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RESUMO

Estc trabaiho mestra de maneira resumlda a proposta do Hvre Foundatlons of
Mobile Radlo Engincering, do muesmo avior, a2 ser publicade pela CRC Press, Boca Raton,
FL, USA. O curpo da tcsc aprescnta a mesma estrutura do Mvro onde acrescentam-se
Preféclo e Conclustes. O Preféclo introduz a motivagdo da escrita e o apelo do llvro,
enquanto o capftulo Conclustes delinea os principals resultados dos temas abordados. O
corpo da tese é constituldo de doze capftulos agrupados em sels partes onde tratam-se
dos seguintes temas : Sistema R4die Mdvel, Rddie Mdvel Celular, Modclo de Propagagdo
de Réadio Mdével, Efeltos dec Propagacio de Multipercurso, Combate ao Desvanccimento,
Trunemlissio de Dades ¢ Sinallz.age’;?, Rufdo ¢ Interferéncia, Modulagio Analdgica para
Radio Mdvel, Téentcas Digitals  para Radio Mdvel, Arguitetura de Miliiple  Acesso,

Protocolos de Accsso ¢ Aspectos de Trafego em Sistemas de Rédio Mdvel.
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PREFACIO

MOTIVACAO

Durante todos estes anos de eavelvimento com a 4rea de cemunlcagbes mdvels, sendo
alravés da  pesquisa, do ensine  on mesmo  de  alguns  projetos especificos para a
indistria, sentl a necesstdade  de um livro texto que abordasse o0s  vérios tépicos
relacionados com  este campo tdo abrangente, Contuda, a engenharta de  rddio mdvel
cavolve virtualmente todzs as 4reas de telecomunicagdes, e um Iivro cobrinde toda a
materia de wma forma aropla requereria vdrios volumes e diversos autorcs.

Muitos {eonomenos  de comunicagdo radie mével j4 foram explorados em diversos
Hvros  ou  textos  cldssicos  mias weralmente abordados  como topicos  avancados. Além
disso, muoitas  das téenlcas,  inlclalmente vsadas  para  ooiras aplicagoes, acabaram
adaptando-se perfeitamente 3s necessidades de rddio mdvel. Assim, cscrever wm Hvro
cspecializade  nesta 4drea requereria apenas  uma compilacido das  vdrias matérias
disponiveis na literatura. Isto € apenas parclalmente verdade. Desde o surgimento  dos
pritaclros  sistemas  celulares, a pesquisa na  drea  fol  Intensificada ¢ uma grande
quanitdade de noves e interessantes resultados  obtidos. O que inicialmente constituiv
uma  pequena drea de  pesquisa, hoje  tornou-se parte fundamental da maioria  dos
trabalhos em teleconminicagoes.

Compilar  material bdsico e  avancado num tnico livie de um  dnico autor &
literalmente  fmpossivel. Meste  livro procurct explorar o gue, de uma certa forma,
constiful um  subeonjunto  bastante significativo deste vasio campe. O livro visa ambos,
05 iniciantes na drea e os jd familiares com sistemas de rdadio mdvel.

Os capitulos sio ordenados de forma a que o lcitor enconire uma Introdugso 2
maléria, descrigdo ¢ andlise dos fendmenos bidsicos, solucdes praticas acs preblemas e
material mals avancado. Cada capltulo comega com Preambulo, onde resumem-se o5 tdpicos
2 serem tratados no mesmo, e termina com Sumirio e Conclusées, onde os principals
resultados e comentdrjos gerais sdo inclufdos. Alem disso, ums ver que nido se espera

gue os leltores tenham a mesma bagagem matemiética, as passagens s3o minuciosas o



sempre que necessdrlo, informagdes adicionals sdo colocadas em forma de aplndlces no
final do capftulo correspondente. Neste sentide o livro do ponto de vista diddtico &,
de certa forma, auto suliciente.

Devido A cacassa literatura nesta drea e com este tipo de abordagem, o livro fof
escrito em  inglés para wma posstvel malor penctragdo no mercade mundial. O rome
proposto ¢ Foundations of Mobile Radio Engineering. Os [Hvros disponfveis ou  sfio
bastante  superficials ouw  cntdo objetivam  uma classe de lcitores com experidncia
profissional na 4rea ef/ou com uma bagagem matemdtica considerdvel.

O Tivre proposto ¢ dividide ¢m sels partes :

PARTE [ ~ INTRODUCA0O
Contém os Capitules 1 e 2.
O Capitulo 1 Introduz os vérios sistemas de rédic movel.

O Capitulo 2 descreve a arquitctura celular e os tdépicos relacionados.

PARTE il - O CANAL DE RADIO MOVEL

Contém os Capitulos 3 e 4.

O Capitule 3 analisa os métodos de cdlculo de perdas de percurso, sombreamento,
propagagdo de rnultipercurso ¢ suas cstatisticas bésicas.

O Capitulo 4 ¢ intciramente dedicads acs  wvdrios tépicos relacionzdos com  os

fendmenes de multipercurso.

PARTE I1l - METODOS DE DNVERSIDADE-COMBIN AC A0

Contém os Capitulos 5§ e 6.

O Capftulo 5 amalisa os diversos esquemas de  diversidade e combinagao para
combater o desvanechmento.

O Capitulo 6 Investiga os méiodos de combater o desvanecimento especificamente

num ambicnte digital.
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PARTE IV ~ RUIDO, INTERFERENCIA E MUDULACAQ

Contém os Capfiulss 7, 8 e 9,

O Cupltule 7 ectuda  os problemas relatlvos g rafdo, Interferénclas  de  canal

adjacente e de cocanal.

O Capftule 8 examina os virlos esquemas  de modulagio analdgica num  amblente

mave],

O Capftulo 9 analisa alguns esquemas especificos de modulagdo digital de malor

ordem e também algumas téenicas de codificagio de wvoz, aplicados no ambiente

movel.

PARTE YV - MULTIPLO ACESSO
Contém os Capitulos 10 ¢ 11,

O Capitule 10 desereve as arguiteturas de miltiplo acesso tals comao FDMA, TDMA e

CDMA.

Q Capitslo 11 aborda os  virios protocolos de multiple acesso ¢ investiga o

desempentio do Siofted 41.0HA4 no ambicnte de radio mdvel.

PARTVE VI -~ TRAFEGO
Contém o Capitulo 12.

Este capitulo mostra o desempenho  de algomas  téenicas  de melheria de  trafcgo.

Muds vapecifiicamenie, cle analisa um algoritmo de aberdagem global e outro local

per melo de simulacdo € andlise numérica.

0 livro pode ser usado como texto para um curso de pés graduagio de um semestre

(60 horas).



MERCALO

Depols  da  indiistria pctrolifera  as telecomunicagbes constituem o mercado  mals
rentdvel  ne  mundo.  Juntamente  com a Informidtica este mercado .ruprescntaré
aproximadamente 40% do Produto Naclonal Bruto da malorta dos pafses no futuro hem
prdximo. Dentro das telecomunicactes a Comunicagdo Mdéuel aprescnta o malor potencial
de expansio. Estlma-se que o mercado atual na Ewropa triplicard por volta do ano 2001,
Os sistemas  apaldgleos atnda  constituem um mercado bastante rentgdvel registrande um -
ity de 253% de cquipamentos e servigos em 1991 em relacis a 1990, Estima-se ainda
aue os servigos da Rede de Comunicagio Pessoal {PCN ~ Persenal Communication Network)
airaird  mais  qoe fi[}{}()(](assinﬂn[es em 1995, subindo para 2.5 milhdes ao Tinal da
¢dcuda.

Uma tendéncla mercadoléglea semelhante € prevista para a Amdrica do Norte e Asla.
Quantc ao restante do mundo os serviges de rédio mdvel J4 sdc uma realidade, embora a
grande majoria dos assinantes ¢ constitulda por empresdrios. No entanto acredita-se
que, come fem o acontecido nos pafses do primelro mundo, o consumidor comum deverd
censtituir a major porcao do mercado dos assinantes mévels no futuro bem préximo.

Assim, cxiste um Intcresse crescente dos vdrios sctores da comunidade em conhecer
. peuco melhor este limportante meto de comunicagdo. As pesquisas na 4drea tem se

intensificsdo, caracterizando a necessidade de livros textos,
OBJETIVO DA TESE

Este  trabalho  tem  como  ohjetivo apresentar  de  forma  bastante  resumida  os
principals  assuntes fratados no  livro Foundations of Mobile Radio  Communications
Englneering, do mesmo autor. Para um detalhaments maior do assunto o leitor deve se
referir a0 manuscrito em  anexo. © livre foi aceito para publicagao pelas editoras (3)
CRC Press, Boca Raton, Fl, USA, (1) Kluwer Academle Press, Norwell, MA, USA, 111

Oxford  University Press, Oxford, England ¢ (iv) Prentice Hall. Hemel Hempstead,



vogland. O mesmo cncontra-se cm fase de producdo pela primeira editora.

ESTRUTURA DA TESE

A lese segue oxatamente a mesma cstrutura do livro, como aquela exposta aclma,

sende  acrescida de um capftulo de  conclusdes onde  sho ressaltados  os  principals

resultados de cada capftulo.
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CAPITULO 1

SISTEMA RADIO MOVEL

INTRODUCAO

O primcire uso de rédio mdvel data do século XIX quando M. G. Marconi estabsieceu
uiMa conexdo via rddlo entre uma estacio base terrena & um barco de reboque distants 18
milthas, A partir de entio os sisternas de réddio mdvel se desenvolveram riapidaimente
espalthando-se de uma mancira considerdvel. A utilidade dos Scrvigos de Rédio Mdvel foi
fnictalm:onte  reconhectda  pelos scrvicos  dc  scguranca  miblica, tals  como 05
departamentos de policia ¢ hombeiros, conservacido de florestas, manutencdo de rodovias
€ servigos piblicos locais. Em scguida os setores privados, tals como os dc geragio e
distribuigao  de  eletricidade, petrdleo,  cinema, manutengzo  do  sistema  telefénico,
servigos de  transporte, frotas de tdxis e caminhdes passaram  a fazer uwso do r4dio
movel. A taxa dc crescimento destes servigos nos Estados Unidos na década de 50 J4 era
superior a 20% ao ano, quando o nimero de assipantes era de apenas alguns milhares,
Consegiientemente, por volta de 1963 o nbmero de usudrios mdvels excedia a casa dos 1,3
milhoes, muito embora apenas alguns poucos canals (em torme de 12) cram disponivets.

Estes primeiros sistemas, também conhecidos como Sistemas  Mdveis Convencionals,
consistiam de uma cstagdo base com o seu transmissor e receptor instalados nom tolpo de
bma coltna. A drea de cobertura era intenclonalmentoe grande como & .dns servicos de
radio difusio (rddio ¢ televisdo). O transmissor soperava  geralmente com vma alea
peténeta {200 a 300 watts) garantindo uma significativa drea de cobertura (rdlo de 25
mithas ou mais).

Us  Sistemas Mdévels Convencionals sdo, cm  geral, tsolados uns dos outros, tendo
apuenas alpuns deles acesso 2 rede telefonica publica. Os sistemas providos deste tipo
de conexdo sie chamades Sistemas Telfbnicos Mdveis, onde a unidade de comunicacio ¢

atribuida ao assinante ¢ n3o a uma localizagao fisica.



CONTEUDO

Este capftolo traga um breve histérico dos sistemas de rddie mdvel, trazendo 2
tona os principals eventos quc  contribufram para o desenvolvimento deste  eflelente
melo de comunicagdo. Destaca-se nestes cvenios a evolugdo tecnoldgica sofrida pelos
esquemas  de modulagio, empacotamento do equipamento e aspectos de  arquitetura de
sistema. Além disso  dellncam-se os  virios problemas de  alocacdo de espectro  de
fregitneta e da disponibilidade de canais de réddio bara 05 serviges.

Alguns dos principals scrvigos de radic moével (Radio Paging, Packet Radio, Future
Public  Telecommunications Systems, Cordless Telephone, Personal Communications ¢
Mobile Sotellite (..'onm:mz!mfionf) £30  brevemente  descriton e consideragdes  de  projeto
de sistemas 30 examinadas. Mostra—se ainda que, dade que rddio-propagacio nio leva em
conta  as fronteiras  geopoliticas, ¢ uvso  eficlente  do especiro  de  fregicénela s§ €
possivel se forem estabelecidos acordos de &mbito internacional. Sob estas premissas o
WU (Unrernational  Telecommunication  Union) surgiu  para prover esta "harmonia
mun:dial”, A alocagdo  internacionsl  de freqiéncias para alguns servigos de rédio &

¢ntao apresentada sob forma de tabela.



CAPITULO 2

RADIO MOVEL CELULAR
INTRODUCAO

(s slstemas  mdvels convenclonals consistiam de  uma estagie base com o scuy
transmissor e scu receptor montados npum topo de uma colina. A drca de cobertura £ra,
em  yeral, grande ¢ apenas  um pequeno  mimero de  canals era  disponfvel. Como
Micialmente  ceies  sistemas cram  de  controle manual, cada chamada tinha que ser
estahelecida com a intervenglo de uma opcradora. Os sistemas automiticos surgiram em
meados dos anos 60, mas ainda com poucas facilidades. Por exemplo, =e um assinante
tivesse uma chamada estabelecida em uma  4rea peogrifica, esta chamada deveria ser
reiniciada caso este assinante s¢ movesse para uma outra drea.

Apesar das lHmitagies destes slstemas e do alto custo dos servigos, © crescimento
da dcrienda peios  servigos mdéveis era comsiderdvel. Tais sistemas, providos de um
pequeno mimero de canais de rddio e com limitada capacridaéc de crescimento modular,
ndo podiam suportar esta demanda. Novas 1déias para o desenvolvimento de uwm sistema
versdtil, onde os assinantes pudcsscm. "perambular” com o seuw telcfone mdvel numa rede
glohalmente integrada, comegaram a sc materializar. A pedra fundamental deste sonho €
a ldéla CELULAR como descrito neste capftulo.

A - cxpansde  de  um sistema  mdvel  convenclonal depende  principalmente  da
disponibilidade de espectro. O plancjamento  de  radio freqiencia €  um  (Spico
extremamente intrincado, wma vez que o espectro de frequencia deve ser compartilhado
por outros tipos de scrvigos. Existe uma considerdvel disponibilidade de espectro nas
falxas mals altas, onde os problemas de propagacdo  sido extremamente complicados,
dificultando 2 implementagio de equipamentos para opcrar nestas bandas,

Centvdo, sc por um ladoe o espectro de frequéncia, um recurso escasso e
estritamente  controlado  pelos  drgdos  regelamentadores,  dificulta  a expansio  dos

sistemas, por outro lado a pressdo da demanda por servicos mdvels ¢ de Tato relevante,
L P F ”




A safda € bbviamente a toncepgio  de  novas  idéias  basicas (conceituais), A
tnq'.»icrncnraqau destas novas idéias pode reguerer uma nova tecnologla, com o qQue € entio
possivel Implementar-se um  sistema tapaz nao s6 de satisfazer 2 demanda Iniclal, mas
também de oferccer novos servigos. Estcs novos servigos podem gerar npova demanda e

precisam ser regulamentados. Um novo ciclo entfio se inicia.
CONTEUDO

Este  capftulo estabelece  os princfplos  bdsicos dos sistemas celulares de rédio
mével dando uma visio geral dos pontos princlpals a screm considerados no projeto de
ststema. Destacam-se  as diferengas  relevantes entre  as redes  convenclonals e as
celvlares,  introduzindo~-se  os Jargbes  comumcnte  uwsados  nesies  Giimos, Descreve-se
brovemente cada componente celular e mostra-se como eles podem gser interligados para
a5 difercniles arquiteturas. Introduz-se a teoria dos padroes e simetria de forma que
alguns  dos  conceitos bem  aceltos  da geometrla celular, hoje  tidos como  postulados,
possom ser melbor entendidos.

O conceito celolar tern embotido ermm si uma argquitctura modular que, em teorla,
pede  ser expandida indefinidamente. Existem, no entanto, restrigbes  prdticas  que
limitam este crescimento a  tal pento aclma do que algumas téenicas alternativas sdo
recomendadas. Estas  téenilcas  s30  examinadas neste  ecapftulo.  Considera-—-se l;ambém a
questdn do desempenho do  sistema, guando trés medidas de eficiéncia (espectral, de
troncalizacdo ¢ de custo) sao descritas. O préxime  tépico considerado neste capfmlo
relaciona-se com a transmissio de dados e controte de sinalizagio nos canais de rédie.
Neste mesmo t8pico {lustra-se de forma pictorial uma chamada bem sucedida do assinante
mdével para o assinante fixo ¢ vice-versa. Além disso 1lustramn~se também as scqliénclas
de handoff.

Ainda dentro do intuito de se dar uma  visio geral  sistémica, as copecificaghes
hisicas de projeto de  sistema sepguldas pelos  passos priacipais no projeto celular  sde

abordsdoes.  Para  finalizar o capitulo, algurnas das  tdenlcas  nao conpvencionals  de




methoria de desempenho de trafego sfio mostradas, Novamente a abordagem dada aqui ¢

superficlal, mas um estudo mals detalhade € levado a cabo no Capltulo 12.
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CPARTE I

O CANAL DE RADIC MOVEL



CAPITULO 3

MODELO DE PROPAGACAO DE RADIO MOVEL

INTRODUCAO

A comunicagio com ou entrc pontos mdveis constitut wma tarcfa bastantc complicada
€, com a lccn(;logla de hoje, ¢ fuita por meio de ondas de rédlo. Este mecioc de
transmlssdo tem uma grande dependénela do ambiente onde » comunicagdo s¢ processa.
hesta forme  efa pode  ser  influenciada por uma infinidade  de  parametros gue
taracterizam este ambiente,

Os sistemas de radio mdvel tem seguldo uma tendéncla comum  de utilizar altas
freqiicnctas  devido  ao congestionamento  dos  servigos que usam a parte balxa do
espectro. Entretanto,  trabalhar  com  altas frequéncias geralmenie leva a problemas
intrincades e de dificil solucdo. A andlise tedrica dos fendmenos cnvolvidos €, ma spa
grande maleria, extremamente complexa devido ao ndmero de varidvels a serem levadas em
consideragdo. Muitas destas varidvels sig simplesmente  desprezadas para a maloria das
aplicagbes de balxa frequéncia, Considere, por excmplo, uma transmissio de radio a 60
MHz, o que corresponde a um comprimento de onda de 5 m. Casc as obstrugécs. cncontradas
por csta onda forem da.(mlcm de alguns comprimentos de onda, cstas poderdo funcionar
tomo espalhadores. De fato, se agora imaginarmos uwma transmissio de r'a;'dio a %00 MHz
(faixa geralmente wvtilizada para radio mdével), obstrughes de a.pf:.nas algumas dezenas de
ccn[fme{ros podem espalhar o sinal.

Devido 3 propagagio de multipercurso o sinal de ridio sofre desvanccimentos
ripidos, com o8 minimos chegando a 40 dB abaixo do nivel médie do sinal. Os
desvanceimentos fambém  ocorrem devido ao sombreamento provocado por colinas, tineis e
osiras obstrogées. A perda de percurso, sombreamento e desvanecimento rapido podem
deterlorar o sinal  propagade de  tal forma que, s¢ o sistema nao for muito bem
dimncnsionade, as perdas de comunicacio podem tornar-se bastante freglientes.

Aldm de tude isto, a comunicache mével tamnbém pode ser afctada pela interferéncla

11



de cocanal e de canal adjacente Juntamente com os vérios tipos de ruido gerados dentro
da equipamento de rddlo e pelo amblente. O movimente do vefcwle tmpde ainda algumas
variaghes alcatérlas no sinal, dcterlorando bastante a comunicagio,

Nota-se, pelo gue fol brevemente exposto, que uma sclugio deterministica pars a
verlabilidade da poténcia do sinal de rddlo mével ¢ de fato Impossivel. Parte-se entio
para o tratamcnte cestatfstico do sinal esivdando-se os varles fendmenos envolvidos de

manclra probabilistica.
CONTEUDO

Este capitulo duscreve com  um certe detathe os  vérlos nodelos referentes  aos
fentmenos de propagagdo no ambiente de rddio mével. Inicia-se por uma breve revisio de
alguns  tépicos relativos aos fundamentos de antenmas, com o objetive de chegar-se &
férmula de Friis para transmissio em espago livre. Esta férmula constitui a base para
us modcelos de perdas de propagagio apresentados em seguida.

Os modelos de propagagdo podem ser divididos em dois grupos, a saber, os modelos
tedricos e o5 cmpiticos. Os  modelos  tedricos  sdo geralmente  descritos  através  de
expressoes matemdticas fechadas, cnquanto que os empiricos baseiam-se em fabelas e
curvas obtlidas em medidas de campo nas mais diversas condigbes. No primeiro caso
muitas aproximagdes sio f{eitas, de forma que os modelos ndo sio diretamente aplicdveis
a5 sltuagdes prdticas. No scgundo caso multes parmetros sio levados cm constderagio,
ternando os modelos bastante complexes. Uma combinagio dL ambos 05 grupos de modelos
di origem a am modelo de predigao simplificado com cxcelentes resultados. Qs viries
pardmetros que afctam a propagacdo de rddlo mdvel sio também discutidos o analisados,

Descreve-se entdo o comportamente estocdstico do sinal de rédio mével por meio
dan  virlas  distribuicdes  estatlsticas de  intercese (distribnigio  loonormal, de
Rayleigh, de Rice e de Suwzuki). Combinando-se convenicnfemente estas distribni¢tes =
alguns dos resultados mais Importantes obtidos dos modelos de predicdo de perda de

percurso, delermina-se a drea de cobertura da céfula. Da mesms forma determinam-se as
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fronteiras entre as células com o principal objetive dc obter-se o guanto as dreas de
coberiura de  cflulas  vizinhas se sobrepbe. Esta Informacio ¢ de espectal  Interesse
guando técnicas de  encam!nhamento  de tréfego  alternative podem  ser aplicadas para

melhorar o desempenho de trafego do slstema de rédio mdvel,




CAPITULO 4

EFEITOS DE PROPAGACAO DE MULTIPERCURSO

INFRODUCAO

Um sinal de rédio transmitido de uma estagdo base chega X estagio mdvel como um
confunto  de  ondas  espalhadas, © espalhamento  pode  ser  provocado por miiltiplas
reflextes  devldo as  irregalaridades  dos terrenos,  presenga e um  prande  ndmero  de
ahstrugdes, variacio das  constantes dielétricas dos melos, cte. Devido a alcatoriedade
distes fenbmenos, o sinal de rédio mével & geralmente tratado numa base estatistica, O
cnvelope, a fase e a fregdéncia do sinal recebido variam aleatériamente de acordo com
slgumas  distribuigses de probabilidade bem  conhecidas. Em particular, o envelope do
sinal  recebido segue  a  distribuicao  de Rayleigh, enquante a fasc ¢ uniformemente
distribuida de 0 a 2n rad..

Outras  estatisticas  de  relevancta  devem  ser determinadas  de forma a melhor
Caracterizar o sinal com desvanccimentio Rayleigh., Uma destas estatisticas rc!a;:iona—sc
com & varlagdo no tempo do envelope recchido. De mancira sernethante, a distribuicio
conjunta de dols sinals com desvanecimento de Rayfeigh. € de particular Intercsse. Com
estas  duas  cstatisticas € possivel descrever e caracterizar alguns dos virlos efcitos
de propagagde de multipercurss tals coma largura de banda coerente, {axa de -cruzamen!o
de nivel, durccéo média do desvanecimento, FM  aleatério e outros.  Asstm, o capitulo
dedica algumas de suas sessdes para o detalhamento o obtengie destas distribulgocs.

Outros tdpicos também tratados neste capitulo incluem o efelto Doppler, delay

spread, espectro de poténcla do sinal, medidas de campo ¢ simulacio de desvanecimento.
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CONTEUDD

Neste  capitulo seleclonam-se para  andlisc alguns dos aspectos mals relevantes a
seremd considerados no  ambiente  de  propagacio de multipercurso.  Inicla-se com o
concefto  bdsico de velocidade de  onda para, cm scguida, derlvar-se uma relacdo
deserevendo o desvie de fregifncia do o sinal propagado devido 2 movimentacio do
vefealo, A fdrmuia obtida €, na rcalidade, uma aproximacido de wma mals complexa dada
pela Teorla da Relatividade.

Estuda-se entde o comportimente estatistico do fime delay ¢ delay spread do sinal
propagado. O cfcito deste delay ¢ analisado de forma a determinar-se o fator de
correlagdo de dols sinals reccbidos, dados o fime delay c/ou a separagio cm freqliénela
entre cles. A separagdo em  frequéncia  entre  dols  sinais para um dado fator de
correlagho € conheclda como largura de banda coercnte. Uma vez que no meio de
multipercurse lida-se com  desvanecimento rapldo, torna-se Interessante determinar-se a
freqiiencia de ecorréncia do desvancecimento dado um nfvel de tensao de limiar: isto €
conhecido como taxa de cruzamento de nivel. A duracio do desvanccimento € também de
Interesse.

O préximo tépico de relevancia concerne o estudo da aleatoricdade da variacic da
freqiiéncia  (fase) e scus cfeitos na qualidade do sinal recebido. Mostra~sc que este
Fendmena,  conhectdo como modulagio cm fregicncia aleatoria, introduz um  rufdo cufa
poténela varta com o quadrade da velocidade do  vefenio. Determinam-sc  tambérn  os
espectros de poténcia do sinal e suas dependéncias com o ganho da antepa. Todos estes
ferdmenos podem  ser observados por medidas  de campo. Salicntam-se ainda o0s poatos
principais a screm considerados na aquisicdo ¢ andlise de dados em campo. Finalmente
mostram-se  as  vdrias  manciras  de implentarem-se  simoeladores  de desvanecimento,
incloindo uma abordagem analdgica e outra com técnicas de processamento  digital de

sinals,




PARTE ¥l

METODOS DE DIVERSIDADE-COMBINACAO



CAP[TULO 5

COMBATE AO DESVANECIMENTO

INTHRODUCAD

A dvmanda crescente por servigos de rddle mdével obriga a que os projetistas e
sistema ¢ operadoras encontrem meios nao sé de satisfazer tal demanda mas também de
melthorar o desempenho do sistema. Uma das malores causas de degradagdo do descmpenho
dos sistemas de rddio mdvel € a ocorréncla de desvanccimento. O sinal recebido por um
vefeulo movimentando-se em wm ambicnte urbano tipico pode sofrer variagBes extremas, e
#Hi B ahaixo da mdédia do sI.na! nao ¢ tao Incomum. O cavelope do sinal desvancce—se de
acordo com a distribuigio de Rayleigh com sucessivos mfnimos ocorrendo & cada melo
comprimento de enda da portadora, aproximadamente,

No que concernc 3 transmissao de voz, os efeitos da propagagio de multipercurso,
cmbora ndo agraddveis, podem ndo ser essenclalmente criticos. O malor problema ocorre
guando dados ov ginalizacido cstdo envolvidos: uma perda de comunicagdo c¢m  instantcs
cruclals pode ser extremamente prejudicial {lmagine, por excmplo, o sistema perdendo o
controle de uma lenga chamada internacinal exatamente no instante de bilhetagem...).
Extste um consenso geral no sentido de prover o sistema com melhores servicos onde a.
iransmissao de voz e dados alcance os padrées de grau de servico estabelecidos.

Contudo, superar os cfeitos do multipercurso (o desvamecimento) ndo € uma tarcfa
simples, e, de fato, contitvi um dos problemas mais diffceis a  ser solucionade no
projeta do sistema de rddio mdvel.

(3 desvanccimento € em  geral combatido através de métodos de diversidade. Os
principlos dc diversidade basciam-se no fato que desvanecimecatos ocorrendo em canals
Independentes  constituem  eventos fndependentes.  Portanto, st uma dada informaciio
estiver redundantemente disponfvel em dois ou mals canals (conhecidos como "ramos de
diversidade™), a probabilidade que esta Informacao scja afetada por uwm desvaneclmento

profunde, ocorrendo simultaneamente em todos os ramos, ¢ muoitoe pequens. Assim, com um
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algerftmo convenicnte (conhecido como "métode de combinacic”) € possfvel obter-se um
sinal resultante tal gue os efeltos do desvanecimento scjam minimizados.

QO uso de algumas téenbteas de diversidade em sistemas de comunlcacio data dos anos
20. Desde aguela ¢poca o5 esquemas de diversidade sofreram zlgumas melhoriss. Embora
nio tdo largamente conbecido como tal, o hendeff de uma csfagdo base para ouvtra
copstitul uwma  forma  de  diversidade.  Neste  capitulo  enfatizam-se  o0s  métodos
alterpativos, que ndo o haendoff. Tniclaimente decrevem-se os métodos usadoes para a
obtengda  dos ramos independentes, isto €, como a informacio pode ser repetida e
propagada  através  de  difcerentes  percurses. Em o scgulda  examlnam-sc os métodos  de
combinagdo  (processamente) do  sinal receebido de forma a obter-se a mclhor safda
{ouf pui), .

Existem basicamente dols tipes de desvanecimento no ambicnte mével: o de longo
prazo (fong term) ¢ o de curto prazo (short term). Os métodos dc combater os seus

cfeitos s3o dbviamente diferentes ¢ serio considerados separadamente.
COMTELDO

O objetivo deste capitulo ¢ descrever os principios, funcicnamento, desempenho,
vantagens e desvantagens das varlas téenicas de combate aos efcitos do desvanccimento.
O problvma ¢ Iniclalmente obordedo pele lado  macroscdpico, quando  serd  visto gue
aperias  um - método € efctive  pura  combater o desvanecimento lento  {lognormal):
diversidade  espactal,  No -Iado microscdpico,  sels  técnivcas para combater o
desvanceimento  répido  (Rayleigh)  sfo  descritas:  diversidade espacial, de polarizagao,
de  angule, de freqiéncia, de tempo e kopping. Equalizacdo adaptativa e codificagao
tambfm constituem metos eficicntes de combater o desvanccimento. Contudo, como estas
técnicas sdo  essenclalmente  aplicdvels &s  comunicagdes digitais, elas serdo  exploradas
no Capitulo 6.

Quatro meétodos de combinagio tals como selegho pura, sclecdo por Hmiar, razio

méxima ¢ ganho unitdric sdc investigados. O desempenho de cada téenica de combinacio &
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mudido pela razio sinal-rufdo obtido na safda do comblnador. Assim, as distribuicbes

destas vérias razdes sinal-rufdo como fungbes do ndmero de ramos de diversidade sio
determinadas ¢ anallsadas.

h

= mostrado que, levando-sc em  conta o fater custo-bencifclo, o esquema  de

diversidade de dois ramos constitui a melhor opgdo para o cembate ao desvancclmento.
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CAPITULO 6

TRANSMISSAO DE DADOS £ SINALIZACAO

INTRODUCAD

No sistema de réddio mével dados e sinalizagao podem ser transmitidos em ecanals de
voo ou em canais especlals de  sinalizaclo, dependendo da tarefa de controle a ser
implementada.  Exemples  de  tarefas de  controle incluel,;n as  diversas  fases  do
estabelecimento de uma chamada, handoff entrc estacdes hases, desconevio da chamada,
cte. A troca de mensagens entre a estagdo mével ¢ a estagio base € feita via rddio,
tnquanlc que mensagens cnire a estacdo base e a ceniral de comutagio mdvel geralmente
seguem via fios.

Existem dois tipos de mensagens transmitidas sobre os canals  de rédio: (i)
aquclas enviadas como um fluxe contfnuo de bits o (if) aquelas cnviadas em surtos. As
primciras incluem a rddic chamada {paging) da estacho mdével, relatdrios do sfarus do
sistema o mensagens  de overhead, ¢ 3o transmitidas em  canais especlals de
sinalizagdo. As Ultimas comprecdem (a) jiberacao de chamadas e handoff, que fazem uso
dus canals de voz, ¢ tambdm (b) requisicies de servicos da estacdo mdvel 2 estagdo
hase, o Tazem uso de canals espreiais de sinalizagao,

Nos  sistemas  analdgicos uma atengdo cspcc-ia! deve ser dada aos problemas que
surgern da assoclagfio de voz, wsando transmissio analdglica, e dados, usando transmissio
digital. Nos sistemas digitais dados e wvor digitalizada podem fazer uso das mesmas
i€cnicas de modulagio digiial,

Uma questdc de especlal importincia na  transmissio digital ¢ a sincronizacio.
Jigter de tempo ¢ desvio de freqiiéncia do reldgio podem provocar uwm avmento da taxa de
crro de bit ou palavea degradando o desempenho do sistema. Torna-se importante o uso
de tfenfcas que minimizem os efcltos destes fendmenos. Uma scgiléncta de 1s e Qs
altcrnados  pode ser usada para  obter-sec sincronizaghn de bie. Dz mesma ;for'ma, a

Inclusdo d= padroes conhecidos no Inicio e¢fou flm do guadro pode ser usada para obter—
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se sincrontzagaco de quadro.

Apesar da sincronizagio erros de bits ow palavras alnda podem ocorrer devido a
multos  outros  fatores, Inclulndo principalmente o desvanecimento. Estc capfltulo
objetlva examinar a ocorréncla de erros na transmissio de dados em sistemas de rédio
mével e também investigar os métodos vsuals empregados para minimizar a ocorréncila de
erros.  Presta-se  especial  atenglo aos  sistemas de modulacdo  bindria  devideo 2 sua
slmplicidade e  aplicabilidade universal. Além disso, estes s30 os esquemas  de
modulacho utiltzados pelos sistemas analdgicos. B sabido, no entanto, que o5 slstemas
mdvels digitals usam modulagio de malor ordem. Q cbjetivo do capfivlo, entretanto, nio
¢ comparar csquemas de modulagio mas Investigar os efeitos qualitativos das técnicas
utillzadas para melhorar o desempenho da taxa de erro de biis. Além disso, todos os

procedimentos  aqul  descritos  podem  ser  dirctamente aplicados aos  esquemas de

miodulagdo de malor ordem.
CONTEUDD

Eree capiiule examing o descmpenho da transmissao digital em umn ambiente com
desvancclmento. A medida de desempenho € a taxa de erro de bit {ou, eqguivalentemente,
a probabilidade de crro dc bit) para uma dada razio sinal-ruido por bit.

Procede-se  inicialmente a wma revisdo da taxa de  erro dé bit  para algumas
modula¢Ges bindrias, tals como FSK e PSK, para em seguida examinar-se come os sens
desempenhios podem  ser melhorados. O objetive é obter-se uma  idcia qualitativa da
mithora  alcangada quando  diversidade, ecodificagio ou  transmissio miftipla &30
cinpregados.  Desta forma,  as  téenicas de modulacdo bindrla foram  escolhidus para
facilitar a andlise. Contudo, o5 principlos bdsicos agul  descritos podem  ser
dirctamente aplicados aos esquemas de modulacio mais elaborados como agueles estudados
no Capftulo 9. Algumas  outras  técenicas  tals como Interpolagio, ARQ e  equallzagio
adaptativa sdo também brevemente investigadas. Um apéndice sobre codificacio de canal

¢ incluldo com o objetive de introdurir os conceitos bdsicos e 0s principats cadigos,
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PARTE 1V

RUIDO, INTERFERENCIA E MODULACAD



CAPITULO 7

RUIDO E INTERFERENCIA
INTKODUCAO

Rufdo e interferfncla sio dols fendbmenos que Hmitam a operacio dos cquipamentos
de comunicagio. O rufdo ¢ uma perturbagio ndesefada presente dentro da falxa de
freqitneia de operagdo fendo origem cm vdrlas fontes com difcrentes caracterfsticas. A
interfertneta de radio € gerada dentro dos proprios sistemas de comunicagées, lsto tem
se¢ tornado um dos malores problemas a serem atacados, uma vez que o crescimento de
tais sistemas ocorre de maneira rdpida e de certa forma ~cadtica. Torna-se, portanto,
essencial - caracterizar os  diferentes tipos de  ruido e interferéncia para  gue 08
sislemas possam ser projetados de forma a garantir um sinal convenientemente acima do
ruido ¢ daterferéncia. A caracterizagdo  destes  fatores  Hinitantes € importante no
cemavalvimento de métedos de predighin do desempenho dos sistemas de comunicacdo. Como
conscylicneia, sistemas projetados para  operar aduquadamcntc sch circunstincias
destfavordvels podem ser atingidos.

Uma Importante medida de desempenho na avaliagio da qualidade de transmissio € a
rario portadora-ruido que serd examinada para o caso do sistema de rédio mdvel. Outra
medida,  agora  concernente 4 interferfncla, € a  razdo portadora—intcrfcrénc}é,
calculada diferentcmentc para os casos de canal adjacente e ‘cocanal, uma \ré.z que  snas
caracteristicas sio, de fato, diferentes. Serd viste que o desempenho para vma dada
razan portadora-ruido € dependente do esquema de modulagio utilizado, enquanto gue o
desernpenho para uma dada razdo portadora-interferéncia depende predominantemente do
padrao celular. Serao discutidos os diferentes métodes de melhoria do descmipenho do
stwiemn onde o5 povoes pacrées  celulares sBo de fundamental  interesse. Estes padries

sdu obridos de manclra ndo convencional através do uro de antenan direcionaie,
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CORTEL DO

Estc capftulo aborda as questdes relativas a Rufde e Interferéncia. Uma vez que
rufde constitui um assunto J4 bastante explorado nos estedos dos  sistemas dé
comunicagdo em geral, o tratamento dado aqu! scrd breve e apcnas descritivo. Os dols
tipos de refde, aditivo e multipitcative, sio estudados mas uma atencao especlal serd
dada ao do tipo aditivo uma vez que o multiplicative € o préprio desvanccimento, 34
extenslvamente explorado nos capftulos anteriores,

G principal objetivo deste  capftulo ¢, portanto, ¢ estudo da interferéncia que
pode ser o classificada em  quatro  categorias: Intermodulagdo, intersimbélica, de  canal
adjacente ¢ de cocanal. Os prob]cn{aas de intermodulagdo ¢ intzrferfncla infersimbslica
s cxaminados, mas o foco principal serd sobre interforénclas de  canal adjacente e
coanal.

A Interferéncia  de  canal  adjacente €  tratada aqui de uma maneira diferente
daqueia  felta por outros antores. Aqui a  &nfase serd  sobre a influéncia da
distribuigdo de trdfego na  probabilidade de  ocorréncia  de Interfertnela de  canal
adjacente. Mals  especificamante, serd estudada como  esta probabilidade € afetada pela
presenga de estagdes mdvels nas proximidades da fronteira entre as células.

Os problemas de interferénela de cocanal scrio atacados com o interesse  inicial
de obter-se uma  solugdo  analftica. Isto & felto para o caso do ambicntc Rayleigh;
cinbora casas  mals complexes podem  ser  tratados por ﬁwio de  andlise numf-fric;.a.. Fstes
vasos  incluem mti]tiplas sinals interferentes com o desvanecimento puramente lognormal
ou puramente Rayleigh ou ambos combinados, Uma abordagem alternativa pode ser dada
através do uso de simulagio de Monte Carlo, descrita no final do capitule. Mostra-se
quc csta abordagem ofercce uma maior flexibillidade e que o problema pode ser tratado
de uma mancira mais realfstica. O wso de antena dircclonal comn meio de minimizar a
Inicrferéneta de cocanal € tambeém discatido ¢ a deseoberta  de noves padroes celulares

¢ fucilitado pelo uso de simulagan.
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CAP{TULO 8

MODULACAO ANALOGICA PARA RADIC MOVEL

INTRODUCAQ

Modulagho ¢ o processo pelo qual um ou mals parametros (amplitude, angulo) de uma
portadora sdo varfades de acordo um sinal mensagem (onda moduladora). Como resultado
do processo de modulagio a faixa de frequéncia do sinal mensagem € deslocada para uma
regidao do espectro de forma a tormar a comunicagio pele canal vidvel. A recepglo o
receptor reverte o processo de modulagdo Implementando a demodulagio ou deteccio, de
forma a recuperar o sinal mensagem transmitido.

Os sistemas de rddio mdvel da primeira geracio usam modulagio analdgica para a
transmissdo  de wvoz. Os primciros sistemas mdvels (sistemas convencionals) usavam
Modulugdo cm Amplitude (AM), uma vez gque este cra o esquermna  disponivel na época. O
cvpuema fol mudado rapidamente para Modulagio em Freqiéncia tdo logo ficou demonstrada
a sua viabilidade pritica. A téenica SSB (Single SideRand) tamﬁém tcve sua vez em
dhnne ‘L']"\«"i'\,'['!:‘\ mavels, Contudo, FM  acabou  predominando e hoje  todos os  sistemas
cobulares analogieos  adotam cste csquema para modulacio de voz. Algumas formas mais
avancadas de SSB tals como o Tronsparent Tone In Band {TTIR), Feed Forward Slgnal
Rf‘};t’!if?’ﬂl'f.()ﬂ (FFSR) © Amplitude Companded Single Sidchand (AC-‘,SSB) tem sido propostas e
fntensivamente  Investigadas, com uma boa chance de wvirem a ser utilizadas por alguns

servicos de radio mdvel.
CONTEUDO

Este capitulo objetiva o estudo do desempenho de alpumas técnicas de mmodulacio
araldgica, fuis como AM, SSB ¢ FM no ambicnte de rddlo mdvel. Inicia-se o capftvlo com
a Jefinicdo dos perdmcetros de descmpenho, consistindo basicamente da razio sinal-roidoe

¢ suas varjaghes.
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Anulisa-se em ssguida cada téenica de modulacio separadamente revendo-se Os  scus
poinciplos bdsicos, a largura de banda para (ransmlssio 2 os melos dec  peragZo e
detecgdo dos sinals modulados. Formula-se entio urm modelo geral do sinal reccebldo e
anallsa~sc o desempenho  da téenica  de modulagdo na presenca de ruido aditivo e
multiplicativo. Mostra-se que o rufdo multiplicativo (desvanccimento) tem um  efelto
desastroso nos sistemas AM ¢ SSB e que o efcito de captura dos sistemas FM nio € t4o
acentuado na presenga de desvaneclmento.

Consideramn-se alnda algumas formas alternativas que mcthoram o desempenho dos

siatemas S5B8 e os tornam bons candidatos para aplicagbes em rédio mdvel.
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CAPITULO 9

TECNICAS DIGITAIS PARA RADIO MOVEL
INTRODUCAO

Um sinal analdgico em um sistema de comunicagdes digitais passa por dols
processos  bdsicos antes da  transmissdo: Conversio A/D ¢ Modulagio. A  conversio
Analdgica~Digital (A/D) reduz a complexa forma de onda analdgica a uma conveniente
conflguragio digital. A Modulagho entio processa a forma dec onda digital obtida de
moedo a tornd-ia aptz » transmissido.

Canversdo A/D

A Conversdo  A/D compreende  trds  passos  bésicos, quais  scjam, Amostragem,
Quantizagdo ¢ Codificagdo. A amostragem ¢ um processo de detecgdo do valor instantinco
da forma de onds, geralmente fcita a intervalos regulares de tempo. O tecorema da
ailosiragem requer gee o sinal seja amostrado a uma fregifnela malor on Igoal a duoas
vezes a mdxima frequénela presente aeste sinal. Para sinais telefénicos, com falxa de
3.4 kHz adiclonads a uma faixa de gnarda de 600 Hz, a freqitncia de amostragem deve
ser no minlmo de 8 kHz {(correspondendo a um  intervalo méximo de 125 ps  entre
amostras). Depois da amostragem obtem-se uma seqli¢ncia de pulsos. Estes pulsos tem
suas amplitudes 1iguais {(ou proporcionais) & amplitude do sinal analdgico nos Instantes
da  amostragem. A forma d¢ onda resultante ¢ conhecida como slpal  Modulado por
Amplitude de Pulso {(PAM).

O préximo  passo  no  processo  de  digitalizacdo € a  Quantizagio. Quantizagio
consiste em atribule wm novo valor de amplitude a cada pulso dentro do domfnio de
nivels de amplitudes discretas  espectalmente  eriadas para  este fim. Este passo
Introduz wm rufdo no processo, o Ruido dec Quantizagdo, devide as possiveis difercncas
entre a verdadeira amplitade ¢ aquela atribulda. OQuanto malor o nimere de nivels de
fuantizagio menor o rufdo de  guantizagdo. Sabe-se  que para  slpals [C.Icf{mzcos umna

razdo  slnat-rufdo de quantizaglo entre 30 a 40 dB € bastantc razodvel ¢ pode  ser
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cbtida com 256 nivels.

Codificagio € o préximo passo no processo de digitalizaglio. Uma das téenlcas mals
antlgas ¢ conceltualmente mals simples usada para stnals de voz ¢ video ¢ o PCM (Puise
Code Modulation). Em PCM o sinal PAM & convertido em uma scqiéncia de bits e
moultipiexado  para  transmissio  scrial. Os 256 nivets de quantizagio podem  ger
representados  (cedificados) por um mfnlme de 8 bits, resuitande numa taxa de
trancmissdo de 8000 amostras/segunde x 8 bits/amostra = 64 kbits/s. Desta forma um
sinal analdglco de 3,4 kHz de falxa usando PCM requer wma falxa muito grande para
transmisedo (algumas dezenas de kHz), o que constitul uma dos principals restrigdes ao
uso de stnais digitals para sistemas de rddio mdével.

No sistema PCM convenclonal de 64 kbits/s cada amostra & quantizadfi e codificada
Independentemente wma  da cutra. Sabe-se quc  amosiras  succssivas  apresentam  uma
corsvlagdo de mais de 0,85 Se i correlagdo entre amostras for levada em consideracio,
menos  bits  podem  ser utilizados para representar o simal de  voz. Os  algorftmos
modernos de codificagio de vor cxploram este fato para reduzir 2 taxa de transmissiio.
Existe um nimere “incontdvel” de algorftmos de codificagio de voz. Um estudo completo
dcs.tas; técrilcas estd muito acima do escopo deste livro. Serio mostrades os fundamentos
das  técnicas de codificagio de wvoz, explorando os algoritmos  escolhidos para serem
utiizados nos sistemas celulares digitais europen ¢ americano.

Modulacdo

Modulagio pode ser considerada como um scgundo estdgio de codificacdo. Muitos
aspectos devem scer considerados na escolha de um csqucme; de modulagao, incfuindﬁ (1) a
largura da faixa rcquerida, (i) Interferéncia Intersimbdlica, (il1) interferéncia  de
canal adjacente e (lv) taxa de erro de bit (BER).

As modulacdes bindrlas, tais como ASK, FSK e PSK, sac deveras simples, robustas
mas dneficicntes em  termos  de  wtilizagio  do espectro. Neste  sentido,  téenleas  do
modulagzo multinfvel sdo preferldas, apesar de apresentarem um desempenho pior em BER.
Para &g fter uvma 1ddia o problemz,  considere um canal  de fargura de B  kHz,

Grassciramente falanda, wm modulador binsrio pode transmitir B kbits/s por este canal.
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Supenha agora que cada par de um simbolo bindrlo seja codificado cm apcnas um sfmbolo,
Por excemplo, em ASK isto poderla ser feito atribuindo os sfmbolos B, 1, 2 e 3 aos
pares 0, 01, 10 e 11, respectivamente. Assim 2 taxa de simbolo & dividida por 2 com
uma  correspondente dimlnujgao da banda ocupada. Por outro lado, a taxa dc erro €
aumentada devido ao ndmero de nfveis gue deve ser reconhecido na recepgio.

Da mesma forma gue a codificagio de voz, também existe wm ndmero muito grande de
téenicas  de  modulagio  digital. Portanto, uma Investigagio completa destas téenicas
estd acima do escopo deste Nvro. O capftulo devers enfocar as t€cnicas  utilizadas

pelus sistemas celulares digitais curopeu € americano,
CONTEUDO

Esic cepltulo cxambia duas téenlcas bésicas usadas em slstemas de radio mdvel
digitais, quais sclam, codificacio de var e modulacio. Uma vez que cxlstc um ndmero
“tncontdvel” de csquemas de  codificagio de vor e modulagio, scrdo analisadas  apenas
aguctas  sclecionadas para screm  utilizadas nos  sistemas cclulares  digitais curopeun e
amcricano, além das tdenicas mals proximas destas (ou que deram origem As mesmas).

Infcialmente  intreduzem-se  os principlos de Codificacdo por Predigio Linear e
Quantizagdo  Vetorial, Em Codificagdo  por Predi¢do Linear os principios basices de
Predicido Linear sdo brevemente examinados. Descrevem-se em seguida algumas técnicas
LFC tafs como RELP, RPE-LPC, MPE-LPC, RPE-LTP, MPE-LTP, CELP ¢ VSELI.D. Como as tdenicas
RPE-LTP ¢ VSELP foram as selecionadas para sercm utilizadas mpos sistemas europen o
americano, respectivamente, elas serdo melhor exploradas.

Examinam-sc entéo alguns csquemas de modulagae de maior ordem, tais como QFSK,
DOPSK, MSK e GMSK. Seus principios bdsicos sfio estudados juntamente com os mdtodos
usados  para  geragdo, detecgdc, além de serem  determinados o5 seus especires  de
poténcia e taxa de erro de bit. Nos estudos de taxa de crre de bit o desempenho  das
fenteas € examinado levando-se em conslderagdo o canal Gaussiano ¢ tambdém o canal de

desvanacimente de Ravicigh. Neste viltimo constderam-—se os casos de devanecimento lento
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e rdpido apenas para as técnicas DOQPSK e GMSK » vma vez que estas sBo as sclecionadas

para screm usadas nos sistemas europew ¢ americano, respectlvamente,
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PARTE V

MOLTIFLO ACESSO




CAPITULO 10

ARQUITETURA DE MULTIPLO ACESSO

INTRODUCAC

O compartilhamente de recursos em redes de comunleagfos constitul uma manelra
cficiente de atinglr-se alta capacidude . Relativamente aos sistemas de rédio mével os
recursos sdo os  canals  de réddio, ou mais gendricamente, a2 faixa de freglitneia
disponivel.  Para majer eficitneia o métods de acesso  deve permitir  gue  gualguer
tersitnal (as estagoes  bases) esteja apto a2 usar os recursos num  sistema  totalmente
troncalizado. Quando os canals sdo alocados sob demanda, o procedimento ¢ conhecido
come DAMA (Demand-Assigned Multiple Access).

Bependendo  de como o espectro disponivel ¢ utilizado o sistema pode ser
classificado como de  Falxa Estreita ou de Faixa Larga. Na arquitetura  de  falxa
estreita a banda  de  freqiéncia  disponivel € dividida em canaizs de faixa cstrelta,
enguanto que na arquitctura de faixa larga todo o espectro ou uma parte significativa
desie € compartlthado por todos os wsudrios.

Existem basicamente trfés métodos de acesso de acordo com os mejos (fregitfncia,
tempo ou ¢édigo} utilizados para sua implementacic:

- Midltiplo Acesso por Divisio de Freqléncia (FDMA)

- Miltiplo Acesso por Divisio de Tempo (TDMA)

- Multiplo Acesso por Divisao de Cédigo (CDMA)

FDMA € intrinsecamente uma arquitetura de faixa estreita enquanto que CDMA € uma
arquitetura de faiza larga. TDMA, por outro lado, pode ser implementado como de falixa
estroita ou de faixa larga.

No caso de comunicagdes do tipo two way (ping pong) , a conexio pode ser feita
por meio de divisio de freqli¢ncia ou por divisio de tempo. No primeiro caso o sistema
¢ conhecido como Frequency Division Duplex (FDD) e no scgundo casc tem-se o Time

Division Duplex {TDD}.
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CONTEUDO

Este capltulo examina as virias tecneloglas  de  transmissio que podem  ser
utitizadas  em  slstemas  de  rddlo  mdvel, As diferentes  abordagens  podem  ser
classificadas  cm  bisicamente  duas catcgorfas:  transmissho de  falxa  cestrefta ou  de
faixa larga.

Os  sisiemas’ de  falxa  cestreits e de  falxa targa sio  cxaminados e  suas
caractevisticas e limitagdes discutidas. © capitulo investiga os esquemas de  acesso
FOMA, TDMA e CDMA. Estes métodos de acesso &40 examinados Independentemente uns dos
ouiroa de acordo com  suas proprias  caracteristicas. Os principios bédsicos destes  irés
tipos de esquema de acesso com suvas vantagens/desvantagens sio também considerados,

Em particular, para o caso dec FDMA discutem-se os cfeitos das nao lnearidades
dos circultos dos cquipsmentos de rddie. Nos slstemas TDMA  as principais qucsides 580
hicrarquia, sincronizacic e medidas de eficiéncia. Os  sistcmas CDMA  sfio  entdo
snallsados & luz da tecnologla de spréead spectrum. Assim, uma parte significativa da
sess3o correspondcpte ¢ dedicada aos fundamentos de spread  spectrum. Finalmente,
discutem-se as manciras como uma comunicagdo do tipo ping pong pode ser Implementada.
As téenicas  correspondentes,  Frequency Divislon Duplex e Time Division Duplex, sio

brevemente descritas.
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CAPITULO 11

PROTOCOLOS DE ACESSO

INTRODUCAQ

O sistema de rédio mdével contitul um tipico cxemplo de uma rede de comunicagho de
miltiplo acesso onde os  terminais, representados  pelas  estagdes  mdvels, compartilham
os canals de rédio como recursos cormuns. Os canals de réddlo sio divididos em canals de
vor ¢ de controle, o modo de  acesso aos dltimos sendo o objeto de  estudo deste
capitule.

O compartilthamento de recursos pode aumentar de maneira considerdvel a eficitneia
do sistema. Assim, ¢ descjével que se otimize o uso dos canats, mantendo-os ocupados
cem informagae Gl a maior parte de seu tempo. Contudo, devido ao compartilhamento,
podem ocorrer  colisdes  no  caso  de  mals que  um  ferminal tentar  transmitir
stimultancamente no mesmo  canal. Desta forma estabelece-se uma  certa disciplina de
2cesso, para que os conflitos entre os terminais sejam mantidos a vm minimo mas com a

maxima utliizagio dos canais.

CONTENDO

Este capitulo introduz os protocalos de multiplo acesso mais comumente utilizados
emt redes de comunicagdo com miiltiplo acesso. O ohjetivo € prover os principlos béstcos
pare 2 endllse de wm protocolo em particolar no ambicente de ridio mdvel,

O sistema de rddio mdvel constitui um exemplo tipico de uma rede de comunicagio
com midltiplo acesso, onde os canais de  controle sfio compartithados pelas  estacées
mdvels, O dusempenho dos protocolos & avallade pcla vazao (throughpui) ¢ uma atengio
cspecial ¢ dada ao Slotted ALOHA, escolhido para ser anallsado no ambicate de rddio
mével. O canal de radic € caracterizado pela perda de percerso {efeito mear/far) ¢

desvanecimento Rayleigh, Além  disso cosidera-se o receptor operande com o efeitp de
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captura. Ao contrdrio do que inicialmente € esperade, a comblnagho destes fendmenos

mclhora de mancira considerdvel o desempenho do protocolo escethido.
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PARTE Vi

TRAFEGO




CAP{TULO 12

ASPECTOS DE TRAFEGO EM SISTEMAS DE RADIO MOVEL

INTRODUCAO

Embora as caracter{sticas de trafego do sistema de radio mdével scjam bastante
distintas daquelas da rede telefonica fixa, o planejamento ¢ o projeto de sistema sfo
ainda fellos wsando-se as mesmas técnicas da teorla de trdlego convencional. De acordoe
com o perfil de tréfego esperado e dados os requisites de interferéncla de cocanal, a
regldo geogrdfica ¢ dividida em cclulas. Dado o trdfego por célula ¢ a probabilidade
de  bloguefo  admissfvel, wsa-se a fdérmula Erlang-B para determiinar-se o nimero de
canals por célula, assumindo-s¢ a nioc ocorréncia de handoff ou roaming, O projeto €
posteriormente ajustado para levar estes fatores em consideracio.

E possivel projetarem~se as células de forma que elas tenham a4 mesma frea mas
diferentes ndmeros de o canals, de acorde com os requisitos de probabilidade de bloqueio
¢ com o trafege eferceldo. Alternativamente, as células podem aprescnter o mesmo
nimero de  canafs mas  dreas  difercntes, também de acordo com o grau de sCrvigo
dese jado,

A distrituigde de trdrege varia no tempo & no espage, mas € em geral do tipo
"formato de sino" {(befl shape). Uma alta concentracio de trifego é. cncontrada  no
centro da cidade e durante a hora do rush, deerescendo em dircgéu a periferia. Apds a
hoera de rush e mais para o final do dia, esta copeentracio de trafego muda, uma veg
quc os assinantes deslocam-se do local do trabatho (centro da cidade) para suas casas.

Note que, por causa da mobilidade dos assinantes handoff ¢ roaming csto scmpre
ocorrendo, reduzinde assim o tempo de retengdo das chamadas nas cflulas onde estas
chamadas sfo originadas. ConscqUentemente, o trifego da cflula para onde os uvsudrios
s¢ deslocam  aumenta. Desta forma a fdrmula Erlang-B nio mais se aplica. Uma
investigagho completa do desempenho do trdfego do sistema de rddio movel onde todos os

fendmenos sdo  levados em consideragdo ¢ deveras complicada. £ possivel, no entante,




Introduzirem-se  algumas  slmplificagdes & fim de obter—se  um resultado qualltative e

ndc quantitativo para min methor entendimento dos fenébmenos princinais.
CONTEUDO

Este capftule cxamina algumas das principals técnlcas dc alocagio de canal que
podem  ser wtilizadas em  sistemas de  rddlo mével. Inicia-sc por uma revisdo  dos
principlos bésicos das teorlas de tréfego e filas, comumente utilizadas na andlisz de
problemas  de  teletrdfego. As  téenicas de alocagdo de canalts sio divididas em dois
grupes, a saber, Globals e Locais. As técnieas globais geralmente implicams uma mudanga
substancial no padrao‘dc uso dos canals, envolvendo © controle central do sistema. Nas
tfenleas  locals, cmbora  alguma mudanga deste padrio possa  ocorrer, ©0s capals  sdo
usados dentre da ow adjacente A drea de scrvigo inicialmente plancjada. Neste caso as
decisdes sdo tomadas localmente por envolverem apenas células vizinhas.

As téenicas globals de alocagio sio Investigadas por meio de¢ simolagho, onde os
principats fentmences, tais  como handoff, tnterferfneia  de cocanal, 1ntcrferéncia_ de
canal adjacentc e owires; sae levados em consideragio. Uma atengdo especial € dada 2
denica de alocagao Hibrida onde mostra-se que com apenas uma pequepa proporgido de
canals dindmicos ¢ possivel obter um ganho considerdval na capacldade de tréfego.

As téenicas locais sdo investigadas por meio do proccssn de Markov num sistema de
duzs células. O objctivo ¢ obter uma !dt-fia dos principais fendmenos envolvidos e nao
yma medida quantitativla de desempenho. Em particular, examina-se a técnica Vertagdo de
Limiar de Bloqueio uvsando-se andlisc numérica. Mostra-se que o uso de uma .pe.qucna
quantidade de  canals para  encaminhamcnto alternativo proporciona um  ganho
significativo na capacidade de tréfego. Uma expressio aproximada para o bloguelo médio

do sistema ¢ encontrada fornecendo resultados bastante proximos da solucie exata.




CONCLUSCES

O obijetlvo desta sessBo ¢ salicnior  as princlpals  conclusties de cada uma  das

partes que comprecdemn o llvro Foundations of Mobile Radlo Engineering, do mesmo auvtor,
INTRODUCAOQ

Os servigos de réddio mdvel Iniclaram-se Jogo apds a invencdo do r4dlo passando
por uma scrle de estdglos de regulamentagfo e evolugio tccnﬁléglca. Alnda hoje, devido
& grande demanda por servigos mdvels, tanto a regulamentacio guarito a Implementagio de
novas tecnologlas  passam  por um processo de conturbados debates, onde os grandes
Intercsses estdo em  jogo.

O concelto cetnlar j4 € bastante antigo mas s6 recentemente pode ser colocads em
pritica, e hoje as sc falar cm comunicactes mévels o modclo cclular estd  tmplicito,
Com este novo conceito novas medidas de avallagio daz eficlfpncia de sistema apareceram,
destacando-se  entre  clas  a clicitnela  espectral que  comabina  trifego  por drea e

largura da banda disponfvel.
0 CANAL DE RADIO MOVEL

Os modeles de predigio da poténcia L_io'_ sinal .d:: rédio mdve! podem ser divididos em
(£)  teoricos, (1) empiricos e (111)  estatisticos. Os ledricos  tem  aplicabilidade
bastantc restrita e servem apenas dc  base para cntender os principals fendomenos de
propagacde. Os cmpfricos sdo em grande nimcro, variando de modelos muitc simples até
bastanie sofisticados, estes dltimos requerendo o uso de wm elevado nimero de dados
referentes 4 topografia do  terreno. Os  modelos empiricos foram obtidos através de
medidas de campo tomadas em diversas localidades ¢ em  diferentes  ocasides. A
utitizagdo destes modclos requer o uso de curvas e parametros de ajustes s diversas
aplicaghes. Os  modelos estatisticos combinam alguns  resultados principais  dos medelas

eimpiricos ¢ as disirthiigdes estatisticas do envelope do sinal,
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D¢ uma raanefra geral, em relagdo ao canal de rédio mével pode-se dizer gue:

(i} A poténcia do sinal decresce com a distincia d como d% onde « ¢ um
pardmetro dependente do amblente variando entre 3 e 4;

(11} O desvanecimento lento devido ao sombreamento scgue uma distribuicko
Jognormal com desvio padrac entre 4 ¢ 12 dB;

(111) O desvaneclmento devido ao multipercurso  tem  uma distribui¢io de
Rayleigh. Dentro de edificios e para microcélulas, onde existe linha de
visada, o sinal segue a dlstribuigie de Rice.

Os fenObmenos de propagacio de multipcrcurso tals como o delay spread, time delay
¢ Doppler Shift s3o importantes na determinagio da largura dc banda coerente, a partir
do que os slstemas podem ser definidos como de faixa estreita ou de faixa larga. Em
particular os slstemas analdgicos sio do primelro tipe enquanto que os digitals tendem

4 arqulictura Taixa larga.
MEVOUOS DE DIVERSIDADE-COMBINACAQ

0 combate ao desvanecimento lento &6 pode ser feito através dc  diversidade
espacial  {macroscdpica) de forma a se evitar o sumbreamento. Por  outro  lado, o
desvancoimento  rdpido pode  ser  combatide através da diversidade micrescdpica que
Inclui a cespactal, de polarizacao, de ingulo, de tempo, de freqliéﬁcia e hopping. Os
métedos de combinagio podem ser do tipo razao mdxima, ganho wunitdrio, sclecdo pura e
sclegdo por Hmiar. O desempenho destes métodos de combinacio scguc esta ordem, do
methor para o pior. Mostra-se que quanto malor o nimero de ramos utitizados melhor a
relagdo sinai-ruido a safda do combinador, Contudo, na prédtica, o uso de mais gue dois
ramos ¢ invidvel devido ao encarecimento do equipamento, e de fato desnecessdrio  j4
que o beneficlo conseguido ndo ¢ signtficativo.

Relatlvamente 2 transmissdo  digital os métodos acima cltados também podem  ser
utilizados para combater os  efeltos  do desvancclmento,  Acruscentam-se  a estes a

codificagiu, a miftipla transminssio, interpolagio, aitomatic  repeat Fegest &




cijualizagio  adaptativa. A diversidade espacial  continea  sende  uma  téenica  bastante
poderosa melhorando a relachic sinal-rufdo em mals de 12 dB para uma taxa dc erro de
bit de 10_3. Os cddigos de detecglo ¢ corrcgio de erros =6 sio efetivos se combinados
com Interpolagio. A transmissio multipla também € uma boa OpGEo mas requer wma fargora
de banda malor. A transmissio de dados pede, em geral, suportar algum atraso enyuaito
twe 8 stnallzaglo requer resposta rdplda e com balxa taxa dc crro. Assim cedificaglo €
uma téenica  apropriada pura  dados e sinalizagdo. A transmissio miltipla € mais

apropriada para sinaiizacio ecnquanto gue ARQ € mais convenienis para dados.

RUIDO, INTERFERENCIA E MODULACAQ

Dos tipos de rufdos aditivos e de major influéncia a0 descmpenho dos sistemas de
comunicagdes mdvels sio agueles provocados pelo homem  (nan-made noise). Estes ruidoes
ocupem wma faixa muito grande do espectro sendo  dificil caracterizd~los ou moedcldi-ios
convenientemente. Os rufdos multiplicativos sio os proprios desvenceimentos.

A dnterferénciz de canal adjacente depende substanclalmente  do esguema  de
modulagdo utilizado. Aldr disto a distribugdo geografica dos assinantes ¢ o perfil de
trafego do sistema podem  afctar este tipo de iaterferéncia, Em particular, sc técnicas
dv encaminbamento de  trifego  alternativo forem utilizadas a qualidade de  transmissio
pode flear comprometida.

A interfertncia de cocanal ¢ wm pardmetro de grands Jmportdncia no projeto c}c
sistema e que dependc substancialmente do padrio celular ut]iﬁmd(;. Na verdade este
constitul um dos pardmetros mais dificeis de ser determinado devido ao grande ndmero
de varfaveis envolvide na estimacio do mesmo. Uma abordagem bastante conveniente para
este fim € a simulagdo dec Monte Carlo devido 2 flexibilidade de inclusfio e manipulagio
das vartdvels cnvolvidas,

Os cfeitos do desvarecimento nes sistemas AM e SSB sho desastrosos. Assim, apesar
de requersr mais faixa, os sistemas FM  sfio preferidos e de fato FM ¢ o tipn de

modulacdo utilizado nos sistemas celulares analdgicos. Algumas formas alternativas  de
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mndulagho SSB usando wm  tom piloto dentro da faixa jJuntamsente com compansio de
ampllitude  tem  sido propostas e Investigadas, com grande chance de  virem & ser
utitizadas nos scrvigos méveis via satdlite.

Um dos malores desaflos no uso de comuntcagdo rddio digital no amblente mdvel € a
redugdo da faixa requerida. De fato, redugio de falxa de frequéncia ests intimamente
relacionada com redugio de taxa de bit. O wso apropriado de algorftmos de codificacio
de voz pode reduzir dristicamente o nimero de bits necessirios na codificacio. Além
disso, o uso de modulagdes de maior ordem também pode colaborar neste scatido. No
ambiente mdvel € conveniente gque o envclope do sinal scja aproximadamentc constante
para  robustecimento  contra o desvancolmento.  Além  disso  a modulacio  deve ser
Insensfvel 2 amplificacsdo nao  lincar. O grande desafio,, no entanto, ¢ conciliar
cficiénela espectral e eficiéncla de potdnela. As  téenicas que  proporclonam  eficiénela
de poténcia apreseniam baixa taxa de erro de bit, obtida 2s custas de uma malor falxa
de fregteneia. Téenicas com cficiéncla espectral, por outre lado, apresentam um  balxo
desempenho em termos da taxa de erro de bit, Uma abordagem  bastante promissora ¢
agucla gue combina modulacdo e codificacio simultancamente como, por cxemplo, Trellls

Coded Moduiotion.
MEULTIPLO ACESSO

A escalha de um esquema de miltiiplo acesso para sistema de rddio mdvel envolve
diversos aspectos aldm da simples questdo c‘;c capacidade sistémica. Em particular, para
os sistemas digitais os trés métodos de acesso, FDMA, TDMA e CDMA, podem ser usados,
a0 contrdrio dos sistemas analdgicos onde apcnas . FDMA € vidvel. De fato, existe vma
disputa acirrada cnire as grandes companhias, vmas apostando no csquema TDMA e outras
tnvestindo largamente em CDMA. Ambos os lados "provam” que, levando-sc em conta o
fater custo-beneficlo, o esquema apoiade per cada um dos contendercs € o methor.

Os csquemas de falxa estreita (FDMA e TDMA de faina cstreita) sio mais simples de

sevem dmpleinentados  mas  tem pouca  a  oferecer  com relagdo  a  proiecio  contra




Interferéncia, ruido, probabilidade de blogueto, ete. Os slstemas de faixa farga (CDMA
e TDMA de falxa larga) sic potencialmente mais atrativos, mas cxigcm um considerdvel
avango na teenologia antes que eles possam ser totalmente explorados.

MNo que concerne  aos  protocolos de  acesso aos  canazis  de sinalizaclio o Sfoffed.
ALOHA ¢ um dos mals utilizados tantc nos sistemas analdglcos quanto mos digitais. O
desempenho  do  protocolo ¢  afctado pelas  perdas  de  percurso  {cfeito  near/for),
desvanectments de Raylelgh ¢ sombreamento. Mostra-se quc tanto a perda de pacotes
quanto  a instabilldade  s20  bastunie  atenuadas no amblente de  ridio mavel guando
comparadas com cstes mesmos pardmetros das redes locais convenclonals uwsando o Slotfed
ALOHA. De fato, estes fendmenos de ridio mével agem  dirctamente nos  wsudrios,
dividindo-os  om  diferentes cia.sy.csf de  poténcia para o wcesso. Uma  vez gque o5
asviftantes  estdo em movimento, a  aleatoriedade  da poténcia do sinal e o tempo para

Inicifar uma retransmissio prove wina priorizacio natural.
THAFEGO

Embora o processo de irafego em sistemas de radio mavel seja bastante diferente
dagucle em redes telefonicas fixas, as consideragdes de prejeto -de  sistemas utilizam
ox mesmos recursos utilizados nestas dltimas. Por exemplo, & medida de desempenho de
trdfego coniinue sendo a  probabilidade  de blogueio, tomando-sc o0s assinantes como:
fixos ¢ ndo mdvels. Os requisitos de bloguelo sio o0s mesmos (2% na hora de ‘malor
movimento) embora, “devido 3 demanda, elcs.raramcntc sdo cumpridos e o assinante pode
experimentar blogueio at¢ dez vezes major gue o especificado.

Devido as caracterfsticas proprias do sistema celular {perenclamento  centralizado
dos  canals, dreas de servigo  com sobreposicao) ¢ possivel  ullbizar alpuns  algoritmos
de alocagdo de canals para a mcelhoria do desempenho de  trdfego do  sistema. Estas
técolcas podem ser do tipo global ou local, dependendo se elas exigem o cnvolvimento
e um processamente  centralizade  ou focal, respectivamente., A dmplementacio  dos

aigoritmos do primelro tipo &, dbviamente, bem snajs complicada que as do segonds. Pe




e Ll

fato recomendam-se as do tipo global guando o perfil de trafcgo for bastantc wvarldve!

om0 fempo. As do segundo

tpo, por outro lado, podem ser usadas para corrigir

deshbalanccamentos Jocals de tréfego.

)
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CHAPTER 1

MOBILE RADIO SYSTEM

PREAMBLE

This chapter traces @ brief history of mobile radio communications, bringing up
the main events that have contributed to the development  of such an efficient  and
siccesstul means of - communications. Spectrum  allocation problems  and  technological
cvolution, the latter  addressing cquipment  packaging, modulation schemes and system
architecturc  aspects, arc  outlined. Some mobille radio scrvices are then briefly
described and  system design considerations are examined. It is also shown that, since
radio  propagation docs not recognize pgeopolitical boundarics, effective use of the
spretrum - ds - possible  only  if  international  agreement  is  achicved., Under such
circumstances the ITU  has cmerged to provide thz ‘“worldwide barmony”. The
international frequency  atlocation for some radio services ts then presented In table

form.

1.1 INTRODUCTION

The first successful use of mobile radio dates from the late 1800Vs, when M.G.
Marconi established a radio link betweca a land-bascd station and a tug boat, over an
18-mile path, Since then the mobile systems  have developed  and  spread  considerably.
Fhe uscfulness of the Moblle Radio Scrvices was [irst recognized by the public safety
services (police and fire departments, forestry conservation, highway maintcnancc and

local  government scervices), followed by private scctors (power, oil, motion picture,
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iclephone malntenance and  transportation scrvices, as well as taxls and lorry flects),
The growth rate of these scrvices tn the United States by the 1950’8 was greater than
20% a yecar 1], when the number of subscribers was just a few thousands. Consequently,
by 1963 thc number of users exceeded the figure of 1.3 million although only a few
channels {about 12) were available,

These  early  systems  (conventional maobile systems - CMS) conslsted of a  base
statlon whose transmitter and receiver were assembled on‘ a hilltep. The coverage arca
was chosen to be large, In a way similar to the radio or televislon broadcast
scrvices. The  transmitter uwswally  operated  with high power (200 or 250 watts [3D),
Tassuring a targe coverage area {25-mile radlus),

Conventional mobile systems are usually isolated from cach other, wiih only a
few of them accessing the public switched telephone network. Those huving connectlon
with the telephone network are named Moblie Telephone Systems where the communication

unit is assigned to the subscriber and not to a physical location.

1.2 CONVENTIONAL MOBILE SYSTEMS

By the c¢nd of the nincteenth century H.G. Hertz, a perman scicatist, demonstrated
that radio waves could propagatc in a wircless medium, in fact, over a few yards path
between  transmitter and receiver. Still before the twentieth century, Marconi showed
the first wircless communication "on thc move® between a land-based station and a tup
boat.  Thereafter, many maritime mobile services were established and operated
successlully. |

On iand, the Detroit Pollce Department started its experiments with mobile radio
v 1921, fiestooperating asoa o dispatebing system, Initially, only the base  statlen
could  transmit. Later on the moblile unit was also able to communicate to the base
station. The frequency uwsed was around 2 Milz. Soon, other police departments  installed
their own  systems.  As  a  conscquence, the  available frcquency  spectrum  became

congested. By the middle of the 1930°s the Federal Communications Commission (FCC)
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suthorized four more channels between 30 MHz and 40 MHz. In 1945 six channels near 150
MHr were avallable for use. In fact, duc to technologlcal restraint, out of those six
channels  only three could be utilized because of adjacent channel Interference
problems, These radio {requencies were first wsed by the mobile tclephone services,
Starting i St Louls  thits  system quickly  spread  throughout the USA. Shortly after,
Irequencies around 40 MHz were available for use In hlghways. Again the highway mobile
services grew rapidly, although this did not secem to have worked out weil due to radio
interfercnce. By the middiz of the 1950°s, due to the reduction of the channel spacing
from 60 kHz to 30 kHz, a total of 11 channels could be used at 150 MHz Almost at the
sume {lme the FCC released 12 channels at 450 MHz. Up to that time the moblle
telephone systems were manvally operated with each call having to be handled through
an operator. ftowas only In the 1960"s that the awtomatic systems appeared, allowlng
the  subscribers themselves o do the  direct  dialling.  Automatic  mobile telephone
systems  operated  indtially  with frequencies  around 150 MIlz, moving  later on  to
4500 Hz.

Alrcady in 1975, after a long period of nepotiations involving the mobile
industrics and the FCC, a 40 MHz band between 800 MHz and 900 MH:z was rcleased. The
year of 1978 was marked by the beginning of a new era in the mobile communications

Listory, when the first cellular system was sent to the ficld tese [22].

1.3 TECHNOLOGICAL EVOLUTION

Before the second world war mobile radio systems were larpely domln.atcd by the
military {and paramilitary} users. Consequently, the evolution and the development of
such systems were supported by and closcly linked to the military necds, requirements
and standards.

Recently, howcever, this tendency is being reversed, as more and ~more mobile
scrvlces are  steering  towards  clvil  applications. Consequently, as falr as  system

design and technology are concerned commercial mobile systems have taken the lead [4].
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al Equlpment Peckages Evolution

The carly mobile radio systems were cquipped with vacvom tube equipment reguiring
powerful  batteries. Yo fact, before 1930 2] only the recelvers were moblie, lmplying
anoonc-way  commnunication. Moblle transmitters soon appearcd, but they were still bulky
and hcavy, rcquiring special power sunplles. The total apparatus could occupy most of
the vehicle’s boot room.

By the 1950’s cquipment was already small cnough to be man-transportable,
although the volume was still quite considerable and the main application was for
military purposes.

Transistorization of the mobile radio products started in 1957 with the power
supplics.  Soon  after, the recelvers and part of the transmitters had their vacuum
tubes replaced by transistors, contributing to a 50% reduction of the volume, lower
power consumption and  higher rellability. The packages could then be mounted In the
car’s dashboard or even in motorcycles. Maintenance costs diminlshed  becanse of the
reduction of the reguired spare parts and also because of the very rapid decrcase of
the transistors’ price. By the 1960's the mobile products  were  all buoilt with solid-
state components. The design of the equipment introduced some neow components such as
printed circuit boards, sockets and heat sinks.

The first hand-held portable radios appeared in the 1960's, initially for the
commercial and later for milltary systems., At this point mobile civil applications
started to take the lead.

The changing from tramsistors inte Integrated circulis was an obvious and natural
step occurring by the middle of the 1970's. By this time cordless tclc.phones were
alrcady avallable. Today the equipment includes LSI and VLS] circuits rendering the

products smaller, lighter and less costly,

b} Modulation Sc!:crr:q _E_voiur!on

Analcg Svstems

Simllar to any other carly systems using  volec  transmission by radio, moblle



radlo systems also employcd Amplitude Modulation (AM), Inltlally in the HF band and
later in the VHF band.

The introduction of Frequeney Modulation (FM) fato mobile radio services started
soon after its invention jn 1235, In the 1940°s imost of the millitary and some
conunercial cquipment was alrcady operating in VHF FM. However, if on the one hand FM
systems had & remarkably better signal~to-noise ratio performance in the presence  of
fading as compared to AM systems, on the other hand they required & much wider
frequency band. While for volce transmission AM occupied around 6 KHz in the spectrum,
the carly FM channel needed 120 KHg, The 120 KHz bandwidth used in the 1940’s was then
rcduced to 60 kHz in the 1950, 30 kHz in the 1960°s and 25 kHz in thc 1970’s. It is
bulteved that a further reduction to 12 kHz would not substantially deteriorate  the
speech quality,

Except for (i) the cordless telephones and the citizen’s band radio, where tn the
1970°s  AM  was used, and (i1} the military mobile systems of 1960°s, using single
sideband, FM 1s the modulation scheme widely used In analog mobile systesns.

Nevertheless,  because the  gadio spectrum  is a  scarce resource, a great deal of
resvarch bas been steered towards the “old™ Single SideBand {SSB) modulation. Like the
AN systems, one of the biggest problems of SSB 1s its disastrous signal-to-noisc ratio
performance in the presence of fading. On the other haad, it requires five io six
thmes  less  spoctrum  than FM, rendering  this  scheme very  attractive for  mobile
applications. Accordingly, many enhanced forms of SSB, such as "Transparent Tone In
Band", “Feed Forward Signal Regeneration”, ete. have been Investigated,

The reader 1s referred to Chapter 8 for a deeper study of the analog modulation
schemes,

Ligital Systems

Digital is always secn as the natural cvolution of the analog approsch, This s
quite  true for most  of the applications where there  is  physlcal  coanectlon or
bandwidth is not a timiting  factor [4]. In the moblle radio cnvironmcnt., however,

speetrum  efficiency is probably one of the slrongest aspects to be taken into account
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if a change of technology 1s to be comsidercd. Digital techniques appearcd before the
analog ones, but only became feasible with the advent of the transistor and later the
Integrated  circuolts.  As  far as moblle radlo g concerned, the word ‘“diglial" |
essentially related to volce digltization .and to digital transmission,

The main problem with digital transmission s spectrum  utilization. The standarc
{(conventional  PAM) 64 kbit/s, used for voice communication in the fixed telephaone
network, 1t transmitted by radlo, would occupy 100 kH: of the spectrum, four times the
25 kHz FM currently in usc. This, by itself, is such a constraint that It makes any
digital moblle radio unthinkable. Efforts have then been concentrated  in diminishing
the transmission rate to 16 kbit/s (as adopted by the pan-Europcan GSM system) or even
less {8 kbit/s as proposed by the American digital system {5] ). On the other hand,
digital  techniques  provide  robustniss  against  interference  and flexibility  for
integration  Inte the  cmerging  digital  network,  with capsbility of transmitting data,
voice, cic.

Another  clear advantage  of the digital system s to allow other options  for
channel access. In analog systems only Frequency Divislon Multiple Access (FDMA) can
be used. In digital systems, bestdes FDMA, other access schemes such as TDMA and CDMA
can be used.

The reader is referred to Chapter 9 for the studies of digital technigues and to

Ch;:ptcr 10 for the various access schemes.

¢} System Evelution

As far as access methods and operational aspects of mobile radio are concerned,
there have been several stages of evolution as follows.

1} Simplex System - S§

It operates with  one  frequency,  and ouly the base staltlon ean  transmit. The
moblle unit 1s just a single recciver (Figure 1.1a).

2) (Single) _Ha!f—_lz_up!cx System - (S)H DS

in this system both the mcehile and the buse station use only oneg frequency., It

operates on o push=to-talk  basis, where the base  stalion competes with the moblle
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{Figure 1.1b).

3% Double flalf-Duplex System - DHDS

In this case the transmitier of the mobile and the rocelver of the base station
operate with one frequency, whereas the receiver of the moblle and the transmitter of
the base statlon operate with another frequency., Herc again, the push-to-talk scheme
Is used, but the base station dees not compete with thc moblles (Flgure 1.1c).

4) Duplex Base Double Half-Duplex System - DBDHDS

This system operates with  two frequencies  where  only the base  station  can
transmit and recelve simuftancously. The mobiles make use of the push-~te—talk scheme
(Figure 1.1d).

S) (Full) Duplex Sysiem - (F)DS

Both basc station and mobile operate duplex. They are able to transmit on onc
frequency while recelving on another frequency. Two antcnnas In cach end (mobile and
hase} mivst be  provided so  that transmitter and receiver work independently  with
different  frequencies. It i« possible,  however, to  include  filters  between
transmitters and recelvers In order to avold interfercnee, and use only one antenna  at
cach end. Here the push-to-talk procedure fs no longer used (Figurce 1.1e).

6) Mobile Telephone Sysiem -~ MTS

In general terms, mobile services can be classified in twao categories, mnamecly,
Non-Trunked Mobile System (NTMS) and Trunked Mobile System (TMS).

The first category - NTMS - comprises the systems where only one or just a small
number of channels 1s available for use and the channels are allocated for special
services. Non trunked systems are characterized by absence of privacy, where all the
users can take part In the communication. Examples of such systems include the Private
Mobile Radio (PMR) metwork such as the radio taxis, lorry fleet radio, citlzens’ band
(CB) radio, ctc. These systems are Intended to serve a very limited number of uvsers
for a particular application.

The carly mobile systems were  limtted by the avatlabie technology., The radios

could only opcerate with one or a small sub-set of the alrcady scarce set of channels,
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stnce cach frequency was obtained by means of a quartz crystal. With the advent of
solld-staic  technology and  the wsc of frequency synthesizer, the subseribers
themselves were #ble to sclect a free channel for conversation. This Improvement,
however, was not enough to enable the system to cope wlth the traffic demand.

Consider a NTMS operating with only onc chaane! (Figure 1.2a). Suppose also that
this chanrncl is on the average 30% of the time busy (l.e, the carried traffic is 03
erf. which, fn an one-channel system, corresponds to a blocking probability of 30%).
Thus, the total traffic offered is 03/(1 - 03) = 043 er}. If each maobile can
gencrate 0.01 erl., then the maximum pumber of users thils system can support is 43 (43
subscribers will  expericnce 30%  Blocking probability ). In order to maintain this
grade of service and increase the number of subscribers,  another  channel  mest he
provided and allocated to the other group of users as shown In Figure 1.2b (now 86
subseribers will experience 30% blacking probuability 1)

Suppose now  that  thls  system has been  doubled  in size, but with all the
subscribers being  able to share all the channels (86 users and 2 channels}, as in
Figure 1.2¢. The total amount of traffic ts also doubled but the blocking probability
will po down to approxlmately 16% . I this (unacceptable) flgure of 30% is to be
maintained, then the number a subscribers could po up to 145 ! This is the principle
of a Trunked Mobile System (refer to Chapter 12 for studies of traffic).

Both the NTMS and TMS used tn a private network require the subseribers to have
some sort of discipline so that the channels can be cfficlently uwsed. In the case of
the TMS, i there are many channels avallable, usually one channel is reserved for
control (eg., the conversation wil} always start on a specific channel and move to
another channel).

Althoegh In TMS the channel usape is substantially increased, there stifi remains
a serious concern with respect to the bounds fmposed to the subscriber's mobility. The
users can only communicale among themsceives within the restricted arca covered by the

radio transmitter.

A higher degree  of  flexibility can be  achieved when  the mobtle  system g



integrated into the fixed telephone network, resulting in the Mobile Telephone System
- MTS. On the other hand, the subscribers of the fixed telephone network will
experience some  unusuwal depgradation in the voice signal due to fading and man-made
noise.

The MTS's have gone through scveral stages of evolution as follows:

(1 inlttally the MTS's were NTMS, operating in balf-duplex and push-to-taik
mode with the calls belng handled by a speclal mobile operator.

{11y  Then, with the availabllity of more channels, the MTS went throvgh a TMS
phase, but the channels were sclected manually. The mobiles operated on a push-to-talk
basis and  the land-line subscribers coutd  already dial  directly, without the need of
the aperutor,

{iii} The necxt step was to operate in a duplex mede with both sides {mobile and
Jand-linc users) making dircct dialling. Channel selection was still manual.

(iv} The only change at this stuge was towards the avtomatic channcl selection.

A schematic representation of a Mobile Telephone System is shown in Figure 1.3,

The MTS's reached thelr final stage of cvolution by the middle of 1960's. One
decade later there were more than cone thousand of those systems already in operation
in the Unlted States, most of them at their limit of capacity. Just to have an ideca of
how overloaded the systems were [6], the New York Telephone Company operated two MTS's
with 6 channels each in 3976 scrving a total of 543 subscribers (a concentration of
approximately 46 subscribers per chasnel) in a S0-mile area. The number of applicants
wait-listed was about 3700,

7) Cellular Moblle Radlo System

in a ccllular system the service arca is divided into regions (the cells) each
contalning a subeser of the total numbier of availuble channels. Channels used in a
siven cell can be rcused in another eell sufficicntly far away that interfercnce s
mintmized. The cells can be placed in a modular way and, In theory, the system can
prow tndefinttely. The structure of a cellular system is shown in Flgure 1.4,

A proper treatment of the cellular concept will be given in Chapter 2. In terms
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of revolutlonary ideas the cellular architecture is a rornersione of this revolution.
The systems now can be considered as before or after  cellular. There has been some
progress as far as the slze of the cells are concerned, but still the architecture

remains cellular,

1.4 MOBILE RAINO SERVICES

In the previous section we showed how the moblle systems  evolved to  the
configuration of the present day’s systems. It must be cmphasized, however, that the
advent of a better network, in general, did not make the earlier systems unviable. New
and old systems can  cocxist for a tong  time untit the gradual replacement  of  the
latter s finally accomplished.

Mobilc radio systems do vary accordlng to the specific application for which they
arc deslgned. The most flexible network using the latest technology will be able to
meet the requircments of a simpler system, but will alsa be much more expensive. In
this sense there are many different types of radio systems, some of them using

solutions considered to be obsalete for certain types of mobile scrvices.

1) Radio Puging

Paging systems provide only one-way communlcation betwecen base statlon and
mobile wusers. In the simplest systems the base station operator sclects the wanted
user and sends him  or her an alert tone. The user is then required to report by
telephone to & fixed location for further information [15]. More advanced systems
allow voice or alphanumeric wessages te be  transmilted, Initially, the paging systems
covered small arcas {2 - 5 Km radius), requiring small and low consumption recelvers.

In large cities, however, users of the paging scrvices expericnced  the need
for a wider range operation. Accordingly, some wide—arca paglng  systems appcared  §n
various countrics, cach of which with Its own standards. Later on a paglng code and
signalling format were proposed gaining  international recognition by the CCIR., The

POCSAG code [16), as it was known, "has the capacity to cope  with clght million




pagers, provldes the facility for alphanumcric messages and can operate in 12,5 or 2§

kHz channels”, [21].

2) Packet Radlo

"Packet radio networks (PR nets) rcprcscnf the extension of packet switchlng
technology into the environment of mobile radio. They are intended to provide data
communications te users located over a  broad geopraphic  region  where  connection
between the source and destination uvsers is not practical or cost effective" [17). The
network  is composed by a number of packet radio units, censisting of transmitter,
recelver, antenna and  controbler. Uswsally, full conncetivity among  all the radio units
in the actwork Is not provided, because not all nodes are within line—of-sight of one
another. Accordingly, a pucket may reach 1ts destination after being received by and
relayed to as many radio units i lts path as required. Thercfore, all nodes must
provide  for store-and-forward operation. Note  that, due to the Nmited range  of
transinission  and  the  mobillty of the nodes, the cennectivity  {nctwork topotogy)

changes dynarmically,

3) Future Public Land Mobile Te!ecommzm!carfoi iys{ems {FPLMTE)

FPLMTS 1s a new concept, arising from the CCIR study groups, where cellular
mobile technology is used for fixed scrvices purposes. The initlal application of
FPLMTS almed at the developing countries where the lack of service in rural and remote
arcas or lack of capacity to offer a good grade of service in urban  arcas are
critical. Providing rural wireline networks is usually extremely costly duc to the
long  distances, difficult terrain and climatic conditions. Morcover, planning network
cxpansion In wrhan  arcas s not easy because of the high and unpredictable demand,
Accordingly, FPLMTS may hecome an  attractive alternative to  the wircline systems
because  of  lis (i) flexibility,  {ii)  rnodular design, (i) capability  for covering
wide  geopraphical  arcas and (v} cost rl.:(ll.lu‘_"f tons  resulting from technology
tmprovements.  Indestrialized countries  with Jurge  territories,  rough  terraln and
thinly populated areas may also profit from FPLMTS. Besides wvoice, other services such

as roint to multipolnt, short messages, paglng, facsimlle, text and data arc also
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planned to be offered by these systems {191

4) Cordless Telephone

a) CT1 - The First Generation
Cordless Telephone {(CT) has been in the market for a leng  time, but with
analog technology. It 1s, in fact, a wircless extenslon of the wircline telephone with
4 very limited transmisslon range (50 - 200 m). Moreover, since a small number of
channels s available and the apparatus uscs only one fixed channel, Interference (o
lack of privacy} Is quite common.
b) CT2 - The Sccond Genceration
The sccond generation of  cordless telephone uses digital technology, providing
“high spcech quality, higher degree of sccurity and the possibility of introducing ncw
services” [20). It has three main applications, as follows:
= Pomestle Use, replaclng  jts anzlog  counterpart  with  the advantage of
automatic channcl selection and other advantages provided by the dipital technology.
- Cordless PABX, where a linked nctwork of base stations allows staff to niove
with thelr handset in the building, belng able to recelve and make calls.
~ Telepoint, where base stations arc connected  to  the public  switched
telephone network, These basc  statlons are usually located at shops, bus stations,
train stations, alrports, ete, and the vuscrs within their coverage areas are able to
make calls {(bui not reccive).
The CT2 systems use FDMA architecturc®, 4 MHz ~ bandwidth, 1 channcl per
carrier and a total of 40 carriers.
c) €T3 - The Third Generation
This system uses TDMA architecture®, 8 MHz - bandwidth, 8 channcls per carrler
and a total of 8 carricrs. The great difference between CT2 and CT3 s that in the
former “the cordless handsct s scnding or reeeiving radio transmissions all the time
while a call is tn progress” {20, In the latter the handset  operates  for one-cighth

of the time. Accordingly, the rest of the time can be used for other applications.

* Refer to Chapler 10



d} DECT - The Third Generation
The Digital European Cordless Telephone (DECT) is also a third generation
cordiess tclephone, specificd to be uwsed throughout Europe. It is very stmilar to CT3
ustng TDMA archltecture, 20 MHz bandwidth, 12 channels per cell and a total of 12

channels per carricrs.

8Y FPersonal Communicallions

Personal  Communications Networks (PCN)  alm  at  providing a  "go-anywhere
telephone that can be used at any time with a guarantee of a quality scrvice™ {211
The idea s to provide low-cost and high-quality mobile communications for the mass
markel. The cellular  archltecture is kept but the cells are much  smaller with a
consequent  reduction of the bandset power. On the other hand, the number of base
stations  required for thls service increases drastically. Cells size may  vary from 1
km radius in clty centres te 6 km in the country. The spectrum space planned to be

altotted to PCN ts at 1.8 Giz, where the spectrum ts falrly clean.

6) Moblle Satellite Communications

"Mobile-Satellite  Service provides communication between  carth  stations  and
one or more space statlons, or betwecen mobile earth statlon via one or morc space
stations” [23]. The carth stations can be located on-board ships, on-board aircrafts
or on-board terrestrial  vehicles characterizing  the Maritime, Acronautical or Land
Mobile—Satellite Services, respectively. In additien, “this  service can  be used  to
detect  and  locate distress signals  from survival craft statlons and emergency
pasition-indicating radio beacon stations.” [23].

Among the various international systems providing telecommunicatlons (in
general) by satellite we guote the INTELSAT (international Telccommunlcations
Satcllite Organization}, the EUTELSAT {Europcan Telecommunications Satellite
Organization) and the INMARSAT (international Maritime Satellite Organization). These
organizations arc financed by their members {countries) to whom the given scrvices are
hired out.

In particular, the INMARSAT's primary nission 1s to provide :data, voice and
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emergency communications to ships and platforms. More recently INMARSAT Is aiming at
offering 1ts services to be used for air traffic and control worldwide. A global
integration of the mobile services is likely to occur In the ncar future and  will
certainly  make use of sateflites. Motorola has given a step forward propasing  the
ridium  Systemi, where 77 dow-orbit satellites in conncctlon with 37 cells would cover
the entire globe. The advantage of having low-orbit satcllites 1s the use of low power

handset,

L5 SYSTEM DESIGN CONSIDERATIONS

While the wse of electromapnetic waves would restrict the mobile communication to
some speclfic types of services, the conncction with the fixed telephone network gives
the flexibility which mukes the mobile network able to give support to all scrts of
communlcaticns scrvices. On the other hand, the design of such a system is complicated
for it may Involve most of the areas In tclecommunications as well as other related
areas,

Let us mention some of these arcas,

- Radie system design and propagation, where, {or Instince, the topography of the
terraln is carcfully studied. The results of this study constitute tnput data for the
radio coverage planning. At this point It may be detected the need for the use of
Repcaters®*, a very common method for range extension 1n most mobile radio networks.

- Frequency regulation and  planning. Each radio service utilizes its own portion
of frequency spectrum. Glven that only a limited amount of the spectrum s avallable,
the frequency allocation plan has to be carefully done so that interfercnces are

minimized and the traffle demand is satisfied.

oA repealer ie an electrunic assembly which Processes a recelving algnal for
refransmission. Basically, the processing may consis; of 8 pure amplification of the
signal elther kceping or changing its frequency. In the first case 1t is importang
Lo obtain a high isolation between reccive and retransmit anlcnnals 1o avold
oscillation.




- Modulation. As far as volce in an analog system lIs concerned, very few services
still use AM, while the majority uses narrowband FM. With the advent of digital
systems, there Is a varicty of possibilities and the cholce is not so stralghtforward.

~ Antenna deslgn. In the early systems only omnldircctional antennas were used.
With the Increasc in traffic demand the cells were then split into sectors for which
dircctional antennas are required. Today new cellular patterns 7] are being sugsested
for which more complex antennas arce required  (sectorizatlon and the uwse of directional
antennas are covered In Chapters 2 and 7).

~ Transmission planning. There arc many aspects to be considercd here, such  as:
4} the  structures  of  the channels  used  for signalllng  and  voice; b) the
characteristics of the message/volee transmitted; ) the performance of the components
of the transmisston systems {power capacity, noise, bandwidth, stability, etc). We ran
also inclede the design of the transmitters and the recejvers whose main  features
Include robustness and portability.

- Switching system  design. In most of thc cases this consists In adapting  the
existing switching network for mobile purposes.

- Teletraffic. Onc of the ways of assessing the performance of the system is to
estimate  the overall  blocking probability, Conscquently, the concepts of traffic
ungineering  are  required. For a glven grade of service 2nd number of channels
aviilable, how many subscribers can be served ? What routing strategy should be able
to cnhance the traffic performance ? How many channels should be used for volce and
how many for signalling ?

~ Software design. With the use of microprocessors throughout the system there
Is software application in the mobile, base station and in the exchange adapted for
that service,

Other  aspects such  as human factors, ecconomles, ete, will also influcnce the

design of a moblle radio system.




.6 FREQUENCY PLANNING AND SPECTRUM ALLOCATION

Moblle radio s just onc among tens of radlo communicatton services. Like all the
other systems Involving radio transmission, the allocation of radio frequencles for
this service is subject to a series of admlnlstrative and technical factors.

The clectromagnetie spectrum 1s a renewable resource which, In theory, can be
used Indiscriminately. In  practice, however, the chaotic manipulation of the radle
frequencies would only Jead to, at lcast, an inefficient uvse of this limited resource,
restrictlng the advent of new services and the pgrowth of those already established.
Since  radio propagation docs not  recognize  geopolitical  boundarics and  the political,
ccopomic and social aspirations may vary from country to country, there is a need for
international  cooperation  and  particlpation, so that an orderly worldwide use of the
radio  spectrum can be  agreed. Many other factors such  as  historical developments,
reglonal  policy and  extent  of current usage do also influence the sclection of
frequencics.

In order to accomplish  cffective use of the radio spectrum, the frequencies are
allocated  to specific  services  with  similarity o terms  of  radiated  power  and
interfercnce  featurcs. This has been  agreed under a  global organization - the

International Telecommunication Unlon (ITU).

1.6.1 The Warldwide Harmoeny

The Intcrnational Telecommunication Union (ITU) was founded in 1932 as a result
of the fuston between the International Telegraph Unlon, founded in 1865, and the
Rudio Telegraph Union, founded In 1903, and today constitutes a specialized agency of
the United Nations. Its main objectlve is to harmonize and care for telecommunteations
around the world, Including the officient utllization of the radie spectrum.

The ITU is backed by an interpational treaty — the ITU Conmvention - where its
structure,  responsibilities,  rights  and  obligations are  defined.  Its general  structure

5 shown in Figore 1.5,

1.16




The  Plenipotentiary Conference re-cxamlnes the Conventlon  in periodic  mectings
(usually every five vyears), detcrmines the gencral  policles, budget, salaries, elects
the  Sceretary  General, the Deputy Scerctary  General and  the members  of the
Administrative Councll.

The Administrative Counctl 15 composed of 36 members responsible fer directing
the work of the Unlon in the period between the .Plcnipotcntiary Conference. It usually
mecls cvery ycar,

The next four blocks shown in Figure 1.5 constitute the permanent organs of the
I'fy.

- The General Sceretariat 1s In charge of executive management and  technical
cooperation. 3t translates, interprets and publishes the documents of the Union.

= The Internatlonal  Frequency  Registratlon Board  (IFRB)  is  In charge of the
analysds and  records of  the frequency  asslgnments made by the countries which may
potentially  cause Interference to the services of other administrations. Should an
interference probiem be found, a solution 1s supgested and returned to the originating

stlministration.

~ The Intcrnational Radio Consultative Corumittee (Comité Consultatif
International de Radio - CCIR) has the task of studying the technical and operating

Issucs related to radio communications.

— The International Telegraph and Telephone Consultative Committee  (Comite
Consultatdf International des Téléphonique et Télégraphique ~ CCITT) has the task of
studying the technical, operational and tariff questions  concerning the telegraphy and
telephony.

The studics by CCIR and CCITT result in declsions, resolutions, recommendations
and reports. Study  Groups are then set up in erder to carry on the analysis of the
recommendations,

Besides  those  four permanent  organs  the ITU  is  also cemposed by  the
Administrative  Confercnces  where  the  technical regulations are agreed.  These

conferences, called for by the Administrative Council, are held if a sufficient number



of ITU member nations agree to participate. Their alm s to revise the technical
regulations  whenever  such  procedure  1s required.  Accordingly, there are the
Adminlstrattve Radlo Conlerence  and  the  Administrative  Telegraph  and  Telephone
Cunference.

The Admintstrattve Conferences may be Worldwide or Just Regional ones. The World
Administrative  Confercnce care  for  the rcguiaLiong worldwide. The  Reglonal
Administrative Conferences  deal with  the  telecommunication matters of a  reglonal
nature. For this the 1TU has divided the world Into three regions:

~ Region 1: Europe, including all former USSR territory outside Europe, Mongolian

Peoplie's Republic, Asta Minor and Africa.
- Regron 20 Western Hemisphere Including Hawall
- Region 3. Australla, New Zealand, Occeanla and  Asia excluding former USSR

territory and Asia Minor.

All the decisions taken by these conferences must be in conformity with the ITU
Convention and, moreover, the outcomes of the Regional Conferences have to be in
accordance with the World Conference.

The World Conference, responsible for the radio communication gquestions, ts the
WARC - World Administrative Radlo Confercnce. There have been clght general WARCs:
1906 in Berlin, 1912 in London, 1927 in Washington D.C., 1932 in Madrid, 1938 in
Calro, in 1947 in Atlantic City, 1959 In Geneva and 1979 again in Geneva. Several
other small conferences have been held in order to deal with specific matters, such

as, for example, Mobile Scrvices.

Scveral regions of the freguencey spectrum are  allocated to miore than one radio
service. There are  however, other regions  for  the  exclusive use of a particular
service. Again, for the suke of cfficient and orderly usage of the spectrem, in onc or

the other case, there must be a centralized organization regulating the assignment and




use of the radlo frequencies.

In most of the countries this central administration ts performed by a government
entity such as Ministry or Scerctary or Department of Cemmunlcations, or similar, A
well-known exception for that 1s the United Statcs where the nongovermment radio
scrvices  are  administered by the Federal Communications Commission (FCC). The
government  scrvices  arc controlled by the Interdepartment Radio Advisory Committee
(IRAC), which In fact acts under a government agency.

The concession for the radlo service operation is a rather complicated matter
since all sorts of factors, such as historical, cconomic, political, soclal, etc may
be involved. Another very important issue is the congestion, which may occur in many
purtions  of the spectrum  already occupied by other scrvices. In this case there may
occur a frequency reassignment procedure  when  the concerned  service 1s  shifted to
another regien of the spectrum. Again this is an extremely difficult lssue where many
intcrests are at play.

Tuble 1.1, shows some radio services, namely Broadeasting (BRC), Fixed (FIX) and
Mobile (MOB), allocated on 2 primary basis to the various reginns (1,2,3 or
combinations of them). The mobile services may include land, maritime and/or

acronautical mobile communications.

1.7 SUMMARY AND CONCLUSIONS

Moblie radlo services started soon after the invention of radio. Since then they
have undergonc scveral stages of regulatory and technologlcal evolution starting with
the  bulky and  extremely  heavy  equlpment  and  evolving  to pecket  size  portable
tefephones.

As in the majority of communication systcms, the evolution of the various
services  occurred  Independently with cach system using its own  solution. Today, there
s been s wove  lowards global standardization and, perhaps, a worldwide tntegration

of the moblle radlio services., As far as frequency planning and spectram  allocation  are




concerncd, the chaotlc manipulation of the radio frequencies has been aveided by the
creatton of the ITU, a global organization where this matter s carefully discussed

and controlled.

REFERENCES

[t]  Neal H. Shepherd, “Moblle Radio Scrvices" in Communlcatlons System Enginecring
Handbook, edited by Donald H, Hamsher, McGraw Hill Book Cempany, New York, 1967,

{121 George Calhoun, Digital Celiular Radio, Artech House, Inc., New Jerscy, 1988,

(3] W.R. Young, “Advanced Mobile Phone  Scrviee: Introduction, Background and
Objectives”, BSTJ, vol. 88, N® 1, January 1979.

i4] G} Lomer, "Telephoning on the Move - Dick Tracy to Captain Kirk", [JEE
Praceedings, Vol 134, Past F, N2 1, February 1987,

[s] 0 G. Zysman, "AT&T Proposed Digital Cellular System”, Endhlrerumlana! Seminar on
Cellular Ratlo Telephony (in portuguesc), Sio Paulo, S.P., Brazil 1988.

{61 W.C.Y. Lee, Mobile Communications Engineering, McGraw-Hill, Inc, New York, 1976

{71 8. Hecralall, The Applications of Directional Antennas In Cellular Moblile Radio
Systems, Ph. D. Thesis, University of Essex, England, July 1988.

[} R. Steile, V.K. Prabru, "High-User - Density Digital Cellular Mobile Radio
Systems”, JTEE Proceedings, Vol. 132, p. 396, August 1985.

[9F] C.). Hughes, Notes on Mobile Radlo Systems Course, Untversity of Essecx, 1987.

[10] J. Hoff, "Moblie Tclephony In the Next Decade”, 2" Nordic Seminar on Dipital
Land Moblle Radio Communication, Stockholm, October 1986.

[} Donald H. Hamsher, Bd, Communication System  Engincering Handbook, McGraw-11iH
Book Company, 1967,

{121 PBennis Bodson, Richard 6. Gould, George H. Hagn, Willian F. Utlaut, "Spectrum
Management and the 1979 World Administrative Radio Conference”, JEEE Trans. on

Communications, Vol. Com~29, Ne¢ §, August 1981,

1.20



f13]

[14]

'15]

{161

171

11%]

19

{20]

1211

[23]

Rlchard E Shrum, "A Nontechnical Overview of 1979 WARC", JEEF Trans. on
Communlcations, Vol. Com-29, N2 §, Augﬁst 1981.

Fingl Acts of the World Adminisirailve Radlo Conference for the Moblle Services
{MOB-87), (ieneva, 1987

J.D. Parsons, J.G. Gardincr, Mobile Communicatlon Systems, Blackle & Son Ltd.,
1489,

Brittsh Telecom. A Standard Code for Radio Paging. Report of the Post Office Code
Standardization Advisory Group (POCSAG), Junc 1978 and Nov. 1980,

BM. Lelmer, DL Niclsen and F.A Tobagl, "Scanning the Issue®, Special Issue on
Packet Radlo Netwarks, Proc. '1EEE, Vol. 75, N¢ 1, Jan. 1987.

N. Shacharmn and J. Westeott, "Future Directions in Packet Ruadio Architectures and
Pratocols™,  Spectal Tssue on Packet Radlo Networks, Proc. IEEE, Vol. 75, Ne 1,
Jan. 1987,

CCIR - study  Groups (1986-1990), Interim Working  Party 8/13, (Question 77/8),
"Adaptation of Mobile Radiocommunication Technolugy to the Needs of Developing

Country”.

R. Caldwell, "Towards a FEuropcan Standard with a Common Alr Interface”,
Telecommunications, Int. Edition, Vol. 24, N2 9, Sept. 1980,
R. Potter, "Personal Communications for the Mass Market”, Teleconununications, Int

Editlon, Vol. 24, N2 9, Sept, 1990.

D.L. Huff, "Advanccd Mobile Phone Service: The Developmental System”, BSTJ, Vol.

58, January 1978.

G. Maral and M. Bousquet, "Satellite Communications Systems”, John Wiley & Sons,

1936.

1.21



a37118318s 3UTSN =

ATTqoN ‘HOW
paxtd XId

Burisevopeodg :0Hg SJayM

€ ¢ € 019 - S8§ z1 A £00Z ~ 0581
fa 809 - 2IS c c 0002 - 0081
I 06L - OLY Z 2 0081 ~ SOLI
> £ € S8S - OLY T T 0081 - SCS1
r4 218 - OLY 2 2 Z SOLT - 6291
£21 €21 =®Cel 5692 -~ 00§72 €21 1°90% - 90¥ i 1 SZ9T - S°9091
£ £ 5067 - 0057 €1 £1 SEZ - 0f2 £ < 0081 - S°S091
¢zl gzl 00SZ - 0SVT 2 2 5CZ -~ §22 z 5291 ~ S09T
£2 £z1 0ShZ - OOLI s € £1 02 - €22 £z S09T ~ S€§
(217qoU~TeO[3NRUOCISE z r4 522 - 912 1 $°'S091 - §'92§
10 e1igouw-swijyleu £ £ €1 €22 - VLI c S€S - §792S
‘311QqouU-puET) SUCT] r4 91z - L1 (o SES ~ S§26
—eoTUNUWG] 23777193ES €21 €21 PL1 - SLE8°9ST a 52S - 01¢
911QOW 03 PajBOIPSQ  §°0%991 - OLG!T £Z1 G9£8 7951 - GZ9L 9ST €1 G 925 - S0S
€1 €1 €1 096 — 2y6 1 r bS1 - €51 Z 018 - S0S
ra 2v6 — 206 s £e S29.°951 - S0'0S1 I S6Y - SCY
c1 £1 €1 %6 - 068 1 1 €51 - S0°0ST £Z S6% - SIF
ri 2 206 - 068 A LET - 9g1 t SCY - §Ip
I 1 1 068 - 798 £zl 80T - 00T T S°€87 - §S2
2 v4 r4 068 - 908 z 007 - 88 €z 067 - 0SIT
1 ! 298 - 06L I 001 - .8 H G52 - S'8Y1
r4 908 - BIgQ £ £ € 007 - 48 1 I 58Y1 - OCI
£ £ > 068 - 01 £zl 082°81 - 89181 €2 €2 091 - 0TI
aoM  XId4  oua (ZHH)Y1PTmpueg acd  X1d  oud (ZHW)UIPTRpUEd 80K ¥1d Dy (ZHY) UIpIMpuEg

$821AJ8S O1pTY $woS 03 salousnball Jo uOTIEVOTTY - 1°1 JIAVL

22



[CTI R

{S)y HDS
Flided

)

b

(

a) S8

(

[66T LEIGT QT OF AON poM :EWIL ITOHISD T, 80Tas] [ HETUID aytweducd :dorigd Ipz-ere-18%3 i@Tta



daikh

\“_\t |
BS
Fhp - du?

w
oF: 8
5|5 5
ja8]
;]
=
)
]
a1
(]
)

Té51 QETRTI 4T A2 Adm paA JHIL TN Jap o, 25taad I NIFEOE eyTecduol tHOTOD pa-aig-tbiz :gTIL



19%5

i7

TIHE: Wod Mov 20 15:17:

COLCR: Componite ECREEN: Device's default

FILE: figl-0Ole.cdr

ChTx

ChRx

(e) (F) DS

1Bs

where; ChTx
ChRx
ChTxRx

8%

Transmission Channe!

Reception Channel

Transmission and Reception

Channetl
Base Station

FIjL g Lt



PR

FlgGika

NTMS

channe} -

ne-

O

)

(a

TEAT A9iLiial Of AQN Pas o FWIL ITOF P 0, @0Tad] INNEHIS LERE 158 0T R tpoa-urs-cBry g



TIME: Wed Mov 2d 15:1B:58 1951

Devaice' s dnfault

BLUREEN:

Composite

COLOR

FILE: figl-02b.cdr

Sy

|

/@

-

(b) Two-channe! - NTMS

FL T



Frgldel =R

W
=
T
|
[ Y —
DD %
cl|lc L
c| & @
[CR NG et
ot lon 5
Q0 &
=z
T
T

o
=

1661 LQTQZIST QF ACH PaN CTWIL ItnEiep €, A0Tas] SHITH2I aiteoduoy HOI0d o aro-10Ts (EI1LA



TIHZ: Wed Wov 10 15:70:%R 1991

COLOR: Compoaite BUAEFN: Device' s default

yILE: figl-03.cd:

o>

N\

|
4 Channel ¥ |

Channel 1 .

—— ] Telephone B
Channel 1 - Trunks
._”_} ) / \/\Exchar ge L::

Radio Lmks/

F’hysical
Links

FIgla HM%



Trunks

Exchange [ @
H

o5}
[
Q
o
o
)
]
—

siGra x2h

1661 OF:TIZRT OF AR PoM TEWIL

AIn*jan @, AoTAl]

THAT IS

sypeodual [ HOTCD

paceg-1BE) 2T



Device's default TIME: wed Mov 20 1%:22:31 15%)

BCREEN:

Compopite

figl-o%.cdr COLOR L

FiiE:

Plenipotentiary
Conference

Administrative
Council

General
Secretariat

IFRB CCIR

CCITT

P EFRAR ]




CHAPTER 2

CELLULAR MOBILE RADIO

PREAMBLE

This chapter addresses  the  basic principles of cellular mobile radlo  systems
glving an overview of the main points to be considcred In a system deslpn. It traces
the outstanding differcnces between conventional and cellular networks introducing the
jargons commonly used In the latter. There 1s a brief functional description of each
cellular  component  and  of  how they can be interconnceted  to  give different
architectures. A theory of patterns and symmetry s Introduced so that some of the
well  accepted cell  geomelry assumptions, today taken for grantcd, can bc better
understood.

The cellular system has, from its inceptlon, a modular architecture  which, 1in
theory, can be expuanded indefinitely, as rcqui.rcd‘ There are, however, scveral
practical constraints that limit this modular growth, to a certain extent, above which
some alternative tecchniques are recommended. These techniques are examined In this
chapter. The issue of system performance is also considered, where three diffcrent
types of efficiency mcasures arc described. The next topic considered in the chapter
ts related with the data and signalling control over the radio channcls. In this same
topte, 2 successful mobile~to—fixed and fixed-to-mebile call scguence and also the
handoff process arc 1llustrated in pictorial form.

Finally, stitl  within  this  overvicw approach, the  basic  system design
specifications followed by the main steps in a ccllular design are given. To end the
chapter, some nan-conventional traffic performance  enhancement technigues  are  shown.
spain the approach given here 1s superficial, but a deeper stody will be carricd out

in Chapter 12.
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2.1 INTRODUCTION

The carly conventlonal moblle systems coxxélstcd of a base statlon with its
transmittcr and recelver assembled on a hilltop. The coverage area was chosen to be
large and, generally, a very small number of channels was avallable. As inltlally
thosc systems were manually controlled, each call had to be conducted through a
special maobile operator. The automatic systems appceared by the middle of the 1960’s
but they were still very lmited as, for example, if a customer had a call alrcady
cetablished in one arca, that call would drop as he moved into another area, and a new
il process would have to be initlated.

Notwithstandbig the limitations of the systems and the high cost of the services,
the growth of the demand for moblle telephones was Indced remarkable. Such systems,
”lmving a small number of channcls, poor slgnalling protocols and Hmited capacity for
modular  growth, could not cope with such dcménd. New conceptual  ideas fer the
development of a versatlle system, where the subscribers could roam with his telephone
In a worldwide Integrated network, started to materialize. The cornerstone of this
dream 1s the cellular idea as described in this chapfer.

The expansion of a conventional mobile system relies heavily upon  spectrum
availability. Radio frequency planning is a complicated matter since the frequency
spectrum  has to be shared by several other different types of services. There s
plenty of spectrum avallable at higher frequency bands, but technology has not as yct
been able to overcome the difficulties of operating in those frequency bands.

However, if on the one hand there is scarcity of freguency spectrum, strictly
controlted by the regulatory agencies, on the other hand there s the pressure of the
demand  for moblle services. The way out is  the conceplion of new  itdeas. The
implementation of these new idecas may require a new technology, giving risc to a new
system capable, not only of meeting the lattial demand, but also of offering new
services, These new services can gencrate new demand and need to be regulated. A new

cycle starts as ilustrated in Figure 2.1,
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in the analysis that follows we will be considering an analog system. Digital

systems will be contlnuously mentioned and analyzed throughout the followlng chapters

at convenlent Instants,

2.2 THE CELLULAR JARGON

The "new" conccptual ideas implemented today in mobile systems were proposed by
the Bell Telephone Laboratories during the middle of this century. The implementation
of such ideas would require, among others, complicated means for administering the
system, which was feasible with the advent of electrontc switching technology [21].

The hasic cuncept s the FREQUENCY REUSE: if a channel of a certain frequency
covers an arca of radius R, then the same frequency can be reused to cover another
arca. Each one of the areas constitutes a CELL. The cells using the same carrler
frequency are called COCELLS. They are positioned sufficiently apart from each other,
so that COCHANNEL-INTERFERENCE can be within tolerable limits. With this new concept,
a region initlally served by one base station In a conventional moblle system Is split
Into several cells, each of which with its own basc station, served by its own set of
channels.

"The maln purpose of definlng cclls in a mobile radio system 1is to delincate
areas In which cither spectfic channels or a specific base station will be used at
least  preferentially, #f  not  exclusively” [2].  If  omnidirectional  transmitting
antennas are used, Ideally, the coverage arca would be circular. Therefore, 1f for
modelling purposes a cell shape is required, a circle would be the stralghtforward
cholce. Howcver, a plane filled uvp with circles can exhibit overlapped arcas or gaps,
adding  difficuttics to the frequency planning. Regular  polygons such as equilateral
trtanglos, squarcs und hexagons do not present these constralnts. The REGULAR HEXAGON
s the most convenlent format, since It most closely resembles the circle.

To understand this i1n a quantitative way, consider three different  cellular

systems, the first with the triangular, the sccond with the square and the third with
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the hexagonal array of cells. Suppose that the base station is situated at the centre
of the «cells, f.c., equidistantly from the wvertices. ket R be this distance.
Therefore, the coverage areas, corresponding to the arca of the trlangle, square and
hexagon are 3V 3 R2/4, 2R? and WF R2/2, respectively. Note, for a glven R, that
the hexagon (then square followed by the triangle) can cover a larger area,
Accordingly, a hexagonal array requires fewer cells (and conscquently  fewer base
stations) to cover the same regton (2).

The sct of channels avallable In the system is assigned to a group of cclly
constituting the CLUSTER. The same set can be reused only ia different clusters. The
number  of cells per cluster determines the REPEAT PATTERN. Due to geometrical
conitralots  (sce  sectton 2.6} only ccrtaln  repeat patterns can tessellate, thc ost
common having 4, 7 and 12 cclis per cluster. The smaller the repeat pattern the higher
the number of channcls per ccll, corresponding to a higher traffic capacity system. On
the other hand, the smaller the repeat pattern  the smaller the distance between
cocells, leading to a higher cochannel Interference.

Channel allocation strategies play an important role as far as ADJACENT CHANNEL
INTERFERENCE is concerned. Although the radie equipment is designed to select only the
wanted channels, cutting off adjacent frequencies, there may be  situatlons when
adjacent channels can cause taterference, For instance, this may happen when two
mobiles using adjacent channels transmit to the base station from a short and from a
long distance, respectively. The interfercnce problem is worsened in the presence of
fading.

The sizes of the cells vary according to the network planning, made to mecet a
certain traffic demand. The cells arc considered to be very small when compared with
the  conventional  systems.  Recent studies [11 suggest the use of  microcelis (90 m
radius) with the frequencies allocated at a 60 GHz band.

Although the mobile can travel from cell to cell, it is required that the call
already  established (or in progress) must not be Interrupted.  Therefore, changes  of

channels may oceur without the need of the lntervention of the subscriber. This action
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of changlng channcls is known as HANDOVER or HANDOFF. Handofi occurs whenever the
signal strength measured at the base station falls below a threshold value. The
process of monitoring the quality of the slgnal, recommending the change of channels,
If necessary, 1s called LOCATING. The process of determinlng a mobile's avatlability
to recelve a glven incoming call Is named PAGING. The function of beglnnlng & call,

performed by the mobile unit, Is termed ACCESS.

2.3 ESSENTIAL CHARACTERISTICS OF THE CELLULAR SYSTEMS

The maln differcnee between conventional and cellular systems §s that the flest
is a Noise Limited System (NLS) and the second is an Interference Limited System

(1LS). Lot us describe some of maln features of each onc of them.

- Ceonventional (Noise Limited) Systems:

1) serve low subscriber densitics;

2) rely heavily upon spectrum avalblabillty;

3} deo not take advantage of the frequency rcuse;

4) rcqulre high power transmitters mounted on a hill top;
5) have a jarge coverage service arca,

6} do not allow modular expansion;

7} do not allow handoff

~ Cellular (Inter ference Limlted) Systems:

1) serve high subscriber densities;

2) considcr the spectrum avatlabllity as a llmiting factor;
3} take advantage of the frequency reuse;

4) require low power transmitters located at low elevation;
5} divide the whole service area into small coverage cells;
6) allow (theorctically) an endless modular expanston;

7) allow handoff.
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tn terms of tlgures, the typical characteristics of the cellular systems are:

1) around 650 channels are available;

2) transmitters provide output power ranging from 10 to 45 walls;

1) transmiticrs are mounted at clevations typically 30 to 100 m above the scrvice
arca;

4) the coverage arca varies from 2 to 16 km radius;

5) gencrally each cell is scrved by 25 to 75 channels.

24 BASIC COMPONENTS OF A CELLULAR MOBILE SYSTEM

A general overview of a ccllular moblle nectwork s illustrated in  Figure 2.2
There are four main elements, as follows:

1) Moblle Station

2} Base Statton

3} Moblle Switchlng Centre

4) Publlc Swliched Telephone Network
We shall brlefly describe cach component.

~ Moblle §wr!on

The mobile station (MS) constitutes the interface between the mobile subseriber
and the base station. Besides volcc communication the MS also provides control and
signatling functlons, usually performed by a microprocessor. The moblle unit is able
to tune, under the system command, to any channcl tn the frequency spectrum allocated
to the system. Each channcl comprises a pair of frequencies for a two-way
conversation. The control messages are transmiltted In a digital form and can be sent
through voice or signalllng channels, depending on the task to be performed, as shall
be scen In sectlon 2.0, The power levels of the transmitter can also be controlled by
the system,

Every call from a mobile yiclds the subscriber's  identification and the dialled
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digits. In order to provide a morc cfficient wse of the channels, the diglts are first
neld in a memery In the telephone and, when the called party number ts complete, they
are sent, Initiating the communicatlons with the base station.

The Mobile Statlon consltsts of two clements: the telephone set and the radio sct.

The telephone set provides the contact between the subscriber and the system. It
is mounted ncar the car front scat, where the driver may have a comfortable and safe
access to It. It Includes 2 handset, keypad, dlsplay and some kind of alert signal
(lamp or tone}. It is also possible to have some sort of loud-speaker so that the
driver does not need to use the handset while driving.

The radio set comprises two distinet pleces of equlpment: the radio Itself and
the control. The radle deals with all the frequencies avajlable in the system in a
full duplex mode. The transmitter provides up to (approximately) 10W output power and
has 1ts level controlled by the system. It transmits both volce and data which, In the
analeg  systems, coxperience  different  types  of  modulation. The recetver demodulates
voice wnd data. The control ts a lopic unit with a microprocessor with the role of
managing the control tasks within the mobile. Some examples of control messages
include;

1) origination request from the mobile in order to access a channel;
2} registration of the mobile In the current scrvice area;
3) channel assignment message from the basc station to the mobile;

4} handoff message for a retuning to another channei from the basc station, etc.

= Base Station

The base stations are responsible for scrving the calls to or from the moblle
units located In their respective cells. They are connected to the Mobile Switching
Cenire  via land  links, Basc Statlons consist of two clements: the radio and  the
control. The radio comprises the transmitlers, recelvers, towers and  aniennas. The
control  1s a microprocessor unlt  responsible for  the  control, monitoring and
supervision of the calls. The assignment and  reassignment of  channcels to the mobile

units can be carried out by the base station. In addition, the base statlon monitors
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the signal levels to recommend the handoff.

- Aobile Switching Cenire

The Mobile Switching Centre (MSC) is a telephone cxchange spectally asscmbled for
cellular radio services. It works us 2 central  controller, Interfacing the maobile
units and the fixed telephone aetwork. The MSC uses standard telephone signalling and
{s equivalent to a class 5 local exchange.

The number of cells connccted to (controlled by) a MSC varies according to the
needs, One MSC can be responsible for a Jarge metropolitan arca or for a small number
of small ncighbouring citics. The arca scrved by onc MSC is known as a Service Area.
The moblle subscriber within hls service area s a Home subscriber. It is possible,
however, jor the subscriber to move out from his arca inte another arca in which case
he 1. ¢alled a Roamer, The main tasks performed by a MSC include paging, locating and
handolf. Murcover, iU performs functions of an ordinary dlgltal switching cxchange
cuch as signalling, switching, A/D conversien of the audlo clrcuits (in the analog
detection  of on-hook-off-hook  statas, line scanning for dial pulse

systemal,

stgnalling, ctc.

The communicatlons between the base stations and the MSC are usually carrted out
through land lines providing specch and data paths. The MSC is also connected to the

flxed nctwork by means of land links.

_ Public Switched Telephone Network

The Public Switched Telephone Network (PSTN) treats the MSC's as ordinary fixed
iclephone exchanges.

I has not been shown in Figure 2.2, but the cellular systems bhave a Control
Centre where some operations and Information are centralized. This control centre  can
he located at onc of the Mobile Switching Centres. It contains the main data base for
the whole system and performs  the followlng: call record administration, traffic

znalysis, nctwork mapagement, maintenance, equipment configurations, ctc.

]
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2.5 SYSTEM ARCHITECTURE

A cellular mobtle radlo system can be bullt according to a centralized or
decentralized architecture. In 2 centrallzed architecture the Mobile Switching Centre
Is usually very large and controls many basec stations. in this case the MSC includes
clusters  situated near and In remeote arcas as well, In a dccentralized system the
MSC's are smaller, controlling smaller number of clusters.

Small systems arc generally  centralized and  large  systems  tend  to  the
decentralized  approach. In  fact, there are different degrees of decentralizatlon in
that there may or may not be Interconncction between the MSC's. In the first case a
call from a moblle will go through the PSTN only when the called party 1s a fixed
subscriber. In the sccond case, even If the called party is a mobile, hut from a
different service area, this call will have to pass through the PSTN (calls within the
same service area are handled by the corresponding MSC without the need of a PSTN
involvement}. The different architectures are shown in Figure 2.3,

When a mobile moves outwards its service area (roams into znother area) the first
task to be done is to inform the corresponding MSC that this moblle Is within that new
sone. The visited MSC informs the home MSC of the prusence of 1ts user. When this
particular mobile 1Is called, his (her) original MSC will direct that call to the MSC

within which he (she) is repistered.

2.6 THE THEORY OF CELLULAR PATTERNS

The applications of the thcory of symmetry and patterns have usually had as maln
tarpet  the studies of crystallography, and only recently (by the 1970's [6]) this has
been used in engineering, mainly in ecllular mobile radio {a good reference for that
cain b found in [71} In this scction we should first recall the maln concepts for our

particular purposes.

a) Any plane rcpetitlve pattern can always be decomposed Into fundamental reglons



also known as arcas or cells, with a gencral shape of a parallelogram. In fact, the
sides of the cclls can be of any shape, but opposlte sidcs must have the same shape.

b) A whole pattern can be obtained by translating the fundamental reglon in a
regular way. In a plane this means placing each ccll in a position %x"y", where X"
represents m steps of X along the OX direction and Y" represcnts n steps of Y along
the OY direction, where m and n are Integers and O is the origln. This is done unti
the whole arca is filled up,

c} A tessellatlon 1s defined as a pattern having a polygon as a fundamental
reglon. Regular polygons generate regular  tesscllation. Equilateral  triangles, squares
and hexagons are the only regular polygons that can tesscllate 3L

d) Colour Symmetry 1Is a feature presented by figurcs or patterns having
symmetrical parts with a choice of colours. In cellular radio terms this corresponds
to a sct of channels (.., each set of channc!s‘ is a colour). It will be seen that
such systcmn exhiblts a polychromatic pattern.

Although the thcory of symmetry and patterns is well established, the creation of
a patiern s still an art and, in this respect, it Is opcn to the imagination. Some
patterns, however, due to their symmetry or regularity may be caslly tessellated in a
logical and scquential mapner. The creation of a pattern can be carried out by
different manncrs. A few of them (cxtracted from [4]1) are listed below:

- by breaking down a fundamental area into sub-areas and placing an identical

deslgn into each sub-arca ;

- by making a design across several sub-areas;

~ by distorting the boundarics of sub-arcas to form simllar tnterlocking shapes;

- by using a basic patiern as a grid and by colouring only certain arcas between

the lines of the prid.

- by replacing the stralght lines of a baslc pattern with curved ones;

- by using mirrors, as In the kaleidoscope;

~ by using a computer to replicate a mottf with any comblnation of symmetry

operations.



The regular patierns

In this scction we shall consider the patterns formed by the regular polygons,
namely, regular trlaogles, squares and  hexagons. Spectal  attentton will be glven to
the hexagons.

Consider initially the equllateral triangle. For this figure it 1s convenlent to
choose the set of coordinates as shown in Flgure 2.4. The positive portlons of the two
axes form a 60° angh;, and the unit distance along the axes is R (where R is the cell

radius). The distance between two polnts {ul, vl) and (uz,v?) is given by:

p? =1t 445+ f | | (2.1)

there 1 = u - u and =Y -V
where | ) . ] 2 )

Now consider the square. The set of coordinates lics obviously at the orthogonal

aves (Figure 2.5) and the distance D is glven by

pt =1+ i (2.2)

and the unit distance ks v 2 R
For the hexagonal array the {u,v) axes are chosen to have their positive portions

crossing at 60° angle (Figure 2.6), and the unit distance being V'3 R. Then

D=1t + 1]+ I (2.3}

We shall concentrate our studiecs on the hexagonal array of «ceclls. Nevertheless,
rhe subject discussed below can be easily adapted to the triangular or square arrays.

in order to dectermine the ccll pattern, ie., the cluster, the fundamental
procedure is to place the cocells at equidistant points from a reference cocell. The
next step is to label another ccll as a refercnce and proceed in the same way as
before, It s possible, and in fact more plausible, to simplify this procedure by just
determining the first set of cocells. Then, by translation without rotation, the {irst
pattern (first set of cocells) can be replicated around the initial reference.

MNow we need to find the loc! of points where the equidistant cocells are Jocated.



Iif we tmpose that the reuse distance must be isotropic, there are slx hexagons
equidistant from the reference hexagons. Using  (2.3) it can be seen that, Y we
positton the hexagons at the set of coordinates (p,q), (p+q,-p), (-q,p+q), (-p,~q},
{-p-q,p) and (gq,-p-q) thelr distances to the refercace hexagon {(centred at (0,0)) are
equally given by p2 + g 4 qz. Therefore, these are the required cocell positions.,
An ecqulvalent procedure s to usc a system of axes as that shown In Flgure 2.6 and
then position the coordinates (p,q) using all six possible palrs of consecutive axes,
j.e,, axes 1), Jk, kI, Im, mn, no { Note that 1 = -1, } = -m, and k = -n). As an
illustration consider {p,q) equal to (1,2). The corresponding cocells represented as
cell 1 are as shown in Figure 2.7. Now by transiating without rotating the set of
cocells, we oabtain another sct of cocells {named c¢cli 2). This can be done until the
whole pattern 1s {tlied up. This Is shown in Figurc 2.8.

The theory of cellular pattern §s based on the concept that a pattern is set up
by replicating the fundamental area known as a cluster. It is assumed that a cluster
Is a contlguous group of cells. Consequently, all of the clusters must be identlcal.
The shapc of the clusters 1s also of a regular hexagonal form and this s Intuitively
deduced. The explanation given here is taken from McDonald (2], but a morc rigorous
approach casn be found in Heeralall |7} .

The intuitlve tdea is based on three facts:

a) each ccll has slx equidistant nearcst cochannel cells;

b) each adjacent palr of the six axes connecting the centre of the referemce cell
to the centres of the six surrounding cochannel cclls has an angle separation
of 60°%;

¢} the abovc observations are valid for any arbitrary cell.

In short, the main constralnts forcing the clusters to have an hexagonal shape
are:

a) rcuse distances must be lsotrople;

b) a cluster must be a contlignous group of cells.

This can be scen in Figure 2.8 where the dotted hexagons represcnt the clusters.



Assuming that a cluster has a hexagonal shape, we want to determine the number N
of hcxagonal cells per cluster. Let a and A be the arcas of the cell and of the

cluster, respectively, The arca a is then

a=3W3 RS2=v3y2" (2.4)

The distance between the centres of two cocells 1s D. Let us choose these cells

to be the centres of the corresponding hexagonal clusters. Hence the area A s

2
A=3V 3 D/2_ /2 =¥ 3 D2 (2.5)

cos30°

The number of cells per cluster Is obviously

N=Als =D (2.6)
or cyuivalently, using (2.3)
N=i +1)+f (2.7)

Since 1 and ] are integers, the clusters will accommodate only certain numbers of
celis such as 1, 3, 4, 7, 9, 12, 13, 16, 19, 21, ..

The patterns 7 and 12 are the most common configurations of the cellular systems,
Flgure 2.9 shows these patterns and the hypothetical hexagonal shape of the
corresponding clusters.

An important parameter of a cellular layout is the D/R ratle, known as cochannel
recuse ratlo. This ratlo glves an Indlcatton of both the transmission quality and also
traffic capacity. On the ftransmission side, the D/R ratle glves an Indication of the
cochannel  interference  statistics:  the  higher the ratlo the Jower the interference
potentlal. As far as traffic capacity 1s concerned the D/R ratlo can also glve a

measure of performance evaluation. This 1s promptly scen i we express the ratio as a

® Note that ¥ 3 R has been assumed fo be the distanec unlt,
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function of the pumber of cells per clusters. Using the above cquations

D/R =¥ N /(1/¥V 37} =V 3N~ (2.8)

The fewer cells per cluster (or equivalently, the smaller D/R ratio) the larger
the number of channcls per ccll, lLe., a higher density of channels corresponding to a
higher traffic carrylng capacity.

It can be seen that transmission quality and traffic capacity work in opposlte
directions (sce Figurc 2.10). Morcover the emaller the cluster size the lower the cost
of the system. The determination of the D/R ratio 1s then a trade off between these
factors and, obviously, an intermediate point can be found so that a rcasonable grade
of service can be accompllshed.

Assume, for cxample, that the total amount of channcls in the system is 360, Then

Table 2.1 deplets a  comparlson  between the traffic capacity and the transmlsslen

quality.

Table 2.1 - Traffic Capacity and Cochannel Interfercnce

Cluster Size D/R  Channcls/Cell  Traffic Capacity Transmission Quality

1 1.73 360 ngp\cst Lowest
3 3.00 120

4 3.46 30

7 4.58 51
12 6.00 30 Lowest l-il;;hcst

2.7 SYSTEM E_,XI'ANSION TECHNIQUES

One of the many advantages of the cecllular architecturc is its modular growth
capabllity. A start-up system Is wsually constituted of hexagonal cells of the largest

possible radii. As the demand for service grows, the system will tend to absorb the
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new users up to a llmit where it can still offer a good grade of service. If the
quality of the scrvice is initlally high, It may be possible to accept an Increase of
the trafflc load and allow a system performance degradatlon, but stlll  within
acceptable levels. This In fact, constitutes a very convenient way of allowlng the
system fto adapt to 2 sudden growth of the traffic demand. Howcver, this adaptation is
only efficlent on a short term basts, since any additional growth can cause a
disastrous degradation. The network will be able to accommodate more subscribers if
therc 1s a change In the system itself. We shall examine some of the technlques that

may be used.

a) Adding New Channels
This can be done only W there are channels avatlable. Initially, when a system
v osctoup net all the channels nced be owsed, and growth and cxpanston can be planned

tn an ordcerly manner. However, once all the channels have alrcady been used, new

cxpansion methods have to be found.

b) Frequency Borrowlng

The channels are allocated to the cells according to the geographic distributlon
of the traffic. I the traffic demand shows a pgreater concentratlion in  certaln
regions, t.e., if some cells become more overloaded than others, 1t may be possible to
rcallecate channels by transferring frequencies from the less loaded to the more
loadcd cells. This works on an iInterim basis as further growth will require that those
borrowed frequencles return to their original ccll. The advantage of thils technigue is
that it does not require a blg change in the hardwarc of the system.

c) Change of Cell Fattern

It has been previously scen that a2 smaller number of cells per cluster represents
a higher traffic capacity. Howcver, It has also been scen that this corresponds to a

degradation  of the  transmission  quality (highcr  eochannel interfercnce). This

technigue, nevertheless, is rather costly and seldom appliced.
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d) Celil Splitting

Cell splitting s a technique almed at diminishing the size of larger cells by
dividing them Into & number of smaller cells. By reduclng the size of the cells, more
cclls per arca will be avallable with a consequent increase of channels In such area
and an Incrcase In trafflc capacity.

Radius reductlon by a factor of K reduces the coverage area and lIncreases the
number of base statlons both by a factor of Kz. it is advisable to choose K so that
mixed cell slzes can co-exist taking also advantage of using the old base stations,
Flgure 2.11 deplcts two stages of cell splitting.

Cell splitting usually takes place at the m!dr')oint of the congested areca. Further
splitting may occcur untll the minimum size of the cell radius is reached. This minimum
ot 1s determined taking Into account (1) the minimum cochannel reuse distance that
can be achleved while malntzining volee quality objectives, (11) the problem of siting
the base statlons and, obvlously, {ili} the cconomic aspects.

e) Overlald / Underiald Cells

When cell splitting occurs, there may be ceclis with different sizes in  the
system. The stai't—up system Is concelved so that a D/R ratlo is malntained throughout
the network. With different cell sizes, speclal attention must be given to cochannel
interference problems. Constder the example of Figure 2.12 where a 7-cell cluster s
the pattern. The distance between bigger cocells is 4.6R, where R is the bigger cell
radius. The distance bctween smaller cocells is 4.6r where r = R/2 is the smaller cell
radius. Cochannel interference between the bigger cclls must be withia tolerable
limits as destgned at the conception of the system. The same applies to the smaller
cells since the cochannel reuse ratio is maintained. The calls within smaller cocells
w1l not cause undue Interference on the channels of the bigger cells, because if the
cochannel ratlo requirement s satisficed for the smaller cells, 10 s also satisficd
for the blgger ones. The opposite situation, however, Is not true. Calls being served
by the smaller celle will suffer interference from the cochannels of the bigger cells

slnce the distance between them will be 23R (half of the Initial value 4.6R}.
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A possible solutlon for this s to visualize the bigger cell as f 1t were
compused by two tlers (layers) as shown In Figure 2.13. The coverage arca of the ccif
s still the same. The difference now 1is that the Inner layer and the outer layer
operate with distlnet set of channels. The main restriction 1s that the outer tier
cannot be scrved by any of the frequencles used in the smaller cocells. Suppose that
the bigger ccll has a set of channecls C dlvided Into subseis A and B {(C = A + B
Suppose also  that the smaller cocell will use the subsect A. Consequently the outer
Yayer can only be served by the subset B.

The Inncr cells coverage arca is conirollcd by transmisslon power reduction and
handoff control paramcters. i a mobile moves out from its layer a handoff procedure
muost take place. Handoff occurring when the moblle moves from the inner to the outer
layer is called handout, The converse fs named handin. Note that the ccll Is stIlt
seoved hy the same amount of frequencies and that the outer volee channels are also

avaltuble for the moblles within the lnner radluos.

f) Sectorization

In theory, the cell  splitting process may be carried out Indefinitely. In
practice, however, there arc some very obvious constraints, such as:

(1) as the distance between cells reduces the cochannel Interference increases,

although the same repeat pattern is kept;

{ii} finding a sultable location for the base station may become a difficult

task, since the siting tolerance is contracted as well.

(1i1) the total cost of the system is Increased because the number of required

basc stations Is increased.

An alterpative to cell splitting is SECTORIZATION. This technique conslsts of
dividing the cell into a number of sectors, cach of which Is served by a different set
of channels and illeminated by a dircctional antenna. The scctor, thercefore, can be
consldered as a new celll The most common arrangements are 3 and 6 scctors/cell.

The base stations can be located cither at the centre or at the corner of the

cell, The first case is referred to as centre—excited cells and the sccond as  cornee-



exclted cclls, In fact, therc Is no difference between the system conceived in one or
another way. These two approaches are I1llustrated In Figure 2.14 where the dotted
lincs sketch the main lobe of a hypothetlcal dircctlonél antenna.

It wlill be shown later that the wuse of dilrectlonal antennas substantially cuts
down the cochannel interference, thus allowing the cocells to be more closely spaced.
Closer spaced cells imply smaller D/R ratlo, corresponding to smaller numbers of cclls
per cluster (sce equation (2.8)). In other words, more channels per ccll can be used,
correspondlng to a higher capaclty, since the total amount of available channels iIn
the system 1s constant. Scctorlzation is then very attractive since it allows the
systern to grow  with a  reduced  investment when compuared with  the cell  splitting
wwehnigue,

The qguestion that may arise s "Why not start up the system with directional
antennas already?" At the inception of a cellular mobile system, the aim is to have as
fcw base stations as posslble to cover the required gcographical region, since basc
stations constitute a high Investment. Since the use of directlonal antennas reduces
the covered arca, nol only more antennas but alsoe more transmitters are needed. When
the system expands, the alm is to maintain the same cell sites, but still reducing the
cell area to lncrease capacity. This is achieved by means of sectorization with the

usee of directional antennas.

2.8 PERFORMANCE MEASURES AND EFFICIENCY

The systems  are  usually  designed  to  mect  certain specifications.  These
specifications  include  some  performance  paramcters  directly  infloencing  the  network
efficicncy. The wltimate requircment of any commanication network s the CAPACITY.
Particularly, in moblic radio system this is related to traffic capaclty. Hence  two
main parameters arc of Interest:

(i) Carrier io Cochannel Intcerlcrence ratlo (C/lc) and

{(ii) Blocking Probability (E) or Grade of Service (GOS)
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The C/lc ratlo, as previously mentioned, varles according to the ccllular
pattern. It can be casily calculated if the mobiles are assumed to be fixed and
positloned for the worst case performance. In fact, C/lc Is a random varlable affected
by random phenomena such as Jocation of moblles, fading (Rayleligh and Gaussian),
antenna characteristics and base statlon locations. It is tndeed 2 complex parameter
to be estimated 1f all the wvarlables are to be taken Into account. The connection
between the performance parameter C/lC and the traffic capacity 1s that variations in
C/Ic can be directly translated into reuse distance (D/R ratio} glving a measurc of
the compactness of the cellular layout. The larger the C/IC ratlo (less Interference),
the larger the D/R ratio, leading to a larper cell pattern. On the other hand, the
Jarger the cell pattern the smaller pgumber of channcls per cell, leading fo a smaller
traffic capacity. Deslgn specifications requlre that a minimum C/iC {usually 18 dB,
17 dB or sometimes cven less) must be achleved over a large percentage of the coverage
arca (usually 90%).

Blocking probabllity or Grade of Service is a performance  parameter  easily
associated  with  traffic  capacity. Several formulas for  blocking  probability
calculations are avallable and they are used according to specific applications. Among

them, the most widely used is the Erlang-B glven by

GOS = E(AN) = —W‘L@—“— (2.9)
}: Al
1=0

where A 1s the offered trafflic in Erlang (erll) an(i N is the nuomber of channels. Note,
however, that this is a gencral purpose formula  used only for a quick traffic
performance assessment. 1t does not take into account the various phcnomena of the
mobile radlo system, malnty characterized by the mobillty of the subscriber (handoff,
ete). For the purposes of this section the use of this formula will be sufficient.®

The start-up system usually begins with a grade of service of P.02 (2% of

blocking prnhal)lll[y)‘ rising up to P.05 as this system grows. if more subscribers are

% Refer 1o Chapter 12 for studies of treffic in mobile radio syslems.
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allowed in the system the blocklng probabllity may reach unacceptable values.
Accordlngly, some system expansion techniques must be used.

It can be sccn that both the C/lc and the GOS constitute lsolated parameters nct
clearly expressing the overall system performance. Particularly, the GOS can be
assoclated with one specific cell whlle the C/lc ratlo can be dctermined for a
speclfic reglon or situation. For instance, C/ic Is high in a large cluster where the
blocking probabllity (GOS) can be very small. At first sight, high C/IC and low GOS s
the ideal situation. Bat note that in this case a cluster may not be using the
channels efficlently. Therefore, an overall measure of efficiency, taking Into account
all the relevant parameters fna mobile radie system, s required.

There are three maln efficlency measures: (1) spectrum ef ficiency, (1) trunking

efficlency and (111) economic efficlency.

(1) The spectrum ef flciency, N Is a mcasure of how efficiently space,

frequency and time are used. These three vartubles are combined Into a product form as

_ number of reuses X rumber of channels 4 time the channcl 1s busy
g = coverage arca bandwidth available total time of the channel

Hence m 1s expressed in units of Erlangs m > Hz'. Several technlques can be
tmplemented to improve the spectrum efficiency. We shall examine some of them

1) Given that the available bandwidih is fixed, the only way to increase the
number of channels ts to reduce the channel bandwidth. This can be accomplished by
incans of improving the modulation techniques, filters response, etc.

2} The cell area can be reduced by the cell splitting technigue or sectorizatlon.

3} The channel usage can be optimized 1if the messages are compressed or
interlcaved, taking advantage of the fact that the carried Information {spcech or
data) 1s not continuously present. Additionally, channel usage can be increased with
the application of seme dynamlc channel assignment or alternative routing strategies.

(i1} The (runking efficiency mecasurecs the number of subscribers that  cach
channel in each cell can accommodate. This, of course, tatrinsically depends on the

grade of scervice that the system Is preparcd to offer. Given a grade of service GOS
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and number of channels, the total traffic can be calculated using the Erlang-B
formula. If on average, cach subscriber generates a certaln amount of tra:ftc, then
the total number of subscribers is estimated. In the graphs of the Figure 2.5 the
curves are given for three diffcrent grades of sr-:.rvlr.:c (2%, 5% and 10%) and It 1is

assumed a traffic of 0.02 Erlang/subscriber.

It can bc scen that the trunking efficlency decreases rapidly when the number of

channels per cell falls bellow twenty.

(111) The economic efficlency depends on many factors and a simple assessment ls

not avallable. 1t aims at mcasuring how affordable to people and cellular operator the

muobile service ts. In other words, this 1s directly related with the costs of service

per customer.

2.9 TRAFFIC ENGINEERING

The starting point to enginecer the traffic Js the knowicdge of the required grade
of service. This fs wsually specified to be around 2% during the busy hour. The
definition of the busy hour may vary according to the liccnse admiaistrator’s point ef
view . There are usually three options:

- busy hour at the busiest ccli;

- system busy bour;

- system avcrage over all hours,

The cstimate of the subscriber usage rates is usually made on a demographic basls
since thls can vary according to the rcgion. The traffic distribution is then worked
out and the cell areas identified. The calculations are gencrally simplificd if the
teaffic 1s assumed to  be evenly distributed. However, in  practice, even  traffic
distribution is quite rare. In wrban areas there is a high concentration of traffic at
the town centre during the rush hour, decrcasing smoothly towards 1ts outskirts. This

distribution is known as "bell shaped". In the start up system, however, the traffic
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distribution is not well known. The calculations arc carricd out based on the best
available traffic estimates. The final system capaclty s obtained by grossly

exaggerating  the calculated figures.

2.10 DATA AND CONTROL SIGNALEING

Similar te any other communication nciwork, the mobile radio channels nced to
handle data transmission, at least for signalling purposes. There are two ways of
transmitting data: (I) using the speech channels or (1i) using dedicated channels. In
the flrst method, when the channel Is not busy with volce transmission, then an idle
tone ts tnserted tn order to Indicate its avallabllity for data transmission. In the
sccond method, a percentage of the total amount of radie channcls ts exclusively used
for slgnalling transmission. The first method was Inlttally used by the early mobile
radlo systems. However, for the cellular purposes, the idle tone speech channel method
is not appropriste. This is duc to the amount of signalling required to handle the

enormous quantity of volce channels, cells and subscribers present In the  ccllular

systems.

The proportion of signalling channels may vary with the systcm capacity. A
start-up system requires a small number of these dedlcated channels, with this number
increasing as the system expands. The alltl)catlon .of the channels to their {uactions
also varles with the network. In the AMPS system [22] these signalling channels are
divided Into three groups: (I} dedicated control channels (CC}, (i) paging channels
(PC) and access channels (AC).

The dedleated control channels are common to all the mobiles throughout the

system. Every moblie s programmed to tunc to one of the CC's, in fact, to the

strongest one. The CC's carry overhead messages giving specific information about the
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system. The messages Include the service area identification, the number of the paging
channels available, ctc. The paging channels are mainly wvsed for secklng a called
moblle, The PC's transmit the identification number of the called subscriber, over the
whole service arca {the mobile s "paged”). The IPC’s also carry the number of the
access channels In that region. These channels are used when a mobile wants to
intttate a call. Each AC has a busy/idle bit indicating Its availability for wuse. Now
we shall bricfly describe a successful simplified call sequence {22]. We first present
the Initialization process.

Once the mobile unit is switched on, 1t scans over all the dedicated control
channels and It tunes to the strongest one. The moblle 1s then informed about the

avallable paging channels In that area. It scans these channels and It tunes fo the

strongest one.

{i) Call from moblle to {txed subscriber.
a} The moblie recclves on the PC the number of the AC available in its area;
b) It scans the AC's and tunes to the strongest one. The sclected AC should,
mast likely, belong to the closest base station;
c) The mobile then sends the dialled digits and its own l1dentification. The
basc statlon recelves and routes these digits to  the mobile switching

centre (MSC);

d) The MSC determines and transmlts the voice channel number to be allocated
to the moblie, and the muobile tunes to it;

e) The MSC sends the dialled digits to the Public Swiiched Telephone
Network (PSTNY;

f) The PSTN completes the volee path.

(11)  Call from flxed to mobile subscriber

a) The PSTN routes the call to the MSC, having the called mobile registered

within;
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b) The MSC Impels (causes) all its base statlons to transmit, on thelr PC's,
the identification number of the called mobile;

¢) The moblle Identlfics 1its number, tunes to the strongest AC  and
acknowlcdges the paglng. The base station rclays this acknowlcdgment to
the MSC;

d) The MSC sclects an idle voice channcl of that base station and the mobile
tuncs to It

e) An alerting tonec is sent through the voice channel to the moblle and a
ring tone is sent to the calling éubscrlbér;

f) The voice path will be complcted as soon as the called user answers {the

alerting and ringing tone are, obviously, removed}.

These two sequences are depicted in the Figures 216 and 2.17, respectively. In
these figures the arrowed llnes indleate the direction of the action. The dotied llncs

Indicate signalling and the solld Iines represent voice.

2.10.2 Control over Specch Channels

The speech channels must also carry some sort of signalling iInformation, so that
the established conversation be under centrol. Suppose, for instance, a mobile moving
from one cell into another. How does the handoff take place? FHow s the signal
strepgth monitoring  carried out? How s the on-hook-off-hook status dectected? These
control tasks are provided by means of supervision toncs, Inserted somewhere above the
voice band in the speech channels. The AMPS system 12] uses the (1) signalling (one
and (11) supervisory audlo tone, having thelr functions briefly described below.

(1) The signalling tone (ST) is an onc-way (from mobllie to basc station) 10 kHz
tone used in bursts for disconncction, aterting, handoff and flashing.

(i1) The supervisory audlo tone (SAT) compriscs a sct of three continuous tones
(6 kHz and 6 kHz * 30 Hz). Only one frequecncy, however, s used by the base station of

a piven cluster. Neighbourlng clusters employ one  of the remaining two audio tones.




This aliocation scheme  assures & more  rellable  supervision control  because
interference 18 greatly rcduced, Cochanncls using the same supervisory tone are spaced
farther apart from each other. la effective terms, as far as supervision is concerned,
the size of the cluster 1s multiplied by three, and, consequently, the reuse D/R ratlo
i5 Increased by v 3" . The supcrvisory audlo tone s continunously sent by the base
statlon to the mobile that loops it back to the base statlon. If the recetved tone
differs from the tone that has been sent, some sort of interfercnce may have occurred.
(f no tone Is rcturncd, either the mobile is in fading or its transmitter is off.

The speech channels can  also  transmit data messages while the moblic Is in
conversatlon, this occurring, for instance, In the handoff process. We shall briefly
describe the handoff procedure:

a) The scrving and the surrounding basc stations monitor the transmission quality
of the channel In usc. The mobile switching centre recclves this information over the
data link. An analysis Is then carried out and the MSC decldes to which base station
the call must be handed off.

b) The MSC Informs the new base statlon that a call Is to be handed off to a
specified channel. This base station switches on Its transmitter and the supcrvisory
audio tone is sent over the channecl.

¢} The MSC informs the serving base station that such call is to be handed off to
4 pew channel having a given supervisory audio tone. This information is passed over
to the mobile In the speech channel In uvse.

d) The mobile sends a burst of the signalling tone, turns Its transmitier on,
tunes to the new channel and loops back the audio tone.

¢} The former base ctation clears the call and the new base statlon, by
recognizing the looped back audio tone, actlvates the call.

These steps are depicted In the Figure 2.18

The algorithms used for handoff can vary according to thc systcm. The stmplest
criterlon is based only on the stgnal strength measurement. The supervisory audio tone

may also be involved to determing the distance from the mobile to the base gtatlons.
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2.11 CELLULAR SYSTEM REQUIREMENTS AND ENGINEERING

The baslc objective of the cellular mobile radio is to provide flexibility to the
subscriber, Initially famlllar with the fixed telephone nctwork. Therefore, the basic
specifications require the services to be offered with telephone quality. As far as
traffic 1s concerncd, the blocking probability during the busy hour should be kept
below 2%. In fact, the 5% figure s quite acceptable, but there are systems already
worklng with 10% or more. On the transmisslon aspect the alm is to provide most of the
customers with a pgood transmission gquality for at least 90% of the time. This "good
guality" is something rather subjective, and many tests are carricd out so that
different  opinlons arc  gathered among people  volunteered to be submitted to those
tests 110,121,

The transmlssion quality in cellular systems depends meainly on the (1) signal to
cochannel interference (S/Ic) ratio and (i1) adjacent channel sclectivity (ACS). The
S/IC is a subjective measure, usually taken around 17 dB [2]. The ACS is a
specification of the CCIR having a mintmum of 70 dB. The cochannel-to-interfercnce

(‘./ic ratlo depends on the modulation scheme. For a 25 kHz FM the C/IC is around 8 dB

snd for a 12.5 kHz FM this is 12 dB [10]. The minimum signal-to-interference (S/1

S;“’(nolscﬂc)) reguircment is 18 dB. An Improvement of this figure does not result tn a

B2

signiftcant volce quality cnbhancement. Below  this figure there would probably be
"crosstalk® and further below, the call is cutoff [13]. |

Engincering a cellular system to meet the above mentioned goals is not a
stralghtforward task. It rcqulres a great deal of information such as (1) market
demographlcs, (11} area to be served, {11} traffle offered, etec.,, mnot usually
avallable in the ecarlier stages of the system design. If some data are avallable, they
are usvally not enough to achieve an optimized planning. Anyhow, the data avallable at
the time of the system Inceptlon are always the best (only) input and must be uscd. As

the network evolves, additional statlstics will help the system performance assessment

(1]

and replanning. The main steps in a ccllular systemr design are shown in the flow chart
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form of Figure 2.19.

212 ALTERNATIVE TRAFFIC PERFORMANCE ENHANCEMENT TECHNIQUES

In sectlon 2.6 we mentloned some system expansion technigues . In thls section we
chall describe some traffic oricnted procedures that can be explored. The alm is Just

to highlight the main points and leave a decper discussion to be done in Chapter 12,

2.12.1 Channe! Assignment Algorithms

The efficient use of channcls determines the good performance of the system and
can be obtalned by differeat channcl assignment techniques. A great deal of studles
and computations have shown that there Is a notlceable lncrease in channel occupancy
as some dynamlc assignment algorithms are apptied. The main tcchnlques for allocating

channels arc bricfly described below.

(1) Fixed Channel Allocation: in this technique a sub-set of the channels

avatlable 1n the system s asslgned to each cell. The same sub-set s reassigned to
the cell with the required reuse distance (to avoid cochanncl interfercnce). 1f  all
the channels are busy in one cell the call is blocked. When the traffic profile 1is
well known, the allocation of the channels can be optimized to glve the best
performance. However, any sudden traffic varlatlion can cause disturbance.

(i1)  Dynamic Channel Allocation: this algorithm, in fact, comprises a number of

strategics with the common characteristics that all the channecls in the system are
available to all the celis. The assignment is carrled out according to the dynamic
(raffic demand of the subscribers. This algorithm can cope with the varylng non-
uniform spatlal traffic distribution but gives poor results at high load [15,16].

{131) Hybrid Channel Allocation: this technique is a combination of the two

previous ones, Each  cell has a fixed percentage of pre-allocated channels, while the

rest of the channels are assigned dynamically. The performance then depends on both
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the traffic distribution as well as on the proportion of fixed-to-dynamlc channels.

{iv) Borrowed Channel Allocatlon: In thls approach a ccll having all of Its

channels busy looks for a free channel In the .nclghbourlng cell. I there are no
channcls avallable, then the call 1s blocked. 1t is possible to Improve thls by
“forcing” the borrowing from the adjacent cell even If that cell is blocked. This
biocked cell will, by its turn, force a borrowing from another ccll and so on {171

A full performance analysis of those technlques and thelr varlations is carrled

out by Sanchez [18], where rcalistic models and conditions are applied.

2.12.2 Fuzzy Cell Boundaries

The implementation of any of the above channel assignment techniques {except for
the flxed one) lmplles a complete invelvement of the central processing control unit
with any call having to be handled through it. It may be possible to conslder a more
local approach, with the decislon nceding to be  taken not so far away (e,
centrally} perhaps  within  the Jocal MSC ltself. If therc s traffic available for
alernative rtouting between  adjacent cells, then 1ts management can lie within  the
concerned trafftc area. It 1s just a gquestion of determining the cell and the amount
of traffic that this cell must be offered so that, by sharing the load among
neighbourtng cells, the system can be led to a traffic balance condition.

Many aspects of ccliular radie design  and  performance arc  studied on  the
assumption of fixed cell boundaries, Practleally, the cell boundarles are uncertaln
and shifting because radio propagation is variable both in space and time. Handoff
procedures take some account of this, normally being based on the relative signal
fevels of twe paths from a moblic to two base stations. However, 1n general, planning
and design have not been optimized for the practical situation In which boundaries are
Fuzzy and basc station service arcas overlap.

17 a mobile is ncar a cell boundary It may well have adequate communication with
more than one base station. It should then be possible to use this property as the

basis for alternative routing techniques, 1n  the light of information such as the

2.28



current channel occupancy in each cell, and the mean or forecast traffic in each cell,
so as to maximize the Joint traffic capacity of a set of contlguous cells.

The first step in cvaluation of alternative routing strategles is to estimate the
proportion of traffic that might reasonably be trcated as avallable for alternative
routing. This will be donc In Chapter 3, but it is still possible to have a rough
idca, Just by using a very slmple geometrical approach as follows,

Mobiles with more than one path - A rough estimate

The hexagonal shape of the cells in a mobile radio system Is Just consldered as
an ideal model. it cannot be obtatned In a real world. With the use of omnldirectional
antennas, the coverage arca can ldeally be. approximated by a clrcle. In a hexagonal
celt  array, 1f cach cell is  superscded by circles (Figure 2.20) there will be
overlapped  arcas  representing regions being served by two basc statlons. Note that
this is just a stmplistic model since in a rcal system the mobile can be served by
ceveral base stations. Usually, the hest relative signal  strength ts  chosen  for
communication. What we will show here is the potential benefits of choosing  the
channel ot only based on the relatlve signal strength criterla, but also on the
traffic load of the system. Chapters 3 and 12 treat this subject in more detail.

Dcfine y as the proportion of overlapped area with seven base stations taken two

at a time, i.e.,

overlapped arca
total hcxagonal arca

¥ o=

By simple arca calculations, from Figure 2.20, v 15 obtained ay approximately
21% . Assuming that thc mobiles are wniformly distributed within the cell it can be
concluoded that 21% of the subscribers are within the Fuzzy arca, lLe. can be served by
two base stations.

Even if 1t were physically possible, there is no tnferest or advantage, for the
sake of the system performance, in making the boundarics between cells completely

rigid. That is, there 1s no Intcrest or advantage in having the coverage area of one
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base statlon starting exactly at the point where the area served by an adjacent base
station ends. An overlapping reglon has to be allowed so that handoff can take place
safely, There should be a certain  filextbility for the continulty of the calls frem
mobiles crossing the border between cells. Such flexible arca assurcs the system a
practical  adaptabllity to conditlons when calls cannot be handed-off Immediately
{c.g., when there are no free channels in the other cell, or when any othcr higher
priority task is belng processed at the moment of the request, etc.). Accordingly, If
the cell coverage area s cxpanded to allow for more flexibillty, there will be
overlapped arcas common to threc celis. Therefore, the traffic at this reglon may have
access to three base statjons. Let 8 be the proportlon of the overlapped area common
to the three ncighbouring cells. It is obvious that & 1s a function of y. Morcover, a
lnear variatfon In ¢ dmplies a  quadratle variation 1n 8, because this 1s  reflected

2 .
into arca varlation. Henee 8 = g7, For the purposes of thls section we can use
2
8 = ¥ (2.1

It will be shown in Chapter 3 that {2.10) is in fact an undecrestimate of 3.

FPotential beneflts from alternative routing for three contiguous cell

In order to have an insight into the lmprovement in traffic performance that can
be achicved with the use of the fuzzy traffic, consider a 3-cell system with a traffie
distribution as follows: cell 1 with 0.75 erl., cell 2 with 425 erl. and cell 3 with
2.5 erl. If y is the proportion of mobiles with two or more paths, 8 is the proportion
of mobiles with three or more paths, then the proportion of mobiles with only itwo
paths ts 7 -~ & Assuming the approximation glven by (2.10), with ¥y = 45%, then the
dtstribution  of the filxed and flexible traffics is as shown in Figure 2.21. The

streams of traffic have been calculated as follows.

Flexible traffic between cell 1 and cell 2 = (0.75 + 4.25)[6—-—;—7]

Flexlble traffic between cell 2 and cell 3 = (425 + 2.5) (6_%]
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Flexible traffic between cell 3 and cell 1 = (2.5 + 0_75)[5 ; 7]

Flexible trafflc between cell 1 and cell 2 and cell 3 = (0.75 + 4.25 + 2.5)8

We bhave assumed the flexible traffic of e¢ach ccil to be cqually distributed
between  its boundarles. This is the reason for the factor 1/2 in the above
calculations. Note that #f the trafflc In Flgure 2.21 is conveniently redistributed
between the celis, the system can restore the balance with ecach cell being offered 2.5
erl.. M cach cell has 3 channels, the inltial mcan blocking probability of the system
{when no fuzzy traffic 1s wsed) is 16% whercas this blocking falls to 7% after the

traffic redistribution.

2.13 SUMMARY AND CONCLUSIONS

Mobile communications have been tn uwse since the early days of the invention of
the radioc, and the cclivlar concept 1s rather olti. However, only more recently the
cellular systems appeared as a consequence of the high demand for mobile services,
radlo frequency spectrum limitation and avallability of technological resources,

Radie 1s a rather complex communication mediumn, and there 1s no universally
accepted propagation model applicable to all the stiuations. A considerable amount of
parameters have to be taken into account and wusually not all the necessary input data
are easlly available. The cellular architecture 1imposes additional complexity when
interferences  are  to  be  considered. Hence special  attention in assigning  the
frequencles bas te be pald so that Interference rmay be kept within acceptable 1imits.

There are many ways of assessing the system performance. The main  efficiency
mecasure, however, combines the amount of traffic per arca and bandwidth. The aim,
then, i to include as many chuannels as possible in an as-small-cell-as-possible, and
make cfficient usc of the channels. This is pnot a stralghtforward task since system
capacity and interference work in opposite dircctions. The question then Is to achieve

a more cfficient use of the available channcls, keeping the Interference  within
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acccptable tolerances. The tolerance limits are subjective mecasures, reguiring tests
involving people. This has alrcady been done in some ploncer systems and those fligures
are generally accepted as standards. In terms of blocking probability the objectlve s
to malntaln the same requirements as for the fixed network. Nevertheless, due to the
increasing demand, this is seldom achieved and the subscriber may expericnce blocking
up to 10 times as high as that of the initlal requircment.

in order to Increase the channel occupancy in  the cellular  system, traffic
enhancement techniques have been proposed. They all alm at improving the performance

and may be a very good option for a ncar future application.
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CHAPTER 3

MCBILE RADIO PROPAGATION MODEL

PREAMBLE

Thls chapter 1s concerncd with the description of the models used to characterize
the propagation phenomena In a moblle radio environment. It starts by revicewlng some
toptes on the antenna’s fundamentals with the alm at obtalning the Frils free space
transmission formala, This formula constitutes the basis for the propapation path loss
models presented aest.

The propagation models can be divided into two groups, namely, theorctical models
and cmpirtcal models. The theorctlcal models are usually described by means of closed
form expresslons, whereas the empirical ones are derived from ficld measurements,
taken at different conditions. In the first case, many approximations are carrled out,
so¢ that the models are not directly applicable to real sitwations. In the second case
many parameters arg taken into account, so that the models are usvally very complex. A
combination of these groups of models glves rise to a simplified predictlon mode! with
excellent results, if high accuracy is not required. The various parameters affecting
the moblle radio propagation arc also discussed and analyzed.

We then describe the stochastic behaviour of the mobile radio signal by means of
its statistical distributions. By combinlng these statistics with some of the main
results of the propagation path less models, we determine the signal coverage area
{base station scrvice arca). In the same way we determine the fuzzy boundaries betwcen
cells. It is shown that the proportion of overlapped arcas between palr of cells or

group of three cells is rather substantial.
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3.1 INTRODUCTION

Communicatlon with moblle points is a rather difficult task, and with today's
technology, can only be achieved by means of radio waves. This transmission medium is
greatly dependent on  the cnvironment. Accordingly, 4§t can be affceted by an
“Infinitude™ of parameters describing such environment,

The mobile radio systems have been driven to use high radlo frequencles due to
the frequency congestion atb the Jow part of the spectrum, Nevertheless, deallng with
high frequencles usually leads fo intricate problems. The theoretical analysis of the
involved phenomena are, In general, very complex due to the number of varfables that
has to be taken into constderation. Many of these variables are simply neglected for
low frequency applications. As an example, consider a radlo transmission at 60 MHz,
correspanding to a wavclenpgth of 5m. U the sizes of the obstructions encountered by
this radio frequency are cquivalent over many wavelengths, thesec obstructions may work
as scatterers. If we 1lmagine a radie transmission at 94G0 MHz, obstructions wlth a size
of only tens of centimetres can work as scatterers,

Due to multipath propagation the radio signal fades rapidly, with minima reaching
more than 40 dB below the mean signal level. Fading also occurs due to shadowing
prm;ukcd by hills, tunncis and other obstructions. Fath  Joss, shadowing and rapid
fading may deteriorate the propagated signal in such a way that, If the system 1s not
carcfully enginecred, loss of communication may become quite often.

In addition te thls, the moblle communication may also experience cochannel and
adjacent channel interferences together with the varlous types of mnoise generated
within to radlo equipment and by the environment. The motion of the vchicle also
imposes random variations In the sipgnal, deterforating even more the communication.

It can be scen that a deterministic solutlon {or the wvariability and prediction
of the mobile radio signal strength 1s rather impracticable. Instcad, a statistical

treatment of the signal can be used to describe the varlous phenomena.
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3.2 ANTENNAS FUNDAMENTALS

In this section we shall bricfly recall some of the baslc concepts and formulas
of the antcnna theory. Our aim is to use this to arrive at the Friis free space

transmission formula. For a thorough and rigorous approach refer to Kraus [7).

Basic Concepts

1} Isotropic Source : is a source radiating encrgy in all dircctions

2) Poyting Veclor (P) or Power Denslty : is the clectromagnetic power flow per

unit area (watts/mz).

3) Radiated Power Crosslng a Surface S (W) : is defined by

W o= ” P .ds = ” Pds (3.1)

where P Is the radial component of P and ds is an infiniteslmal area in 5. An

isotropic  source  radiates wniformly  through a  spherical surface. Consequently, W

= P4m,§2, where d is the sphere’s radiuvs,

4} Free Space Transmission Formula : From the above definition we sec that, In a

lossless medium, the reccived power density P, at a distance d, is

W
po W (3.2)

4ﬂd2

5) Radlatlon Intensily (U). 1s the power per unit solid angle. At a distance d

2
U =dPp (3.3)

2

For an lsotropic source U0 = d"FP = W/4n,

6) Radlatlon Patiern: is the peographical distribution of the power radiated by

the source. M is usually shown on both azimuthal {(horlzontal) and clevation

(vertical) plancs. An  isotroplc source’s radiation pattern is a circle in both planes.
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in spherical coordinates the Iafinltcsimal area ds 1s found to be (see Figure

3.1)
ds = d’sinodedg (3.9)
Consequently, the beam arca B is glven by
”Udn
B = B VR (3.10)
M
where
A
dQ = slnodody (3.11)

is the Infinitesimal clement of the solld angle Q.

Suppose, as  an cxample, that we want to calenlate the directivity of a source
having a conlcal radiation pattern as sketched in the Flgure 3.2.

The total power W within the conical region is glven by

W = J' J UMsinB do'dg = 2r(1 - cose)UM
0

Consequently

41

D= 7u{l —~ cos8)

For a hemisphere @ = n/2, such that D = 2. For 2 complete sphere (tsotropic
cource) @ = m, such that D = 1. For more complex geometries an approximate formula

for the beam arca can be used as follows [7]
B = AQAY {(3.12})

where A8 and A¢ arc hall power beamwidths, in radians.
As an example, consider an unidirectlonal cosinc power pattern source U, such
that U = UMcose {see Figurc 3.3).

The total power W is plven by
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The directivity s, then D = 4. Using the approximate method, the half power
is obtalned when 8 = ¢ = n/3. Consequently, A8 = A¢ = n/3 - (-n/3) = 2n/3, and the

p 2
approximate directivity 1s D = 4n/(2r/3)" = 2.87.

8) Gain (g): gives a measurs of the antenna’s efficiency. Jts s expressed In

relation to a rcference source. Usually the pain is referred to an isotroplc source,

such that

A maximum radiation intensity

3.
radliatlon Intensity from an Jsotropic source (3.13)

Let Uh:l be the maximum radiation intensity of a real (lossy) antenna and UM be
this Intensity for an idcal (lossless) 100% cfficlent antenna.  Then Ur:){ = nUM, where

0 <w s 1 s the efficiency. Accordingly, using (3.13) and (3.4) we have

UI\'A UM
G = =1 = D (3.14)
u U
0 o
For a lossless lsotropic source & = D = 1. In general, gain and directivity are

glven in dB, l.e., 16logG and 10logD, respectively.

9) Antenna Aperture : A receiving antenna can be modelled as having a terminating

and an Intrinsic impedance. The terminating impedance corresponds to the load
rccelving the power delivered to the antenna.  The intrinsle impedance s responsible
for the lasses, corresponding to the power dissipated by heat or reradiated by the
antenna. The antenna aperture (glven in mz) Is dcfined as the ratio between the power
loss (watts) and the power density (watts/m®) of the wave. The apertﬁre may be
interpreted as the virtual area of the antenna immersed In a electromagnetle fleld.
Depending on the Joss to be considered we may have different types of antenna’s
aperture as follows.
- Effective Aperture: is the ratlo between the power delivered to the terminating
impedance and the power density. The maximum cffective aperture is koown as

Effective Arca.
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Loss Aperture: is the ratlo between the power dissipated as heat and the power

density.

Scattering Aperture: is the ratio between the power reflected back by the

antenna and the power density.

Collecting Aperture: 1s the sum of the above apertures.

1

Physical Aperture: 1s the physical stze of the antenna.

10} Galn, Directivity and Aperture Galn, directlvity and aperture are

intrinsically rtelated to cach other. The relation between gain and directivity s
expressed by (3.14). The common parameter between directivity and  aperture is the
powecr. In a recelving antenna the powcr extracted from the electromagnetic fleld

increases with the incrcase of both directivity and cffective area. Therefore,
D = KA (3.15}

where K is a constant and A is the antcnna’s effcctlve area. Accordlngly, for two

antennas having directivities DI and I)J and effective areas AE and A

J

DI Ai
B A (3.16)
i ]
Using (3.14) and (3.16) we have
ani ) D, } A _ a1
1. G DT A A7
] i i

where . nj and Gi, GJ are the efficiencies and gains of the antennas 1 and j

respectively.
These paramcters have been determined for some antennas of Interest and they are

shown below [7].

1

2
- Isotroplc antcnna, A = A7/4mw, D

- Short dipole antenna, A = wi/8r, D = 3/2

- Dipole (lincar haif—wavelength), A 30/73n, D = 1.64

Uslng {(336) and any palr of A and D of the above antensnas M is
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stralghtforward to show that, for any antenna }§,

2

; in (3.18)

be the input power of a

11) Frlis Free Space Transmission Formula : Let W't

transmitting antenna having a galn Gt' The radiated power is G.W: and the power

density P at a distance d s

P o= Gth/‘indz

(3.19)
The total power W_ recelved by the Joad at d s
W = AP = AGW/4nd (3.20)
r r rt
where Ar Is the antenna’s aperture.  With (3.18) in (3.20) we obtain
\E’_.. = GD 2 )’
W T and
If the gain is equal to the directivity {n = 1) at the rcceiver, then
W A 2
r .
_Wt - GtGr[ 4nd ] 3.21)

Equation (3.21) is known as the Frils free space transmission formula.

A3 PROPAGATION PATH LOSS

A mcasure of great Interest in the radlo propagation stodles is the Path Loss

(1}.  This is defined as the ratlo between the received power (W) and the transmitted
.

jower, such that

] A Wr/wl {3.22)

In dB ki s given as

L = -10logl = v-l()logwr + 10‘.0th
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An ecxact estlmate of the path loss in a moblle radio environment s not
available. In the next sub-scctlons we shall consider some theoretical models
applicable to very speclal cases. Then we modify these models to glve an approximate
measure of the path loss In the mobile environment. Finally, we describe the varlous

empirlcal methods and their applicabllity.

3.3.! Free-Space Path Loss

The ratio between the recelved and transmitted powers in a free-space propagation

conditlon Is glven by the Friis frec-space transmission formula. Hence

w

r A 2
_\TVT = G‘Gr[ 4nd ] (3.23)

Accordingly, the path loss { in dB) is
L= —lOEnth - 10!0gGr - 20logAx + 20logd + 21.98

Using lossless and dsotrople antennas (G = G = 1), wlth the {requency In Mz
i r

and the dlstunce In km we have

L = 20logf + 20logd + 32.44 dB (3.24)

3.3.2 Plane Earth Path Loss

Consider the propagation of a radlowave in a flat terrailn environment. The
transmitted signal may reach the receiving antemna by several ways;
- through a direct path;

through an indirect path, consisting of the radiowave rcflected by the ground;

- through an indirect path, consisting of surface wave;

through other secondury means,
The recelved signal is a combination of all of the above described waves with a
resultant power equal to the sum of thelr individual powers.  The signal power due to

the dlrect path Is given by the Frlls free-space formula. The reflected wave will
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have a power given by the Fris formula but attenuated by a factor equal to the ground
reflection coefflcient p. Morcover, the rcflected signal wlll be shifted by a phase
hp due to the Indirect path. The ground wave s provoked by the signal that has been
absorbed by the ground. The proportion of the absorbed signal is given by (1 - p),
corresponding to the non-reflected slgnal times an attenuation factor A. Therefore,

the ratlo between the rcceived and transmitted powers In a flat terrain environment

Is
W 2 2
_r A Jap _ e
WS GiGr{ 47[(]_] Il + pe + (1 ~ plAe + (3.29)

8sth  p and A depend on various factors such as incidence angie, polarization,

carth constants and frequency. In partlicular

sing - K
= Sine YK (3.26)

where 8 is the Incidence angle and K varies with all of the parameters above
mentioned . For a grazing angle 8 = Q° (correspondlng to the case where the distance
between basc station and moblie is much greater than the antenna height) then p « -1
(see (3.26}). Morcover, p tends to -1 for frequencles above 100 MHz and fncidence
angles less than  10° [2].  The effects of the ground waves are sensed only a few
wavelengths above the ground. Therefore, they can be neglected for the case of mobile
radio using microwave frequencies. Consequently, (3.25) is reduced to

W 2

2
F oo LAY e
W (’:Gr[“&nd ] Il ¢

(3.27)

Constder transmlitting and receiving antennas of heights h: and hr. respectively,
separated by a distance d, as shown in Figure 3.4.
H the tlme delay between the direct and indirect waves is  At, then the phase

shift Ap is glven by A¢ = 2nfAf, where f is the signpal frequeacy. Therefore,

Ad
A

Ago = 2;"[- (3 -28)

where
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Ad = {Il * 12) - (dl + dz) (3.29)

is the difference between the indlrect and direct paths. The distance difference Ad

can be casily written as a function of ht, 1'1r and d. Then

2 1/2 h h 2 i/2

2nd hl * hr t 7
ﬂg_‘) = Y d + 1 - —-—a——-—“' + 1 (3-30)

Y2 o 1 + x/2, for small x, from (3.30) we

Using the approximation {1 + x)
obtaln

h h

t r

The squared modulus in {3.27) can be expanded as

2
‘1 - cmw| = 2(1 - coshg) = 4sin’ ;;;,p (3.32)

A A
For small Agp, sin—¥_ « 2% Then

2 2
2z Ay Ay 2
sin’oge— = [_2—“] (3.33)

With the appropriate use of cquations (3.33), (3.32), (3.31) and (3.27) we

finally obtain

—rr (3.34)

This is the Inverse fourth power loss formula. The corresponding path loss in dB

L = ~1OIoth - 10logG - ZOIog(hth Y + 40logd (3.35}
I r

Note that there ts a Joss of 12 dB when the distance is doubled. On the other

hand, there is a galn of 6 dB when the antenna height is doubled.®

* Field measurement have shown that this 15 only true for the base station’s antenna.

For the moblie’'s antcone the galn Es only 3dB, If h <« 3 m or & AB f 3Im = h = 10m
r r

(refer to section 3.3.6 for the Obumura Model)



The flat terrain model can be applied to an environment consldered to be smooth,
The mecasure of the terraln smoothness, S, depends on varlous parameters, including the

frequency. One of such measure is glven by the Raylelgh criterion as follows [2]

4nrg .
§ = — {3.36)

where o Is the standard deviation of the irregularities” mean bheights, @ is the
incidence angle and A Is the wavclength. A surface with § < 0.1 is considered to

be smooth, while with 8 > 10 is considered as rough.

3.3.3 Knife Edge Diffraction Loss

A radio wave radiatied from a transmitting anicana c¢an  bc  intercepted by

obstruoctions such as  hills, buildings, trees and others. In this case the signal
reaching the recelving antenna will arrlve as a diffracted ray as shown In Flgure 3.5.

If the radtated electrie ficld strength 1s E{]' the diffracted ficld E s [2]

E = Eopcm@ (3.37)

where F ois the diffraction cocfficient and A¢ 1s the phase difference between the

indirect and direct paths. These parameters are given by [2,3]

- S(x) + 0.5 (3.38)

Y 2 sin(Ap + n/4)

and

o1 s(x) + 0.5 n
My = tan ["(‘JGY“I' 5 _.Su] o (3.39)
where Clx) and S{x) are respectively the Fresnel cosine and sipe integrals
Clx) = cos {—-g—-uz] du (3.40)
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8{x) = sin [—-g—uz] du (3.41)

and

/ d +d
2 1 2
x =« h / A dld2 (3.42)

Note that the height h can also be negative as shown in Flgure 3.6. In such case

there will be a direct path between the two antennas.  From {3.37) the loss due to the

diffraction is
L = 10log|E/E, | = 20logF (3.43)

The Fresnel integrals can be evaluated by means of series expansion as follows

3+4n
/‘i‘“ f(ﬁl)mz [/ n/2 x]
n=0

(1 + 2n)1 (3 + 4n)
i+44n
e !
ctxy = /2 ¥ (0™ [ n/2 "] (3.45)
" =0 (Zzn)t {1 + 4n)
It ts Interesting to note that S{-x) = -$(x) and C{-x) = -Clx). jorcover,

S{w) = C{w) = 0.5 and 8(0) = C(0) = 0. Conscquently,

LimF=1, LimF=0and F =05 when x =0

X3 x»—ed

A sketch of diffraction loss is shown in Figure 3.7.

Equatlon (3.42) can be written as x = -hK, where K s a non—ncgatl.’vc constant,
A positive helght {+h) implies a negative x corresponding to the situation as In
Figure 3.5. In this case the recelving anteona is in a shadowed region and the loss

curve s that of the left semi-plane of the Figure 3.7. The greater the height the

iveger  the loss. On the other hand, a ncgative hceight implics a positive x
pdvtisponding to the sitwation as in Figure 3.6. In this case the recelving antenna
i the  lldminatedl reglon. H the obstruction s just "touching" thé direct path
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(x = h = 0), the received  electrle field will have half of the magnitude of the

transmitted  ficld. In other words, the received power s ong fourth (0.57) of the

transmitted power.

In a real situation a radiated wave may be diffracted not only by one obstruction
but by scveral ones. A  mathematical approach to deal with this sltuation ls rather

complicated and no simple solution is available. There are somc approximate mecthods

as we shall examine next.

a) Bullington’s Model

This model was primarily developed to tackle the two-chstruction path loss casc.
Conscquently,  the cesules are betier for thls sitvation. As the pumber of obstiructions
inepeases the model gives a2 poorer performance due to the over simplificatton. The aim
of the model is to reduce an n-dimensional problem to one dimension by replacing the n
ohstructions by onc cguivalent knife edge. This corresponds  to find an equivalent
hejght producing the same effccts as those produced by all of the other knife edges
together. This method is illustrated in Figure 3.8. MNote that some obstructions are
ienored.

b) Epstein - Peterson’s Model

This model considers cach knife edge individually and approximates the total loss
as the sum of the individual losscs, as shown 1In Figure 3.9.

The first loss 18 calculated by considering the path “transmitter, first
obstruction, second obstruction®. The other loss considers the subsequent path
constituted by “first obstruction, second obstruction, rcceiver®. If  the obstructions
are very close to cach other some of the heights {at least one) will not be correctly
determined, In this casc this method gives poor resulis.

¢) Devgoul’s Model

This modcl initially estimates a path loss by considering  the  domtnant
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obstruction in the environment. The other losses due to the remalning knlfe edges are

determined with respect to this dominant edge, as shown in the Figure 3.10.

3.3.8 Path Clearance Condlitiens

As we have seen, the path loss depends on several parameters Including antennas’
helghts, distances between the antennas, frequency and others. For a given set of
these parameters we inay estlmate the proportion of the path loss caused by the
diffracted waves as well as by the reflected waves. Consider the situation depicted
in Flgure 3.11.

if the height h 1s sufficiently large, the recelved wave will not be affected by
the diffracted waves.  However, the indirect path may be long cnough to provoke a
phase difference between the direct and  Indirect slgnals so that the resultant signal
can be substantlally detertorated.  In this case the path loss 1s dominated by the
reflected  signal. On the other hand, if the height h is sufficiently small, there
will not be much difference between the dlrecct and Indirect paths.  Accordingly, the
phase shift in the indirect wave will be small. However, the effects of the knife
edge can be significant. In this case the path loss 1s dominated by the diffracted

waves. We shall investigate these two situatjons.

Loss Due to Reflection/Refraction

From Figure 3.7 we understand that the conditlon x > 0 corresponds to have the
receiving antenna in the illuminated region. Morcover, a careful look at this figure
(or equivalently, at the equations (3.38) and (3.39)} shows that, for x > v 2 the
diffraction coefficlent F  {diffraction loss) tends te unity. In other words, for
x > ¥ 2 the diffraction loss tends to be negligible. Therefore, using (3.42) and the

- " " .
constratnt x > ¥ 2 we have®

‘e

pAR R
h /A d.d, >v 2

% Note that In Figure 3.11 the height b corresponds to -k in Figure 3.6.
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Therefore,

dd 1
1 2
h>/7‘a+3 (3.46)

The condition x > ¥ 2 corresponds to A¢ > n/2. Accordingly, we can say that
when Ay > u/2 the indirect wave 1s not substantially affected by diffraction. We may
express (3.46) in terms of  d, ht and hr by using the simple geomectric relations

obitained from Figure 3.11. Then.

d < 4 hthr/?\ (3.47)

Henee, If (3.46) (or equivalently (3.47)) is satisficd, then the loss 1s malnly

due to the reflected wave. Qtherwlse, the loss Is due to the diffracted wave,

Avolding Nulls at the Recepelon

At the recelver a null wlll occur if the direct and indirect waves arrive with
equal amplitudes and opposlte phases.  Both the power of the resultant signal as well
#s the phasc shift of the reflected wave have been determined in section 3.3.2.  From
(3.27) we sce that a null will occur if bl - c‘m"o’z 0. Equivalently, using (3.32)
the null will occur if 451:12(550/2) = 0, resulting in A¢ = 2nu where n Is an

integer. Accordingly, with Ag = 2nm  in (3.31) we obtain.

Note that in the above cquation the distance d  decreases with the increase of

n {(maximum obtalned when n = 1). Therefore, we conclude that for distances

Zh h
tr

d > — (3.48)

nulls wlll not occur any longer.  Expresslng (3.48) in terms of  h, d1 and d2 {refer

to Figure 3.4} wce ohtaln

cl1 1:12 -
2A | —i—
h < d, +d, (3.49)




3.3.6 Predliction Models

The f{leld strength prediction models are usually based on some of the above
described path Joss models, modified by parameters obtained in the fleld measurcments.
The models take into account the information about the topography of the terraln
incloding the orography ({(description of the hills) and the category of the land usage
{buillt-up arca, forest, opcn arca or wafer), The dcgree of the terrain undulation 1s
given by the paramcter known as “Interdectie range” (Ah), measured at a dlstance of
10 km, as illustrated in Figure 3.12,

Some estimates of  Ah according to the terrain topography are shown in the
disgram of Figure 3.13 {2].

The predictlon  slgorlthms  wsually  deal  with  a  significant  amount of  data,
requiring a computer to process these data. The cholce of the model will malnly depend
en  what is required: s rough  cstimate or a precise prediction. Morcover, the
avatlability of data plays an important role In this.  Accordingly, thec algorithms can
be chosen within the range from a trivial equation to a very sophisticated (and
expensive) software. After the prediction estimates, field measurements must be
carried out in order to validate the maodel. This step will probably require the
paramcters to be rcadjusted. In thls section we chose to describe some of the maln

prediction models. A thorough survey on these models would probably require a separate

book .

1) Eglt Method

This mcthod is mainly based on the fourth power loss (plane earth path loss). It
uses some perturbation factors such as frequency, antenna height and  polarization to
improve the results, 3t predicts the [leld strength at distances up to 60 km with a

frequency range ol 40-500 MHz, The median transmission loss for a 1.5 m high mobile
antenna is estimated as

L = 1301 - 20 l{)ght + 40 logd ' {3.50)

In {3.50} d s the distance between transmitting and recelving antennas and h is
t
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the basc station antenna helght, glven In m and km respectively.

2} Biomgulst - Ladell Method

This mecthod conslders the free space loss (L)), plane carth loss (Lp) and knife

edge loss (Lk) combined to glve the total loss (L) as follows

L=L + Max(L, L) (3.51a)
4] P k
or
L=r + /124 12 (3.51b)
0 P k

Eqguation  (3.51b}  seems  to  give  better  results, but  lacks theoretical
Justification. The model applics to frequencies within the range 30900 MHz  and

distances between  5-22 km.

3) Longley — Rice Method

This method predicts the attenuvation relative to the free space loss. It requlres
parameters  such as  frequency, heights of the transmitting and recelving antennas,
distance between antcnnas, wmean surface refractivity, ecarth’s conductivity, earth's
diclectric constant, polarization and description of the terrain. This is a computer
based algorithm working in the following ranges

20 MHz= Frequency = 40 GHz
0.5 m = Antcnna height = 3 km
ikm = Distance < 2000 km
One of the interesting outcomes of the Longley-Rice's work is that the degree of

the terraln undolation was found as a function of the distance as follows

r
Ah' = Ah ll - exp(-0.02 d)] (3.52)

where Ah' and Ah  are given in mectres and d in km. Note that AW’ = Ah for d = Q.
Hence, if the profiic of the terrain Is known, the interdecHe range can be more

accurately estimated,
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4) Okumura Method

This model 1s based on fleld measurements taken in the Tokyo area. It provides an
Initial path loss estimate for a quasi~smooth terrain (Ah =« 20 m). Then some
correctlon factors must be wused to adapt these results to other conditions. This
inittal estimate comprises a set of curves "Attenuatlon, A({f,d), versus Frequency, f,”
for a base statlon antenna helght h‘ of 200 m and a moblle station antenna height of
3 m having the distance d as a parameter, as shown In Figure 3.14. These prediction
curves are relutive to the free space  Joss. The correcilon factor Garm {(gain) for
the type of terraln ds alse glven as a functlon of the frequency, as deplcted in
Figure 3.15. For different antenna heights the correction factors (gain) are as
follows

Galn G{ht} of 6 dB per octave for base statlon antenna helght, le., of

G(h ) = 20log(h /200), h > 10 m.

Galn G(hr) of 3 dB or 6 dB per octave for moblle station antenna height depending
on the range, le.,

G(hr} = lGlOg(l'lr/3). h < 3m
Gin) = ?.{Jiogfhr/33, 3m = hr = 10 m

The procedurc to estimate the rcsultant path loss is the following:

a} Glven the distance d and frequency f find the attenuation A(f.d) using the

curves of Figure 3.14,

b) According to the type of the terrain, for the same frequency, find  the
correction factor Garca subtracting #t from A(f,d) obtalped tn (a).

¢) Determine the correction factors G(ht) and G{hr) according to thc antennas’
helghts h‘ and hr, subtracting them from the result tn (b).

d) The loss obtained in (e} 1s added to the frec space path loss (LU) to obtain

the overall Joss.
Therefore, the overall loss is given by

L = LO + Alf,d) - thm - G{ha} - G{hr) (3.53)
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5) E{ara’s Formula

The Okumura method cannot be casily automated, since 1t lInvolves varlous curves.
An cmpirical formula based on OCkumura’s results has been developed by Hata [32] It
glves predictions  almost indistinguishable from those given by Okumura’s method over
the limlted range for which it applics. The loss L s

L = 69.55 + 26.16logl - 13.82logh - A(hr) + (44.9 - 6.55103h‘)lt}gd dB (3.54a)

1A

where 150 Milz = 1300 MHz

1A

i30m = ht 300 m

1km = d = 20 km
The correction factor A(hr) is computed as follows.

For small or medium size city

A(hr) = (1.1logf - 0.7)1-1]r ~ (1.56)ogl - 0.8) dB (3.54b)

where Im = hr = 10 m

For a large city

1A

Afh) 8.29l0g"(1.54h ) ~ 1.1 dB (€ = 200 Miiz) (3.54¢)

I

and

A

400 MHz) (3.54d)

Alh ) 3.210g”(11.75h ) - 4.97 dB (f

6) Ibrahim - Parsons Method

This mecthod was designed for path loss in the clty of london. It proposes an
emplrical model based on the data collected by mcasurements and also a semi-empirical
model bascd on the plane earth equation. In the first case an equatlon is developed to
fit the collected data. In the second case the fourth power path loss equation 1s

guttiplled by a clutier factor varying with the land usage 18, 15,16}

Fleld measurcments have shown that, with approprlate correction factors, the
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plane ecarth path loss formula can be used to predict the fleld strength. In this
section we shall use some of the results obtained from the prediction models to modify
the plane earth loss formula in order to introduce a cimplified path loss model, For

convenlence we rewrite (3.34) as follows.

W h h 2
= GG |—=
t d

(3.55)

2

The Okumura's method showed that there is a galn of 6 dB per octave for the base
statton antenna height. In order words the factor hf in (3.55) s correct. As far
as the mablle station antenna is concerned this gain varies from 3 dB to 6 dB.

Accordingly, the loss Is proportional to h:, where x =1 or x = 2, as follows

i for h < 3m

z
v
1l

W‘l r X = 2 for 3rn£hr = 10 m

A

The loss wlth the distance d varies with d—a, where 3 o = 4, The paramcter «

depends on the topography of the terraln. Then

Wr 3
—— R — = =5
W‘ p . 2 o 4

The main limitation of {3.55} is that it suggests an independence between path
loss and frequency. From the Okumura's mecthod it was shown that

Yo L1 ,
w: fy

A
-

IA

"

The parameter y depends on both the environment and the frequency itself. It

was found to be equal to 2 by Young [17] and equal to 3 by Okumura, but in different

conditions,
with alt of the above conslderations we may rowrite {3.55) as
2
w G G h'h*
t r tr

r g trtr (3.56)
v a%Y

where K 1s a constant for a given environment, and
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2=sy=x3

X = 1 for hr<3m

¥ =2 for dmt s h = 10 m
T

In particular y =« 2 both Iln a suburban area ana in an open area with f < 450 MHz,
and y = 3 in urban area with f > 450 MMz, For any given environment {3.56) can be
uscd to predict the path Joss If a high accuracy is not required. However, 1t s
inainly used for comparative purposes as we shall see. Consider, that, for a pglven
situation, the parameters In (3.56) assume the valucs G, G h, h, d’ and f[.

t ri’ t ri

Therefore, the received power Wi, given that the power W" has been transmitted,
r

1=

W”G“G Ihf b };
W = K ; d {3.57)
' dif]

If, for the same environment, these paramcters are G:’ G, h, h, d and

i LS S
fl’ then the ratio between the received powers Wj and W is
r r
W d V%
W = | B, (3.58)
rl 1
where
W, G G (b (' n } * f, Y
T r
ot ori ti rl 1

Suppose that the transmitted power, antenna galns, antenna’s helghts and
frequencies are kept in both sitvations. In this casc B} = 1 and the ratio between
the recelved powers is glven by

=l

“__TL = _......Hj.._ (360&)

Expressed in dB
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er d]
10log |- = —al0log a4 {3.60b)
Wri |

Note that the curve IOlog(er/er) VErsus lolog(dj/d!) ts & straight line with
slope -« Accordingly, the paramecter « 18 known as path loss slope. For free space
condition the patih loss slope t5 « = 2 and for conductive terrain this is a« = 4, A
graph sketching the path loss curve 1s shown In Figure 3.16.

Consider that the mobile travels through regions with different path loss slopes

as shown tn Figure 3.17. It Is easily secn that

W (d V%4
rl 1
W d
rQ 0
W (d Y %
rz 2
W d
rl 1 1 ]
W d Y%
rn _ n
Y T d
ro-1 n-1
Then
VW n di -—0:[
rn
w0 Ti Y (3.61a)
rQ i=1 i-1
Equation (3.61a) can be rewritien as
wrn dﬂ _“I
w - |4 C (3.61b)
ri 1]
where
e @ oo dI e
Cl - dl dn 1
i=2{ 1-1
The c¢onstant C1 may be scen as a correction factor due to the various

parameters  affecting  the  radie  propagation  (follage, street orientation, sloping

terraln and others}). If the mobile remains within the same environment where the path
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loss is equal te @ then CI = 1.

3.3.8 Consideratlons on Other }foects

Scveral other factors affect the radlo propagation conditions. We shall comment

on some of these factors.

1) Atmospheric Condltions

The moisture In the atmosphcre attenuates the radlo signal, depending on the
radio frequency.  Above 10 GHz  the loss due to the rain is alrcady conslderable.

There 1s a peak of absorption due to water vapour at 24 GHz and due to oxygen at

60 GHz [2].

2) Follage

Trees work as  obstructions diffracting, reflecting  and  absorbing  the  radlo
signal. in wurban areas, where there is @ small concentration of trees, the effects
are negligible.  The estimates of the attenuation due to trees s rather complex since
there is a considerable amount of Involved varlables. Attenuation may vary with
helght, shape, densily, scason, humidity, etc. The loss 1s negliglble at low
frequencies (low VHF) but substantial at higher frequencics (UHF). Morcover, the loss
varies with the field polarization as shown by (3.61), for vertical polarization, and

(3.62)} for horizontal polarlzation [33].

exp{-90/f)log(1 + f/10)
2.99

L = 16375 + dB/m (3.62a)

and

exp(-210/1)Tog(l + £/200)
2.34

16370 + dB/m (3.62b)

(o
H]

where ¢ is the conductivity {Slemens/m) and { is the frequency (MHz).  Some values

of o are gilven In Table 3.1 [33]
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Table 3.1 - Conductlvity of various types of follages (after Camwell [33]).

Follage ¢ (x 10°°) Dry o (x 107°) Wet
Bare tree, branches 0.5 -1 2 - 10
Deciduous, full leaf 1 5 -120
Evergreen forest 2 -5 5 - 120
Thin jungle scrub 1 - 10 3 - 20
Dense raln forest 10 - 50 50

The tree's tops may be considered as knife edge at distances blgger than the mean
trce helght above the transmitting antenna. As far as radlo coverage planning s
concerned a 10 dB tolerance ks wsvally allowed when the scrvice arca contalns trees

varylng from barc In the winter to full feaf In the summer,

3} Street Orlentation

The lined buildings of the streets work as "wave puides” affecting the
propagation dircction of the radio wave. Moblles on streets running radially from the
base statjon, or on the strects parallel to these, may recelve a signal 10-20 dB
higher than that received when they run on the perpendicular streets. This effect is
more significant in the vicinities of the base station (up to 2 km away}, bccoming

ncgligible at distances above 10 km [2].

4Y Tunnel

Microwave frequencies arc  substantially attenuated by the structure  of  the
tunnels. This attenuation can reach 20 dB or more, greatly affecting the radio
communication. On the other hand, tunnels may work as "wave pguldes” channelling the
radio signal. Rcudink [18] carried out an Investigation where he placed a transmitter
at approximately 300 m Inside the tunnel, taking the measurcments at a distance of

600 m  Inside the tupne! tn a linc-of-sight path. Some of his results are shown in

Figure 3.18.
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3.4 STATISTICAL DISTRIBUTIONS OF THE MOBILE RADIO SIGNAL

In the previous sccilons we described some of the parameters affecting the mobile
radio signals.  From our limited survey on the sublect Ht is5 mot difficult to infer
that, 1n fact, a countless number of factors may Influence the radio signal.
Accordingly, a single determinlstic treatment of  this signal will certalnly be
reducing the problem to an over simplified model.  Therefore, we may treat the signal
in a statistical basls and interpret the results as random events occurring with a
given probabillty.

Three distributiens  are  closcly related to the moblle radio  statistics: Log—
normal, Raylelgh and Riccan.  The log-normal distribution describes the envelope  of
the rccelved signal shadowed by the obstructions such as hills, buildings and others.
The Rayleigh distribution describes the envelope of the reccived signal resulting from
the multipath propagation. The Ricean distributien  conslders the envelope of  the
received signal with the multipath propegation plus a linc-of-sight component. We may
alse combine the Jdog-normal and the Rayleigh distributlons te obtaln an  overall
distribution, known as Suzuki distributjon.

in this section we shall obtain, describe and analyze these probabllity

distributions. The way of obtaining these statistics, by means of field mecasurements,

is described 1a Chapter 4,

3.4.% Lop—Normal Distribution

Wave Eguallons

The wave equations for the electromagnetic flelds In a dispersive medium  with
electric permittivity £, magnetic permeability p and conductivity o are obtalned

from the Maxwell's equations as

2 d'e de
Ve - uc - pr—— =0 (3.63a)

and
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2
v’h - pe 8 '2‘ ~ uo th 0 (3.63b)
at at

If the fileld has a harmonic time dependence, then the derivatlve 8/8t |is

replaced by* . Hence, for electric fleld

2., 2 o
VL+wuc[l + Joz ]E-—O (3.64)
{for the magnetic fleld the results are analogous).
It Is not difficult to prove that the solution

+
E=Ee ' (3.65)

satlsfies  (3.64). In (3.65) EG ts the amplitude of the clectrle ficld In  the
propagation medium {frec space), r Is the dircctlon of the propagation and g s the

vector propagation constant. Substituting (3.65) in (3.64) we conclude that

¥y = V{o + Jugljou =a + |8 | {3.66)

where

[ 2
o = 2 HE 1+['cr] 1

™
[
|
Tt
B
|t"3
Sk
-+
pr——
Q
L]
X}
-+
1]

The parameters o and 8 are the attenuatlon constant (neper/metre or dB/m) and

the phase constant {rad/metre), respectively.

If we coasider that the field propagates at the directlon of r, then, from

(3.¢5), the magnitede of E is

EL =™ Eocxp[— (o + jB)r] (3.67)

From (3.67) the mcdulus of EM is

A ti+B de :
® Fgr g harmoeic time dependence clectrie ficld, 8 = E = E cj( ), and By = jwE.
[
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E = E exp(-or) {3.68)

Log-Normal Distribution

Consider a radio wave propagating in a moblle radio environment. When reachlng

the moblle station the radio wave will have travelled through different obstructions

such as bulldings, tuonncls, hills, trees, etc, Each obstruction presents its own
attenuation constant as well as thickness.  Suppose that the ™ obstruction has an
attenuation constant « and thicknecss Arl. If the amplitude of the wave cntering

thls ubstructlon ls Ei Ny and EI ts this amplitude after the obstructlon, then

E = E[__lcxp(—txiﬂrl] (2.69)

th

Using recursivity, it follows that the signal leaving the n- obstruction s

given by
E = Eexp|- ) abr (3.70)

1t is reasonable to admit that @ and .ﬁr’ vary randomly from obstroction to

obstruction. Define x as

- i o Ar (3.71)

Then
En = Eucxp(x} (3.72)

If the number of obstructions is large cnough  (nw in (3.71)}) we can use the
central llmit theorem® to state that the random varjable x  has a normal distribution

p{x) such that

% "The probabliity distribution function of a sem of independent random variables
epproaches  that  of &  Gaustian  random  wvarlable &g the number of indcp:ndc'ht random
variables increascs without Hmit" j2ol. In our casc Wi arc aleg assuming the

ohilructions 10 br indepcondent.
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p(x) = . expf-~ ; P X (3.73)
Y 2n Ty X

where m, i1s the mean value of x and 0-)2( is Its variance. NMNow let us lind the

distribution of the ratlo y of the flelds B /}30 as expressed In (3.72)
n

Eﬂ
y= 55— = explx)
0
Then, define ¥ as
A
Y = logy = xloge (3.74a)

. . 2
The mean and the variance of ¥ are MY and c‘y, respectively, and are deflned as

M
Y

lugmy = mxlogc {3.74b}
o 4 loge. = o |
= logoe = o loge (3.74¢)

In order to find the probability density p(Y) of Y we equate the areas under

the densities p{Y) and p(x}, such that
p(Y){dY] = p(x)|dx| (3.75)
From (3.74a)
|dY} = loge|dx| (3.76)

Then, using (3.76) in (3.75} and taking p(x) from {3.73) we obtaln

2

_ . _ ; ' 1 X - m ]

plY) = e plx) = =l R R |

2n o toge . X j ’

Therefore,
. Y - M_}?
{Y} = —_— — __.1._. —_:IL,. rr
P — exp 5 p. (3.77a)
v 2n oy Y
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It can be scen that Y also has a mormal distribution but, since Y, M and T, arc
given in a logarithmic form, this functlon is known as Log-Normal Probability Density
Function. We then conclude that the excess path less, i.e. the diffecrence In dB
between the received signal and the free space signal, Zﬂlog(En/EO), has a log-normal
distribution, it 1s obvious that the recelved slgnal R, when measured in decibel,

also has a log-normal distribution (the proof follows the same steps) given by

1 1 R = My i
p(R) = w———— exp|~ 5 (3.77b)
o
2n o R
R
2
where MR and Tp 4 respectively the mean and variance of R given ia dB.

Measurcments (2] have shown that the standard deviation T Is in the range of 4-10

dB, Note that the same reasoning may be uvsed to obtaln

1 | Iny - m 2
ply) = o expi- -3 5 (3.78a)
Y 21 yo X
In the same way, If R = logr then
] lnz(r/m)
plr) = ——- sl (3.78b)
Y 2 1o 2
X X
The cumulative distribution is
Y
0
P(YU) = prob(Y = ‘YU) = p{Y}) dy (3.79)

Both functlons are sketched in Figure 3.19.

3.4.2 Rayleigh Distribution

The received signal at a moblle will rarcly have a direct line-of-sight to a
transmlitter. It 1s the sum of the signals formed by the transmitted signal scattered

by randomly placed obstructions imposing diffcrent attenuations and phascs  to  the
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resultant  signals, This 1s known as multipath propagation. it is plaustble to
suppose that the phases of the scattered waves arc-uniformly distributed from 0 to 2n
rad.  and that amplitudes and phases are statisticaily indecpendent from each other,
Conscquently, we may expect that, at a certain ipstant the waves will be In phase,
produclng a large amplitude (constructive Interfercnce), while at  ancther instant
they will be out of phase, producing a small amplitude (destructive Interference). In
this scction we shatl determine the statistics of this fading slgnal.

Caonsider a carrier signal s at a frequency 9y and with an amplitude a written

in Its exponcntial form
s = ar:xpf_lmﬂl) (3.80}

(The actual signal is given by either the real part or imaglnary part of s)
. ] th
Let a and 8, be the amplitude and the phase of the 11 scattered wave,
[

respeetively. The resultant slgnal s al thc mobile i1s the sum of the n scattered
r

waves as follows

n
s = IZl aicxp[j(uot + 91)] (3.814)
Equivalently,
S = rcxp[](wnt + 6)] (3.81b)
where
il
rexp(jo) = |Z; a’cxp(jel)
But
1] n A
rexpijo) = .El 4,c088, + jizl asing = x + Jy (3.82a)
Then

aiCOSGi and

\.<
il

a sing
i 1

b
il
W[l

e~
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where

rt = x? o+ y2 (3.82b)
X = rcosf (3.82¢)
Y = rsinB £3.82d)

Since (1) n is usually very large, (M) the individual amplitudes a  are random
and {i11) the phases Bl have an uniform distribution, it can be assumed that

{calling for the- central limit theorem again) x  and y arec both Gaussian varlates

with mecans equal to zero and varlances 0‘32( = o 4 2. Conscquently,  their
¥
distributions are
1 ?,2
plz} = —— exp| -~ = (8.83)
vV in o 20
z z

where z = x or z =y as required.
{t is shown in section 4.5 that x and y are independent random variables,

despite being Gausslan with the same standard deviation. Then the Jolnt distribution

p{x,¥) s

POLY) = poaply) = 2 expl- X LY (3.84)

2no 2o
T r

The distribution p(r,8) can be written as a functlon of plx,y) as foliows

p(r,0) = |J|p(x,y) . (3.85a)

where

ox/ar ax/ o8

it

{3.85h)
ay/ar ay/ 56

Is the Jacobian of the transformation of the random vartables X,y tnto  r.8. Using

{3.52c) and (3.82d} in (3.85L) we obtain J = r. Thercfure, with (3.84) iIn (3.835a) we

have

2 .

=l . r .

p(r.e} = o pr[ 2} . (3.86)
r 2o

r
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The density p(r) is obtained by averaging pf(r,8) over the range of varlatlen

of B. Hence

n
plr) = p(r,08)de
0
( 2
-»r——exp - r , r=z 0
2
o 20
= J r r (3.87)
0 , othcrwisc

Equation (3.87) is the Rayleigh probability density  function. Its  distribution

Pir) s
r
]
r
P(r ) = probir = rg} = Jp(r)dr = 1 - exp|- 5 (3.88)
2o
0 ¥
Both functions (3.87) and (3.88) are shown in Figure 3.20
Some Important polnts of this distribution are
iz
- Mcan value = Elr] = J‘ rp(r)dr = ¥ n/2 o
0
~ Most llkely value = Max{p(r)} = ¢
r
1]
- Second moment (mcan squarcd value) = Elr?] = J- rzp(r)dr = 207
r
9

Then Its rms value is ¥ 2 o
r

- Vartance = EIf7) - EXlrl = (2 - n/Z)crf

f

[y
Medlian, defined as the value T obtained when J plridr = 0.5. Then, r = 1.18 ¢
T

r
0

3.4.3 Ricean Distribantion

The Rayicigh fading model holds only in the case where there is a large number of
tadirect paths and they greatly predominate over the dircet path. However, In some
circumstances, when there 1s a llne-of-sight propagation, the dlrect path predominates

over the Indircct ones. This may happen, for instance, within a building: most of the
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bulldings have & reinforced central core, curtain walls and ccilings/floors contalnlng
a large amount of metal. It g plausible to expect that, If a transmitting antenna is
placed on a floor, some docting of waves will occur, added to multipath scattering of
the waves.  Consequently, the recelved signal s a sum of the scattered and direct
slgnals,  We want o Investigate how the statistles of the recelved envelope will Vary
according to the proportion of dircct waves to scattercd waves,

Using (3.81b) and (3.80), the received slgnal & is

scattered waves direct waves
e

—_— - .
s, =/r_cxp(jw0t +8) +Zcxp(]w0t) : (3.89a)
or, equlvalentiy
s = [(x + a) + _]y}cxp(jmn[) {3.89h)

Note that, in thls case,

rz = (x - a)z + yz (3.89(:)
X 4+ 3 = rcos@ {3.89d)
Y = rsing (3.89¢)

By following the same steps described in section 3.4.2 we obtain

2 2
+

plr) = _rh exp|- d _‘a p|-2r {3.90a)

i 2 a 2

[ 2a o
r r T
where
25
[ AN S S exp|-2FC056 da (3.90b)
o 2| T T Zn p 2 )
| o T
r 0 r

h
is the modified zero— order Besse! function.  This function can be found in tabuiated

form {c.g.,sce Abramowitz and Stegun [31) or evaluated numerlcally by {31]

1,06 = — {3.90¢c)

3.34



Equation (3.902) corresponds to the Ricean distribution. MNote that If a = 0 we
obtaln the Raylelgh distribution. If the ratio a/ec 15 large enough, the 