslow, delay60� s

(Write 0 timeslot) Releasebus,delay10� s
Readbit Readabit from the1-Wire slaves Drivebuslow, delay6� s

(Readtimeslot) Releasebus,delay9� s
Samplebusto readbit from slave
Delay55� s

Reset Resetthe1-Wire busslavedevices Drivebuslow, delay480� s
andreadythemfor acommand Releasebus,delay70� s

Samplebus,0 = device(s)present,
1 = nodevicepresent
Delay410� s

Table5.1: 1-Wire Operations.
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� ROM FunctionCommand

� ClockFunctionCommand

The transactionson the 1-Wire bus begin with an initialization sequence.The initialization se-

quenceconsistsof a resetpulsetransmittedby themasterfollowedby presencepulsetransmittedby

theslave(DS2417).Thepresencepulseletsthemaster(microcontroller)know thattheDS2417is on

thebusandis readyto operate.

After the masterhasdetectedthe presenceof a device, it can issueone of the ROM function

commandsthat theDS2417supports.All ROM functioncommandsareeightbits long. TheROM

functionsimplementedin thedriverare [27]:

� ReadROM: Thiscommandallowsthebusmasterto readtheDS24178-bit family code,unique

48-bit serialnumberand8-bit CRC.

� SkipROM: Thiscommandcansavetimein asingle-dropbussystemby allowing thebusmaster

to accesstheclock functionswithoutproviding the64-bitROM code.

� MatchROM: ThematchROM command,followedby a 64-bit ROM sequence,allows thebus

masterto addressaspeci�c DS2417onamultidropbus.Only theDS2417thatexactlymatches

the64-bitROM sequencewill respondto thefollowing clock functioncommand.

After the ROM functions,the masterissueoneof the Clock FunctionCommands.The Clock

functionsimplementedin thedriverare:

� READ CLOCK: Thereadclock commandis usedto readthedevice controlbyteandthecon-

tentsof thereal-timeclockcounter.

� WRITE CLOCK: The write clock commandis usedto setthe real-timeclock counterandto

write thedevicecontrolbyte.

5.1.3 LED Driver

Theleddriver functionalityis to turnon,turnoff or changetheLED states.BEAN cansignalsixteen

statesvia four LEDs(red,green,orange,yellow). Usersshouldusethemonly for debuggingpurpose

sinceit consumesenergy.
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Figure5.5: Queue.

5.1.4 Queue Driver

Thequeuedriver implementsa circularqueueabstractdatatype. Theradiodriver usesthis module.

Figure5.5 illustratesthecircularqueueabstractdatatype. It is basicallycomposedof two pointers,

the initial and�nal datapointers.Using themodulusoperatorturn this queueinto a circularqueue.

The major advantageof our implementationis that it is possibleto de�ne the sizeof the queueat

executiontime. The queuemoduleis independentof the radio driver and may be usedby other

softwarecomponents.

5.1.5 Memor y Driver

The memorydriver usesthe SPI driver. Its purposeis to communicateand control the M25P40

device [60], which is theslave on the communicationchannel.All instructions,addressesanddata

areshiftedin andout of thedevice,mostsigni�cant bit �rst. SerialDataInput (D) is sampledon the

�rst risingedgeof SerialClock(C) afterChipSelect(S) is drivenLow. Then,theone-byteinstruction

codemustbeshiftedin to thedevice,mostsigni�cant bit �rst, onSerialDataInput(D), eachbit being

latchedon therisingedgesof SerialClock (C).

The instructionsetis listed in Table5.2 [60]. Every instructionsequencestartswith a one-byte

instructioncode. Dependingon the instruction,this might be followedby addressbytes,or by data

bytes,or by both or none. Chip Select(S) mustbe driven high after the last bit of the instruction

sequencehasbeenshiftedin.

In thecaseof a ReadDataBytes(READ), ReadDataBytesat HigherSpeed(FastRead),Read

StatusRegister (RDSR)or Releasefrom DeepPower-down, andReadElectronicSignature(RES)

instruction,the shifted-ininstructionsequenceis followed by a data-outsequence.Chip Select(S)

canbedrivenhighafterany bit of thedata-outsequenceis beingshiftedout.
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Instruction Description One-byteInstructionCode 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 1 to 1
WRSR Write StatusRegister 00000001 01h 0 0 1
READ ReadDataBytes 00000011 03h 3 0 1 to 1
FAST ReadDataBytes 00001011 0Bh 3 1 1 to 1
READ atHigherSpeed

PP PageProgram 00000010 02h 3 0 1 to 256
SE SectorErase 11011000 D8h 3 0 0
BE Bulk Erase 11000111 C7h 0 0 0
DP DeepPower-down 10111001 B9h 0 0 0

RES Releasefrom Deep 10101011 ABh 0 3 1 to 1
Power-down 10101011

RES ReadElectronic 10101011 ABh 0 3 1 to 1
Signature

Table5.2: MemoryInstructionSet.

In the caseof a PageProgram(PP),SectorErase(SE),Bulk Erase(BE), Write StatusRegister

(WRSR),Write Enable(WREN),Write Disable(WRDI) or DeepPower-down (DP)instruction,Chip

Select(S)mustbedrivenHigh exactlyat thebyteboundary, otherwisetheinstructionis rejected,and

is notexecuted.Thatis,ChipSelect(S)mustdrivenHigh whenthenumberof clockpulsesafterChip

Select(S)beingdrivenLow is anexactmultipleof eight.

To exemplify theinstructionset,wedescribetheReadDataBytes(READ) instruction.Thedevice

is �rst selectedby driving ChipSelect(S)Low. Theinstructioncodefor theReadDataBytes(READ)

instructionis followedby a3-byteaddress(A23-A0), eachbit beinglatched-induringtherisingedge

of SerialClock (C). Thenthememorycontents,at thataddress,is shiftedout on SerialDataOutput

(Q), eachbit beingshiftedout, at a maximumfrequency fR, during the falling edgeof SerialClock

(C).

The instructionsequenceis shown in Figure5.6 [60].The �rst byte addressedcanbe at any lo-

cation. The addressis automaticallyincrementedto the next higheraddressafter eachbyteof data

is shiftedout. The whole memorycan, therefore,be readwith a singleReadDataBytes(READ)

instruction.Whenthehighestaddressis reached,theaddresscounterrolls over to 000000h,allowing

thereadsequencetobecontinuedinde�nitely. TheReadDataBytes(READ) instructionis terminated
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Figure 5.6: ReadDataBytes(READ)InstructionSequenceandData-OutSequence[60].

Figure5.7: Radiodriver usingSPI.

by driving Chip Select(S) High. Chip Select(S) canbedrivenHigh at any time duringdataoutput.

Any ReadDataBytes(READ) instruction,while anErase,Programor Write cycle is in progress,is

rejectedwithouthaving any effectson thecycle thatis in progress.

5.1.6 Radio Driver

The radio driver con�gures the radio propertieslike output power, frequency, and physical layer

con�gurationandit alsocontrolsthetransmissionandreceptionof packets.Theradiodriver de�nes

two queues,onefor thetransmitbuffer andonefor thereceivebuffer.

Thehardwaresupportstwo optionsto communicateto theradiousing“bit banging”or SPI.

The advantageof SPI is that it is fasterandallows the microcontrollerto do other tasks. The

transmissionis at byte level, asillustratedin �gure 5.7. For example,if transmittingat 76Kbps,the

bit bangingmechanismusesthemicrocontrollerevery13� swhile in theSPImodeit is about105� s.

The drawbackis that it needsa morecomplex initial con�guration. For now, the radio is using

“bit banging”with astatemachine(Figure5.8)assuggestedin [19]. However, for thenearfuture,an

SPImodulewill beused.
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Figure 5.8: RadioDriver usingStateMachine[19].

5.1.7 Case Stud y

Here,we presentan applicationexampleof BEAN API usingthe LED, QueueandRadioDrivers.

First, theexampleillustrateshow to turnon andoff theredLED andhow to displayabinarynumber

usingthe led displayfunction. Then,a queueis createdanddataareinserted,removedandinserted

againusingtheQueuefunctions.Finally, theradio,which is initialized with aninitial queueandthe

frequency operation,sendsdata.AppendixC presentstheBEAN API.

5.2 Development Tools

Many developmenttools areavailablefor the MSP430family. It is importantto discussthis issue

becausewhen programmingembeddedsystem,the sourcecodeis dependenton the development

tools. A completetoolsetincludesat leasta C compiler, assembler, linker, simulator, andin-circuit

emulator. A studyof thesetoolsis presentedbelow.

TheMSP430FlashEmulationTool (FET) by TexasInstrumentsis a tool that includeshardware

andsoftwarecomponentsto developapplications.The tool hasan integratedsoftwareenvironment
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Code5.1BEAN API aplicationexamplesourcecode.
1 #include "led.h"
2 #include "queue.h"
3 #include "types.h"
4 #include "radio.h"
5

6 #define QUEUE_SIZE 30
7

8 void main(){
9

10 byte i;
11

12 queue_t q_test;
13 queue_t q_rx;
14 queue_t q_tx;
15 byte buffer[QUEUE_SIZ E] ;
16 byte buffer_rx[QUEUE_ SI ZE];
17 byte buffer_tx[QUEUE_ SI ZE];
18 byte value;
19

20 /*led test*/
21 led_on(RED_LED );
22 led_off(RED_LE D) ;
23 for(i=0;i<8;i+ +) led_display(i);
24

25 /* queue test*/
26 queue_Init(&q_ te st, buff er ,Q UEUE_SI ZE);
27 for(i=0;i<QUEU E_SIZ E; i+ +) queue_Enqueue(&q _t es t, i) ;
28

29 for(i=0;i<QUEU E_SIZ E- 5; i+ +) val ue = queue_Dequeue( &q_te st );
30

31 for(i=0;i<QUEU E_SIZ E- 15;i ++)qu eue_Enqueue(& q_te st ,i+ QUEUE_SI ZE) ;
32

33 /*radio & spi test*/
34

35 queue_Init(&q_ rx ,bu ff er _t x, QUEUE_SIZ E) ;
36 queue_Init(&q_ tx ,bu ff er _r x, QUEUE_SIZ E) ;
37 rf_init(&q_rx, &q_tx ,0 x8 9) ;
38 rf_send_byte(0 xF0);
39

40 }
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andconnectsdirectly to thecomputer. It permitsto executedifferentprogramsdirectly from thePC

usingthemicrocontroller. It is a tool to debug softwarein executiontime. A compilerandsimulator

arealsodevelopmenttoolsneededin embeddedsystemdesignproject.

Themspgccis a freecostGNU Licenseprojectthatconstructeda GCCtoolchainfor theTexas

InstrumentsMSP430family. This includesthe GNU C compiler(GCC), the assemblerand linker

(binutils)andthedebugger(GDB). It doesnotincludeanIDE (IntegratedDevelopmentEnvironment)

but any text editorcanbeused.A tool to permitto usetheFETadapterto debuganexecutionprogram

is beingdevelopedbut it is not completelyavailablenowadays.Thereis no interrupt/Input/Output

simulatoravailable.

TheSBSIM430[87] softwaredevelopmenttoolsconsistsof anassembler, a linker, andasimula-

tor. Thereis no C-compiler.

TheAQ430[72] is a proprietaryIDE. Its compilerdoesnot supporttypecasting,pointerexpres-

sions,multi-dimensionalarraysor structures.It doesnot includeasimulator. Thedebuggingprocess

usestheFETAdapter.

TheCS430(Crossworksmsp430)[78] is a proprietaryIDE. It includesANSI C compiler, macro

assembler, linker, coresimulator, �ash downloaderandJTAG debugger. The C-compilersupports

longandlongdouble.

The ICC430from ImageCraft[43] is a C-CompilerthatalsoincludesAssembler, Linker, anda

simpleIDE. Thecompilerhasacodecompressorthatcompactsthe�nal programby up to 20%.The

otherImageCrafttool is NoICE430,a C sourcelevel debugger.

The EmbeddedWorkbenchEW430from IAR [41] is a proprietaryIDE that includesANSI C-

compiler, a debuggingenvironmentanda simulator. The simulatorallows generationof interrupts,

watchinginternalregistersandI/O pins. It alsohastheC-SPYprogramthat,with theFET Adapter,

candebug in-circuit theMCU. Thecompilerhasextensionfunctionsfor interruptandassemblycode.

EW430hastheoptionalVS430visualSTATE,whichis agraphicalstatemachinedesigntool to model

anddebug MSP430application,to createsystemdocumentationandto generateC code.

Kickstart is a toolsetwith 4K C-Compiler, Assembler, Debugger, but limited to enerateup to

4K bytesof code. It is freeavailableat TexasInstruments[94]. TheMSP430SimulationEnviron-

ment[94] is a freeTexasInstrumentstool thatonly simulatesassemblyinstructions.It alsosimulates

I/O andLCD.

TheHi-TideisaMSP430C-CompilerfromHi-TechSoftware[36]. It doesnotincludeasimulator.
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Tool Name Company Brief Description
EW430 IAR Systems EmbeddedWorkbenchfor MSP430:Highly optimized

C/C++430Compiler,JTAG debugger,430Simulator
VS430 IAR Systems visualSTATE for 430: UML statemachinedesigntool

with autoC codegenerationfor the430series
ICC430 ImageCraft C Compiler, Assembler, Linker, IDE

NoICE430 ImageCraft C SourceLevel Debugger
AQ430 Quadravox, Inc. CompleteC codedevelopmentsystem,JTAG interface

sourcelevel debugger
CrossWorks Rowley Associates OptimizingC compiler, assembler, linker
for MSP430 Limited coresimulator, �ash downloader, JTAG debugger
SBSIM430 SoftBaugh Assembler, LinkerandSimulator

Hi-Tide Hi-TechSoftware C-Compiler, CodeWizard
MSPGCC GCC GNU C Compiler

MSP430FET TexasInstruments ProgrammingandDebuggingtool
kickstart TexasInstruments 4K C-Compiler, Assembler, Debugger, Simulator

Table5.3: DevelopmentTools.

The main advantageof this toolsetis that thereis a DemoCodeWizard that wasof greathelp to

initially con�gure MSP430pieceof code.

We usedthe EW430C-Compilersinceit is the only onethat includesan interrupt/input/output

simulator. The simulatorwasvery importantbecausewe designedthesoftwarein parallelwith the

hardware,beforehaving a boardto run the software. BEAN API wasdevelopedwith EW430and

somepieceof codearedependenton thisworkbench,suchasinterruptroutines.

For thenearfuture,if theJTAG debuggingsoftwareis completed,mspgccwill beavery interest-

ing option,but theBEAN API will needto beportedto thiscompiler.

Table5.3depictstheabovediscussion.
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Energy issues

Bewareof bugsin theabovecode;I haveonly provedit correct,not tried
it.

DonaldKnuth

This chapterdiscussesenergy issues.A basicenergy modelfor a sensornodeis presented.We

discussthe differencebetweenpower andenergy andalso low-power andenergy-ef�ciency. Two

power saving schemesarealsopresented.We discussthepower down versusshutdown trade-off for

a memorydevice in termsof minimumidle time in orderto obtainthe bestenergy saving. Finally,

thepowerbudgetof BEAN is presentedandcomparedto theMica2 Mote.

6.1 Backgr ound

In this sectionwe presenta backgroundto discussenergy issues.We alsopresenta basicversionof

anenergy modelfor asensornode.

Power is de�ned asvoltagetimescurrent:

P = V � i (6.1)

It is importantto distinguishbetweenPower andEnergy. Power is the energy consumptionper

unit of time,asillustrated:

P = E=t (6.2)

74
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Figure 6.1: Currentperunit timeof a setof tasks.

Thus,theenergy consumptionis givenby:

E = V � i � t (6.3)

As statedbefore,a sensornodeconsistsof several components,suchasradio, memory, micro-

controller, power, andsensors.Eachcomponenthasa setS of possiblestatess1, .., sk . Thecurrent

consumptionwill be different for eachstate. A taskwill have eachcomponentin a speci�c state.

Table6.1 in thesection6.6shows thestateandcurrentof eachBEAN component.Thetotal current

of a taskwill bethesummationof eachcomponent'scurrent.

Givenasetof operationmodes,thepowerconsumptionof asensornodewill be:

NX

n=1

V � in � tn (6.4)

whereV is thesupplyvoltage,i n is thesuppliedcurrent,in Amperes,for taskn, tn is theexecution

time in seconds,N is thenumberof tasks.

Figure6.1showsapossiblecurrentconsumptionperunit time for asetof tasks.ThetotalEnergy

consumption(supposing�x edsupplyvolt) will be:

E = V � (i 1 � t1 + i2 � t2 + i3 � t3): (6.5)

This modelassumesthattheenergy neededto switchbetweenthedifferentstatesis meaningless

(it is alreadyembeddedin theexecutiontimefactor)andthebatteryis aperfectenergy storagedevice

(eg. recharging capabilityis notbeingconsidered).
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Let r bethetransmissionrate(bits/s).Theenergy perbit transmission(J/bit)is:

Eb = V � i=r (6.6)

6.1.1 Batter y behavior

In mostlow-powerdesigndesigns,asourbasicenergy model,batteriesareimplicitly viewedasideal

chargereservoirs,containinga �x edamountof charge,andproviding a �x edoutputvoltageuntil the

chargeis fully depleted.In reality, batteriesarenowherecloseto beingidealchargestorageunits[13].

Themainnon-idealitiesof real-lifebatterycellsare:

� Batteryoutputvoltageis not constantover a discharge. It dropsprogressively asthecell dis-

chargesandthenplummetsvery rapidly whenthe charge is exhausted.Becauseof this fact,

batteriescannotbe directly connectedto electroniccircuits, but their outputvoltagemustbe

shiftedandstabilizedby feedback-basedDC-DCconversioncircuitry.

� Capacitydependson the currentload. At high currents,the effective capacity(i.e., the total

amountof charge thatcanbeextractedfrom a battery)decreases.Thus,it is importantnot to

assumethat the charge canbe extractedfrom a cell at an arbitrarily high rate. Most batteries

arein factratedfor maximumdischargecurrent,but at this loadlevel, capacityis signi�cantly

degraded.

� Batterieshavesome(limited) recoverycapacitywhenthey aredischargedathighcurrentloads.

If abatteryis dischargedathighcurrentfor ashortperiod,andthenit is allowedsomeresttime

at low load,its outputvoltagegoesup.

� Nominally equalbatterycellscanhave a signi�cant differencein termsof internalresistance,

outputvoltageanddischargecurve.

6.1.2 Radio Energy Model

A maincharacteristicfor theradiochannelin WSNis theenergy consumptionin transmitandreceive

modes.Hereasimpleradioenergy modelthatis widely used,asfor instance[56] [35] [100] [58], is

presented.
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Figure6.2: RadioModel.

TheradioconsumesERX � elec(J/bit) to run thereceivercircuitry, in otherwords,to processthere-

ceiving bit. In transmissionmode,theradioconsumesERX � elec(J/bit) to run thetransmittercircuitry,

which processthe transmittingbit. The radio alsodissipatesenergy with the transmitterampli�er

� amp (J/bit/m2). To adistanced, thereis thepathloss.In thefreespacemodel,thepathlossincreases

with thesquareof thedistance[19]. Thus,to transmitk bitsatdistanced, theradioexpends:

ET x (k; d) = ET X � elec � k + � amp � k � d2 (6.7)

To receivek bits, theradioexpends:

ERx (k; d) = ERX � elec � k (6.8)

SomemodelsassumeERX � elec = ET X � elec = Eelec asdepictedin Figure6.2.

If two sensornodesare far away from eachother, direct communicationwill requirea large

amountof transmitpower from eachnodesincethedistanced is large.A solutionis to routethedata

thoughintermediatesensornodesto minimizethe transmitampli�er energy. This is calledmultiple

hops.Theoptimumdistancewill dependeon theEelec and� amp factors.
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To simplify thediscussion,supposetheradioenergy circuitry Eelec consumestoolittle energy and

canbeneglected. If direct transmittingk bits over a distanced, theconsumedenergy over a single

hopwill be:

Esing le = k � � amp � d2 (6.9)

However, if usingtwo hopsof distanced=2, thetotal dissipatedenergy to transmitk will be:

Emul ti = 2 � k � � amp � (d=2)2 = 2 � k � � amp � d2=4 (6.10)

Thus,Emul ti = Esing le=2.

Theabove exampleillustratestheadvantageof usingmultipleshopssincetheenergy savings is

50%.

6.2 CMOS technology

TheMSP430is anultra low power MCU thatusesCMOS(ComplementaryMetal OxideSemicon-

ductor) technology. This is not a coincidence,sincethe logic family moresuitablefor low-power

circuitsis CMOS.This sectiondescribesthepowerdissipationof CMOSto ful�ll our understanding

on how to minimizethepowerconsumption.It is basedon Tim'sbook[95].

Thepower dissipationof a CMOSgateundernormaloperationis dueto threefactors:quiescent

powerdissipation,capacitivepowerdissipationandtransientpowerdissipation.

Quiescentpower dissipationis dueto leakagecurrentsin thecircuit whenit is not switching. It

is very small at room temperature,so that in mostcasesit canbe neglected. At high-temperature

situationsit can, however, contribute signi�cantly to the overall consumption. It is a technology

dependentfactor.

Capacitive power dissipationPc is dueto thecharging anddischarging of loadandstraycapac-

itanceseachtime a device switches. This load capacitance(CL ) is distributed within the device

transistorsaswell astheexternalprintedcircuit board(PCB)tracks.Every time thedeviceswingsto

logic 1, CL chargeup with Q= CL *V cc. Let f betheswitchingfrequency, sothis happensf timesper

second.Thus,theIC (charging current)is IC =Q*f= CL *V cc*f.

Hence,thepowerPC is Vcc*I C= CL *V 2
cc*f.

Transientpowerdissipation,PT is dueto currentthat�o wsthroughbothCMOSoutputtransistors
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asthey arepartially turnedonduringtheprocessof switching.It is givenby PT =CP D *V 2
cc*f Wheref

is theswitchingfrequency andCP D is avaluespeci�edfor aparticularCMOSIC.

Theguidelinesfor minimizing powerconsumptionin CMOScircuitsare:

� De�ne all inputsclearlyaslogic 0 or 1;

� Minimize clock frequencies;

� Minimize thepowersupplyvoltage;

� Ensurefastlogic transitions;

� Minimize loadandinterconnectioncapacitances;

6.3 Energy Management Techniques

Therearetwo majorpowersaving schemas,dynamicpowermanagement(DPM) [104] anddynamic

voltagescheduling(DVS) [70].

ThebasicideabehindDPM is to shutdown thedeviceswhennotneededandgetthembackwhen

needed.Turning off somecomponentsgivesgoodenergy savings, but in many cases,it doesnot

know beforehandwhento turn on or off a particulardevice. A solution is a stochasticanalysisto

predictfutureevents.An embeddedoperatingsystemthatis ableto supportDPM is alsoneeded.For

this approach,thedevicesshouldhave thestates:active, sleepandidle. However, it is importantto

considerthatmoving betweentheseoperatingmodesinvolvesapowerandlatency overhead.

Themain ideabehindDVS is to changethepower to matchtheworkload,avoiding idle cycles.

DVS reducesthepower consumedby a processorby loweringits operatingvoltage.By varyingthe

voltagealongwith thefrequency, it is possibleto obtainaquadraticreductionin powerconsumption.

Theproblemis thefactthatfutureworkloadsarenon-deterministic.For thisapproach,themicrocon-

troller shouldpermittochangeits voltagesupplyandclock. SomeworkshavebeenusingStrongARM

SA-1100MCU sinceit canvaryvoltageandfrequency from 59MHz/0.79Vto 251Mhz/1.65V.

BEAN is capableof usingDPM techniquebecauseBEAN's MCU and radio canchangetheir

operatingmodes.BEAN may partially apply the DVS techniquesinceit is capableof changingits

frequency only but not its supplyvoltageandsoftwaremodulewill benecessary.
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6.4 Low Power X Energy-Ef�cienc y

As pointedby Srivastava [57], it is importantto differentiatelow power from energy-ef�ciency. Low

powerisaqualityof adevicethatconsumeslow energyperclockandenergy-ef�ciency is adevicethat

consumeslow energy peroperation.For example,ATMega128L@ 4MHz consumes16.5mW and

ARM Thumb@ 40MHz consumes75 mW. But, ATMega128L@ 4MHz ef�ciency is 242MIPS/W,

spending4nJ/InstructionandARM Thumb@ 40 MHz ef�ciency is 480MIPS/W, spendingonly 2.1

nJ/Instruction.

Otherexamples,takenfrom [14], are:

� 0.2nJ/Instructionfor CygnalC8051F300@ 32KHz,3.3V

� 0.35nJ/Instructionfor IBM 405LP@ 152MHz, 1.0V

� 0.5nJ/Instructionfor CygnalC8051F300@ 25MHz,3.3V

� 0.8nJ/Instructionfor TMS320VC5510@ 200MHz, 1.5V

� 1.1nJ/Instructionfor XscalePXA250@ 400MHz, 1.3V

� 1.3nJ/Instructionfor IBM 405LP@ 380MHz, 1.8V

� 1.9nJ/Instructionfor XscalePXA250@ 130MHz, .85V

Theenergy consumptionwill begivenby:

EM CU =
power
clockr ate
CP I av g

=
V � i

clockr ate
CP I av g

: (6.11)

UsingtheMSP430datasheet,V=3.3V, clockrate=7.3Mhz,current=400� A, andsupposingCPIavg=2,

we have0,361nJ/instruction.

DiscountingCygnalC8051F300dueto its slow clock (32KHz) andIBM405LP becauseit is a

PowerPC,BEAN's MCU is themostenergy-ef�ciency microcontroller. In anenergeticperspective,

MSP430is an orderof magnitudemoreeconomicthanATMEGA, strengtheningBEAN choiceof

MCU.
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6.5 Memor y

The memorydevice hasa down power mode. But, to go to this operatingmode,it is necessaryto

senda command,which spendenergy. In this section,wewill determinetheminimumrequiredtime

thatit is necessaryto go to thedown modeandalsosaveenergy.

Thememorystandbycurrentis 50� A. Let t bethetotal time thatmemorywill beinactive. Let V

bethememorysupplyvoltage.Thus,theenergy spentat standbymodewill beV � t � 50� A.

To go to thedown mode,it is necessaryto sendaDP instruction.TheDP instructiondrainsfrom

thememoryacurrentof 4mA andit is 1 bytelong. After this,thereis anecessarytdp time,thatis 3� s

andthememorycurrentis at standbymode.Then,let t0 bethe time of inactive at down mode.The

memorycurrentat down modeis 10� A. To go to active modeagain,it is necessaryto senda RES

instruction,which is 1 byte long. After this, thereis a waiting time of tr es time of 3� s. Figure6.3

shows thecurrentconsumptionof bothprocesses.

Wewill assumethetransmissionis at1MHzperbyte(8MHz/bit). Thetimerelationis t=2*(transmission

byte)+tdp+tr es+t0. Thus,t=8� + t'.

Theenergyspentatdownmodewill be:Edm= (4mA*1� s+3� s*50� A+t'*10 � A+4mA*1� s+3� s*50uA)*V

= (8000+300� +10t') � *V.

It is betterto go to down modewhenthe energy spentat down modeis lower thanthe energy

spentatstandbymode:50� *t*V > = (8000+300� +10t') � *V

Usingthetime equation,t0 � 200s. Thus,it is betterto go to down modeif thememorywill be

inactive for at least200s.

6.6 Power Budg et

In this section,we discussandanalyzethepower budgetfor BEAN andcompareto Mica2 platform.

Table6.1showsthecurrentconsumptionandvoltageof themajorcomponentsof BEAN. Thevalues

aretakenfrom datasheetsandareestimated.

Assumingthe BEAN operateson 3V, the energy budgetcanbe obtainedusingthe formulapre-

sentedat section6.1.BEAN will beusuallyin oneof thefollowing states:

� Down mode - everything is turnedoff and the MCU is on the LPM3 operatingmode. The

currentis 10.5� A andthepower is 31.5� W.
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time

current

DP instruction

time

RES instruction
`tdp t' tres1

current

t

Standby Mode

Down Mode

Figure 6.3: MemoryCurrentConsumptionat StandbyandDownMode.

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 Receive:9.6mA
Memory(2.7-3.6)V
Down:10� A Standby:50� A Read:4mA Write:15mA
Real-Time Clock (2.5-5.5)V
0.200� A

Table6.1: BEANPowerBudget.
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Microcontroller
Idle: 8� A Active: 6mA

Radio
Down:0.2� A Transmit:16.5mA Receive:9.6mA
FlashSerialMemory(AT45DB041)Max

Down: Standby:20� A Read:10mA Write:35mA
SensorBoard
5mA

Table6.2: Mica2PowerBudget.

� Receive mode- theMCU is on theactive mode,theradio is on receive modeandeverything

elseis turnedoff. Thecurrentis 10mA,thepower is 30mW.

� Transmit mode- theMCU is ontheactivemode,theradiois ontransmitmodeandeverything

elseis turnedoff. Thecurrentis 16.9mA,thepower is 51mW.

� Memory reading- theMCU is ontheactivemode,thememoryis onreadingmodeandevery-

thingelseis turnedoff. Thecurrentis 4.4mA,thepower is 13.2mW.

� Memory writing - theMCU is on theactivemode,thememoryis on writing modeandevery-

thingelseis turnedoff. Thecurrentis 15.4mA,thepower is 46.2mW.

� Sensingmode- theMCU is on theactive mode,a speci�c sensoris on andeverythingelseis

turnedoff. Thismodeis dependenton whichsensorboarddevice is beingused.

To know theaveragepowerconsumption,justmultiply thepowerconsumptionby thepercentage

of time in eachmodecycle time.

Justfor comparison,theBTnode[52] spends50mWon down modeand450mWat communica-

tion mode.Clearly, BEAN is moreeconomic.

Table6.2showstheMica2powerbudget.Mica2doesnothaveanexternalReal-TimeClock. The

Mica2 powerbudgetincludesthesensorboardconsumption.

To comparethe platform,we de�ne two applicationsexamples.In the �rst scenario,the sensor

nodewill collect, transmitandforward receiving data. It operatesfor 1% of the time (MCU is on

theactive mode).In this period,it readsthesensorinput, triesto receive packet 3
4 of this periodand

transmitsin 1
4 of thisperiod.It neverusestheexternalmemory.
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In thesecondscenario,thesensornodeactsasa repeater, keepinga log of events.It operatesfor

1% of the time. In this period, it tries to receive packet 3
4 of this periodandtransmitsin 1

4 of this

period.It writesto externalmemoryusing 1
4 periodandalsoreadstheexternalmemory1

4 of thetime

to save thereceivedpacketsandkeepconsistency of data.It doesnotusethesensors.

Table6.3shows thecurrentconsumptionof theplatformsandthetwo dutiescyclescenarios.We

will assumethe samecurrentconsumptionfor the sensorboardsinceBEAN doesnot have yet a

sensorboardandtheconsumptiondependson thesensordevice.

BEAN Mica2 Scenario1 Scenario2
(mA) (mA) (%) (%)

Processor
current(full operation) 0.4 8 1 1
currentsleep 0.0013 0.008 99 99
Radio
currentin receive 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
SensorBoard
current(full operation) 5 5 1 0
currentsleep 0.005 0.005 99 100

Table6.3: Powerbudget of BEANandMica2.

Table6.4showsthevaluespercomponentsof thecomputedmA-hourof thetwo scenariosin each

platform.TheBEAN processoris moreeconomicthantheMica2 processor.

Table6.5 shows the lifetime (in numberof months)for eachscenarioandplatform, depending

on thebatterytypecapacity. In scenario1, usinga 300mA-hr, BEAN cancollectdatafor almost26

months.

Figure6.4 shows quantitatively the saving percentageof BEAN comparedto Mica2 in the two

scenarios.BEAN canconsumealmost50% lessthanMica2. The major savings aredueto BEAN

processorandexternalmemory.
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ComputedmA-hr ExampleDuty Cycle1 ExampleDuty Cycle2
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

SensorBoard 0.05495 0.05495 0.005 0.005
Total current(mA-hr) 0.16222 0.25485 0.15972 0.3173

Table6.4: ComputedmA-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

Table6.5: MonthsperbatteryCapacity.

BEAN Savings

0,00%

10,00%

20,00%

30,00%

40,00%

50,00%

60,00%

Scenario 1 Scenario 2

BEAN Savings

Figure 6.4: BEANSavings.



Chapter 7

Final Considerations

I never think of thefuture- it comessoonenough.

AlbertEinstein

7.1 Conc lusion

Wirelesssensornetworkspresentfascinatingchallengesfor theapplicationof distributedsignalpro-

cessinganddistributedcontrol. Thesesystemschallengetheapplicationsof appropriatetechniques

to constructcheapprocessingunitswith sensingnodesconsideringenergy constraints.

We havedesigneda computerplatform,calledBEAN, that includessoftwareandhardwarecom-

ponents,which is a wirelesssensornodeprototype.It allows to testanddemonstrateenergy ef�cient

networking algorithmsto be developedin the Sensornetproject. This embeddedsystemis capable

of performingall tasksof awirelesssensornodewith energy, memory, andprocessingpower restric-

tions.Figure7.1showsBEAN PCBwith its MCU on it.

We presentedthe designconsiderationsand componentschoices,investigatingand analyzing

someof the architecturalchallengesposedby thesedeviceslike computationalpower, energy con-

sumption,energy sources,communicationchannelsandsensingcapabilities.

In thisdocument,thestate-of-the-artfor sensornode,includingasurvey of sensornodeplatforms

andenergy managementtechniqueswerealsodiscussed.

Many ideasfor futurework will bealsopresentedindicatingthatBEAN hasmoreusesandappli-

cations.We hopethisprototypeis the�rst of anew family of wirelesssensornetwork devices.

86
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Figure 7.1: BEANboard

During thedevelopmentof thisproject,we foundmany dif�culties. Wealsoconcludethatto pro-

gramanembeddedsystemis quitedifferentfrom programmingaPersonalComputer. Theembedded

systemsdevelopermustdirect the toolsconcerninghow to translatethesourcecodefor thespeci�c

hardware.They mustknow muchmoreabouttheirdevelopmenttoolsandhow they work thanadesk-

top developer. For example,thesourcecodeis dependenton thecompiler. For eachdifferenttested

compiler, weneededto declareinterruptroutinesin differentways.Theembeddedsystemsdeveloper

mustknow how thesystemusesmemory, whathappensat startup,how interruptsandexceptionsare

handled.To testanembeddedsystemprogramis usuallymorecomplicatedthangenericPCsoftware.

A desktopprogrammerusuallyjust needsa compiler, a debuggerandanexecutionenvironment.

This is not true for embeddedsystemsdevelopers. They needmorecomplex andexpensive tools

like speci�c compilers,developmentkit, In-Circuitry Emulator, an interfaceto on-chip hardware

debuggingresource,ROM Emulator, logic analyzerandothers.Theradiodevelopmentkit alsoneeds

anoscilloscopeandanspectrumanalyzer.

The embeddedsystemdeveloperalsofacesa dilemmabetweenef�ciency andmodularity. Al-

thoughit is desiredto have bothcharacteristics,it is not alwayspossible.For example,an interrupt

serviceroutineshouldbeasfastandpossible.Thus,it doesnot passany parameter. Thesolutionis

to useglobalvariables,killing yourmodulardesign.Thekey is compromise.

BEAN canconsumealmost50% lessthanthecurrentstate-of-the-artMica2 Mote sensornode.

Themajorsavingsaredueto BEAN processorandexternalmemory. BEAN is very energy-ef�cient

since BEAN's MCU is one of the most energy-ef�ciency microcontroller, spendingabout0,361

nJ/instruction.
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SensorNode Price(FOB)
March25,2004

Mica2Dot $135,00
Mica2 $190,00

Scatterweb 130,00e
Telos $135,00

Millennial $500,00
BEAN $70,00

Table7.1: SensorNodePrices.

Wedonotcomparethesizeof thesensornodesbecauseBEAN is aprototypeandusesatwo layer

PCBwhile Mica2usesfour layerPCB.Besidesenergy, anotheradvantageof BEAN is theprice.The

total priceof BEAN includesthecomponentsandPCB.It is overestimatesincesomesampleswere

used.Table7.1containsthecurrentFOB pricefor eachsensornode.Thepricedoesnot includethe

antennaandimportationcosts.Finally, BEAN doesnotneedagatewaynodeto beprogrammed.

BEAN is genericsinceit hasa well-de�ned expansionbus,beingcapableof a greatnumberof

applications.It just needsaspeci�c sensorboardto �t many applications.

BEAN alsosupportsthestudyof otherradiodevicessinceit hasawell-de�ned radiobus.

This projectalsoincludesthe developmentof softwarecomponents,the BEAN API. It is com-

posedof an applicationprogramminginterface(API) and the componentsthat implementit. The

API is a setof functionalitiesto control,con�gure andprovide servicesof thehardwarecomponents

throughawell de�ne interface.

Wealsopresentedabasicversionof anenergy modelfor asensornodeandBEAN powerbudget.

7.2 Future Work

Here,we list somenew ideasandinterestingworks,extendingthisproject.

7.2.1 Sensor boar ds

Sincewe de�ned a genericbusfor sensing,many sensorboardscanbeproject.Uniquesensorboard

for localization(ultrasound),weathercondition(temperature,light, humidity), vibration(accelerom-

eter),canbeprojectandinnumerousnew applicationsbesupportby oursensornodeprototype.
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Somesensornodeswill have to know their spatiallocalization.GlobalPositioningSystem(GPS)

is anavigationsystemcomposedof 24satellitesandterrestrialbases.GPSreceivershavebeenminia-

turizedinto integratedcircuitry. However, they do not work at indoorlocations.It couldbeusedin a

morerobustsensornode.

Solarpanelscanbe connectedto the sensornode,given someexternalpower supply. This can

changethedesignof new wirelesssensornetwork protocols,like theproject[103] thatproposedand

evaluatedtwo protocolsthatperformsolar-awarerouting.

7.2.2 Radio

A directionalantennacouldbeaddedto BEAN design.Omni-directionalantennashave 360� degree

coverageangle. This approachis simplerbut a lot of energy is wastedin this way, sincethepower

is broadcastedtowardsall directions[88]. A mechanicaldirectionalantennawould consumeslarge

amountof energy. The solutionis to useelectronicallysteerabledirectionalantenna[88]. This ap-

proachwould save moreenergy, reducethe probability of detection,lower the interferencesignals

andwouldneedthedesignof new wirelesssensornetwork protocols.

BEAN allows the developmentof other radio boards. A greatRF work is to extendthe radio

range.Chipcon[19] suggestedusinganexternalLNA (Low-NoiseAmpli�er) to improvesensitivity

andanexternalPA (Power Ampli�er) to increasetheoutputpower. TheexternalLA would addonly

1mA to the power budgetand the externalPA would increasethe outputpower to 14dBm (about

1400m).ChipconsuggestedusingthePhilipstransistorsBFG403Wfor LNA andBFG425Wfor PA.

SinceBeanis a genericprototypesensornode,it is possibleto connectit to otherradio's device.

An interestingwork is to constructa radioboardwith theCC2420device. A new radiodevicedriver

will alsobeneeded.We calledthis sensornodeBeanZigsinceit would becompatiblewith ZigBee

standard.

7.2.3 BEAN API

An interestingwork is to designa modulethat allows a sensornodeto self-program. The sensor

nodecould be reprogrammedby air, using the radio module. However, when accessinga �ash-

memoryarrayfor an erase/programoperation,the CPU cannotsimultaneouslyexecutethe codein

the �ash array. Thus, the MCU cannotexecutecodeandmodify its memorycontentsat the same
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time. The problemcanbe solved copingthe erase/programmemoryinto RAM. Interestedpeople

shouldread[64].TheScatterwebproject[82] andXNP componentof TinyOS[90] have supportfor

thisapplication.Many new applications,asfor examplemobilecode,woulduseit.

BEAN needsthedevelopmentof anentireprotocolstack.New protocolsfor datalink, network,

transport,applicationlayer neededto be designed.An interestingwork is to communicateBEAN

with Mica2 sincethey have thesamephysicallayer.

7.2.4 New Platf orms

ConstructaboardthatpermitstheBEAN to communicatewith aPCfor datacollectionandanalysis.

Two simplesolutionsareconnectingusingaRS232or USB.TheRS-232serialinterfacewouldhave

level convertersthatallow freeconnectionwith PCsor notebooks.A componentchoicefor RS-232

driver andreceiver is thest3232.A componentchoicefor USB is FT232BM.Theexpansionboard

alreadysupportthe connectionto the UART receive andUART transmitsignalsthat communicate

directly to theMCU hardwaremodule. If thePCboardusesthis option, then,theexternalmemory

shouldnotbeused.

The technologygrows very fast, as statedin Moore's Law, new COTS with increasedperfor-

mance,morememoryavailable,moreenergeticallyeconomicaldevicesareconstantlyappearingin

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 maybeupdate.For instance,TI announcedthat they will producea new

seriesof MCU. Table7.2show thenewestmicrocontrollersandtheir respective�ash size,RAM size,

andpriceperthousandunits.Thenewestdevicewill haveup to 10KB of RAM. TheMSP430F1610

is thebestoptionsinceit will haveup to 10KB of RAM. BEAN wasalreadydesignedto supportthis

device.

Constructareal-lifesensornode,usingourdesign.Thedebugginginterfacecouldbeomitted.The

componentsusedshouldbethesame.Thedifferencein theprojectis thataneffort atminiaturization
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of the layout shouldbe made. More than two layerscould be used,usingboth sideof integrated

circuit to �x thecomponents.
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Nogueira,andDiógenesCeciliodaSilvaJr. Arquiteturapararedesdesensoressem�o. Mini-

curso,XXII CongressodaSBC, May 2004.
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[99] MarcosAugustoMenezesVieira,DiógenesCeciliodaSilvaJr., andClaudionorNunesCoelho.

Survey on WirelessSensorNetwork Devices. IEEE InternationalConferenceon Emerging

TechnologiesandFactoryAutomation(ETFA) 2003, September2003.

[100] Marcos Augusto MenezesVieira, Luiz Filipe MenezesVieira, Antonio Alfredo Ferreira
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ClaudionorNunesCoelho.Middlewarefor wirelesssensornetworks. In Postersessionof the

StudentForumSBCCI,Chip in Sampa2003, SãoPaulo,Brasil,September2003.



BIBLIOGRAPHY 101

[103] Thiemo Voigt, Hartmut Ritter, and JochenSchiller. Utilizing solar power in wirelesssen-

sor networks. In The 28th Annual IEEE Conferenceon Local ComputerNetworks(LCN),

Bonn/Königswinter, Alemanha,September2003.

[104] A. WangandA. Chandrakasan.Energy ef�cient systempartitioningfor distributedwireless

sensornetworks,May 2001.

[105] Erik Welsh,Walt Fish,andJ.PatrickFrantz.Gnomes:A testbedfor low powerheterogeneous

wirelesssensornetworks. http://cmclab. ric e. edu/ se nso rs , May 2003.

[106] WINS. Wirelessintegratednetwork sensors.http://www.jan et .u cl a.e du/WIN S, March

2004.

[107] Xilinx. Xilinx: ProgrammableLogic Devices,FPGA& CPLD. http://www.xili nx. co m/,

March2004.



Appendix A

Schematic

TheBEAN projectusedthelayouttool Eagle[29].
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FigureA.1: BEANSchematic



Appendix B

Layout

Figure B.1: All BEANComponentsLayout

104



APPENDIXB. LAYOUT 105

Figure B.2: BEANBottomLayout

Figure B.3: BEANTopLayout
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Figure B.4: BEANComponentsLayout



Appendix C

API

C.1 Cloc k

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 Memor y

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, word length);

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);

unsigned char OWTouchByte(unsigned char data);

void OWBlock(unsigned char *data, unsigned int data_len);

id_t get_1wire_addr(void);

clock_t readClock(void);

void setClock(const clock_ptr clock);

void enableClock();

void disableClock();

unsigned char isClockEnable();
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void usDelay(unsigned int no_of_usec);

C.5 Radio

void rf_init(queue_ptr rx,queue_ptr tx,byte freq);

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);
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C.7 Queue

void queue_Init(queue_ptr q,byte* buffer,byte max_size);

BOOLEANqueue_Empty(queue_ptr q);

BOOLEANqueue_Full(queue_ptr q);

BOOLEANqueue_Enqueue(queue_ptr q, byte d);

byte queue_Dequeue(queue_ptr q);
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Radio Boar d

FigureD.1: RadioBoard BottomLayout

Figure D.2: RadioBoard TopLayout
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FigureD.3: RadioBoard SchematicLayout



Appendix E

Bill of Materials

RadioBoard
DigiKey number Description PriceUnit

Inductor $ (March25,2004)
TKS2362CT-ND INDUCTOR2.7NHLL TYPESMD 0.9
TKS2365CT-ND INDUCTOR4.7NHLL TYPESMD 0.75
TKS2366CT-ND INDUCTOR5.6NHLL TYPESMD 0.75
PCD1173CT-ND INDUCTOR.12UH5% FIXED SMD 0.93
490-1015-1-ND FERRITECHIP10000HM 100MA 0603 0.0375

Resitors
311-27.0KHCT-ND RES27.0KOHM 1/10W1% 0603SMD 0.414

RR08P82.0KDCT-ND 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
PCC100CVCT-ND CAP10PF50V CERAMIC 0603SMD 0.067

PCC120ACVCT-ND CAPCERAMIC 12PF50V 0603SMD 0.067
PCC180ACVCT-ND CAPCERAMIC 18PF50V 0603SMD 0.067
PCC102BVCT-ND CAP1000PF50V CERAMIC 0603SMD 0.087

PCC220ACVCT-ND CAPCERAMIC 22PF50V 0603SMD 0.048
PCC331ACVCT-ND CAPCERAMIC 330PF50V 0603SMD 0.108

PCC2284CT-ND CAP.033UF50V CERAMIC X7R 0603 0.089
478-1159-1-ND CAPCERM4.7PF50V NP00603 0.209
478-1161-1-ND CAPCERM6.8PF50V NP00603 0.209
478-1162-1-ND CAPCERM8.2PF50V NP00603 0.209

Transceiver
SingleChip transceiverCC1000 5

Connector
a26714-nd Radio- CONNECTORHEADER VERT .10010POS30AU 1.65

Total 13.208

TableE.1: RadioBoard Components
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BEAN board Digikey-number Description Priceunit
Component $ (March25,2004)
Radio a26486-nd CONNRECEPT10POS.100VERT DUAL 1.170
receptacleconnector
Sensor- h2161-nd CONNRECEPT31POS1MM SMD TIN 1.790
hiroseconnector
Sensor- h2173-nd CONNHEADER31POS1MM SMD TIN 2.260
hiroseconnector
JTAG Connector14pins 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-VMN6T
RTC DS2417P-ND IC TIMECHIP W/INTRPT1WIRE 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 22-30AWG TIN 0.067
wm2601-nd CONNHOUSING2POS.100HI PRESS 0.190
A26242-ND SHUNTLP W/HANDLE 2 POS30AU 0.116

Capacitors
3u3 pct1335ct-nd CAPACITOR3.3UF/6.3VTEH SERSMD 0.470
100n pcc2277ct-nd CAP.1UF25V CERAMIC X7R 0603 0.046
10u pct2106ct-nd CAPACITOR10UF/10VTEH SERSMD 1.100
Resistors
100 311-100GCT-ND RES100OHM 1/10W5% 0603SMD 0.038
10k 311-10KGCT-ND RES10K OHM 1/10W5%0603SMD 0.038
470 311-470GCT-ND RES470OHM 1/10W5% 0603SMD 0.038
100k 311-100GCT-ND RES100OHM 1/10W5% 0603SMD 0.038
Resistorshunt RR08Q10DCT-nd RES10OHM 1/16W.5%0603SMD 0.081
Indutor
Ferrite 240-1035-1-ND FERRITE1.5A 40OHM 0805SMD 0.215
Discretes
DiodoSchotky bat54fsct-nd DIODE SCHOTTKY 30V 200MA SOT-23 0.151
powerconector cp-102b-nd CONNPOWERJACK 2.5MM PCBCIRC 0.330
resetbutton SW400-ND SWITCHTACT 6MM MOM 100GF 0.200
Led
LedOrange 404-1019-1-ND LED ORANGE0805SMD 0.177
LedRed 404-1017-1-ND LED RED 0805SMD 0.189
LedGreen 404-1021-1-ND LED GREEN0805SMD 0.165
LedYellow 404-1019-1-ND LED YELLOW 0805SMD 0.170
Total 32.498

TableE.2: BeanComponents
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Glossar y

ACLK Auxiliary clock

ADC Analogto Digital Converter

AGC AutomaticGainControl

AM ActiveMode

API ApplicationProgrammingInterface

ASK AmplitudeShift Key

BEAN BrazilianEnergy-Ef�cient ArchitecturalNode

CCR Corner-Cube-Re�ectors

CMOS ComplementaryMetal OxideSemiconductor

COTS ComponentOff-The-Shelf

CPLD Complex ProgrammableLogic Device

CRC Cyclic Redundancy Check

DAC Digital to AnalogConverter

DCLK DataClock

DCO Digitally ControlledOscillator

DCT Digital CordlessTelephone

DIO DataInput/Output

DP DeepPower-down

DPM DynamicPowerManagement

DVS DynamicVoltageScheduling

EPROM ErasableandProgrammableROM
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EEPROM ElectricallyErasableProgrammableROM

ESB EmbeddedSensorBoard

EW EmbeddedWorkbench

FET FlashEmulationTool

FOB FreeOn Board

FPGA Field-ProgrammableGateArray

FSK Frequency Shift Key

GFSK GaussianFrequency Shift Key

GND Ground

GNOMES GeneralizedNetwork Of MiniatureEnvironmentalSensor

GPS GlobalPositioningSystem

I2C Inter-IntegratedCircuit

IC IntegratedCircuit

IDE IntegratedDevelopmentEnvironment

I/O Input / Output

ISM IndustrialScienti�c andMedical

JPL JetPropulsionLaboratory

JTAG JointTestAction GroupIEEE1149.1

LED Light EmittingDiode

LNA Low-NoiseAmpli�er

LOS Line of Sight

LPM Low-PowerMode

MAC MediumAccessControl

� AMPS Micro-AdaptiveMulti-DomainPower-AwareSensors

MANTIS MultimodalNetworksof In-situSensors

MCLK Main clock

MCU MicrocontrollerControlUnit

MEMS Micro-Electro-MechanicalSystems

MIPS Million InstructionPerSecond

MISO MasterIn SlaveOut

MOSI MasterOutSlave In
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NASA NationalAeronauticsandSpaceAdministration

NiMH Nickel MetalHydride

NRZ Non-Returnto Zero

OOK On/Off key

O-QPSK Offset-QuadraturePhaseShift Keying

PA PowerAmpli�er

PAL ProgrammableArray Logic

PALE ProgrammingAddressLatchEnabled

PCB PrintedCircuit Board

PCLK ProgrammingClock

PDATA ProgrammingData

PHY PhysicalLayer

PLL PhaseLockedLoop

PP PageProgram

PWM Pulse-Width Modulation

RAM RandomAccessMemory

RDSR ReadStatusRegister

RES ReadElectronicSignature

RF RadioFrequency

RFID RadioFrequency Identi�cation

ROM ReadOnly Memory

RTC RealTimeClock

RSSI ReceiveSignalStrengthIndicator

RX Receive

SCK SerialClock

SE SectorErase

SIMO Slave In MasterOut

SMCLK Sub-MainClock

SMS ShortMessagesService

SOF Start-Of-Frame

SOI Silicon-on-insulator
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SOMI SlaveOut MasterIn

SPI SerialPeripheralInterface

SS Slaveselect

TDMA TimeDivisionMultiple Access

TPU TimeProcessingUnit

TX Transmit

UART UniversalAsynchronousReceiver/Transmitter

USART UniversalSynchronous/AsynchronousReceiver/Transmitter

VCO VoltageControlledOscillator

WRDI Write Disable

WREN Write Enable

WRSR Write StatusRegister

WSN Wirelesssensornetwork

YATOS YetAnotherTiny OperatingSystem


