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RESUMO

A banda necessaria para o provimento de servicos no acesdsrd muito maior do que as

utilizadas em sistemas 2G ou 3G, chegando a cerca de 100 Midzatsa disto, estes sistemas
terdo que trabalhar com espectro sem paridade e compadilfuan conjunto comum de recursos
de espectro que sera licenciado mas compartilhado entradipas. Neste trabalho é proposta
uma solucéo inovadora, baseada em teoria dos jogos, qaaltsiprincipais problemas em tal

cenario: laténcia na alocacéo inicial de espectro, cordgdio autbnoma, eficiéncia espectral e
justica na distribuicdo dos recursos. O protocolo propéddividido em duas partes para satis-
fazer todos estes requisitos, que sao conflitantes. Osadsslobtidos mostram que o algoritmo
proposto é capaz de prover eficiéncia espectral bem maiarelogicasos mais simples de aloca-
¢ao fixa de espectro. No cenario estudado, o algoritmo propgsoxima a eficiéncia espectral

do planejamento de frequiéncias 6timo, sendo ao mesmo teappa de redistribuir a capacidade
de acordo com o trafego e o numero de estacdes radio base ativa



ABSTRACT

The required bandwidth for the envisioned services in IMIvAnced local access is much larger
than those usually allocated to 2G and 3G services, in thera@id100 MHz. For that reason,
it is envisioned that such systems will have to work in an ingospectrum environment where
the whole spectrum pool is licensed but shared amongst tgperaA novel approach based on
Game Theory is proposed, dealing with some of the main issugsch a scenario: latency for
initial spectrum assignment, self organization, spectetdfimiency and fairness. In order to meet
all those requirements, the proposed protocol has two alpsizEites. In the new entrant state
the protocol makes an efficient initial spectrum assignnaéming at reduced latency. In the
second protocol state, the game is repeated to track log&tivas, provide long term fairness
and enhance the spectrum efficiency. The results show teairtposed framework is capable
of providing spectrum efficiency considerably higher thanpgde approaches for uncoordinated
deployment, such as full reuse or having separate spectooita.dn fact, in the studied scenario,
our approach approximates the spectral efficiency of thienapspectrum planning for full load
while tracking traffic variations and self adapting for thewber of active base stations.
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1 INTRODUCAO

Tradicionalmente, os sistemas de comunicacao sem fio ogerTelbpandas que estao licencia-
das para uso por um unico sistema em uma determinada areafijedg=sta abordagem permite
a cada sistema (tecnologia de radio) ser otimizada de nasineiependente das outras. Orgaos
reguladores determinam os limites para emissao de potémiscaras de espectro que devem
ser obedecidas por estes sistemas licenciados. Destarmyasanteracoes entre diferentes siste-
mas de comunicacdo ocorrem apenas nas freqiéncias de hmrdare ser minimizadas através
do uso de bandas de guarda e planejamento adequado fegapgdos reguladores.

No entanto, o modelo tradicional de licenciamento do espeetm sendo pressionado pela
crescente demanda. A evolucéo para maiores taxas de dadwcessidade de provimento de
gualidade do servico (QoS) tem direcionado o desenvolvionde novas tecnologias de radio
para utilizacdo de bandas mais largas. Além disto, a teralémuela utilizacdo de transmissoes
de menor alcance, a fim de se maximizar a relacdo sinal irdedia e, portanto, aumentar a
taxa de dados além de se reduzir o consumo de energia emhagargveis. Um exemplo desta
tendéncia € a utilizacdo de estacfiday ou estacdes radio base para prover acesso local de curto
alcance a taxas de dados mais altas ou melhor coberturatqgéessradio base macro-celulares.
Neste trabalho este tipo de estacéo para acesso local @oelermaneira genérica como HAS
(do Inglés,Home Access Statipindependentemente de ser uma estagky ou radio base.

O IMT-Advanced (IMT-A) vem sendo especificado pdtdernational Telecommunication
Union (ITU) e corresponde a quarta geragao de telefonia celukrequisitos de taxa desejados
sé&o mostrados na figura 1.1

No acesso local, a banda necessaria para se atingir osit@gjgis 1 Gbps chega a ordem
de 100 MHz. Este é um requisito de banda bastante alto e, fgomesivo, esses sistemas teréo
de trabalhar em um ambiente de espectro compartilhado,npehms no acesso local, e novas
técnicas terdo de ser desenvolvidas para tornar a operigé@b Waiores detalhes sobre o IMT-
A séo apresentados no Apéndice I.1

No caso de diversas operadoras ou sistemas operarem no egseatro, existe a competicao
pelos recursos de frequiéncia. Do ponto de vista analitioa, das abordagens mais promissoras
para a andlise desse ambiente competitivo € a utilizacdeadia tdos jogos, que consiste em
modelos matematicos de conflito e cooperacéo entre tonsmderdecisao racionais [4].

O objetivo deste trabalho € o desenvolvimento de um algorfitara alocacgéo distribuida e
dindmica de espectro com aplicabilidade no acesso loc@tems IMT-A. Alguns dos trabalhos
anteriores relacionados sao descritos a seguir, repaeggknb estado da arte na utilizacdo de
teoria dos jogos na solugéo do problema de compartilhantenéspectro.

Em [5], é utilizada uma abordagem cooperativa de teoriaapssj O compartilhamento de
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espectro é formulado como um jogo envolvendo N transmissmeaede. Estes N transmissores
séo os tomadores de decisédo e, portanto, séo os jogadot@s.disponiveis K canais completa-
mente ortogonais entre si e as estratégias possiveis s&oasgossiveis alocacdes de poténcia
de transmissédo nos K canais. A funcéo utilidade é dada ppkcittade de Shannon agregada
ao longo dos K canais. A decisdo dos N jogadores esta acopdaaazao sinal interferéncia
(SINR) de cada canal, pois a capacidade de cada canal depegidendnte desse valor. Os
autores mostram que o espaco de estratégias pode ser n&aoonque dificulta a aplicacao
direta de técnicas de otimizacdo, mas este espaco de gistsedProxima-se de um espaco con-
vexo quando o numero de canais K é suficientemente aumenfadseguida, é proposto um
algoritmo para otimizar localmente o produto de Nash eygs&intar aproximar localmente a
otimizacao da solucéo global, chamada de solucdo de bargienNash. A solucéo proposta em
[5] alcanca um bom desempenho comparado a outras abordagens

Em [6], um cenario de rede local sem fio (WLAN) é consideradoadiuncdes utilidades
séo propostas com base na qualidade percebida do canalpideisamente, as fungdes utilida-
des sdo baseadas no nivel de interferéncia nos receptaresisccasos considerados sao: uma
funcao utilidade egoista que considera apenas o niveleidaréncia no receptor desejado e uma
funcao utilidade cooperativa que considera também a erétia recebida nos receptores vizi-
nhos. Para o segundo caso, € elaborado um protocolo paaa &r@eformacdo necessaria em
uma WLAN. Além disso, os autores mostraram que duas aborddgeseadas em teoria dos jo-
gos, uma baseada em uma funcgéo potencial e outra baseadaesiizggem sem remorso, tém
a capacidade de conduzir a uma distribuicdo de SINR semswt¢ melhor do que alocagbes
aleatdrias de frequéncia.

WLANSs com suporte a QoS IEEE 802.11e séo consideradas em [jfgd>é repetido, e o
jogo base possui um Unico estagio mas € implementado ems3 taseada de decisdo, acesso
competitivo e avaliagdo. A utilidade & uma fungéo de trésedsdes de QoS: taxa de dados,
atraso e tempo de uso de canal solicitado. Os autores coarsiden jogo repetido com horizonte
infinito e mostram como diferentes estratégias se compatarsimulacoes.

Uma avaliagcéo profunda do canal de interferéncia com damsinissores e dois receptores
é feita em [8]. Uma das principais conclusdes é que a carstitaraleatoria do trafego ajuda
a aliviar o acesso puramente competitivo. Portanto, ogcaéeuma importante dimensao a ser
considerada no problema de compartilhamento de espectém disto, a diferenca de desem-
penho é bastante grande no caso em gque ha conhecimento meagdes sobre a fila no outro
transmissor comparado ao caso em que essa informacao adtispsinivel.

As abordagens em [5], [6] e [7] mostram o potencial de sezati teoria dos jogos na analise
do problema e criacéo de solucfes praticas para o compantihito de espectro. Porém, todas
estas propostas envolvem algum tipo da sinalizacdo etgpBaitre as entidades da rede. Este
tipo de sinalizacéo envolve complexidade e redundanc@aaadiis que podem ser proibitivas no
acesso local feito sem planejamento de rede. Por sua vempfta que é importante considerar
outros aspectos pouco abordados na literatura, como gdré&f®s casos em que a informacéo



completa ndo é possivel. Porém, nenhuma solugéo praticgpégta e apenas o caso com dois
transmissores e receptores é analisado.

Neste trabalho, € proposta uma abordagem inovadora, lzaseeattoria dos jogos, chamada
Game-based Distributed Spectrum Allocation (GDSA). O GDSkBaseado unicamente em in-
formacdes disponiveis localmente através do sensoriamealizado nas HASs e nas estacfes
terminais (UE). Nao h& nenhuma necessidade para sinaizagdicita e troca de mensagens
entre HASs. Através de simulacfes € demonstrado que o GD®faz de prover uma maior
eficiéncia espectral do que as alocacges fixas de especsasimgiles, aproximando-se da alo-
cacao otima. Além disto, 0 GDSA se adapta as variacfes dmtr& fornece um grau razoavel
de equidade a longo prazo. A adaptacdo é feita sem conheoimenrafego ou mesmo infra-
estrutura das outras redes evitando, portanto, o confizarténto de informacdes consideradas
como estratégicas pelas operadoras. Na literatura, n&mdéointrada pelo autor nenhuma outra
abordagem que reuna tantas caracteristicas favoraveis raplementacao pratica.

A dissertacdo foi organizada da seguinte maneira. No daditfoi exposto o problema de
compartilhamento de espectro no acesso local de redes dasked. O capitulo 2 é uma breve
introducéo a teoria dos jogos com enfoque em jogos bayesipo estes servem de base para
0 modelo adotado.

No capitulo 3, é apresentado o modelo adotado de compangiia de espectro e como
ele interage com as funcfes de geréncia de recursos de mdiorente existentes em redes
celulares. O capitulo 4 apresenta o desenvolvimento doitgoproposto, 0 GDSA.

No capitulo 5, séo discutidos os resultados do GDSA obtittasé&s de simulagdo. O GDSA
mostra-se superior a alocacgdes fixas de espectro em pels menaspecto: desempenho médio,
desempenho minimo ou menor complexidade. Finalmente, itut@p descreve as conclusées
do trabalho e possiveis extensoées.

Como descrito no prefacio, o texto foi originalmente esa@itolingua inglesa. Optou-se por
colocar todo o texto original em anexo. O texto original gegunesma estrutura de capitulos
aqui descrita.



2 TEORIA DOS JOGOS

Um jogo é qualquer situacdo em que os tomadores de decisties tésultado das suas
proprias decisdes afetadas pela deciséo feita por outregdimres de decisoes.

Na terminologia de teoria dos jogos, a pessoa ou entidadéomqmeedecisbes € chamada de
jogador. O objetivo de um jogador € o maximizar sua propmngdio utilidade. A funcéo utilidade
mede, portanto, o nivel de satisfacdo de um jogador com Gadeuwdo jogo.

Na figura 2.1, € mostrado um exemplo simples que demonstraque@ gerenciamento
distribuido de interferéncia € um jogo. Cada uma das HASs n&afig.1 tem de decidir a sua
poténcia de transmissdo. Cada HAS pretende maximizar aidagadae seu enlace, que é uma
funcéo da razao sinal ruido mais interferéncia (SINR). Asaima HAS pode decidir aumentar a
poténcia de transmissdo a fim de maximizar o nivel de sinabido. Mas se, por exemplo, H1
aumentar a sua poténcia de transmissao ira aumentar, tarmalréerferéncia gerada para o outro
enlace. O inverso também é verdadeiro: se H2 aumentar a greci@ode transmissao ira reduzir
a SINR percebida pela UE 1, representada no lado esquerdpuda2i.1. Portanto, as duas HASs
tém de decidir as suas respectivas poténcias de transmmsadsao mutuamente influenciadas
pelas suas decisbes. Por isso, 0 gerenciamento de inteites® caracteriza como uma situacao
de jogo.

Figura 2.1: Exemplo de possivel cenario de area local, ondeederéncia pode ser da mesma
ordem de magnitude do nivel do sinal desejado.

Um dos conceitos-chave em teoria dos jogos é o conceito diéiliEgude Nash (NE). Um
perfil de estratégias é um equilibrio de Nash se ele satisfimepletamente a seguinte condicao:
cada estratégia no perfil € uma melhor resposta as estsatBggaoutros jogadores. Isto pode
ser interpretado da seguinte forma: em um equilibrio de Nashhum jogador tem incentivo
para alterar a sua estratégia, dado que 0s outros jogadonbém ndo alterem suas respectivas
estratégias.



Em jogos em que existe um Unico NE, pode ser demonstrado Quegms pressupostos de
racionalidade, o NE sera sempre a solugéo do jogo [9], istceuilibrio de Nash seréa o perfil
de estratégias efetivamente jogado quando o jogo for eehliz

E comum a modelagem do problema de compartilhamento detesmemo um jogo de
informag&@o completa. No entanto, esta é uma hipotese basestritiva se ndo existir nenhum
mecanismo para a sinalizacao direta entre HASs. Por exesglama HAS precisa tomar uma
decisdo baseada somente em sensoriamento do espectmgeknt&&io podera, em principio,
diferenciar diretamente quais sao os seus interferid@eado assim, uma HAS n&o sabe nem
mesmo quantos outros jogadores estdo envolvidos no calingarénto do espectro.

Por esse motivo, neste trabalho sédo considerados jogosadmatdo incompleta, também
chamado de jogos bayesianos [9]. Um jogo dindmico de infoimaompleta é definido através
dos seguintes componentes:

O conjunto de jogadores no jogo. Geralmente eles sédo dersosadplesmente por nime-
rosl,2,..., I.

O conjunto de possiveis estados do jogo, chamados nés dddeeia sua precedéncia.

A definicdo dos conjuntos de informag&o. Um conjunto de méaydo é um conjunto de
nés pertencentes ao mesmo jogador, e séo indistinguive@iepse jogador.

Um conjunto de acBes possiveis que o jogador corresponoleiégdomar em cada conjunto
de informacgé&o. Estas a¢des sdo chamadas de estratégias.

Funcdes utilidade para cada jogador em cada no terminal gun@ encerra o jogo).

Além dos componentes previamente descritos, um jogo kEyepiossui 0s seguintes elementos:

e Os estados da natureza, modelando quaisquer processiisiaderelevantes que ndo po-
dem ser influenciados por nenhum jogador

¢ Uma funcédo de mapeamento dos estados da natureza, ao tipdal@gador. O tipo é a
informacéo privada relevante que um jogador possui.

e Cada um dos jogadores atribui uma distribuicdo de probabiéichos estados de natureza.
Isto representa a opinidao um jogador tem sobre o tipo dos®jagadores. O estado exato
da natureza é desconhecido pelos jogadores.

Nesta modelagem, o0 jogo comeca com 0 movimento da naturezzatukeza decide ale-
atoriamente o tipo de cada jogador e igualmente pode desttine informacgdes que néo estdo
disponiveis para nenhum jogador. Em cada conjunto de ifgéioy um jogador observa os resul-
tados das decisdes tomadas anteriormente e pode atuabizapigido sobre os tipos dos outros
jogadores através da regra de Bayes [9]. Esta € uma propei@daitb importante que ajuda a



aliviar a falta da informacéo e sera explorada no desemmelvio do protocolo proposto neste
trabalho.

Para uma introdugc&o mais completa a teoria dos jogos o &eiteflerido ao Apéndice 1.



3 MODELO DE COMPARTILHAMENTO DE
ESPECTRO

Recentemente, tém sido dada bastante atencéo na literatcinamadas redes de acesso di-
namico ao espectro (DSAN) [10]. A diferenca dessas redeselagao aos servicos tradicionais
de comunicacao sem fio é que elas sdo capazes de determaraicdiimente qual é a por¢ao do
espectro que elas podem ou devem utilizar. Essa funcéo éncemt@ chamada de compartilha-
mento de espectro.

O compartilhamento de espectro pode ser realizado em \diofios tais como freqiiéncia,
tempo e espacgo. O foco principal deste trabalho é o comfparignto de espectro realizado no
dominio da frequiéncia.

E considerado que na area geografica relevante, como popkxem prédio, um ou mais
sistemas IMT-A estardo compartilhando 0 mesmo conjuntec&sos de espectro para o acesso
local.

A banda é licenciada para ser compartilhada apenas ende @stemas e portanto pode se
assumir que nédo existe interferéncia de outras tecnoldgia&dio.

Assume-se a utilizagcdo dorthogonal Frequency Division Multiple Acce€3FDMA) como
técnica de multiplo acessoléme Division DuplexindTDD) como técnica de duplexacao.

O ponto de mudanca do quadrowadink paradownlinké sincronizados e todos o0s sistemas,
e, por conseguinte, as interferénciasugdink e downlink sdo ortogonais entre si e podem ser
consideradas separadamente.

O espectro disponivel é dividido em blocos de subportaddrasadosShared Physical Re-
source Block¢SPRB) s. O SPRBs € a menor unidade de para o compartilhamentped#res
Cada SPRB pode ser dividido em um numero inteir@dgsical Resource BlockBRB)s, como
mostrado na Figura 3.1.

A utilizacao dos PRBs é controlada pela geréncia de recursaglie(RRM). Isto significa
gue dentro de um SPRB séo aplicados, ainda, outros procass@ejam o padrao de interfe-
réncia, como o escalonamento de usuarios e o controle dedet@®ecisdes de RRM que ndo
afetam outras redes ou as afetam positivamente podem sadasra qualquer momento. Deci-
sfes de RRM gue podem afetar negativamente outras redes devégitass em conformidade
com a estrutura considerada no algoritmo proposto de caithpanento de espectro.

A interacdo entre o compartilhamento de espectro (SpS) eoteme poténcia (PC) é que
0 SpS estabelece qual é a poténcia maxima permitida por PRBortmle de poténcia pode
selecionar qualquer nivel de poténcia que satisfaca @ste.listo porque a reducdo de poténcia
ird sempre afetar outras redes de maneira positiva. Esteito® ilustrado na Figura 3.2.
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Assume-se que nado exista nenhuma interface para a sidaizmire as diferentes HASS,
mesmo aquelas que sdo da mesma operadora. Por isso, aagéakzlimitada ao sensoriamento
do espectro e analise do ambiente de radio-freqiéncia (RIS)mAsendo, os interferidores sdo
tratados da mesma maneira, independentemente de fazeterdgpeede da mesma operadora ou

nao.
Outros aspectos relevantes para o compartilhamento detespéo considerados no Apén-
dice Ill.
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4 DESENVOLVIMENTO DO ALGORITMO
PROPOSTO

4.1 INTRODUCAO

Neste capitulo, é proposto um algoritmo inovador para a;éoldlistribuida do problema de
compartilhamento de espectro. O algoritmo é baseado em tus jogos, mas possui também
alguns elementos heuristicos, o que é justificavel poisesse$acdo entre teoria dos jogos evolu-
cionaria e algoritmos genéticos, como descrito no Apéndlice

Alguns problemas tipicos que aparecem em teoria dos jogos) @ implementacao pratica
de um mecanismo de puni¢do, sdo resolvidos através de aduiptteses e restricbes, como
por exemplo a hipétese de que todas as redes utilizam o mdgoritrao para definicdo das
estratégias.

A organizacdao do restante deste capitulo é a seguinte: &ia 460 problema de compartilha-
mento de espectro no acesso local de redes IMT-Advanced éadodcomo um jogo bayesiano.
Sao identificados, entdo, trés elementos que podem ser caoldi§i e, portanto, utilizados como
parametros de projeto.

Na secéo 4.3 é desenvolvido o primeiro parametro de praetaber, a estrutura do jogo. A
funcao utilidade adotada é justificada com base na es@alégdr-Tat e apresentada na secao
4.4. Na sec¢do 4.5 séo definidas as estratégias a seremdaslipar todos os jogadores em cada
um dos conjuntos de informagéo, finalizando assim os tré&peros de projeto e completando
a especificacdo do algoritmo proposto.

4.2 MODELO E PARAMETROS DE PROJETO

Para o desenvolvimento de uma solucéo pratica, o problemmandeartiilhamento de espectro
€ modelado como um jogo ndo-cooperativo, dindmico e bayesiam os seguintes elementos:

1. Os jogadores sao atome Access StatiorfslAS). A partir deste ponto, os termos jogador
e HAS séo utilizados indiferentemente.

2. Os conjuntos de informacé&o séo os instantes de tempo eantuElAS em particular esta
autorizada a modificar sua alocacéo de SPRBs.

3. As estratégias possiveis em cada conjunto de informa@gitndas as possiveis alocacoes
de espectro.
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4. Afuncdo utilidade deve ser formulada para maximizar acigilade agregada de uma HAS.

5. A natureza determina aleatoriamente a posicéo geogdEicBlASs e da UEs, bem como
seus requisitos de trafego.

6. O tipo de cada HAS é

e requisitos de trafego ;

e medicOes efetuadas nas UEs e diretamente na HAS.

Potencialmente, cada jogador é afetado por um conjunteediie de jogadores. Do ponto
de vista de um jogador, os adversarios sdo todos aqueledoj@agaque tém zonas de excluséo
sobrepostas a sua zona de exclusdo. Uma zona de exclusaudedaimo a area ao redor de um
transmissor onde receptores de outros sistemas seradaf@@nsideravelmente caso estejam
recebendo no mesmo espectro do referido transmissor. Easqalavras, uma zona de exclusao
define a regido geografica na qual um transmissor gera coingidinterferéncia.

Considerando o modelo proposto de jogo, ha trés elementosagigen ser utilizadas como
parametros para um projeto pratico de um protocolo de cdilif@@nento de espectro:

e A estrutura do jogo (conjuntos de informacao e sua precéansto corresponde direta-
mente aos estados de protocolo permitidos.

e A funcéo utilidade.

e Politicas limitando as estratégias disponiveis.

Nas sec¢Oes seguintes séo discutidas as escolhas de cadstespdeametros.

4.3 ESTRUTURA DO JOGO

Sabe-se que em jogos repetidos, podem existir equilibeédéagh mais eficientes do que no
jogo base correspondente [9]. Por este motivo, supde-sa gatutura basica de jogo definida
sera constante, de conhecimento de todos os jogadoresfinitt®ente repetida. Os objetivos
a serem alcancados neste jogo repetido séo:

Taxas de dados de pico bastante elevadas, quando em canidigdveis.

Alta eficiéncia espectral, em quaisquer condi¢cdes ou blisgéo de trafego.

Capacidade de seguir as variagcdes de trafego.

Equidade de longo prazo, em comparagdo com o planejameanto dé espectro para a
plena carga.

12



Além destes aspectos a serem satisfeitos pelo jogo repaetidongo prazo, existe um outro
aspecto ainda nao suficientemente explorado na literataranodelo de compartilhamento de
espectro adotado todas as redes tém a mesma prioridadesde aoceespectro. Caso se permita
utilizacado plena dos recursos de espectro, pode ser que A8aae ser inicializada, encontre
uma situacao de utilizacdo de espectro de tal maneira quéesimente ndo havera espectro dis-
ponivel para sua alocagéo inicial. Em outras palavras, pedgue ndo exista nenhuma lacuna no
espectro. A inicializacédo do novo jogador podera alterastitamente a situacao de interferéncia
levando a uma grande quantidade de reconfiguracdo de espé&tdm disso, se esta situacao
for tal que a nova HAS tenha que aguardar lentamente paraceorm&oncorrer pelos recursos,
entdo havera uma grande laténcia na configuracao iniciaindeHAS. Por esses motivos, esta
situacao de entrada de um novo jogador necessita de trataesgecial.

A estrutura do jogo base é definida, a seguir, consideramdogsoblema do novo entrante
descrito acima. A mesma solucao é adaptada para o jogodepetin pequenas modificacdes.

A estrutura do jogo base (protocolo) é definida em 3 fases

e Fase de barganha o novo entrante € o Unico jogador a mover, decidindo a camfigu
¢ao inicial de espectro e iniciando as transmissfes as®nesfa configuracado inicial for
determinada.

e Fase de resposta apos determinar as mudancas no cenario de RF causadas, as HAS
afetadas pelas transmissodes iniciadas pelo novo entrecafiguram seu espectro para
responder a ameaca do novo entrante.

e Fase de ajuste o novo entrante faz novos ajustes na alocacéo de espeataose adaptar
a resposta dada pelos outros jogadores e também para pesier,nmomento, utilizar da
informagé&o de sensoriamento das UEs.

O numero de estagios ndo é exatamente o numero de fases fild@twdelois nds de decisao
para 0 novo entrante, um no inicio e um ao final, e um n6 de depiaé cada outro jogador
afetado pela alocacéo de espectro do novo entrante.

A principal razdo para a existéncia da fase de ajuste € quigseade barganha, o novo
entrante dispde apenas de medidas feitas na propria HASyemgue nenhuma UE esta sendo
servida. Na ultima fase, o novo entrante pode usar medig@®t/Hs e também se readaptar a
nova configuragcéo das outras HASSs.

A figura 4.1 ilustra como o funcionamento deste protocola pstvisto em um caso simples
com dois jogadores. Inicialmente, todo 0 espectro € utibzzelas HAS que ja esta em atividade,
nominalmente, HAS1. O novo entrante, a saber, HAS2, analcsmario de RF através de sen-
soriamento de espectro. A sua conclusao é que todo o esjeesta em uso. O novo entrante
nao sabe quantas HASs esta enfrentando, nem qual a reaja@daba poténcia delas. A HAS 2
sabe apenas que todo o espectro esta em uso e qual é a potdeciadh em cada SPRB. Neste
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exemplo, o novo entrante decide que o SPRB 4 esta demasia#anmterferido e, por esse mo-
tivo, ndo vale a pena transmitir neste recurso de radionAssHAS 2 decide que ele vai iniciar
a transmissdo nos SPRBs 1, 2 e 3. Uma vez que tenha sido detdarastia alocacdo de espectro

frequency

B HAS 1 BHAS 2 [l Both HAS1 and HAS?2

SPRB 4
SPRB 3
SPRB 2
SPRB 1

initial After bargaining ~ After Response  After adjustment

time

Figura 4.1: Exemplo do jogo de novo entrante com 2 HASs. O eow@ante, HAS 2, seleciona
0s SPRBs 1, 2 e 3 na negociagao. A resposta dada pela jogadosistér de SPRB 3 e aumentar
a poténcia nos blocos restantes. Na fase de ajuste o noamtendiesiste do SPRB 2. Ao final do
algoritmo, o SPRB 1 ainda é compartilhado pelas duas HASs.

inicial, a HAS2 simplesmente inicia transmissdo. No emtigmbderd haver diversas conexdes em
curso na HAS1. Estas conexdes pré-existentes podem ndcuperar de um aumento subito e
prolongado da interferéncia, mesmo com a implementacastoégias avancadas, como requi-
sicdo de repeticdo automatica hibrida, do Ingdgbrid ARQ(H-ARQ). Para reduzir o impacto
nas conexdes pré-existentes, é proposto neste trabalmegiaefase inicial seja utilizado um pa-
dréo de transmissao padrdo esparso nos dominios da fréméé&tatempo. Um exemplo simples
de tal padréao € s6 permitir a transmissao em apenas um SPRBzertkocar de SPRB a cada
guadro de transmissdo, de maneira pseudo-aleatoria. Camlestdagem, a interferéncia sera
randomizada no dominio da frequéncia, permitindo que osegsms de H-ARQ das conexdes
existentes sejam utilizados para se recuperar deste ausigito de interferéncia.

O padréo utilizado apos a fase de barganha deve ser padior{zanhecido por todos os
jogadores) e facilitar o sensoriamento pelos jogadoregsdde. Além disto, € desejavel que
este padréo seja claramente distinguivel do desvane@robeervado no canal em questdo. No
entanto, projetar um padrdo que satisfaca a todas essasectacas ndo faz parte do escopo
deste trabalho.

Quando as transmissdes iniciadas pelo novo entrante sxattds pelas outras HASSs, estas
comecam a fornecer a resposta. No exemplo da Figura 4.1, alH#&8ide renunciar o SPRB
3 uma vez que este se tornou fortemente interferido e deaidb&m aumentar a poténcia nos
SPRBs 1, 2 e 4. Quando a HAS2 determina que o SPRB 3 se tornou wma lag espectro
passa, entdo, a usa-lo plenamente.

Ja quando a HAS2 inicia uma nova transmissdo no SPRB 2 a qimlpkacebida esta se-
veramente degradada. Isto é interpretado como um aumenpotdacia pelos adversarios.

14



Considerando-se o conhecimento do novo entrante antesaladddsarganha e apos a fase de
resposta, pode-se inferir o seguinte: a opinido a prionesolSPRB 2 era que ele poderia poten-
cialmente ser usado ao mesmo tempo por ambos os jogadorpmi@coa posteriori sobre SPRB
2 € que este SPRB é valioso para a HAS1 e de pouco valor para a Hd@8equentemente, é
melhor a HAS 1 néo utilizar este SPRB.

Considerando que a opinido a priori sobre SPRB 1 era exataraengsma, a verificacdo
a posteriori € o oposto: a qualidade no SPRB 1 ainda é boa (daviotna alocacédo diferente
de poténcia e ao desvanecimento independente do SPRB 2)ezesgainte a transmissao neste
SPRB.

Esta observagéo exemplifica porque esta estrutura dindonescolhida para este jogo baye-
siano com saidas indiretamente observadas, uma vez querdrafydetermina quais SPRBs
podem ser compartilhados e quais ndo podem. Isto mostraétama importancia de condicio-
nar as decisdes nas decisfes feitas previamente por cogiadores. O novo entrante ndo sabe
guais sdo 0s recursos mais valiosos para 0s seus adversd@®sa fase de ajuste € capaz de
condicionar indiretamente sua decisdo nesta importapoia,ela se reflete na decisao de seus
adversarios tomada anteriormente durante a fase de raspost

Como dito anteriormente, o jogo base € 0 mesmo independep®tbeolo estar no estado
normal de jogo repetido ou no estado de novo entrante. Asedifas nos dois estados séo:

¢ No estado normal, qualquer HAS pode barganhar por maistespec
e As estratégias disponiveis sdo modificadas levemente (cwwstrado na sec¢éo 4.5).

e A cada execucao do jogo repetido (SpS-frame), a quantidadePiRBs que podem ser
alocados imediatamente é limitada. A Unica excec¢éo é guaéndm novo entrante.

Essa Ultima restricdo tem as seguintes motivagdes:

e Ajudar na convergéncia do algoritmo, quando repetido.

e Fornecer histerese em termos de atribuicao dos recurdgeidoma probabilidade elevada
de que um no6 que pare a transmissdo comecara a transmitmeoigdepois de algum
tempo.

e Reduzir o nivel de interacBes indesejadas com RRM.

Em resumo, usando as estratégias apropriadas, espera-eepgutocolo GDSA seja capaz
de determinar quais recursos de espectro podem ser coimpdos e quais hdo podem ser com-
partiihados usando somente sensoriamento de espectroag@bode poténcia como forma de
comunicacao indireta. Nao ha necessidade de troca de nesmissaigtre as HASS.
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4.4 FUNCAO UTILIDADE

A fim de motivar a definicdo de funcao utilidade adotado no GP&ralisa-se aqui um jogo
simplificado de compartilhamento de espectro simétricm itdormacao completa.

A tabela 4.1 mostra a forma estratégica desse jogo simplific&ao dois jogadores. Para
cada um deles, as estratégias possiveis sao o numero de SBRREmados, que pode variar de
1 a 4. O primeiro numero de cada entrada da tabela é a fun¢iladei do jogador selecionando
entre uma das estratégias das linhas. De modo similar, adeguimero € a funcao utilidade do
jogador que seleciona entre as colunas.

1 2 | 3 4
33|36(39| 1,10
63 /66|47 28
93 |74|55| 3,6
10,1 8,2| 6,3 | 44NE

ArIWIN|PF

Tabela 4.1: Exemplo de jogo simétrico de compartilhamentegpectro baseado na capacidade
agregada do numero de SPRBs selecionados, levando-se emacataptacdo de enlace. As
estratégias disponiveis correspondem ao nimero de SPRB®Batios.

O Unico equilibrio de Nash é o ponto onde os dois jogadoresiselam todos os 4 blocos.
Para compreender isto, basta observar que do ponto de eispaatuer um dos jogadores, se-
lecionar todos 0s quatro blocos ird sempre maximizar o tamindo importando o que o outro
jogador faca. Em outras palavras, selecionar todos os bbeempre a melhor resposta a qual-
guer estratégia do adversario.

Recapitulando, um equilibrio de Nash é um perfil de estradémide todas as estratégias sao
as melhores respostas para as estratégias dos adverspaddaieto, o fato de ambos os jogadores
selecionarem todos os 4 blocos constitui um equilibrio dehNa

A solucao cooperativa deste jogo seria que ambos os jogaselecionassem dois blocos de
forma a manter alocagdes de espectro ortogonais. Estedqeeditratégia da um valor de funcéo
utilidade de 6 para cada um dos jogadores, enquanto o gguitie Nash prové um valor de
utilidade igual a 4. Este simples exemplo mostra que uma&olndo-cooperativa pode levar a
uma solucao ineficiente.

Em um jogo repetido com saidas a cada fase observavel, &glassgpiar o comportamento
do adversario para castiga-lo, quando néo estiver coap@ra@ medo da punicdo pode levar,
entao, os jogadores a assumirem uma postura cooperativaone®s um ambiente competitivo.

Permita-se, entdo, assumir que o jogo da tabela 4.1 sejid@patre os mesmos jogadores
com horizonte infinito, isto é, ndo havendo expectativa deajgum jogador pare de jogar em
breve. Considere a seguinte estratégia baseada em umégiatcainhecida na literatura de teoria
dos jogos comdit-for-Tat [9], que poderia se traduzir como olho por olho, dente potedema
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primeira rodada selecionar 2 SPRBs. Em cada uma das rodadastsggrepetir a estratégia
adotada pelo adversario na rodada anterior.

Analisar-se-a, primeiro, 0 quao bom é o desempenho de urdgogpie adote dit-for-Tat
frente a um jogador que adote uma estratégia egoista pooténitp. Considere o exemplo da
figura 4.2. Na quinta execucao do jogo, o jogador egoistatdede alocar todos os SPRBs e a
partir de entdo ambos os jogadores tém a mesma utilidadgaaigreCom dit-for-Tat o jogador
perdoa o jogador egoista e volta a cooperacao, quando oeensado resolver cooperar.

Ao se fazer uma analise semelhante no caso de ambos os jegadimtarem @it-for-Tat,
deduz-se que eles sempre irdo cooperar, alcancando urdadgibgregada maior do que no caso
em que ndo ha cooperacdo. Conclui-se portanto, duefor-Tat alcanca um bom desempenho
tanto contra jogadores cooperativos quanto contra jogad@io cooperativos.

Zame realization 1 2 3 4 5 6 7
Tit-for-tat player I 2 | 4 | 4 | 4 | a4 | 2 | 2 ]
Aggregate utility 2 3 10 14 22 28 a2
Aggregate utility g 12 16 20 22 23 32
Selfish player I a4 | a | a4 [ a4 | 2 | 2 | 2 ]

Legend Playing 4 for being selfish
Playing 4 as punighrment (Tit-For-T at)

Being cooperative

Pl | o | P

Figura 4.2: Evolucado da utilidade agregada quando um jogaskorit-for-Tat contra um outro
gue tenta ser egoista por um tempo finito.

A fim de se realizar uma analise mais geral, mostrar-se-atiizauusempre todos os SPRBs
nao é a melhor resposta contra um jogador que utiliZétdor-Tat em um jogo repetido. Para
isto sera considerado um jogo com horizonte infinito. Emjtaes, em geral € considerada uma
funcao utilidade agregada com desconto. O sentido de s&utiim desconto € que ganhos atuais
devem ter um peso maior que ganhos futuros. Uma funcaoaddidgregada com desconto pode
ser definida como (4.1):

=Y 60U, (4.1)
k=0

Onde a série € infinita por causa do hip6tese de horizontétinfiné um fator de desconto com

5 € (0,1) e Uy, é a utilidade do jogadar na k-ésima repeticdo do jogo base. Suponha que o
jogador 2 joga a estratégiat-for-Tat e o jogador 1 deseja encontrar a melhor resposta para ela.
Em uma Unica repeticado do jogo, a melhor resposta para qradgtratégia é sempre a mesma:
selecionar todos 0s 4 SPRBs. Sendo assim, faz sentido vesiicaresta também é uma melhor
resposta a estratéglit-for-Tat no jogo repetido.

Na primeira execuc¢ao do jogo, a adocao dessas estratégéaaalgppgador 1 uma utilidade
no valor de 8 e a uma utilidade de 2 ao jogador 2. Em cada umadesg@es seguintes, ambos
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0s jogadores terdo uma utilidade de 4 por rodada, uma vez gpgador 1 sempre seleciona 4
blocos e o jogador 2 sempre faz o0 que o jogador fez na rodade@ntSendo assim, pode-se
escrever a utilidade agregada com desconto como percedbjtenmeira rodada como:

m=8+) 46" (4.2)
k=1

m=2+) 46" (4.3)
k=1

Os somatérios correspondem a séries geométricas a menesntto de indice zero que é
inexistente nos somatorios. Pode-se escrever 0os sonsagindermos de uma série geometrica
como se segue:

% 0 %
D oAdt = a4t Ah=—a4) 4t (4.4)
k=1 k=1 k=0

Substituindo-se esta soma nas equacdes precedentesiedexi@ 0 valor constante 4 da
soma:

mo=4+4) o (4.5)
k=0

m=—2+4) o (4.6)
k=0

Como o fator de desconté, esta confinado ao intervadoc (0, 1), a série geométrica con-
verge para:

= 1
ko _
> ot = — (4.7)
k=0
E portanto, as utilidades agregadas de cada jogador condsm a:
4
= -2+ 4 (4.9)
T = 1 6 .

Considere agora o0 caso onde o jogador 1 também opta por utlieatratégia baseada no
Tit-for-Tat. Ambos os jogadores irdo sempre cooperar, jogando semptecis de barganha de
Nash (NBS), e portanto a utilidade agregada de cada um é:

771:7'('2:265k:1l_5 (410)
k=0

Pode-se checar, como se segue, que se o valbfad@propriadamente escolhido, a utilidade
agregada do jogador 1 sera maior, caso ele escolha jogaémaibtfor-Tat, do que se ele for
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egoista escolhendo sempre 0s quatro blocos:

0 >4+ 4
1—-96 1—96

2
— >4
-0

2>4—-49

1
6>§ (4.11)

Portanto, comy > 1/2, escolher sempre os 4 blocos ndo € a melhor resposta a gistraté
Tit-for-Tat, uma vez que é mais vantajoso para a HAS 1 utilizar tambg&itafor-Tat Os mesmos
célculos podem ser feitos para comparar a estraf@gfar-Tat com todos as outras estratégias
e mostrar que ela é uma melhor resposta contra si mesma egnEaguinte, € um equilibrio de
Nash do jogo repetido.

Motivado pela eficiéncia da estratégi&for-Tat desenvolver-se-a uma outra abordagem mais
genérica, que pode ser adotada com qualquer nimero de bocpe € mais pratica dada a
natureza do problema de ser um jogo de informacgdes incoasplet

Uma caracteristica basica di-for-Tat é que um jogador € capaz de copiar o comportamento
do adversario na execucao anterior do jogo para poder punpbrtanto utilizar isto contra ele.

Para decidir qual deve ser a banda de transmisséo, sera atainte hipotese: quando um
jogador decidir a sua banda, ele ira provocar uma reacacuti@sgogadores, e estes outros joga-
dores irdo adotar como resposta selecionar a mesma largina@nda selecionada pelo primeiro
jogador, o0 que em ultima instancia ira afetar o mesmo.

Mais especificamente, deixe assumir que 0 conjunto de ETW®s espectro que pode ser
selecionado pelos jogadores possui uma largura de bandasBjakse decidir qual deve ser a
banda selecionada pelo jogadgrara maximizar sua prépria funcao utilidade.

Em um cenario limitado pelo ruido a predicdo baseada na ckucde Shannon diz que
sempre devera ser utilizada a banda maxima possivel, pajgagidade € uma fungéo crescente
da banda:

Onde(C; é a capacidade de Shannon alcancada pelo jogad§ré a banda selecionada pelo
mesmo jogador$ é a poténcia do sinal recebido em watt§ @ a poténcia do ruido, também em
watts.

No entanto, em um cenario limitado por interferéncia, aosseimir que a mesma quanti-
dade de banda serd utilizada pelos oponentes, a melho&dgmse ser outra, pois selecionar
mais banda ira causar uma reacdo dos adversarios, quent@értaselecionar mais banda. Este
conceito é ilustrado na Figura 4.3

SejaB; a banda escolhida pelo jogadorNo caso de dois jogadores, a parte da banda que
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Figura 4.3: Um modelo simples, baseado na estrat@gifor-Tat, onde os oponentes de um
jogador: irdo selecionar a mesma quantidade de banda que o jogatimtendo o maximo de
ortogonalidade possivel em relacédo a alocagéo do jogador

sera compartilhadd3,;,, pode ser escrita como:

0, if B; < B/2
By, = (4.13)
2B; — B, Caso contrario

De maneira similar, a parte da banda livre de interferénotke [ser escrita como:

B;, if B; < B/2
By = (4.14)
B — B;, Caso contrario
Se a ortogonalidade entre a banda interferida e a bandate#ierida puder ser mantida pelo

receptor, entdo a capacidade total pode ser escrita commadas capacidades da banda livre
de interferéncia3; e da banda compartilhadg,:

Sf Ssh

Ci; = By loga(1 + —=) + By loga(1 + ————

7 loga(1+ Nf) + B fogal 1+ Isp + Ngp

OndeS; € o nivel de sinal na banda livre de interferéndia,¢ o nivel do ruido sobre esta banda
e S.. 1, € Ny, sao respectivamente o nivel de sinal, o nivel de ruido e ¢ dévanterferéncia

ao longo da banda compartilhada. Usando o modelo Gausséam@puido, o ruido total sobre
cada uma das bandas é dado por:

) (4.15)

Ny, = Ny Ba (4.16)
Ny = N, By (4.17)



No caso geral, o nivel de sinal, S, ird variar ao longo da bandaausa de controle de poténcia
no dominio da freqiiéncia, escalonamento de diferentesiasaseletividade em freqiéncia do
canal. No entanto, para ilustrar o efeito do modelo baseaditsior-Tat, serdo assumidas as
seguintes hipéteses:

e Desvanecimentodo-seletivo na frequiéncia.
e Densidade espectral de poténcia de transmisséo fixa ao dienigola a banda.

e Transmissao ddownlink

Considerando-se essas hipoteses simplificadoras, os tévga#micos na equacédo (4.15) se
tornam independente de. A figura 4.4 ilustra o comportamento da capacidade totafjoagio
(4.15) a luz destes pressupostos. Se a interferéncia gaetente baixa quando comparada com
nivel de sinal recebido a capacidade ainda aumenta com egisale mais banda. No entanto,
se a interferéncia é maior ou esta proxima do nivel do sicahido a melhor opgéo é usar uma
banda igual a metade da banda total, ou sBj&, que é o maximo da capacidade em relacéo a
banda selecionada. O valor exato da banda que otimiza aidagadra depender do numero de
jogadores, suas posi¢cdes e como eles jogam , porém estelexampsuposi¢cdes simplificadas
ilustra conceito que adicionando mais largura de faixa espéerado realmente para reduzir a
capacidade se a interferéncia € consideravel.

, Capacity v
” < -
Without Game 7
Theoretic model > Slightly interfered
-~ . g
P ”
Highly interfered
| | =
Band
B/2 B

Figura 4.4: Considerando predi¢Ses de teoria dos jogos-gp@diemonstrar que em situagdes
com alta interferéncia uma selecdo de uma maior larguramttaljgode conduzir, de fato, a uma

menor capacidade. Na primeira parte da banda os trés grabeasdem. Na segunda parte, a

linha tracejada mostra a capacidade que seria alcancadesssmsideracoes de teoria dos jogos.
As linhas continuas exemplificam casos em que a interfex@elevada ou baixa e os aspectos
de teoria dos jogos séo levados em consideracao.
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O modelo mostrado anteriormente tem uma série de restigiasaplicacdes praticas:

e Ha incertezas em relacdo ao numero de jogadores relevaetas;omo trafego em cada
um deles.

e N&o leva em consideracao a seletividade na frequiéncia roeacaio de poténcia no domi-
nio da frequéncia.

e O numero de blocos é, na verdade, discreto.

Apesar dessas limitagdes, o importante desse modelo @éentgre existe uma banda maxima
a ser selecionada para se maximizar a capacidade em um jegong@rtihamento de espectro.
O reulso ideal ira depender da posicéo das HASs e do trafegoo Qo aplicacdo mais pratica
do conceito mostrado pelo exemplo, foi definido um algoripaca tentar estimar a utilidade de
uma alocacao de SPRBs.

O algoritmo € parametrizado para que possa ser ajustaddismickeal de cada cenario. Ha
2 parametros neste algoritmady; € o nimero de SPRBs considerado ideal para cada jogador
guando em plena carga e deve ser ajustado para cada cdparéoum limite usado para deter-
minar se um bloco é considerado como altamente interfefsentido exato deste é que, se 0
bloco é interferido acima deste ponto de salvaguarda, ibareelque uma transmisséo neste bloco
causara uma reacao de outros jogadores que ja que transneigse bloco. Este € o algoritmo
definido:

1. Conte o nimero de SPRBs na alocagég,e o numero total de blocos correspondentes a
todos os recursos de espectia;.

2. Para cada SPRB da alocacéo, calcule uma estimativa dadagec Atribua a soma de
todas as capacidades estimadas a utilidade

3. ConteN;, o numero de blocos interferidos, isto €, o nUmero de SPRBsuasIq> [thr.

4. SeN; + N, > Nr e N, > Ny, entdo aplicar uma penalidade a esta alocagéo atraves da
atribuicdoU = U/(1 + N;).

Neste algoritmo, a adicdo de mais uma SPRB irA sempre aunsgentdidade se o Ultimo
SPRB adicionado nao estiver bastante interferido. Quantse bh@acos estiverem interferidos,
entdo maior sera a penalidade, até o ponto em que a adicdo 8BRBiira diminuir a utilidade.
Quanto mais interferéncia um jogador gerar para os outgasljores, mais agressivos serao seus
oponentes em suas reacdes. Por essa razao, a penalidadenéaaianguando mais blocos inter-
feridos sédo selecionados.
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4.5 ESTRATEGIAS

Finalmente, € apresentado o Ultimo parametro de projetoatognlo GDSA: séo escolhidas
aqui as estratégias disponiveis em cada conjunto de inf@na

Assume-se que as estratégias aqui definidas seréo segoidadgs as HASs. Estas estraté-
gias sao definidas através de algoritmos:

45.1 Fase de barganha

1. Selecione, um a um, o SPRB com o menor nivel de interfer@teigue o trafego desejado
seja satisfeito.

2. Cada vez que for selecionado mais um SPRB, redistribua agut@isponivel entre os
SPRBs, isto €, atribua as poténcias maximas por SPRB (como kEkeswap na Figura

3.2).

3. Cada vez que um SPRB for adicionado, recalcular a funcadadd. Se, ao adicionar um
novo SPRB a utilidade for reduzida, deve-se parar com a setbe&PRBs e utilizar os
SPRBs selecionados exceto o ultimo. A sele¢do deve parar ntpgando os requisitos de
trafego ndo forem cumpridos (uma vez que novas adi¢cdes de SERBgpenas reduzir a

taxa agregada).

4.5.2 Fase de resposta

1. Iniciar um temporizador deackoffproporcional a taxa de transmissao agregada atual (mé-
dia moével temporal ao longo de varios quadros).

2. Quando o temporizador expirar:

e Se desistir do SPRB com maior nivel de interferéncia aumentancéo utilidade
estimada entdo este SPRB deve ser renunciado e a poténcansimigsao deve ser
redistribuida entre os SPRBs remanescentes. Deve-se elmid@@are primeira etapa
(reiniciando o temporizador)

e Caso contréario, se a desisténcia do pior SPRB diminui a uliéidsstimada, a HAS
deve parar o processo e ndo modificar mais sua alocacao aiRimpISpS-Frame.

O temporizador dbackoffse destina a lidar com a situacdo em que ha ja existe mais de uma
HAS compartilhando o mesmo SPRB. As HASs que possuem maisosdudio abrir mao destes
recursos primeiros e por isto, talvez, as outras HASs tailéiezenham que abrir m&do de seus ja

€scasso0s recursos por causa do novo entrante.

Este é um conceito dual em relagdo ao algoritmo de contengddarrier Sense Multiple
Access with collision Avoidance (CSMA / CA). No CSMA / CA o tempador debackoff &
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utilizado para decidir quando se ira tentar fazer um novesarao espectro. Aqui o temporiza-
dor € utilizado para decidir quando deve se parar de utiizacurso de radio. Isto é bastante
semelhante a situacéo de jogos dinamicos de temporizagsiopimo a versao dinamica do jogo
conhecido como chicken [9].

Na negociagdo, em vez de simplesmente selecionar os SPRBslsegtanking do nivel de
interferéncia, um elemento heuristico é adicionado: a;8elde SPRBs da lista ordenada é feita
aleatoriamente, um a um, com uma probabilidade proporcamaivel interferéncia. Isto pode
conduzir a selecédo de alguns SPRBs que séo instantaneamastenas que podem se tornar
bons por causa da desisténcia dos oponentes. Adicionswradelade em processos de selecao é
comum em abordagens heuristicas. Em [11], um mecanismdlsarteao descrito aqui é usado
para selecionar quais serao os pais de uma nova cria em uritratygenético.

A variacdo maxima de poténcia na fase de resposta deve swdénatravés de uma politica
conhecida por todos os jogadores. O aumento do poténcia para advertir o novo entrante
gue este € um SPRB que serd priorizado para utilizacdo pelafétA&cendo resposta. Porém,
aumentos de poténcia irdo influenciar também outros jogadarportanto, este aumento deve
ser limitado.

4.5.3 Fase de ajuste

Na fase de ajuste o comportamento € bastante similar a fassplesta, exceto pelo fato de
gue nao ha um temporizador dackoffe de que ndo se pode adicionar mais poténcia nos SPRBs
remanescentes.

Para evitar aumentos desnecessarios de poténcia semugpuaissfificacdes de alocacao, as
HASSs que aumentarem sua poténcia durante a fase de regfsysta observar o comportamento
do novo entrante na fase de ajuste. Caso 0 novo entranteadésiatn SPRB, a poténcia neste
SPRB deve ser reduzida para o nivel anterior a entrada do ogadgr.

4.5.4 Estratégias para o jogo repetido

Como o jogo tem a mesma estrutura, seja no estado normal degjpgiido ou no estado de
novo entrante, é natural que as estratégias sejam bastaatédas. De fato, ha apenas algumas
pequenas modificacdes. A seguir sdo enumerados 0s aspeessatégia que sao diferentes no
estado de jogo repetido em relacdo ao estado de novo entrante

¢ No estado de novo entrante uma HAS pode em principio alodard@spectro de uma sé
vez. Para melhorar a convergéncia e tornar as interagcfe®Bivhmais lentas, o nimero
de SPRBs que pode ser alocado em cada iteracdo do jogo repéitititado e deve ser
parte de uma politica conhecida por todos os jogadores.

¢ No estado de novo entrante, apenas uma HAS ira tentar aunseiatalocacdo, enquanto
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as outras irdo apenas reagir a isto. No estado de jogo repgtidlquer HAS pode tentar
alocar recursos novos. De fato, 0 jogo repetido pode serat@a&omo diversas versdes
reduzidas do jogo de novo entrante funcionando paralelEmen

4.6 CONCLUSAO

Neste capitulo foi proposto um algoritmo para compartilearn de espectro intra-sistema no
dominio da freqUéncia. O algoritmo, chamado de GDSA, é cetogmincipalmente de elemen-
tos baseados em teoria dos jogos, mas contém também algomenéds heuristicos.

Foram identificados trés parametros de projeto que foratisadas e especificados para obter
o desempenho desejavel.

A estrutura de protocolo e os estados foram propostos peiar @ falta de informacéo sobre
requisitos de trafego e medidas de canal feitas por outr&skéma restricdo gerada porque nao
€ desejada qualquer tipo de sinalizacdo direta entre as.rede

A funcdo utilidade foi baseada na estratégjiiafor-Tat, bastante conhecida em jogos repeti-
dos.

As estratégias disponiveis em cada conjunto de informagaoifrestringidas, para melhorar
o funcionamento do algoritmo.
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5 RESULTADOS E DISCUSSAO

5.1 INTRODUCAO

Este capitulo mostra os resultados obtidos para 0 GDSA empamgéo com alocacdes fixas
de espectro, 0 que mostra a potencialidade e a flexibilidadgilizacdo do algoritmo proposto.
Os resultados tornam mais claras, também, o funcionametetmo das funcionalidades do pro-
tocolo apresentado no capitulo 4.

Este capitulo é organizado como se segue.

Na secdo 5.2, o cenario de simulacao é descrito, bem commatydas hipdteses assumidas
no ambiente de simulacdo. A secdo 5.3 descreve os trés aseferEncia utilizados e porque
€ necessario mais de uma referéncia pra se comparar umtlgate alocacdo dinamica de
espectro com estratégias de alocacdao fixa do espectro.

Os resultados obtidos para se demonstrar a capacidadetdogdooGDSA no estado de novo
entrante sdo mostrados na sec¢éo 5.4 e o estudo do estad@depegdo é feito na secéo 5.5.
Finalmente, a se¢do 5.6 mostra os resultados no estado aegpegtido que s&o, em termos
médios, bastante proximos da alocacgao 6tima.

5.2 CENARIO DE SIMULACAO

O desempenho do algoritmo proposto, GDSA, foi testada édrde simulacfes sistémicas.
O cenario de simulacdo € mostrado na Figura 5.1 e € composfisati®Home Access Statien
(HAS). No caso de simulacdo cada HAS serve qubiser Equipmers (UE). As UEs tem ca-
pacidades de sensoriamento idealizadas, sendo capazetedwidar o nivel de sinal, ruido e
interferéncia em cada um dos blocos de recursos, isto é, danSBRB. As UEs também sédo
capazes de informar esses valores de volta para a HAS queraseseoverheadpara se realizar
essa comunicagdo nao é considerado nas simulagoes.

A capacidade é calculada diretamente pela formula Sharararopcaso de uma Unica antena
em cada n6 de comunicacado. Isto €, apenas comuni&iggte Input Single OutpySISO) é
considerada.

O simulador utilizado distribui aleatoriamente as UEs ewal as perdas de propagacao de
acordo com modelo adequado para o cenario de escritorisadosta Figura 5.1. Nao ha modelo
de mobilidade e portanto o simulador € estatico. Em rela¢@beyo a abordagem é semi-estatica
nas simula¢des de analise de desempenho do jogo repetido,sesd explicado mais a frente.
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Figura 5.1: Cenério utilizado nas simula¢des. As HASs sacenadas de 1 a 4 e mostrada como
pontos. As UEs sdo posicionadas aleatoriamente.

Em simulag@es sistémicas, € comum se avaliar o desempenharédise estatistica em ter-
mos de capacidade média e da cauda distribuicdo. No casmdiagbes estaticas o procedi-
mento mais comum é realizar diversas execuc¢des, cada umespomdendo a uma potencial
configuracdo instantédnea da rede. No entanto, optou-se tneisalho apresentar resultados cor-
respondentes a uma Unica execucao do simulador. O motive segdeseja demonstrar passo a
passo o comportamento do algoritmo e, portanto, uma Un&zue&o deve ser acompanhada. A
consequéncia, porém, é que para uma Unica execucao nao pedertraidas estatisticas sufici-
entes para se estimar a cauda da distribuicdo do desempenhwez que o nimero de UEs é
bastante limitado (apenas 4 por HAS).

Dada essa limitacao decidiu-se entdo analisar o desempénalrés de duas figuras:

e Média da capacidade de Shannon das quatro UEs. Isto candEspproximadamente ao
gue acontece quando os usuarios sdo agendados atraeésdeobin

e Capacidade de Shannon da UE em pior condi¢gdes (mais intirfelsto corresponde ao
gue aconteceria caso as condi¢des de trafego fossem taapenas esta UE fosse escalo-
nada, em todos os PRBs e em todos os frames.

Presume-se que cada uma das quatro HASs sejam de diferprtasiares e que nao haja
nenhum canal de comunicacao definido para sinalizacaa @ingéte elas. A banda total disponivel
para as operadoras € uma banda contigua de 100 MHz com fom@éntral de 3.5 GHz.

Apenas a comunicacdo das HASs para as UEs é consideradgapapsnas aownlink é
simulado. O modo é TDD, mas assume-se que todas as HASs s&angiadas e tém o mesmo
ponto de comutagdo de UL / DL. Por isto, ndo hé interferénagtthnsmissdes dlink nas
transmissdes d#gownlinke pode se simular downlinkseparadamente. Os valores de capacidade
mostrados correspondem a 100% do tempo alocado oaiolink
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O trafego éfull-buffer, ou seja, cada uma das comunica¢deslaenlink possui um buffer
infinito de pacotes pendentes para transmissdo. Nao fizadtd controle de poténcia.

Como ja foi mencionado, uma das principais caracteristicaagbritmo proposto que nao
foi ainda amplamente abordada na literatura é que o GDSAopimma uma alocacao inicial de
espectro sob quaisquer condicoes.

Para testar esse aspecto,as HASs séo ativadas uma a umano dersimulacdo mostrado
na Figura 5.1 . A ordem escolhida para o teste foi ativar a HASmeiro, seguido da HAS 4. A
terceira HAS a ser ativada foi a HAS 2 e finalmente a HAS 3 é@aiv&sta ordem foi escolhida
porque, ao ser ativada, a HAS 2 ira encontrar dois intedegil fortes ja ativos. Isto cria uma
maior dificuldade para o algoritmo encontrar uma alocac#xain pois duas HASs terdo que
desistir de recursos para dar espago ao novo entrante.

Cada vez que uma HAS ¢ ativada o protocolo entra no estado deentante. Isso fara com
gue selecao inicial de espectro seja realizada sequemrecit que ira produzir uma resposta
diferente do caso da escolha do espectro ser simultanea.

A fim de verificar o comportamento quando o jogo é repetidordagvezes, um modelo bem
simples para variacao do trafego foi empregado na secéoifiéigdbasica do modelo aplicado é
manter todas as HASs ativas durante um longo periodo, corardéade trafego variavel, porém
sempre elevado. A aplicacdo desse modelo de trafego padg@i@sentada com mais detalhes
secdo 5.5.

5.3 CASOS DE REFERENCIA

Deseja-se mostrar com este trabalho que a alocacéo dinflengspectro é possivel e bené-
fica mesmo se realizada com sinalizagéo bastante limitattecaédes fixas de espectro podem
ser otimas diante de um determinado cenario. Por exemp&jsmrcompleto (redso 1 de todos
recursos de espectro) é o tipo de alocacao 6tima quando béa paerferéncia, mas € uma estra-
tégia ruim quando existe bastante interferéncia. Alocaci@eespectro ortogonais, por sua vez,
sdo 6timas quando ha bastante interferéncia mas séo gistsajae ndo exploram completamente
o canal quando ha pouco trafego (pouca interferéncia).

O verdadeiro potencial do compartilhamento dinamico dee&sp vem da possivel adaptacao
a toda e qualquer situacao de trafego /interferéncia. Rermastivo, optou-se por comparar
o0 GDSA com diversas estratégias de alocacdo de espectroufixeeqresentam alguns casos
extremos.
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Cell Capacity (Mbps)
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W Average

Figura 5.2: Capacidade média e minima por célula para o relpeado todas as células estdo
ativas em plena carga.

5.3.1 Recursos Reservados de Espectro

A maneira tradicional de operacao dos sistemas de com@micGague cada sistema utilize
sua propria banda de espectro alocada de maneira fixa pélo @egulador. Existem fatores
politicos e econbmicos para se manter esse tipo de abordaBemexemplo, as operadoras
desejam realizar lucros sobre o licenciamento de espect@ajizado no passado. Portanto, o
argumento técnico precisa ser bastante convincente parasqeperadoras comecem a seguir na
direcéo de compartilhamento dinamico do espectro.

Ter um recurso reservado é também a maneira mais segura eE@pe&m um ambiente
competitivo. Cada operadora pode otimizar seu préprio éspee maneira independente e sabe
por forca da lei que ndo havera interferéncia de seus c@rtes no seu proprio espectro.

No cenario estudado, a reserva de recursos de espectrepmrde ao reuso 4, ja que sao 4
HASSs, cada uma de uma operadora diferente. Quando todasAS<ld4tao a plena carga, esta
alocacdao é razoavelmente eficiente ja que neste cenarioo®@ gomunicacao livre de interfe-
réncia. Como o cenério € limitado pelo ruido, a posi¢cao dasfidgsem grande influéncia sobre
a capacidade de Shannon e, por isto a capacidade minima é&®emada capacidade média.
Esses resultados sdo mostrados na Figura 5.2
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5.3.2 reuso Pleno

A maneira mais simples de se permitir utilizacéo plena dosrs®s sob pouca interferéncia é
gue todas as células tenham pleno acesso ao espectro o tetopbs$ta abordagem € interessante
principalmente em células isoladas, pois as taxas de dadusada tecnologia podem ser entéo

alcancadas. Porém esta abordagem se torna problematiwdoquim numero grande de células
proximas.

A Figura 5.3 mostras as capacidades do retso 1 com plena daogaparando-se o redso
1 com o reuso 4, neste cenario, o redso 1 atinge taxas médiasemgue 0 reuso 4 (Figura
5.2). Porém, a capacidade minima provida pelo retso 1 énbastam comparada ao reuso 4.
O motivo é que as UEs que estdo em posicOes desfavoravesoirgédastante interferéncia em
todos os recursos de radio. Assim é dificil manter a quadididservico minima para estas UEs,
bem como manter a equidade na distribuicdo dos recursoslgjgareuso 1 € utilizado.

Os resultados mostrados na Figura 5.3 justifica o temor dasdpras em relacdo ao uso
de um conjunto comum de recursos de espectro. Sem maiogegin¢des, o desempenho fica
dependente do acaso (escolha pelo usuério das posicée&dasHASS) e pode haver grandes
perdas em relacdo a situacao atual.

Cell Capacity (Mbps)

O Minirnurn
W Average

Figura 5.3: Capacidade média e minima por célula para o relipeahdo todas as células estao
ativas em plena carga.
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5.3.3 Planejamento e Otimizacao de Rede

O melhor desempenho em ambiente macro-celular é alcantad@sde planejamento e
otimizacao de rede, técnicas que envolvem trabalho humaraplicacdo destas técnicas para
ambientes internos seria bastante custosa se feita massii& Portanto, elas dificilmente serdo
aplicadas em cenarios residenciais e também desejavelméatserdo aplicadas a ambientes
empresariais.

No cenério de estudo proposto hd um agravante: O espectecsdecompartilhado de ma-
neira 6tima entre as 4 operadoras. Em um caso real isto eém&boordenacao entre planejadores
das diversas operadoras, 0 que poderia levar ao vazameitfodeacdes criticas, tais como a
localizac&o de usuérios e trafego gerado por eles.

Ainda assim, é interessante comparar o GDSA com a solugéizatia que poderia ser en-
contrada através de planejamento e otimizacao de redee &si foi feita a simulacao extensiva
de todas as possibilidades de alocacao de espectro noaccdadtigura 5.1. Determinou-se atra-
vés dessas simulacdes que a alocacao ideal seria o relsod®2, @@spectro € reutilizado nas
diagonais. Ou seja, a HAS 1 e 4 usarem 50% do espectro encu&A& 2 e 3 utilizarem os
outros 50%do espectro.

Cell Capacity (Mbps)

o hinimum
B Average

Figura 5.4: Capacidades 6timas quando todas as HASs estdi® e&m plena carga. Este relso
otimo foi encontrado através de simulacdes extensivas.

Deve ser lembrando também que o planejamento de rede visaalgjtuacao especifica de
trafego, geralmente o horario de maior movimento. Apesasda abordagem considerar o pior
caso possivel de interferéncia, ndo permite a plena adapte;variacdes de trafego existentes
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na realidade. Em redes celulares, algumas fun¢des de RRNhtdais variacdes de trafego, tais
como controle de admissao e escalonamento. No entantpaxdeiambiente considerado, aonde
nao é possivel a sinalizagcao entre as células, esse tipagioftambém ndo pode ser diretamente
implementada de maneira distribuida.

Em principio, seria possivel implementar algoritmos de gamihamento de espectro que
encontrassem a alocacgdo 6tima de espectro em qualquedsitullo entanto, este tipo de oti-
mizacao geralmente envolve centralizacdo das decisoeslezacdo pesada. Como salientado
no capitulo 1algumas das propostas mais relevantes daitertodas envolvem sinalizagdo. O
objetivo do GDSA ¢é a aproximar a alocacdo 6tima o maximo pekde maneira distribuida e
sem a necessidade de sinalizacéo entre as HASs.

5.4 NOVO ENTRANTE

Nas simula¢des desta secdo, a banda de 100 MHz esta dividiBeS&#RBs para facilitar o
entendimento da sequéncia de decisdes. Para o jogo refuetidoutilizados 10 SPRBs na banda
de 100 MHz.

Mostra-se, nesta secdo, como a utilizacéo destes 6 SPRBsaytlngo do tempo por causa
da ativacdo de novas HASs e como isso afeta as capacidadeslarb.t célula. E importante
compreender a geometria do cenario (Figura 5.1) para anaksresultados. Por causa da geo-
metria e, portanto, das perdas de propagacéo, o sinal d&emtecia gerado pela HAS 1 tende
a chegar mais fracamente nas UEs servidas pela HAS 4 do qugbsaservidas pela HAS 2
ou 3. A relacdo exata depende da distribuicdo espacial dasrd&s na média, a interferéncia
gerada pela HAS 1 para as UEs servidas pela HAS 4 sera pequerangparacdo com as que
séo geradas pelas HAS 2 e 3.

Portanto, se a HAS 1 e HAS 4 decidem compartilhar o mesmo SPRBréham pequeno
impacto. Ja se a HAS 1 optar por utilizar um SPRB que tambémusiézado pela HAS 2 ou
HAS 3, havera um alto nivel de interferéncia. De maneiralgeranpacto da utilizacdo dos
mesmos SPRBs em células adjacentes € bem maior do que o relusduéam que estdo em
diagonais opostas.

Os dois parametros para o algoritmo de célculo da funcaoladé descrito na secao 4.4
foram definidos da seguinte maneira.

e O numero de blocos ideal para plena carga foi definido comadeeata banda. Ou seja, o
reuso alvo em plena carga é relso 2. Uma vez que a banda édidedam 6 SPRBs temos
0 parametraV f = 3.

¢ O limiar de interferéncid,;, usado para determinar se um bloco esta sofrendo alta interfe
réncia, foi fixado em 25 dB acima do nivel do ruido.

32



A primeira HAS a ser ativada, a HAS 1, e tem acesso pleno a msloscursos de espectro.
A capacidade alcancada € mostrada na Figura 5.5. Vale a @mbaar que das abordagens de
alocacéao de fixa de espectro, apenas o redso 1 também ird pragesso completo ao espectro
neste tipo de situacdo aonde ha apenas uma célula isolatetapma célula ativa).

Cell Capacity (Mbps)

O Minimum
B Average

Figura 5.5: Capacidade da célula 1 quando & finalizado o mocdesnovo entrante.

A segunda HAS a ser ativada é a HAS 4. Uma vez que ela esta mandlagposta a outra
HAS ativa, o limiar de interferéncig,,,. ndo € alcancado em nenhum bloco e novamente o GDSA
seleciona todos os blocos como a alocacao inicial. A capdeidlcancada é apresentada na
Figura 5.6. Embora se verifique uma diminuicdo substaneialaghacidade de Shannon da HAS
1 ap6s a ativagdo da HAS 4, a capacidade total € substannialaementada devido ao redso de
espectro.

O proximo passo dessa simulacdo € o acionamento da HAS 2e Meshento o cenario
€ realmente desafiador para que um algoritmo possa proverlooacao inicial de espectro
eficiente. O cenario de RF determinado através de sensotiaffie#io na HAS 2 é o seguinte:
Existem dois interferidores fortes e ambos estéo utilivacampletamente todos os recursos de
espectro disponiveis. Em outras palavras, ndo existe wgralagcuna no espectro. Ainda assim,
0 acesso ao espectro deve ser provido para a HAS 2 , uma veemua mesma prioridade
para acessar 0 espectro o que as outras HASs. Isso é bastargste do cenario geralmente
considerado em radio cognitivo [10].

Neste ponto € interessante mostrar os pormenores da evalasdecisdes do algoritmo. A
Figura 5.7 mostra como a alocacgéo evolui. O novo entrantéA®& ¥ decide barganhar pelos
SPRBs 1, 2 e 3. As duas HASs ja existentes fornecem respostadifezentes instantes de
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Figura 5.6: Capacidade média e minima por célula depois gegumda HAS (HAS 4) é ativada
e finaliza o processo de novo entrante.

tempo, por causa do mecanismo de temporizacéo descritg@@a4&. A primeira HAS a mover
€ a HAS 4 por possuir neste momento uma capacidade maior castoagio na Figura 5.6. A
HAS 4 desiste dos SPRBs 1 e 3. A HAS 1 por sua vez decide ndo wtiias os blocos 1 e
2. Essas desisténcias sao suficientes para limpar bastaspeotro para a HAS 2. Note que
a decisao da primeira HAS a mover pode ter influéncia na dedadutro. Por esse motivo é
importante a aplicacéo do temporizador.

Na fase de ajuste, 0 novo entrante mantera a alocacao dos 3 SRRBpacidade de cada
HAS apds o processo ser finalizado € mostrada na Figura 5.8

A Ultima tem de ser ativada, a HAS 3, simplesmente decide Ipecaaos mesmos SPRBs
gue a HAS 2, o que néo causa nenhuma reconfiguracao adigoisat espectro ja foi limpo no
passo anterior. Os resultados apoés a ativacao de todas aS4¢ $88 mostrados na Figura 5.9.
Embora nédo haja equidade da distribuicdo dos recursos emgenédios, a capacidade minima
€ bastante igualitaria.

Os resultados mostrados até agora exemplificam o comporntap&sso a passo do algoritmo
guando as HASs séo ativadas uma por vez. Os resultados & segyaram o GDSA com
estratégias de alocacéo fixa de espectro utilizadas coer@neia.

Na Figura 5.10 sdo mostradas a média de capacidade dascisiid@, a média da capacidade
de Shannon de todas as 16 UEs.

Quando apenas uma HAS estéa ativa o cenario limitado por.rdipenas o GDSA e o redso
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HAS1
HAS 2
HAS 3
HAS 4

HAS1
HAS 2
HAS 3
HAS 4

Figura 5.7: Sequéncia de aloca¢des de espectro quandemadid\S, HAS 2, entra em cena,
causando grandes reconfiguragdes. Na fase de barganha, 2 HIASa 3 SPRBs. A HAS 4
responde desistindo dos SPRBS 1 e 3 (figura ao topo). Na figusaahaixo, € mostrado que
a HAS 1 desiste dos SPRBs 1 e 2 levando a alocacgéo de espectforfiregida pelo estado de
novo entrante do GDSA.

Cell Capacity (Mbps)

o kinimurm
B Average

Figura 5.8: Capacidade média e minima por célula depois qereeita HAS (HAS 2) € ativada
e finaliza o processo de novo entrante.
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Cell Capacity (Mbps)
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Figura 5.9: Capacidade média e minima por célula depois gias &s células foram ativadas.

Average cell capacity (Mbps)

1800 17255 202

1400 +—
1221 12241
1200 +— 7 7

1000 +—

EReuse 1
EReuse 2
B77 591 OReuse 4
G500 4—1 OGT Sps
475 449

201 802 778

800 +—

400 1+—

200 +—

1 2 3 4

Number of Active Home Access Stations

Figura 5.10: Comparacédo da capacidade média (média das }@tifiggda nos quatro esquemas
considerados, GDSA, relso 1, redso 2 e reuso 4.
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Average cell outage capacity (Mbps)
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Figura 5.11: Comparac¢do da capacidade minima (média dasld)&tingida nos quatro esque-
mas considerados, GDSA, reuso 1, reldso 2 e relso 4.

1 fazem pleno uso do canal nesta situacéo, levando as maepasidades. O mesmo pode
ser dito de quando ha duas HASs ativas, em diagonais opd3tesnario passa a ser limitado
por interferéncia, mas esta é baixa suficiente para que aasd&Ss possam utilizar todos os
recursos de espectro. Com acesso pleno ao espectro, estagaing permitem picos de taxa
de dados muito mais altos quando em condi¢des de canal ¥axmr&omparando a capacidade
do GDSA a capacidade do reuso 4, que representa cada HAS o@ropeio espectro, o GDSA
permite que uma capacidade de Shannon 3,75 vezes maiolcsejaaala.

Vale ressaltar que, embora, o reliso 2 tenha sido determamedo a melhor abordagem para
plena carga neste cenario, essa nao é uma estratégia 6amdogua apenas uma ou duas HASs
ativas. Isso mostra uma das maiores limitacdes de alocfigassle espectro: elas s6 podem ser
otimizadas para uma Unica condicao (plena carga, nestg das@ontrario, o acesso dinamico
ao espectro permite a otimizacao para diversas condic@stribuicdes de trafego.

Em seguida, é analisado o outro indicador de desempenhodia,ntis 4 células, para a
capacidade de Shannon minima em cada uma das células. A bigirmostra este indicador em
funcdo do numero de células ativas para cada das 4 abordegeris GDSA e as trés referéncias.

Ao se analisar conjuntamente a capacidade minima e a cagacawdédia pode-se compre-
ender que o redso 1 e relso 4 tem papéis opostos, mas comfaesseneste cenario. Quando
existe pouca ou nenhuma interferéncia o reliso 1 compotiarsgermitindo o acesso completo
ao espectro. Porém, o seu desempenho de capacidade migintb@ucarga esta plena € inacei-
tavel. Pode-se concluir que com o redso 1 as taxas de picfadaseséo alcancadas, mas néo é
possivel manter um minimo de qualidade de servico em coesligiins de interferéncia.

O relso 4, que neste caso significa cada operadora com seio@gpectro, € uma maneira
bastante segura de se manter o minimo de qualidade quar@fegote alto em todas as células.
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Porém, a maior limitagdo aparece justamente nos cendripsud® ou nenhuma interferéncia,
aonde a taxa atingivel é sensivelmente menor do que nose@asmpse 0 espectro pode ser plena-
mente explorado.

O GDSA por sua vez, atraves da adaptacao € capaz de juntalhasesearacteristicas dessas
abordagens sendo melhor ou pelo menos igual a essas dudsgd® em todos 0s cendrios
mostrados nas Figuras 5.10 e 5.11.

O reuso 2 foi determinado através de simulacdo extensivadies tas possiveis alocacdes
como a alocacéo 6tima quando todas as células estdo com demarirafego plena. Ainda
assim, nos cenarios de pouca ou nenhuma interferéncia o @x3faz de atingir niveis mais
altos de taxa. Apesar de o GDSA nédo atingir a mesma taxa do Beigs cenarios com muita
interferéncia, ele se aproxima mais desse relso 6timo dagjaetras estratégias.

Além disto, vale ressaltar que o0 GDSA determina a alocag&ogsalquer tipo de overhead
de sinalizagcéo entre as HASs ou necessidade de planejadeifiteqiéncias. Sem considerar
pelo menos uma destas possibilidades, dificiimente podatzancar o reliso 6timo em qualquer
cenario. O planejamento de frequiéncias € inviavel em unricdiogal porque o posicionamento
das HASs é aleatorio, escolhido pelo usuério. Mesmo nossaawoque a posi¢do possa ser
fixada e o planejamento realizado, como um escritorio, ésejdeel fazé-lo por causa do alto
custo de realiza-lo em grandes escalas (talvez no futuéo sentenas de milhares de HASs em
uma grande cidade.) Em principio seria possivel definirréifgos inteligentes de alocacao que
consigam atingir a alocacao 6tima e, portanto, taxas brméagres que o0 GDSA. Porém, ha de
ser considerado que isso envolveria maior complexidadeateqolo e que o overhead deve ser
determinado para que se possa averiguar se a taxa liquidaesmente maior ou menor que o
GDSA.

5.5 JOGO REPETIDO

Uma das principais motivagdes de que o0 jogo seja repetinde €ogm a repeticdo possa se
aumentar ainda mais a eficiéncia e a equidade da divisdocasos de espectro.

Outra motivacdo chave é, talvez, mais importante. O jogé sspetido para acompanhar
as mudancas nas condi¢des de carga, canal e decisdes de RRMwndiisa detalhada deste
segundo aspecto seria mais bem avaliado em um simulad&mgist dindmico, onde processos
dindmicos como a mobilidade, trafego e desvanecimentoetathddamente considerados.

Uma vez que fui utilizado neste trabalho um simulador estatiecidiu-se verificar o poten-
cial de longo prazo do GDSA através de um modelo semi-estd¢ivariacdo de trafego bastante
simples. Neste modelo a carga fracional, isto €, o percedéubanda requisitado por cada ceé-
lula, é variado lentamente e com isto pode se testar a cauc{@DSA de seguir 0s requisitos
de trafego.
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O modelo é o seguinte: foram definidos passos de simulacds&guecalizados para uma
mesma execuc¢ao do simulador. A cada 8 passos, ha uma chaneealguma HAS ndo necessite
mais de um SPRB e ird simplesmente encerrar a transmiss@3fRB. De modo similar, a
cada 5 passos uma HAS é selecionada para tentar adicioraBPRBSs. Isto ndo significa que
ela necessariamente conseguira incrementar a alocagide¥d seguir a estrutura do protocolo
e as estratégias definidas para o estado de jogo repetidoat® madrdo que foi aplicada nas
simulacdes a seguir € mostrado na figura 5.12.

BEHAS 1
OHAS 2
mHAS 3
OHAS 4

A

o
<%
23
\5‘5» 7
B
@ ]
‘%» :
%
s
S

Figura 5.12: Modelo simples para criar variacdo na cargeidnal de SPRBs. No eixo x é
mostrado o passo de simulagéo. Escolhe-se aleatoriam@ids jphra tentar alocar mais SPRBs
(representados por +1 no eixo y) ou para desistir esponteer@a um SPRB (representado por
-1 no eixoy).

Primeiramente é considerado o caso em que nao ha restrggfioahs alocacdes no estado
de jogo repetido. Isto €, em principio, quando uma HAS demajaentar o nimero de SPRBs
alocados, podera pleitear por todos os SPRBs de uma s6 vezcdsst& mostrado na figura
5.13. Ao se comparar a Figura 5.12 e a Figura 5.13 percebeesg&gp ha mudanca nas alocacdes
até que alguma HAS pare de utilizar o espectro. Na Figurafelid&be-se, entre os passos 100
a 150, que ha bastante variacdo nas alocacfes de espectmealporitmo tem problemas de
convergéncia caso sempre possa se realocar o espectroetammghte. Apds essa regido sem
convergéncia, o algoritmo adquire uma nova configurac@veist

No entanto se for aplicada a politica que restringe o numerblacos a ser realocado por
SpS-Frame a convergéncia € bem mais rapida. Na figura 5.14téatho 0 caso em que somente
€ possivel alocar um SPRB por SpS-Frame. Verifica-se, neste gm comportamento muito
melhor de convergéncia. Mas ndo € apenas isto. Ao se compastado estavel atingido no
passo 200, percebe-se que a alocacdo menos atribulada gera$ta politica leva a uma melhor
eficiéncia. Isto € mostrado na figura 5.15 aonde se compatadoegicancado no passo 200 no
caso de se aplicar a politica ou néo.

Na figura 5.14 ndo ha uma clara tendéncia se, a longo prazo SA@HR beneficiar mais um
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Average throughput with varying load over time
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Simulation step

Figura 5.13: Evolucéo da capacidade média no caso de naorfeveuma restri¢cdo limitando o
namero de SPRBs que podem ser adicionados a cada SpS-Frame.

Average throughput with varying load over time

00
w
< 800 Jf ------------------------------------------------------
E B ¥ —t ----------------------------------------- 3
s BO0 4----mmmmmmm e |F """"""""""""""""""""""""""" — 5]
_g 1] S, I s l ------------------------------------------ HAS 2
g e — AT
B 00 ] HAS 4
a
L e
> 100
2 O

0
T 11 21 31 41 51 61 71 B1 81 101111 121131 141 151 161 171 181 191
Simulation step

Figura 5.14: Evolucéo da capacidade média no caso de sea@gplima politica limitando a um
tnico SPRB o numero de SPRBs que podem ser adicionados a cadfacdps-
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Average Cell Capacity in last step (Mbps)

1000
900
800
700
B00

500
400
300

200
100

mWithout policy
B Palicy applied

HAS 4

Figura 5.15: Comparacao da capacidade média atingida nioessédvel do passo 200, para 0s
2 casos: de aplicacdo ou ndo da politica que restringe cacales.

jogador do que outro nem que mantera a eficiéncia. Em outtagras, ndo € claro se havera
equidade nos recursos e distribuicéo eficiente dos mesmos.

Para avaliar o comportamento de longo prazo do GDSA foramlatos 2000 passos e a mé-
dia da capacidade de Shannon de cada célula foi avaliadago dtms 2000 passos. O resultado
€ mostrado na Figura 5.16, onde o GDSA é comparado com oadsutimo para plena carga.
E importante entender que nesta comparacio, a carga noédsa, enquanto que no GDSA

o trafego foi variado espacialmente. Conclui-se atravémdmsnparacao que o GDSA é capaz
de aproximar o comportamento 6timo na media.

5.6 CONCLUSAO

Neste capitulo foi a avaliado o desempenho do Game-bas#&ibDtied Spectrum Allocation
(GDSA), umframeworkpara compartilhamento dindmico de espectro entre redefoqpeo-
posto no Capitulo 4. O GDSA foi avaliado através de simulag@8micas em um cenario de
escritorio. Neste cenario, 0 GDSA foi capaz de superar aatégias mais simples de aloca-
cao fixa de espectro em todos os aspectos. O algoritmo poopesnostrou capaz de prover
auto-organizacgéo distribuida da alocagédo do espectrdps@ortanto, bastante favoravel para

Implementacéo no acesso local, onde se deseja evitar gglam@o das posi¢coes dos equipa-
mentos.
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O GDSA foi também capaz de seguir as variagdes de trafegmatando distribuicdes es-
paciais assimeétricas de trafego e, ainda assim, aproximgci@ncia do relso 6timo para carga
plena.
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Cell Capacity (Mbps)
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Figura 5.16: Comparacgéao do GDSA, onde é aplicado um padraafdga variavel, com o reuso
otimo para carga plena, onde a carga € maxima e fixa. Pereedpgeso GDSA aproxima o
comportamento 6timo no longo prazo.
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6 CONCLUSOES E TRABALHOS FUTUROS

6.1 CONCLUSOES

Neste trabalho, foi proposta uma nova abordagem para o ctiingaento de espectro dina-
mico entre diversas redes de uma mesma tecnologia de radlgofitmo proposto traz inovacées
em relagédo aos algoritmos encontrados na literatura. Agipais contribuicdes do algoritmo
proposto, batizado de Game-Based Distributed Spectrunc#ln(GDSA), sdo as seguintes:

e N&o h& necessidade de sinalizacéo direta. O protocolodiacpenas com a informacao
disponivel através de sensoriamento.

e A estrutura de protocolo proposta alivia a falta de infor@magobre requisitos de trafego e
medidas de canal, na tomada de decisdes.

¢ A funcao utilidade proposta acelera a convergéncia paugdes eficientes.

e GDSA é capaz de fornecer alocacdes iniciais eficientes mgaaro o0 espectro ja estiver
em plena utilizacao.

e O GDSA se adapta a diferentes cenarios e distribuictes iagpde trafego, permitindo
auto-organizacao, em termos de alocacao de espectro.

Em particular, podem ser feitas mais algumas observa¢oesniio estudado:

e O GDSA permite alcancar o maior pico de taxa de dados, ous@@no acesso a todos
os recursos de radio é permitido quando isto € viavel.

e No caso estudado, 0 GDSA supera as estratégias mais sine@déscdcao fixa de espectro
em todos 0s aspectos.

e Em termos de eficacia de longo prazo, o GDSA aproxima-se dérefia do redso otimi-
zado para plena carga. Como vantagem em relacao ao reuspeatijimas fixo, 0 GDSA
consegue redistribuir a capacidade espacialmente decacond as variagdes de trafego.

6.2 TRABALHOS FUTUROS

O compartilhamento dindmico de espectro é ainda uma ar&nbasova de pesquisa. Exis-
tem, portanto, diversas possibilidade de extensdo destalto:
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. Solugcdo compativel com o release 8 do LTEApesar de as caracteristicas principais do
LTE-A terem sido consideradas no desenvolvimento do GD8Acdnsiderado ao longo
do trabalho que esta seria uma solucédo disruptiva em rekegdd E release 8. No en-
tanto, solucBes compativeis com tecnologias anterioesesd@pre preferiveis, por causa
dos equipamentos legados em funcionamento. Em principBD®A pode ser adaptado
para ser compativel com terminais release 8. Para tantsfrasueas de canais de controle
comuns e dedicados deve ser cuidadosamente considerada.

. Sistema de votacao para a definicdo do ponto de mudanca UL/DIPara manter a or-
togonalidade, todas as redes devem ter o mesmo ponto de gaudarJL/DL. Como é
importante ter um Unico ponto de mudanca e troca-lo € umag@erque exige bastante
sinalizacdo por cada uma das redes, entdo também é bemantpoat definicdo de um
protocolo distribuido para determinacdo de qual deve $epesito.

. Otimizacdo do compartilhamento de espectro em outros domias. Como descrito no
ApéndicelV.3 h4 diversas consideracfes a serem feitasoiarezar o compartilhamento
de espectro em outros dominios, como espaco e poténcia.

. Extenséo da solucéo para o TDD sem sincronismo entre redeSe os requisitos de sin-
cronizacao, que sao bastante restritivos, ndo forem adasg sera importante a extensao
da solucéo para redes TDD sem o sincronismo entre as redes. é&piicado no Apéndice
[11.5.2 o problema se torna mais complexo por haver intérfeia entraiplink e downlink

e a distribuicdo espaco-temporal da interferéncia ter&deonsiderada.

. H-ARQ especifico para a fase de novo entrantdMesmo utilizando-se um padrao tempo-
frequencial esparso, um novo entrante pode potencialnoanigar bastante problema as
conexdes previamente existentes. A definicdo de estratdgidl-ARQ especificas para
essa fase de novo entrante podera ser bastante benéfica parater a qualidade de servico
durante esta fase.

. Otimizacado cross-layer da camada de transporte e compartiamento de espectro
Uma das principais caracteristicas do TCP é lidar com coiogesbtento, geralmente no
corede redes de comunicacdo TCP/IP. O compartilhamento de espgct sua vez, lida
com um diferente tipo de congestionamento: congestiongmmenacesso ao espectro. Por
esse motivo, uma possivel area de pesquisa € a otimizacs®layer de algoritmos da
camada de transporte e compartilhamento de espectro.

. Controle de admissdo compativel com compartilhamento de psctro: A funcao de
RRM que tenta evitar o congestionamento de espectro intemaras uma rede € 0 con-
trole de admissdao. Com o compartilhamente de espectro,essarialidade deve também
ser desenvolvida para atuar entre redes.
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|. INTRODUCTION

Traditionally, wireless communication systems operat®amds which are licensed to a sin-
gle system. This approach allows for each system to be gmumindepedently of others. Re-
gulations about power emissions and spectrum masks limittidesired interactions amongst
different communication systems to the borders of frequérands, and, therefore, these kind
of interactions can be avoided by the use of guard bands aguate planning from regulatory
bodies.

The spectrum licensing model is now being pushed by demamtispectrum is considered
to be a scarce resource. In [12], it is reported that by 202Ggectrum needs for existing and
upcoming cellular systems will sum a total of 1720 MHz, forighhuser demand scenario. Such
a huge bandwidth will unlikely be available in most courdrie

The limited spectrum availability is more a consequencéelitensing model instead of real
spectrum usage. Some reports show that the spectrum in sequeehcies is largely unutilized
over time [2]. For that reason, there has been an increastegest in devoloping Dynamic
Spectrum Access Network (DSAN)s, i.e., networks capabldimémically accessing the free
parts of the spectrum already used by other networks.

The functionalities of a DSAN are described by [2]:

e Spectrum sensing Detecting the spectrum utilization of other networks ia #ame envi-
ronment

e Spectrum mobility: Maintaining seamless communication during spectrummnigorati-
ons

e Spectrum managementDetermining the best spectrum available to meet the rements
of the users

e Spectrum sharing Determining how the networks in the same geographical@gachi-
eve coexistence in the same spectrum pool and a fair shapectism allocation

Since DSANSs share the same spectrum resource they may decidepete for the resource
or cooperatively share it in the most fair manner. Game Thepa branch of mathmetics that
study conflict and cooperation between rational decisiokRergand, therefore, it has been of
increase interest to model and solve spectrum sharingdgssue

There are some lessons from unlicensed bands that can hedaqgpDSANSs. As a matter of
fact, unlicensed bands provide examples of spectrum shéeEixcept for a few rules about power
emission levels, these bands can be used by any serviesrsyistdeed, they have been used for
a pleathora of applications. However, the excessive fr@addhe utilization of unlicensed bands
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proved to be a challenging scenario for system design. Btauice, it is much harder to provide
Quality of Service (QoS) or coverage guarantees than indiee bands. Also, the scalability of
existing solutions, such as Wireless Local Area Network (\W)#iis relatively limited.

There are two main cases to be considered in DSANS:

e A DSAN opportunistically reuses the spectrum owned by atiexjdegacy network which
is not aware the spectrum is actually shared

e Several DSANs share the spectrum amongst themselves intordehieve higher spectral
efficiency

Most of the research on DSANs conducted so far focus on thecbrscept, under a framework
named cognitive radio. Here we use the definition by [13[hé cognitive radio, built on a
software-defined radio, is defined as an intelligent wirelessmunication system that is aware
of its environment and uses the methodology of understgrarbuilding to learn from the en-
vironment and adapt to statistical variations in the inptitrauli, with two primary objectives in
mind:

¢ Highly reliable communication whenever and wherever needed;

o Efficient utilization of the radio spectrum.”

The second concept, of sharing spectrum only amongst DSéayisalso be built on cogniti-
vity(learning) but that may not be desirable in terms of ctaxriy. When considering DSANs of
the same technology, i.e. intra-system spectrum sharimgycan make assumptions about things
such as modulation, access scheme, power levels and cugpleXhese assumptions together
with standardized policies and protocols can lead to spectharing concepts that do not need
to build upon cognitivity.

The next section introduce a use-case for intra-systentrspesharing in IMT-Advanced.

.1 IMT-ADVANCED

International Mobile Telecommunications-2000 (IMT-200€ the global standard fo3™?
Generation (3G) wireless communications. The 3G systewrs be@en evolving during the past
years and evolution will continue, but 3G technology wileatually reach its limits.

For the sake of evolution, International Telecommunicaitnion (ITU) recommendation
ITU-R M.1645 [1] describes the user trends and needs foesysteyond IMT-2000. Later
references for systems beyond IMT-2000 use the termindi@dyAdvanced (IMT-A). The mi-
nimum technical requirements of IMT-A are expected to bdified in June 2008 [14].
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As shown in figure 1.1 considerably higher data rates area®pen IMT-A in comparison to
IMT-2000. In special, nomadic/local area peak data ratesl mesubstantial increase.

Systems beyond IMT-2000 will encompass
the capabilities of previous systems

Mobility

New capabilities
of systems beyond

R - M\, DMT-2000
\

High N <:> m‘:‘i‘)ﬂe \ Dashed line indicates

i e \ that the exact data

IMT-2000 \\ 5 rates associated with

\ | systems beyond IMT-2000
A are not yet determined
1
A > -

2 \ New nomadic/local \‘

Low y area wireless access 1

1 10 100 1000
Peak useful data rate (Mbit/s)

¢—=p Denotes interconnection between systems via networks. which allows

flexible use in any environment without making users aware of
constituent systems

(_ > Nomadic/local area access systems

3 Digital broadeast systems

Figura 1.1: IMT-Advanced [1]

IMT-Advanced is in the proccess of standardization. Treeefthese data rates are targets
instead of specifications. The target data rates for loca¢swill require a large bandwidth
operating at high spectral efficiency.

ITU World Radiocommunication Conference (WRC) is realized evewy years to agree in

world spectrum regulation. WRC 07 identified the following nkeands for use by IMT/IMT-
Advanced [15]:

e 450-470 MHz band
e 698-862 MHz band
e 790-862 MHz band

e 2.3-2.4 GHz band
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e 3.4-3.6 GHz band.

Not every band will be available in every country. Even thgést bands will not be enough
to accomodate several operators operating at 100 MHz bdtidwFor example, in India 4-6
operators are expected to cohabit [16] in the same geogapdniea. If unpaired spectrum is
considered, still every 2-3 operators will have to sharestirae bandwidth. Therefore, in order to
achieve the desired peak data rates intra-system spedtanng can become a key component
of IMT-A systems.

Inter-system spectrum sharing will also have to be constleg.g., in the C-band of fixed
satelite services (3.4-3.6 GHz band)

Next, we briefly discuss two candidate systems for IMT-Acbexth

.2 LTE ADVANCED

3G Long Term Evolution (LTE) is the new The Third Generati@mtRership Project (3GPP)
air interface, which represents the next step in Universabil Telecommunications Systems
(UMTS) evolution. Standardization of LTE is well advancé@8de downlink is based on Ortho-
gonal Frequency Division Multiple Access (OFDMA) and ujglses Single Carrier Frequency
Division Multiple Access (SC-FDMA). The architecture is swterably simpler than UMTS in
order to reduce latency. This means that more intelligenn®ived towards the Base Station (BS)
(eNodeB in LTE terminology). Advanced Multiple Input Mydte Output (MIMO) techiniques
are supported. There is support for both Frequency DiviBioplexing (FDD) and Time Division
Duplexing (TDD).

LTE gives support for frequency domain packet scheduling,ddaptation and Hybrid ARQ
(H-ARQ)

LTE Release-8 fulfills most of the wide area requirements k6f-A. Future LTE releases
will consider enhancements in order to fulfill all IMT-A reiggments. The evolution of LTE in
order to achieve these requirements is called LTE AdvaricEg-A). LTE-A may encopass some
targets over those of IMT-A requirements.

According to [14] 80-90% of traffic is generated in indoor at$pot nomadic areas. There-
fore, the overall user perception of the system will be higtifected by the local area deployment.
That summed to the fact that LTE already will meet severaheflMT-A requirements, means
that solutions for local area deployment are likely to be potlgght in LTE-A development.
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.3 PROBLEM DEFINITION

Figure 1.2 shows how the functions of a Dynamic Spectrum Asddetwork relate to the
layers of current wireless communication systems. In tbpsof this work only the interactions
of spectrum sharing and management with physical and lip&rlare considered. Spectrum
sensing is considered as one enabler technology to spestrarmg, but it is not discussed in
detail.

Application Control | Requirements
e > Application - 3 '
Handoff Delay, Loss Reconfiguration
o g Transport - >
] Routing ; nsmmmns, ROUNNG Information/ |
Spectrum Information Reconfiguration Spectrum
Mobility | > Network Layer i » Management
Function Function
Link Scheduling
Layer | Spectrum s
| Delay | Sharing Link Layer i |, Reconfiguration
i Sensing i Physical Layer ;Spculr um | o
3 : ! Sensin Sensing
A& Information A
/ Reconfiguration

Handoff Decision, Current and Candidate Spectrum Information
Figura 1.2: Functionalities of a Dynamic Spectrum Accessidek|[2]

We consider intra-system spectrum sharing in a common gpeqgbool focusing in local
access scenario. This pool is licensed to a limited numbepefators, which is determined by
the regulator. Each of the operators have the same priordgdess the spectrum.

Spectrum sharing can be accomplished in several domaihsasucequency, time and space.
The focus of this work is on spectrum sharing solutions ogudescy domain. The spectrum is
considered to be divided into smaller subchannels whichodaterfere each other, meaning that
only Co-channel interference (CCI) has to be taken into accfaunnterference coordination
amongst. One such example is an OFDMA system, with frequeyisghronization. The case
study is LTE-A, and those are the parameters used in sironkati

The local area deployment will be done by means of Home Ac&tsson (HAS) which
can be either Home Base Station (HBS) or Home Relay Station (HR8§ deployment of
HASs is uncoordinated, and therefore the solution has wesome degree of self organization.
Independently of the existing Radio Frequency (RF) scene atdAS be able to access spectrum
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and provide a service. A HAS shall be plug and play, i.e. aifetion should be simple enough

to be done by any person avoiding the costly operations @for&tplanning, commissioning and
optimization.

There is no interface between HASSs, even within the sameatgelTherefore, all signaling
Is limited to spectrum sensing the RF environment. Also,rfaters are treated the same way
regardless of being from the same operator or not.

Control channels are not considered in the spectrum shasloggan. However, this is impor-
tant to consider in a practical implementation.
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. GAME THEORY

1.1 INTRODUCTION

The main objective of this chapter is to give a brief intratitue to game theory, providing
the reader with the necessary concepts to the understaafithg text. Along with that, some
relevant proposals of utilization of game theory to sohegpectrum sharing problem in order to
illustrate more concretely the potential of game theoryp@ctrum sharing issues.

Definition 1 Game Theory (GT) is defined as the study of mathematical sioflebnflict and
cooperation between rational decision makers. [4]

The name Game Theory resembles the fact that games areosituat conflict and coopera-
tion. Nevertheless, the applications of GT go far beyonddhoa card games. Most noticeably,
GT has been applied with great success in economics. Momfisply, GT is well suited to
study the relationships in oligopolies.

GT has also been used to explain behavior in social sciemeces dahe studies of populations
(Biology). In the recent years, several applications to Gaieory have been developed in
network engineering. A big deal of attention is being givergame theoretic approaches for
spectrum sharing, which is the main interest here.

We start with the definition of a game:

Definition 2 A game is any situation where decision makers have the outobtheir own deci-
sions affected by other decision makers.

In the following sections we will look at the following aspgse©f Game Theory:

e Static games of complete information - section I1.2

Dynamic games of complete information - section 1.3

Repeated games - section 1.4

Incomplete information - section 1.5

Cooperation - section 11.6

Evolutionary Game Theory - section 1.7

Examples of application of these concepts in spectrum rshaie provided throughout this
chapter. These concepts are heavily utilized in the deowvatf utility function in Section IV.4.
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1.2 STATIC GAMES OF COMPLETE INFORMATION

We start with one well known example of game. It is known in literature as the stag
hunt game. It was actually described first by RousseaDjsnourse on the Origin and Basis of
Equality among Men"If a group of hunters set out to take a stag, they are fullyrawat they
would all have to remain faithfully at their posts in ordesstecceed. But if a hare happens to pass
near one of them, there can be no doubt that he pursued itwith@lm, and that once he had
caught his prey, he cared very little whether or not he hadenméglcompanions miss theirs."

This story from Rousseau describes a situation where coopefaeads to the better welfare
of all the hunters. Note, however, that if a hunter has angaedo believe that the others won’t
keep their positions, then his best shot is to find a hare Himgéhy? Because he has a very
small probability of catching the stag alone. Thereforehdaanter can be tempted to break the
social contract, when he sees the possibility of easilyaniaeing his own welfare.

Rousseau’s description leaves some margin for interpoetafior instance, he does not define
the number of hunters or what is the probability of catchirgjeay given the number of hunters
that stick to the task. Also, it can be important to define hayemis the value of a hare compared
to the individual share of a successful hunt stag.

Game Theory deals with such kind of conflict/cooperatiomegibn with mathematical forma-
lity. Once a game has been formalized there is no margin ferpretation, as in the Rousseau’s
example. In other words, a game has a precise mathematfuaitida. Having one example at
hand, we can more formally define a game. A game in strategm e defined as a set of 3
elements.

e The set of players in the game. Usually we simply denote themumbers {1, 2, ..., I}

e The pure strategy spack for each player i. A combination of strategies, i.e. , a ceder
vectorS = {s1, s9, ..., s} iS named a strategy profile. The set of all strategy profil¢isas
Cartesian product of the strategy spaces.

e The payoff functions that give player i's utility/;(S) , where S is a strategy profite.

The strategies are called pure strategies, because onésoaroasider mixed strategy. A mixed
strategy is a probability assignment over the pure straspgge. For example, if there are three
pure strategies, a player with a mixed stratedy 0, 0.5 will randomly play the first strategy 50%
of time and the third strategy also 50% of time, but it will eeplay the second pure strategy. We
can now define more formally the elements of the stag hunt gaimeset of players is the set of
hunters. Let us first model it by assuming we have 2 playensténs).

1The assumption is that every player wants to maximize his aiity. In some games it is easier to model in
terms of a cost functiof;(S) which players want to minimize. In those cases one can ddfmatility function to
beUl(S) = —Cl(S)
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The strategy space is defined for each player. We can assairibéine are only 2 strategies:
hunt stagor hunt hare In these case both players have the same strategy spachisbist not
necessarily true.

The are four strategy profiles. Namely,s = {s1 = stag,ss = stag} , Ssn = {s1 =
stag, sy = hare} Sps = {s1 = hare, s, = stag} andSy, = {s; = hare, sy = hare}

Finally, let us assume the hunters have no preference abagitos hare meat. With that
assumption one way to define the payoff function is to defies ithe amount of meat available
for each hunter. Let us assume a hare weights 2 kilogramsramdtag weights 100 kilograms.
If they catch a stag, they will divide it so the payoff will b % each of them. We also assume
that if the 2 hunters go for a stag, they have 100% probalofitgatching it, while if just one
of them goes for the stag he has 0% probability of being sséagleLatching one hare is 100%
guaranteed if the player plays hare. Therefore, we have:

e U,(S,s) = 50 andlUs(S,s) = 50 , since they divide the stag in 2 equal parts.
° U1<Ssh> =0 andUQ(Ssh) =2
° U1<Shs> =2 andUQ(SSS) =0

° U1<Shh> =2 andUQ(Shh) =2

Notice that the reward for each player depends not only ira&i®n, but also the actions of the
other players. It is important to highlight that this is wicharacterizes a situation being a game
and not a decision to be taken independently by each player.

In games involving 2 players and a small number of strategiesquite useful to show the
game in a tabular form such as Table 1.1 . We can condendat@@brtant information in a
simple and intuitive view. The player 1 plays rows. So, hiatsegic space is represented by the
row labels. Similarly, the player 2 strategies are reprieskby the column labels. Within that
representation, each of the table entries represents ategst profile. The utilities associated
with each strategy profile are presented directly on eacty.efithe first utility is for player 1
(rows) and the second utility is the one of player 2 (columns)

hunt stag| hunt hare
hunt stag| 50,50 0,2
hunt hare 2,0 2,2

Tabela ll.1: Stag Hunt game with 2 players in strategic form

This simple view allows us to see more clearly what are theop{(strategies) of each player
and their consequences. It may now be clearer why this garmmifation is called strategic form.
However, the dimension of the table is equal to the numbeleshents in a strategy profile. For
that reason, the table view is less intuitive for 3 players laardly understandable with 4 or more
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players. As an example, consider the stag-hunt game witlayge@ shown in Table 11.2. 1t is
easier to understand as 2 separate parts, shown in the tefigirt of Table I1.2. As before,

player 1 selects a row and player 2 selects a column withibla.t®layer 3 selects which of the
tables (left/right) will actually be played.

hunt stag hunt hare

hunt stag hunt hare hunt stag| hunt hare
hunt stag| 100/3,100/3,100/3 | 0,2,0 | huntstag| 0,0,2 0,2,2
hunt hare 2,0,0 2,20 hunt hare| 2,0,2 2,2,2

Tabela Il.2: Stag Hunt game with 3 players in strategic form

[1.2.1 Nash Equilibrium

Definition 3 A strategy profile is called a Nash equilibrium if it satisfibe following condition:
every strategy in the profile is a best response to the stiegeyf the other players.

This can be interpreted as follows: in a Nash equilibriumplayer has incentives to change
his strategy, given that the other players also do not. NBadundamental concept in the pre-
diction of the solution of a game. The solution is the set dibas that will be actually be taken
by each player when the game is realized. In case of a unigsie Eguilibrium, it can be proved
that if the following conditions hold, the NE is the solutiohthe game:

e The players want to maximize their own utilities
e The players do not make mistakes in the analysis or execatitre game
¢ All players are capable of deducing the NE solution

e All players know that every other player is capable of dedgd\E solution. They also
know that every other player knows that every other playezaisable of deducing NE
solution.

¢ In short, for any statement of the form: "every player (knohat tevery other playet)is
capable of deducing NE solution"is true for any n from 0 to nemdif players, where the
term within parenthesis is repeated n times.

However, even if those conditions hold, a game can have a@leMé&r, in which case the solution
is not clear. In order to find the solution for games with npiétiNE, there exist some other
concepts called Nash Equilibrium refinements. In staticegrthe most important refinement is
Pareto optimality, defined next section. In the case of dyogames subgame perfection is one
important refinement and it is defined later.
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In the space of pure strategies, NE may not exist. For thabreat is also important to
consider the space of mixed strategies. A mixed strategyvsctor of the same dimension
of, assigning probabilities of playing each of the puretetyees. The pure strategy space is
included in the mixed strategy space and it can be genergtaslihg the canonical vectors as the
probability assignment. For example, if there are fourtsgies, the probability assignment made
by the 4-dimensional canonical vectdrcorresponds to the third pure strategy.

[1.2.2 Pareto Optimality

In a game, every player has its own utility function. Theitytifunction represents the rati-
onality of the player in terms of preferences and each playets to maximize its own utility.
However it is not straightforward how to consider utilit@scross players. Consider the example
in Table 11.3.

Strategy A| Strategy B
Strategy C| 0.5, 0.5 0,3
StrategyD| 15,0 1,05

Tabela I1.3: A game with 3 Pareto optimals: C,B ; D,A and B,D

One can be tempted to evaluate how good a solution is by sugrttmérutilities of each player.
However, one cannot say that the strategy profile C,B is btttar strategy profile D,A because
the numerical values of utility are only meaningful to thay#r itself. What can be affirmed is
that the strategy profile C,B is the best for the column player & the same it is the worst for
row player. Similarly, the strategy profile D,A is the bestifow player and the worst for column
player.

In these kind of optimization problems, where the sevemalesisions cannot be reduced to a
single value the concept of Pareto optimality becomes waportant. Within GT context, Pareto
optimality is defined as follows:

Definition 4 A Pareto optimal strategy profile is a profile such that no plagan increase its
own utility unless at least one of the other players’ utiktis decreased.

Pareto Optimal (PO) solutions are not necessarily fair oquen They just represent the
maximum efficiency that can be achieved in 1 or more objediwgensions. In Table 11.3 there
are three POs. B,C is the most efficient profile in the dimensfaow player utility. A,D is the
most efficient profile in the dimension of row player utilifyinally, D,B is a strategy profile that
is efficient in one direction that trades-off both players.

Pareto dominated strategy profiles are those which are metdP@ptimal. In the example of
Table 11.3, the strategy profile A,C is Pareto dominated lgy/gtrategy B,D because no players
lose by moving from A,C to B,D and at least one player benefisfthat change.
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The comparison of PO set with NE set is important in two-fold:

e If the PO set is disjoint from NE set, it means that every playeuld benefit from not
playing a NE strategy profile. The price of anarchy is the tstveen the best Pareto
optimal and the worst NE.

¢ If in a multiple NE game only one of the NE is Pareto optimalsitin efficient solution.
This is an important NE refinement.

Both players playing hunt stag is Pareto optimal in Stag-Hyamhe. Notice that the definition
of the price of anarchy is loose, because one has first to defiaéis meant by the best PO and
what is meant by the worst NE, when they are multiple.

[1.2.3 Well known game examples

In this section we will introduce some other well-known exd@s from GT literature, that
along with the Stag-Hunt game, form a very simple set of sgdimes to which more complex
games are usually compared.

[1.2.3.1 Prisoner’s dilemma

The prisoner’s dilemma is perhaps the most famous gameytleample. Two suspects of
a severe crime are arrested for another crime. For the mmmaeadhey will get 6 months each.
The police offer each prisoner the following: if you conféisat you both made the major crime,
defecting your partner, you will be free to go, relieved oftborimes, while your partner will
have the full 10 years sentence. The prisoners know thatfif diothem confess they will spend
5 years in prison. Defining the cost function as the numbeeafythey spend in prison, we have
the formulation shown in Table 1.4, where the utility is thegative of the cost function.

Remain silent Defect
Remain silent -0.5,-0.5 0,-10
Defect -10,0 -5,-5

Tabela Il.4: Prisoner’s dilemma

The interesting fact about the Prisoner’s dilemma is thatuthique NE is to both players to
defect, which is quite inefficient. Actually, all the othersBategy profiles are Pareto optimal.
Therefore, in Pareto optimality sense the NE is the mostigiefit outcome possible. In special,
the outcome strategy profile where both of them remain sigeway better than the NE for both
players and it is also the only fair Pareto optimal. Thereftne price of anarchy in the prisonert's
dilemma is very high: selfish behavior leads to the most icieffit possible outcome.
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[1.2.3.2 Chicken

The chicken game is probably one of the preferred by Hollydwomvies. The game consists
of 2 players driving their cars in high speed directly intateo of collision. The toughest guy
will keep straight to the win while the "chicken"will swerve save both their lives. The worst
possible outcome is that both players are tough enough s ¢hee car instead of swerving. In
practice, chicken is best modeled as timing dynamic gameybuwvill take a static version here.

Table 11.5 shows the static version of chicken game in sjratirm.

swerve | straight
swerve | tie,tie lose,win
straight| win,lose | crash,crash

Tabela 11.5: Chicken game in strategic form

The key aspect of this game is that crashing is way worse thg@ng the game. Mathemati-
cally: win = tie = lose == crash. In GT, = means strictly preferred. So, every rational player
will eventually swerve if the opponent does not do it firstgédnese losing is much more preferred
than crashing. The game has 2 Nash equilibria: { swervegsird and {straight,swerve}. That

is, the best response for swerving is keep heading straighé whe best response for heading
straight is swerving.

While the situation after which the game was named seems jgatree of proud between
youthful degenerates, this situation emerges in sevepdicagions. Bertrand Russell, a vigorous
proponent of nuclear disarmament, compared the chickere gaith the situation of nuclear
brinkmanship. This is an aggressive kind of politics, wheuelear arsenal is used to threaten
other countries forcing them to back down and fulfill own net&s. Of course, if both countries

keep threatening until effective use of the nuclear weapihis would lead to total annihilation
as showed in table 11.6.

back down| "use"nuclear weapons
back down tie,tie lose,win
"use"nuclear weapons win,lose | annihilation,annihilation

Tabela I1.6: Nuclear brinkmanship game. Note this is a aicgame.

This game is also remarkably similar to a situation where axeel? strong interferers trying
to share the wireless medium in table 11.7. However we modifecause if you do not transmit

anything you just do not care about what the opponent doe=n tith the modification the game
still have the same 2 Nash equilibria.

The Carrier Sense Multiple Access with Collision Avoidance M2$CA) protocol, can be
justified by the game in table tab:InterferenceChickenGaiitee transmitter first listens to the
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do not transmit  transmit
do not transmit lose,lose lose,win
transmit win,lose crash,crash

Tabela II.7: Interference game in strategic form

media before transmission, and a collision is such a baditondhat it only goes for transmis-
sion if it the channel is not occupied yet.

This approach is known as contention, where the transmigter contending for the wireless
medium. Strictly taking the meaning of the word contentitiig term could be applied to any
non-cooperative game theoretic approach. We will avoidugeeof the term contention for non-
cooperative approaches, because the term is well estedlésha reference to CSMA/CA systems.

1.3 DYNAMIC GAMES

Several practical games cannot be described accurateynns tof static games. For example,
a company starting operation in a mature market does notthaveame conditions as the ones
already operating for a long time. The companies alreadsethave some timing advantage
over the new entrant. They make their decisions first (at goong in the past), while the new
entrant will have to make its decisions on top of that. Thigation leads to different equilibria
compared to the situation where all players take their dmtsssimultaneously. Communication
protocols are also more naturally modeled as dynamic gabexguse of the communication
delays. In general, different network elements have diffeinformation, unless it is signaled.
Still, signaling is neither instantaneous nor costless.

While thinking in terms of timing highlights the need for a dynic model, the element that
makes a dynamic game different from a static one is inforonatPlayers can take their decisions
at different times, but if they do not know any informatioroabthe decisions of the other players
the game is static. Consider, for instance the well known gartle paper-scissors. The players
hardly make their decisions exactly at the same time, but@gsdo not know about each other
decision the game is static. On contrary, in a chess gameagt move the players know the past
moves and can make their decisions conditioned on the hisfadhe game.

A game in extensive form is composed of the following eleraent

The players of the game

A set of possible states of the game, called decision nodegheir precedence
e The definition of the information sets of each player

The definition of the actions that can be taken at each infoomaet
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e Utility functions for each player in every terminal node

A dynamic game is more naturally represented by a game imgxte form, which can be
graphically depicted as a generalized decision tree. Aigre@edirected acyclic graph [17]. A
graph is composed of nodes and arcs. In a tree a special nddaosinated the root. There is
exactly one path between the root and any given node.

In dynamic games, the root is the state the game begins. Eaehaorresponds to a particular
state the game can reach. In game-theory terminology a soziled a decision node. In each
decision node, one of the players has a possible set of actlomode cannot be shared by two
players. Figure II.1 shows an example of dynamic game, wifiereoot is represented in the top.
Player 1 has the first move selecting amongst three possihitena. For that reason, the root

is labeled with player 1. The nodes that follow the root armg@atates where player 2 selects
actions and so on.

dis ap dyc
d2a 42b 322/ = a_zb A2 \ 924
@ @ @ @) 0
A 91 A9/ g ayy/ 91e Ay \dge did  \9e
(-1,2) (1,-2) (0,0) (3,-1) (1,2) (2,1) (-2,1) (1,2) (2,-3) (1,2)

Figura Il.1: Example of dynamic game

A key concept in dynamic games is the information set cond@pinformation set is a set of
nodes which are indistinguishable for a player. For ingancthe example of Figure 11.1 player
2 has the information whether player 1 selectedoa not, but it cannot distinguish between the
actions @, and g,. This is represented by the dashed line connecting the ndttEgce that all
nodes of an information set necessarily have the same p@sgibons, otherwise it would be
possible to distinguish them based on the actions available

Each leaf node of the tree represents one of the possibilitrehow the game ends, and
therefore each of them is assigned with the players’ @diti Notice, also, that the number of
actions before the game finishes is not necessarily equallfpaths. In Figure 1.1 , if the path

a;. and a, is taken, the game end after two actions, while in the othesipdities it ends after
three actions.
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In fact, in real applications there may be such a large nummbgeossible actions and decision
nodes, that drawing a generalized decision tree is noteviabhe important thing is to identify
these elements of extensive form.

Static games are naturally represented in strategic foubrgdn also be represented in exten-
sive form by defining that each player has just a single in&drom set.

A dynamic game is usually represented in extensive formjthzan also be represented in
strategic form. The interpretation in dynamic form, a playeits until a node is reached and
then makes the decision. However, if each player makes aletergontingency plan, describing
the actions to be taken in each information set, the corretipg game will be in strategic form.
This result is important because it allows applying NE cgckrectly to dynamic games. One
example is shown in next section.

[1.3.1 Subgame perfection and backward induction

Although the concept of NE is directly applicable to dynaggenes, some NE may be more
credible than the others. This can be seen through an exa@plesider the game presented in
Figure 11.2. It is a dynamic game composed of 3 stages andi2heE.

1

(2 (2

aza a2b a2a a2l}
ap/ \ayg  a Ay die/ Qg )/ Qg

(1L1) (31) 05) (1-2) 22) (10)  (21) (1,15)

Figura 1.2: A dynamic game with 2 Nash Equilibria.

The first step to identify the NE of the game in Figure 11.2 isxigte the equivalent game in
strategic form. This is presented in Table I11.8.

Aiming at maximizing its own utility, player 2 may try to inda the most favorable NE
equilibrium to him by saying: "I will play & no matter what."Should player 1 believe him and
play a, in the first move? The answer is no. This is what is called antgtmpeat. Once the
game is effectively played and player 1 has chosen actigrmpbayer 2 will choose 4 if he is
rational and wants to maximize his own utility. This examgi®ws that not all NE are likely to
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aZa a2b
a,, and later @ 1,-1 | 0,5NE

a, and laterg; | -3,1 -1,-2
apandlatera. | 2,2NE| -2,1
a;, and later g, 1,0 -1,1.5

Tabela 11.8: Game of Figure 11.2 in strategic form. The Naghikbria are denoted by NE.

happen when you consider the full dynamics of the game.

An important NE refinement in dynamic games is subgame pasfec A NE is subgame
perfect if it is also a NE for all proper subgames of the gamepréper subgame is a subtree
that does not partition any information sets. Intuitivelyplayer will look at smaller, parts, i.e.,
subgames to make its decisions and understand the game.

Backward induction is a recursive algorithm used to deriegame perfect solutions. It
consists of analyzing the terminal nodes and selecting ¢tiers on each of them which will
maximize the utility of the player that make decision on #thosdes. Then the terminal nodes are
eliminated and substituted with the utilities of the sedelcctions. The algorithm is then repeated
until the actions to be taken at the root are selected. Figi&shows the first step of backward
induction to solve the game of Figure 11.2. For example, #feriost node of Figure 1.2, was
substituted by the utility of action alc in that node, singgoaovides more utility to player 1 than
a,, at that particular decision node.

I A
Az, dsyy, dz; dzp,
(-1,1) (0,5) (2,2) (-1,1.5)

Figura I1.3: First step to solve the game of Figure 11.2 udsagkward induction.

Now, analyzing the game in Figure I1.3, backward induct®nepeated but now the terminal
nodes belong to player 2. Therefore, we select the acti@isriaximize player 2 utilities: in the
left node he should choosg,and in the right node the best optiog, aThe result is the game
shown in Figure 11.4. Finally, from Figure 1.4 we see tha¢ thest option to player 1 is to start
playing by a,, and we expect that the output of the game will be (2,2).
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(0,5) (2,2)

Figura I1.4: Last step to solve the game of Figure 1l.2 usiagkward induction.

[1.3.2 Application example

[18] considers a cognitive radio scenario where a primagy usnts to share spectrum with
a number of secondary users that will be charged for that. rébhenue is the profit made on
spectrum minus the cost of the spectrum. First, a static @oigame [9] is formulated, but that
is only useful if the secondary users can evaluate the pribéiach other. A dynamic Cournout
game is then presented, where the secondary users can nwdiertebased only on the price
function given by the primary user. Stability analysis aétbecond approach is made.

1.4 REPEATED GAMES

A repeated game is a game where a base game is played morentteahyothe same players
and each player wants to maximize the total utility accutedahrough all repetitions. The base
game can be either static or dynamic. The only requiremethiaisat each repetition the game
must have the same structure and it is possible to defineithiesiof the base game.

The utility of the repeated game is usually defined on top eftitility of the base game by
using a discount factar, where it is typically assumed that< § < 1. This factor is included to
give more weight to present rounds than future ones. If thigyuh the k-esim repetition of the
game islUy;, the total utility in the repeated game is:

N
m=> 8" U (1.1)
k=0

Where, N is the number of repetitions of the game and can batefim repeated games, it is

possible to achieve some equilibrium states that are natifpesfor the base game. Consider
the repeated prisonert's dilemma as described in Tablelfithe discount factor is close to 1, a

single round of double defection will incur a cost that is &do 10 rounds of cooperation (both

prisoners keeping silence).

One important class of strategies in repeated games is &lss of trigger strategies. They
consist of strategies where a new behavior starts as soomes aondition is detected. Two
examples of trigger strategies applied to repeated prissdemma are:
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e Tit-for-tat: Start cooperating. After each round play whatir opponent played last round.

e Grim: Start cooperating. After your opponent defect for omend, defect forever.

In Tit-for-tat, the punishment will keep as long as the oppurkeeps defecting, but it will be
forgiven as soon as he wants to go back into cooperation. im,Gx single defection of the
opponent will make punishment last forever. Grim kind oastgies are inefficient in the case
the players do not have perfect execution. A defection madmilstake will lead to infinite
defection. The fear of future punishment can lead to codiperaehavior even in games where
non-cooperative behavior is mandatory in the base game.

In Section V.4 we will go through a detailed example of repdagame in a spectrum sharing
situation, and use the discounted utility function to desigr practical utility function.

[1.4.1 Application Example

WLANSs with IEEE 802.11e QoS support are considered in [7}s #3sumed each of WLANs
has a hybrid coordinator, which means that there is the pitissito allocate contention free
period. The basic single stage game is considered to havasg&ph

e Decision making
e Competitive access

e Evaluation

The first and third are the needed processing to make desiaimhobserve the output. Utility is

a function of three QoS dimensions: throughput, delay amdaasheled period length. The authors
consider a repeated game with infinite horizon and show hdferent strategies perform with

respect to each other through simulations. However theidered strategies are well-known
in game theoretic formulation of repeated games, and thiysisas limited to the case of two

networks.

1.5 INCOMPLETE INFORMATION

In the developments discussed so far, complete informaiassumed. This means that alll
the elements of the game are common knowledge to all plagec$, as, game structure, utility
functions and past history(in multi-stage games such asated games). In several cases of
practical interest information is not complete. Here ams@xamples:

e One player has some kind of private information which is moessible to the other players.
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e There is information that is not available for any playerlat a
e Each player only has knowledge about his own utility funetio
e The outputs after a game stage are not observable.

e Outputs are observable, but with some noise.

All these situations refer to the fact that at some point efgahme there is information which
is not common knowledge to all players. One example is a Pgdere. As long as the deck is
properly shuffled, the order of the cards is unknown by thggaka In some variants all the infor-
mation a player has is his own hand and has to make decisisesl lsalely on that. Some Poker
variants, such Texas Hold’Em, have some cards which are comknowledge to all players.
This, in general, makes the game more interesting as a ptayealso infer his belief about the
hands of other players based on the publicly available imé&dion. Good poker players unders-
tand the kind of oponent they have and adapt to it.

In next subsection we discuss how to model the situation atiere is relevant game infor-
mation which is not available to any player at all, and therpwesent the definition of a game of
incomplete information.

[1.5.1 Nature player

If someone is just presented Table 11.1 and asked if one wplalg hunt stag or hunt hare,
one would very likely answer it would play hunt stag. There dlifference in the payoffs is very
significant. So most people will think that the risk assaaiawith hunting stag will be worth, i.e.,
the risk that the other players play hare. However, this istim® whole story about this game.
What if, for instance, even if both players cooperate theyehast 10% of chance of catching a
stag? Then the options to each of the players look as follgpwin

e If | play stag | need thabothmy opponent cooperates by playing stag and conditions are
favorable, which will happen only 10% of times. But if both dions hold | will get a
huge prize.

e If I play hare, | will win a small prize despite of my opponemtahance.

Therefore, risk aversion would probably lead the playerddy hare, even if on average the prize
is still bigger for a stag. One way to properly represent dusdition is adding a third player
called Nature, which does not have utility functions. Natplays stag is hard to catch 90% of
times and stag is easy to catch 10% of times. This situaticepisesented in Table 11.9

Notice that in the game represented Table 11.9 neither play®r 2 knows what is the actual
move of nature when making their choice. They only know alibatstatistical behavior of
nature. Also Nature player does not have any assignedyutilit
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Stag is easy to catch (10% of times) Stag is hard to catch (9ahes)

hunt stag| hunt hare hunt stag| hunt hare
hunt stag| 50, 50 0,2 hunt stag 0,0 0,2
hunt hare] 2,0 2,2 hunt hare] 2,0 2,2

Tabela I1.9: Stag Hunt game with 2 players and nature moveategjic form

[1.5.2 Bayesian games

Games of incomplete information are also called Bayesianegaimecause of the inherent

probabilistic model. In order to introduce the structura &ayesian game we need the following
definition:

Definition 5 Thetype of a player is any relevant information a player has that is common
knowledge.

In addition to the game elements presented in the previai®as, a Bayesian Game has also
the following elements:

e The states of Nature player
¢ A function mapping the states of Nature to the types of eaahqul

e Each of the players assign a probability distribution todtages of Nature. This represents

the belief a player has about the type of the other playere eXact state of Nature is
unknown by players

In a dynamic game with observable outputs, players can agbair beliefs about each other
types based on Bayes’ Rule [9]. This is a very important prggaégt help to alleviate the lack
of information and we will exploit it on the development ofrqarotocols in chapter IV

11.5.3 Application Example

[8] provides a game-theoretical analysis of the interfeescthannel with two transmitters and
two receivers. The cases where the transmitters have fplhdial knowledge about each other
backlogged traffic are considered. The main conclusioraigtkie random packet arrival alleviates
the drawbacks of purely competitive random access. Thexgti@ffic is an important dimension
to be accounted in spectrum sharing problem. Furthermbeerdsults in [8] show that for a
static game, the performance is severely degraded in tleevelasre the information about the
demanded traffic is not complete. [8] is an example of why itiportant to model spectrum
sharing as incomplete information games.
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1.6 COOPERATION

When the price of anarchy (section sec:ParetoOptimalitigigh, there can be raise for ques-
tions such as: Would it not be better if all players simplyesgon cooperating to reach a PO
solution?

A solution where the players agree to cooperate in ordente aa increased utility compared
to the non-cooperative solution is called a bargainingtgmiu In such a solution, the agreements
must be binding, i.e., no player can cheat by playing a difieplay than agreed. One of the
views to find this cooperative solution is an axiomatic paihview, first provided by Nash [19].
Instead of focusing in the proccess, the axiomatic view $oon the characteristics that such a
solution must have.

Definition 6 A solution is called a Nash Bargaining Solution (NBS) if it hl$ree characteristics
enumerated below.

1. Pareto optimality: Why this is a necessary condition for a solution to be a NBS @n b
seen by absurd. If the solution is not PO than there existhaneolution that is better for
at least one player and is at least as good for the othersefiner that would be a better
agreement point for bargaining, which contradicts the éir& being a solution.

2. Individual Rationality : Utility increases or stay the same when moving to NBS. No
player will accept a bargaining proccess if that means attobim (compared to the non-
cooperative solution). In other words, the NBS must Paretoidate the non-cooperative
solution.

3. Invariance to Affine Transformations: If utility functions are scaled or offset, the NBS
must still be the same strategy profile.

4. Indepedence of Irrelevant Alternatives If the strategy space is reduced, but still contai-
ning the original NBS strategy profile, then this same profilestistill be the NBS of the
reduced game.

5. Symmetry: It must be indepedent of player label. It only depends on-cmoperative
utility and feasible utilities. For instance, if both plagdnave the same utility functions and
the same non-cooperative utility, than in the NBS they alsetrhave the same utility.

Let us denote the utility for player i at the non-cooperasedution to beu. Let the set
I =iel,..,Nu; >u?, be the set of players that can achieve a utility strictlyaggethan in
non-cooperative solution. The Nash Product is defined &zifsi

1_[(uZ — ) (1.2)

el
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If the utility space is convex, it can be proven that the sggtprofile that maximizes the Nash
Product is the unique NBS [5]. This uniqueness is importaoabse it is easier for the players to
determine what should be the cooperative solution by a dltsen

While, we used the price of anarchy homenclature to motiva88, one way to define the
price of anarchy is as the rate between the NBS and the norecaiog solution.

Itis not necessary that all players agree on cooperatiochie@ee some degree of cooperation.
Players can form coalitions and cooperate within the doalitThe objective of a coalition is to
maximize the total utility of the coalition, against otheratitions or indepedent players. Of
course, a player will only decide to be part of a coalitiorti€an do better by taking part on it
than being indepedent. The coalition where all players ecatp is named grand coalition.

[1.6.1 Application Examples

In [5], a cooperative approach for spectrum sharing is takéne game formulation is to
consider the players as tiétransmitters in the network. There akechannels, and the possible
strategies are the transmission powers allocated for daatnel. The utility function is given
by aggregate Shannon capacity, based on the Signal todréade plus Noise Ratio (SINR) of
each channel. The authors show that the strategy space camkmnvex, but it becomes near
convex as the number of channels, increases. Then, the use of a NBS to find the solution
of the games is proposed. While, the calculation of the ex&$ Mould involve information
exchange involving all transmitters, the authors propodestibuted algorithm to optimize the
NBS locally, up to two hops. They assume there is an underlyiethod to exchange the needed
information to calculate the NBS within two hops. Their smatachieve second best average
throughput, second best outage throughput and best faicoespared to other three algorithms:
Maximization of sum throughput, Maximization of minimunmétughput and a water-filling based
approach.

In [6], a WLAN scenatrio is considered. The utility functiong aefined based on the percei-
ved channel quality, namely incoming interference. Twesase considered: a selfish utility that
considers only its own interference level and a cooperaitiilidy where each receiver considers
the incoming interference for itself and its neighbors. #@ second case, the authors devised
a protocol to exchange the needed information over a WLANadenAlso, they showed that
two game-theoretic approaches, one based on potential fygmalation and another based on
no-regret learning, have the capacity to lead to SINR ¢hgtion better than random allocati-
ons. While utility functions are in principle given by the nebthg of the problem, [6] uses the
modified utility function to enhance the overall performanachieving some degree of coopera-
tion. This is one example that utility function can be used agsign parameter to achieve more
efficient protocols. This is also explored in this work in tsec IV.4.
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II.7 EVOLUTIONARY GAME THEORY

Evolutionary Game Theory (EGT) provides a different poiiniew in the analysis of games.
Traditional GT focus on the aspects of equilibrium, whictbysnature static. One of the key
concepts of EGT is also about equilibrium consideratiords @an be view as a NE refinement.
However, EGT is also dedicated to the analysis of game dyesanm the sense of how the strate-
gies evolve from an initial state to the equilibrium stateioother cases, why no equilibrium is
ever achieved.

An evolutionary process is characterized by the existef@pmpulation. Three basic me-
chanisms act over the population to modify it over time:

e Themutationmechanism defines how new variants of the population appear.

e A breedingmechanism, which defines how the current population geeem@fsprings.
Replicationis when an offspring is an exact replication of its singlegoérRecombination
is when the characteristics of two parents are combinedriergée an offspring.

e The third mechanism iselection This is well-known in Biology as the survival of the
fittest. Formally, each individual is assigned a fitness fionc Developments are usually
made considering that fitness function is an increasingtioicrof expected utility.

Figure 1.5 shows one example of discrete time evolutior@ocess. The initial population,
generation &, is modified by mutation and breeding. Finally, the selectieechanism will
define which individuals will be part of the next generatidine process continue cyclically. In
practice, generations can be overlapping and breeding atation applied continuously.

In EGT, instead of considering the interaction directly agst players, the players are consi-
dered to be extracted randomly from a population. Figugeillustrates the concept. The players
are drawn from the respective populations and matched ugame. The most successful (fittest)
strategies will have more offsprings in the next generaiti@m in current one. The least success-
ful strategies will be diminished and potentially vanisthe future. Mixed strategies can either
be directly available to players or interpreted as the peeagees of the population programmed to
play a particular pure strategy.

[I.7.1 Evolutionary Stability

The concept of evolutionary stability provides an impottadi refinement.

Consider a symmetric two-person game, i.e., games with tleviog characteristics:

e There are two player positions

e The strategies available in each of the positions are gxtetisame
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Selection
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Figura I1.5: One example of discrete evolutionary procc&edection mechanism defines a new
generation.

Population 2

Population 1 O

Versus
Player 1 Player 2

Figura I1.6: Evolutionary view on a game. Players are ranigarawn from populations in order
to effectively play a game realization.
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e The utility is indepedent of position. It is only dependenttbe selected strategy profile.

Most examples given in section I.2 are symmetric games. $&arae that both players are drawn
from the same population. Initially, the population is gureomposed of the strategy;, which
can be either pure or mixed. This strategys called thencumbent A small amount of mutants,
all programmed to the same strategpppear in the populationy can also be a mixed or pure
strategy. Let us denote the share of mutants in the totallptpu ase. A player is expected to
be placed againsta player with probability(1 — €)= and against g player with probabilitye.
This is similar as facing a mixed strategy+ (1 — €)z. Denoting the utility of strategy; versus
strategys, asU]|s1, s;] we have the following definition[20]:

Definition 7 A strategyzx is an Evolutionary Stable Strategy (ESS) if for every styate # «
there exists some positigg € (0, 1) such that inequality/[z, ey + (1 —€)z] > Uly, ey+ (1 —¢€)x]
holds for alle € (0,€,)

In other words, a strategy is ESS if and only if it does bettgimst the post invasion mixed
strategy than any mutant does. Therefore, if mutation isaasgpevent in time, evolutionary
forces will restitute equilibrium to the ESS.

The name correlation of EGT and Evolutionary Algorithm (E&)ot occasional. Both con-
sider evolutionary processes. EA are learning heuristosnsonly applied in optimization pro-
blems. One special case of EA, the Genetic Algorithm (GAgassidered in [21]. The author
shows that the learning process of GA results in a seriesaf N&, finally moving toward an
ESS. This observation justifies the use of heuristical agugres to solve games. In particular,
this is potentially applicable for solving spectrum shgnomoblem.

[1.7.2 Replicator dynamics

As mentioned before, EGT also deals with dynamic aspectsawfeg This analysis using
time-continuous replication as the breeding mechanisralis@replicator dynamics

We consider here a population of pure strategies. Let ushasshat the utility function
measures the fitness of individuals, directly affectingribeber of offsprings that an individual
has per time unit (the fittest the more offsprings). Let u® alssume that replication occurs
continuously over time and death rates are equal to alliddals. There can be also a background
fitness which offsets all

With the assumptions above, it can be shown that for replicdgnamics the growth rate
z;/z; of a strategy i is given by the difference between the fitnédisi® strategy and the average
population fitness [20]

2= ug(x,t) — ¢, t)] (I.3)
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Where, the average fitness at time t is given by:

oz, t) = ixiui(x,t) (1.4)

As equation 11.3 is specified for every pure strategy, it ferarset of differential equations.

In several cases, the replicator dynamics converge to tigedsSime goes to infinity, but this
IS not necessarily true.

1.8 CONCLUSION

In this chapter, the basic game theory concepts were pexkeeveral practical situations
can be modeled as games. Games can be classified into stalymamic games, as well as
complete or incomplete information. Spectrum sharingqarols are more accurately represented
by dynamic games of incomplete information. However, ineorid have simpler models, static
games and complete information may also be considered. Cato@egame-theoretic solutions
can be quite efficient, but the involve the exchange of intian before the game realization
and this may not be feasible in an uncoordinated deploynoemisio. Evolutionary game theory
justifies the utilization of heuristic elements into the posed framework in chapter V.
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lll. SPECTRUM SHARING

1.1 INTRODUCTION

Terms such as Cognitive Radio[22], Next Generation Netwot&g[(L0], Dynamic Spectrum
Access (DSA)[10] and Spectrum Sharing (SpS) have been innuge literature with similar
meanings. Therefore, we start by attempting a precise tefirfor Spectrum Sharing. Dynamic
Spectrum Access and Spectrum Sharing terms will be usedirasiegeably.

One of the most important results in telecommunication & thrandwidth limited signals
modulated at different frequencies are orthogonal, as &mtihere is enough carrier separation.
According to Fourier theory, no signal of limited time duoatis bandwidth limited in the strict
sense. However, if the power spectral density is low enougiade the band of interest, the signal
can be considered bandwidth limited for practical purpo$ée original signal can be filtered to
enhance this characteristic.

Using that principle, several transmissions can use the saedia at the same tim8pectrum
is a term used to refer to a continuum of possible valuessctse the continuum of frequencies
of interest. Throghout this text we use the term to refer éogpectrum available in the wireless
media. In that sense, the spectrum is shared since the firsttiwvo wireless communication
networks were deployed in the same geographical area. Sbisvhaw in Spectrum Sharing?
The answer is on the dynamic nature of spectrum sharing. Wéhedollowing definition:

Definition 8 Spectrum Sharing (SpS) is a mechanism for two or more wiret@ssncinication
networks, within the relevant geographical area, to deteswiimamically their spectrum allo-
cation.

From that definition, the term Dynamic Spectrum Access wputdbably be the more appro-
priate for the concept, but we will use Spectrum Sharing astmbthe literature. The dynamic
aspect is implicitily understood by the historical factttirathe past spectrum has been shared
amongst networks with the use static spectrum allocations.

SpS is dealing with dynamic spectrum allocation among&tint networks. However, wi-
reless networks can be formed of several entities, atteigpdi transmit several messages at the
same time through the wireless medium. Therefore, speagtumther divided within a network.

In cellular networks the term Radio Resource Management (RRbYriEmonly used to refer to

the functions that control the spectrum usage and infretstre utilization within a network. As

the wireless media is the same, the problems of sharingrspeetithin or amongst networks are
coupled as discussed in section I11.7.

Spectrum sharing deals mainly with the usage of the wirgtessgium. For that reason, it is
important to have understanding of the mobile radio chaandlthe nature of interference. We
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show those aspects on the next sections.

1.2 THE MOBILE RADIO CHANNEL

Radio wave propagation is quite complex. Just to mention sufittee involved phenomena:

e Specular reflection.
e Scattering.
e Refraction.

e Diffraction.

In a mobile radio environment, another dimension is addedisgproblem: mobility. Because of

mobility, the spatial variation of the received signal isqeaved in time. Due to the complexity of

the problem, a statistical approach is commonly chosendoacierize the mobile radio channel.
A classical approach, which has been used for several ye@&8 planning and simulations, is to
divide the spatial variation of the received signal inteeghcomponents:

e Median path loss.
e Large scale variation due to shadowing.

e Small scale variation due to multipath.

Using the link abstraction, one camodelthe behavior of propagation phenomena by superim-
posing these three aspects. We will first describe what iskaahd then we will discuss about
phenomena behind these three components.

[11.2.1 Link abstraction

Wave propagation is broadcast by nature. As wave propaghtas power density becomes
smaller and smaller, but at the same time the power is spreachdarger area. However, several
applications of wireless deal with point-to-point comnuation and for that reason the link abs-
traction becomes important, because we want to charaetetiat happens between the points
involved in the communication.

In Single Input Single Output (SISO) communication a linkissially defined as the RF chan-
nel between a transmitter node and a receiver node. We @urthiat the most straightforward
and clear way of extending the concept for a MIMO case is tndedi link as the RF channel
between a transmitter antenna and a receiver antenna. speitial treatment is needed for the
links belonging to the same node since there may be cowrlagtween the links.
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One of the main characteristics of a link is how much the pawattenuated from the trans-
mitter to the receiver. This attenuation is calfeth loss L. A common statistical model of path
loss is to estimate it by superimposing the median,;., and 2 random variables:

L = Lyedian + S + M (1.1)
Where all the values are in Decibels (dB), whéfrés a lognormal distributed random variable

representing shadowing aid is a Rayleigh distributed random variable representingipath.

For instance, if one wants to know how likely is for a receit@meceive power above a
threshold the link budget can be calculated consideringathef each distribution as illustrated
in Figure 111.1[3].

Base Mobile ]
station station Distance
Power I >
transmitted 0
Log-normal
Mean large-scale fading
path loss
[
Large-scale
fading margin
L
=1-2% | | ‘
Rayleigh
small-scale fading Small-scale
fading margin
Power 1
Received =1-2%

Figura lll.1: Received power can be statistically charaoger by superimposing 3 components.

[3]

In some cases, it is needed to have the path loss in lineaefigWwe denote it by lowercase

and the conversion can be done by:
l=Lt (I1.2)

[11.2.2 Median path loss

Free space propagation is deterministically dependentemquéncy and distance between
transmitter and receiver antennas. In near surface pripageeasurements show that there is
correlation of median path loss with exactly the same corapts; frequency and distance, and
other effects such as antenna heights, terrain and envaonm
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[11.2.3 Shadow fading

The environment surrounding and in between a RF transmitteaaeceiver influences direc-
tly the received signal. For instance, the path may be otistilby buildings, bridges, vegetation
and so on. There is also terrain variation. These obstmg@oe said to shadow the signal, from
where the name shadow fading comes. Measurements shovh#tkve fading usually fits very
well a log normal distribution. For that reason, shadowrigds also called log-normal fading.

[11.2.4 Multipath fading

Because of reflection, scattering and diffraction, therenaaay paths from which an electro-
magnetic wave can propagate between a transmitter andigeredéhese wave fronts may arrive
at different angles and phases. The exact way the signahtbioed depends on the receiver
and equalizer algorithm and implementation. Figure lllistrates the multipath concept in Non
Line Of Sight (NLOS) case.

P AN e
> RX
oL X

Figura 111.2: The waves may go from the transmitter to theeregr through various paths.

Tx

Considering that the components of the signal arrive fronaadjles with a random phase
uniformly distributed the sum of all components result in glRigh distribution for the envelope
of the received signal. This approximation is usually ergptbwhen there is NLOS condition.
When there is Line of Sight (LOS) condition, all the multipatbmponents of the signal are
summed with a much stronger one that comes from only onetdirgeaesulting in a Rician
distribution, given the same assumptions.

One of the important implications of multipath is time dispen/frequency selectivity. Every
path has its own length, as shown in Figure 1l.2. As fast agay@opagation can be, it is not
instantaneous and it is dependent on the total length the Wwas traveled. For that reason, the
signal as perceived by the receiver system is spread over Tiflme frequency domain description
of time dispersion is frequency selectivity. This is exeifigd in Figure 111.3 for two different
signals. The coherence bandwidth is a frequency range wherpower spectral density has
strong correlation, and it is a common way of characterifiaguency selectivity.
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Figura 111.3: Example of received signals coming througdgitency selective channels.

There are many other statistical models for multipath fggiresented in the literature. Some
of them are presented in [23].

I11.3  LINK CAPACITY

A link is a RF communication channel. Considering the Addithite Gaussian Noise
(AWGN) model, the capacity is given by Shannon capacity fdanu

C = BW lagg(l—i—%) (111.3)

Where,C' is the channel capacity measured in bits per secBid, is the bandwidth in hertz§
is the power of the intended signal andis the noise power over the interest bandwidth. All the

power values are given in Watts.

When interference is non-colored, i.e., constant over alitkerest bandwidth, it is common
to extend the AWGN formulation to interference. In order tabe-colored (white), transmission
powers must be constant over the considered band and thesgiéimdhust be sufficiently smaller

than the coherence bandwidth.

Assuming statistical indepedence of signals, and nonredlmterference one can treat inter-
ference the same way as noise and the formula can be written as
C' = BW logy(1 + S ) (111.4)
= 0] — .
PETTEN

Where | is the total interference power.
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The Shannon capacity gives an upper bound, to capacity htigtactually approximated
within a range by systems such as LTE. More accurate linkaigpaodeling involves complex
link level simulations, that may include for instance celbrand adjacent channel interference.
However, it is commonplace in link models that capacity iedily dependent on the fraction
Signal to Interference plus Noise Ratio (SINR):

S
INR= —— .
SINR N (111.5)

I11.4  SIGNAL AND INTERFERENCE

As capacity is a function of SINR, it is important to understdmow the components of this
fraction relate to each other.

Noise is always present and can be determined by a chastictasf the receiver system
named Noise Figure (NF). When noise dominates the sum I+Nsytstem is said noise-limited.
Conversely, if this sum is dominated by interference, théesgss interference-limited.

We next analyze the other components other than noise. iFgtisity, let us assume SISO
transmissions. We label all antennas present in the intgeegraphical area ds2, ..., N4, where
N, is the total number of antennas. We analyze the link fromraraé(transmitter) to antenna
(receiver). The received signal is given by:

S = %jp" (111.6)

Wherey; is the gain of antennaas a linear valuey; is the gain of antenng, also as a linear
value and;; is the path loss between the two antennas given by equati@n If the antennas
are directional; andg; depend, respectively, on the Direction of Arrival (DoA) aDulection of

Departure (DoD) of the wave. In order to simplify the notatiwe will use the following term
definition:

ij

N 9i g5
Gij = = (n.7)
j
Then we can rewrite equation I11.6 as:
S =gy P (111.8)

The interference, in its turn, is given by all the other ral@vreceived signals. Statistical
indepedence of signals allow us to write the total interieezpower directly as a sum of the
power of each interference signal. Therefore, we can whigddtal interference power as:
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I=> g P (111.9)
ki
Wherek assumes all antenna values bandj. In g;;, we used the same simplified notation

given in equation 111.8.P, is only non-zero if the antenna is transmitting something.

Substituting the equations 111.8 and 111.9 in 11I.5, we camit® the instantenous SINR for the
link from i to j as:

9ij b
N+ > hzi Grj P

Keeping equation 111.10 on mind, we illustrate the naturesighal and interference with the
example shown in Figure Ill.4, which shows two concurrenwaiink transmissions using the
same transmission band. The signal power is denotéd s in modulated signals the power is
almost purely on the carrier.

SINR;; = (111.10)

Each of the base stations need to decide their transmisswerp. As they want the maximum
link capacity, which is a function of the SINR, they may wanirtorease the transmission power
in order to increase the received signal power as given bgteaqulll.8. But if, for instance, the
base station on the left side increases its transmissioepibwill also increase the generated
interference to the other link as given by equation 111.9.

The converse is also true: if the base station on the rigbtiscreases its transmission power
it will reduce the SINR perceived by the User Equipment (UEnlthe left side. So, the base
stations have to decide their transmission powers, butdheinfluenced by each other decisions.
Therefore, this is characterized as a game situation.

The higher C, the higher |, and the higher C, the higher |,

How to choose transmission powers to maximize both C/I?

\ ._,)
":; Maximize C,/I,

Figura lll.4: SINR game. Two base stations have to decide trensmission powers but they
influence each other because of interference.

The problem illustrated in Figure 111.4 is the classical Rowontrol (PC) problem. While, PC
has indeed been analyzed by Game Theory in the past, otheiosslare more common. These
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PC solutions are usually cooperative in nature. The reasdmait with the classical spectrum
licensing model, all interference comes from within the sametwork, given that the regulator

did a proper spectrum assignment and separation. Sincevanketvants to maximize its system

capacity, PC usually has the target to reduce the transmiggiwer as much as possible, for a
mantaining a minimum time average of SINR.

However, in a shared spectrum environment a greedy netvaarkl @xploit a gentle one, by
simply using maximum transmission powers all the time, Wwhiculd ultimately lead for the
best performance for the greedy network and the worst peegnce for the gentle one. This
raises the following question: Why would you care about thégpsance of the other network
which can be even from a competitor? In fact, in SpS compgtéss is more likely than co-
operation. For that reason, non-cooperative Game The@grdes extra attention in Spectrum
Sharing compared to traditional PC issues.

The complexity of signal and interference considerati@tskates very quickly with the num-
ber of transmitter nodes, as Figure 111.5 shows.

— Desired links
- Receiving nodes

I:l Transmitting nodes

— Undesired links (interference)

<

=

-~

-

Figura I11.5: With only 5 transmitter nodes and 10 receivedes there are already 50 path losses
to be considered in SINR optimization

As the problem escalates it becomes more important to havacesonview on interference
behavior, instead of focusing on one to one interferenagactions. For that reason we discuss
the large scale spatial signature of interference in nectise
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1.5 SPATIAL CHARACTERIZATION OF INTERFERENCE

From a receiver point of view, the aim is to estimate and mingnhe incoming interference.
From a transmitter point of view, the problem can be invertddw much interference is being
generated to others? Figure Ill.6 shows the concept of skmiuzones. An exclusion zone
Is the area around a transmitter where receivers from othles ill experience considerable
interference. In the example of Figure 111.6, the frequebeyds in red and blue can be reused
by the outer cells because there is no overlapping betwegnetkclusion zones. The cells in the
middle need exclusive frequencies and the isolated cetléidwer left can use all frequencies.

Available
spectrum

Figura 1l.6: Frequency can be reused if there is no overtappf exclusion zones.

The exact shape of the exclusion zone depends on chanretparsind receiver system cha-
racteristics. Conceptually, the size of exclusion zonesbeamodified if a simple policy, where
some of the channels are used only for low power transmissiohother part is used only for
high power transmissions. This concept is illustrated gukFe I11.7. Now the frequencies used
in the outer cells can be reused more often. This benefit caavdre brought to the other cells,
depending on the way the spectrum is shared.

While this works fine for the ideal circular format of the cetlse varying propagation condi-
tions may limit the usage of this approach in practice.

[11.5.1 Antennas and Beamforming

Antennas play an important role in the shaping of exclusiones. Directional antennas
change the spatial signature of the signal or interferemedact, in point-to-point fixed radio
communication the antennas are choosen to be as directisifi@hsible in order to maximize the
received SINR.

When the position of one or more nodes is unknown it is not péessd use full directivity for
antennas. In cellular networks it is commonplace to uselanigoe named sectorization in order
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Available
spectrum

Figura Ill.7: Frequency channels are divide into low-poaed high power users. Compared to
Figure 111.6, more frequencies are available for each cell.

to use directional antennas and reduce interference. $istsnn dividing each site angularly into
sectors (most commonly three) and using directional amteimeach sector. Using sectorization,
the shapes of exclusion zones are effectively modified aeadréguency reuse can be reduced
(more dense reuse of frequencies). One drawback is theasmdenumber of handovers, because
each sector is in fact a different cell under the control oiffei@®nt base station.

When antenna arrays are employed it is possible to use beamfptechniques to drastically
modify the spatial signature of signal and interferencgeé&ibeam systems select amongs several
fixed antenna patterns when transmitting or receiving. Tied &ffect is similar to sectorization
with potentially much narrower beams. Adaptative arrayeys dinamically form the antenna
pattern for a transmission.

Sectorization requires network planning. This can be quoily in local area deployment.
Uncoordinated deployment and, therefore, omni-direeti@ntennas are preferred. However,
beamforming solutions can potentially be used even on kres networks. This kind of solution
Is not on the scope of this text.

[11.5.2 The role of Duplexing

Commonly, the communication between two nodes has to be hdidth directions. This is
called a duplex communication. This means that both nodiémake transmissions. Since every
transmission leads to an exclusion zone during the traisgonigime, it is important to analyze
how duplexing affects the spatial distribution of integfiece.

In principle, any strategy used for multiple access coulduged also for duplexing. Time
Division Duplexing stands for the case where the duplexsracicomplished in time domain. For
instance, during part of a frame period a downlink transiomss peformed and during another
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part of the frame an uplink transmission is done.

In Frequency Division Duplexing (FDD) different frequenibgnds are used for uplink and
downlink transmissions. Given enough guard band, UL and iahsmissions are orthogonal.
Traditionally, cellular networks use FDD as duplexing teiciue. Historically this comes from
two reasons:

e Uplink and downlink interference can be considered sepbtabecause of the inherent
orthogonality. This also makes network planning easier.

e First and second generation of cellular networks are mainignted to circuit-switched
voice, which needs symmetric data rates and, therefora) aglink and downlink bandwidths.

The implementation of a transceiver system with capabibtysimultaneous RF duplexing is
quite complex. The received signals are of much smaller maggthan the ones being transmit-
ted, due to path loss. For instance, the transmitted sigamabe at 30 dBm, while the received
signal can be in the order of -100 dBm. Namely, 13 orders of ntad@. Complex RF circuitry
is needed to keep the separation of the signals. For thatrreas Global System for Mobile
Communications (GSM) systems, for example, only the basessahave to work fully on FDD
manner transmitting and receiving at the same time. Peddilobile Station (MS)s are either
transmitting, receiving or switching between Tx and Rx moddgerefore, MS are actually ope-
rating on combined FDD/TDD. Still the system is said to be &Fystem.

Recently, a lot of attention has been drawn to the use of pui®, EPecially when concerning
local area deployment. The main driver for this is the packetnted nature of the upcoming
networks. Here are some of the TDD advantages over FDD:

1. Asymmetric load flexibility : Packet switched networks usually have assymetric load. In
terms of access networks, the Downlink (DL) Packet Switctraffic is expected to be
in most cases higher than the Uplink (UL) traffic. However tieggree of assymetry is
expected to vary over time due to unpredictable traffic viams. While FDD could be in
principle made to work with assymetric bands, it is unlikelgolution where the bands can
vary dynamically. TDD is suited to the implementation dym@aomhange of uplink/downlink
capacity rate.

2. Unpaired spectrum: FDD needs to have paired spectrum. If a 100 MHz band is asgign
for a FDD service, the allocation has to splitinto 2 band®.gf 40 MHz, and leave spacing
between them (e.g. 20 MHz). A TDD system can in principle eghe whole 100 MHz
bandwidth, in a single direction, which implies that TDD igma suitable to achieve high
peak data rates.

3. Symmetry of channel Several RRM algorithms are usually based on Channel Stateriatmn
(CSI). In FDD, the DL information has to be feedback to the Asc8tation (AS), which
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is an additional overhead. In TDD, if the frame is sufficigrsthort the channel can be con-
sidered symmetric and the CSI obtained with UL information lsa used to take decisions
applied to DL.

4. Complexity of RF implementation: TDD reduces the complexity of transceiver imple-
mentation. For the local area deployment the complexityald Access Stations can also
be an issue and should be minimized to keep costs low enough.

Despite of all these advantages, the are also drawbacks:

1. Synchronization requirements are tighter

2. In order to obtain the CSlI, there is need for calibrationaimpensate the different transcei-
ver responses in each side.

3. Cross-interference between uplink and downlink if theesys are not fully synchronized
(including same UL/DL switching point). This is the main dtzack of TDD and it extre-
mely relevantspecially on a shared spectrum environmeantd the main objective of this
section is to cover it.

Let us consider the home scenario in Figure 111.8. In thisneple, each HAS wants to serve
the UE in its own room, which would be a typical scenario fondam deployment in home
locations. Each of the HASs works indepedently, being a adtwand we want to determine
which part of spectrum can be used by each of the networks.

Figure 111.8 shows one example of the paths to be considereinlink intereference in a
FDD system. Since DL and UL signals are orthogonal in frequgnterference can be conside-
red separately for uplink and downlink. The exact situatiere depends on transmission powers,
but let us start analyzing the situation where everyoneaisstnitting at full power.

The UEs at rooms 2 and 3 are in good channel conditions. &rted are far away compared
to the intended transmitter and there is a wall separatioadth on that. Contrarily the UEs
on room 1 and 4 have their respective serving HASs far awayirgederers quite close. The
wall penetration loss aleviate the problem, but in thisipalar scenario if eveyone uses same
transmission power and uses the same band, it is likelylfiatand U E, will be receiving in
low or even negative SINR conditions.

Let us take the perspective of the network formedfyS; and UE;. The only chance
to operate on good SINR conditions is to choose differemistrassion channels thal AS,
and H ASs, but HAS, is far away and could in principle reuse the same frequeraseésAS;.
So, HAS; knows who are the strong interfererd(AS, and H AS3 ) and who it can co-exist
with(H AS,) . This knowledge can be formed because the number of inéesfés limited and
interference is correlated over time. Uplink problem caisdlged the same way, indepedently of
downlink problem.
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— signal —— interference

Figura I11.8: Channel realizations to be considered in FDvidlink in one home deployment
scenario.

Consider now TDD case where HASs are not fully synchronizekde DL and UL are no
longer orthogonal. Interference can take any of the founfor

e Uplink interference on a downlink signal
e Uplink interference on an uplink signal
e Downlink interference on a downlink signal

e Downlink interference on an uplink signal

Figure 111.9 illustrates all the paths to be considered mpnoblem.

The Spectrum Sharing problem of Figure 111.9 is much more glemthan the one in Figure
[11.8. It is not only about the number of paths to be considarethe problem. The real trouble
comes from the time-varying nature of interference in anynokronized TDD scenario. This
can become clearer from a simpler example.

Figure 111.10 shows the position of 4 nodes. The communicegairs are 1,2 and a,b. In the
case of FDD, uplink and downlink are always orthogonal asvshia Figure I11.11. In the case of
unsynchronized TDD , however, the transmissions are nbbgdnal and there are times within
the frame where a receiver of the opposite system lies witterexclusion zone. This is shown
in Figure 111.12.
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Figura I11.9: Channel realizations to be considered in uohyanized TDD in the same home
deployment scenario as Figure I11.8.

2

Figura 111.10: Exclusion zones of 2 duplex systems
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Downlink - Interference free

Uplink - Interference free

Figura Ill.11: Exclusion zones in the case of FDD

T1 - downlink — downlink T2 — uplink — downlink
Interference free transmission Node 2 is highly interfered

T3 —uplink — uplink
Interference free transmission

T4 — downlink — uplink
Node b is highly interfered

Figura 111.12: Exclusion zones in the case of unsynchrahizBD. Depending on the time instant
the transmission is interference free and in other timesstrong.
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The example illustrated in figures I11.11 and 111.12, shoWwattin an infra-structured network
having DL/UL orthogonality is very beneficial, almost matats to keep predictability of inter-
ference. Using the GT nomenclature of section I1.5.2, itaedifor players to update their beliefs
about other players, if the players who they are dealing shmnge all the time.

TDD transmission can be made to comply UL/DL orthogonalitgrass HASSs in time do-
main. In order to achieve that goal we need to fulfill thesei¥itons at the same time:

e Same frame size, which can be assumed in Intra-system Sp&8lsolVide-area cellular
systems.

¢ Wide area synchronization, which can be quite complex. @eAir (OTA) synchroniza-
tion is an important research area if SpS is to be employedind $ystems.

e Same UL/DL switching point. This implies some mechanismahmunication between
the HASs and a protocol to agree on what will be this switclpioigpt. This also implies that
a HAS will not have full flexibility to adapt the switching ptito its own traffic requirement
in any Transmission Time Interval (TTI).

Earlier in this section we stated the TDD advantages over F{ldv we state the TDD use-
case paradox:

1. TDDis a preferred duplexing technique because of theetsie flexibility for asymmetric
load

2. Full TDD flexibility lead to wide variations in interferee in time and space

3. To solve the problem one needs to synchronize all the HA8suase the same UL/DL
switching point

4. But by using the same UL/DL switching point you no longer adapt exactly to the traffic
share you have, which was originally mentioned as the maisareto employ TDD.

However, it is not in the scope of this work to investigateusiohs for this TDD use-case
paradox. We assume that we have the case where all the HASgmamronize and use the same
UL/DL switching point. Game Theory can potentially be apdlto solve the problem on how to
define the UL/DL switching point.

1.6 INTERFERENCE COORDINATION IN EXISTING SYSTEMS

In order to understand the novelty aspects of spectrumrghiis important to understand the
drawbacks of existing solutions for sharing the spectruthiwia network. In GSM there exists
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several solutions to reduce interference. Most of them workandomizing the interference. A
counter example is a proprietary solution is Dynamic Fregyend Channel Allocation (DFCA),
which makes intelligent management of the radio resourcesoas several sites. However, the
deployment of this solution requires tight synchronizaiod all sites.

In WLAN, CSMA/CA is used to provide dynamic access to the chanwéhen the channel
is already occupied, a transmitter has to wait for its turmurtfiermore, if a collision occurs
both transmitter will start backoff timers in order to solhe conflict. These operations lead to
increased latency. Since in CSMA/CA the sensing is transntitteed, there are situations where
two transmitters sense each other and avoid simultaneausntissions even if the receivers are
outside of the respective exclusion zones. This situatoluces the spectral efficiency in dense
deployments and affects the scalability of the network.

In LTE, a signaling mechanism is standardized to providertoell Interference Coordination.
It requires a special interface between base stations nXed@he deployment of X2 interface
is unlikely to be feasible in uncoordinated local area dgmient.

We can summarize by stating that existing interferencedination solutions have at least
one of the following drawbacks

e Expensive deployment due to Global Positioning System (&Giy&chronization require-
ments

e Excessive latency
¢ Fail in terms of scalability

e Requires lots of signaling

The solution proposed in this work is aimed in addressinghake issues but the synhcroni-
zation requirements, which is left for future work.

1.7 SPECTRUM SHARING AND RRM

Cellular systems employ several strategies to make the Isesfeuof spectrum resources
within a network. These functions are collectively namediBR&®ksource Management (RRM).

In this work, we are solving the problem of sharing spectr@source amongst networks.
However, RRM and SpS are both trying to optimize the spectrsmuee. Therefore, interaction
between SpS and RRM is unavoidable. We believe that the besbagbpto introduce intra-
system spectrum sharing while minimizing the changes teeatitRRM functions is to let SpS
work on a much coarser time and frequence granularity thammoan RRM functions. This
coarser granularity should be applied at least in time donmedrder to avoid interaction between
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the adaptation loops. However, in terms of reduced comipléixis also benefitial to apply a
coarser granularity on frequency domain. Figure Ill.13vehthis concept. We define a Shared
Physical Resource Block (SPRB) as the minimal sharing unityeigufiency domain.

Frequency

3

SPRB : P Py

PRB

| | Time
SpS-Frame

Figura I11.13: Spectrum Sharing granularity is coarsentbammon RRM functions

We believe that the following policy should be used to de&t@iM functions in systems with
shared spectrum

Policy 1 RRM decisions that do not affect other networks or affect thesitively can be taken
any time. RRM decisions that potentially affect negatigéher networks must be made according
to a set of rules considered in spectrum sharing design.

Policy 1 permeates the design of the proposed spectrunmgt@ntocol in chapter sec:GameBasedDistribu

The interaction between Spectrum Sharing and Power costtbht SpS set the maximum
power per PRB that power control can select. Power contralaegower from this maximum
any time since this complies to the policy 1.

111.8 CONCLUSION

In chapter Ill, the spectrum sharing problem was analyzedc®um sharing was identified to
be a generalized interference problem, where interfereocedination is needed across different
networks. The mobile radio channel was modeled, and on tdpatdthe basic capacity equations
in an interference scenario were presented.
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Spectrum Sharing Defined Maximum Power

Power PN

T Frequency

‘ SPRB '

Figura 1l1.14: Spectrum Sharing sets the maximum power [p&B.FPower control selects the
power per PRB (or user) indepedently.

The spatial distribution of interference was analyzed, iamgbrtant considerations about du-
plexing were made. A policy was defined in order to minimizeititeractions between intra and
inter-network interference coordination. Some of the ey art in intra-network interference
coordination was presented.
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V. GAME-BASED DISTRIBUTED SPECTRUM
ALLOCATION

IV.1 INTRODUCTION

This chapter builds upon the knowledge and concepts surnethim the chapters 1l and IlI
to make a practical proposal of spectrum sharing protoce¢dh@n game theory. The proposed
framework is named GDSA and is modeled after a Bayesian gahreeTesign parameters are
identified, and they are developed in order to cope with thitdid information availability as
well as efficiency and convergence.

IV.2 INTRA SYSTEM SPECTRUM SHARING GAME

We consider here intra-system spectrum sharing, in LTEeallarea deployment, as exem-
plified in Figure IV.1. The locations of the HAS an UEs are aoby the users and their needs,
meaning that there is no network planning. Each HAS servesrdear of UEs and together they
form a network. There is no communication interface betwéAags, i.e., X2 is not implemented
even between HASs of the same operator.

We assume that the spectrum pool is divided into blocks ofaulers named SPRBs. The
SPRBs are the smallest working unit for spectrum sharing, leeydonsist of an integer number
of Physical Resource Block (PRB)s, as shown in Figure 111.13.

Since there is no direct communication the full structurghaf game cannot be known by
the players. Also, bargaining (cooperative) solutionsncaie considered. Therefore, we model
spectrum sharing as a non-cooperative bayesian game witbltbwing elements:

[ERN

. The players are the Home Access Stations

2. The information sets are the moments of time where a pdati¢1AS is allowed to change
its SPRB allocation.

3. The available strategies are all possible power allonatito SPRBs.

4. The utility tries to maximize aggregate HAS capacity andimize UE power comsump-
tion

5. The Nature,i.e. processes that are not under playersotodétermines the position of
HASs and UEs and their traffic requirements
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Figura IV.1: Example of random deployment. The positionha HASs is chosen by the users
and, therefore, manual network planning and optimizasamot feasible.
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6. The type, i.e. private information, of each HAS is

e Traffic load

e Measurements made at UEs and HAS

From a local point of view, the relevant players are all theéch have overlapping exclusion
zones. If we refer to Figure 111.6 we can actually concludat ih a shared spectrum environment
each player is affected by a different set of players. Allaypt can do to understand the presence
of other players is to observe the interference receiveldeatiAS and the UEs through sensing.

Considering this proposed game model, there are three tiwagan use as design parameters
for a practical protocol:

e The game structure (information sets and their precederies corresponds to the al-
lowed protocol states

e The utility function

e Strategies

In the next three sections we discuss the choice on thesgndesiameters.

IV.3 THE GAME STRUCTURE

Since we do not have direct communication to allow for a NB$14S]i, we have to consider
non-cooperative solutions, i.e., Nash Equilibrium.

[8] shows that in a static game of two-player interferencanctel, the Nash Equilibrium is
very innefficient, specially on the case where the trafficuguef the other player is unknown. As
we mentioned before, the traffic load in our model is part eftilpe of each player and therefore
it is not known by other players.

It is known that in repeated games, NE can be more efficiemt théhe corresponding base
game. Therefore, let us start assuming that we will forneudelbase game structure which will be
continuously.

The goals of this repeated game is to achieve:

Highest peak data rates

High spectral efficiency at any load

Track load variations

Long term fairness
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Let us assume for the time being, that this repated game abtapf achieving these goals and
let us focus on one aspect that in our view is understimatekaniterature. Consider then the
following situation: We have a number of HASs which efficigrgharethe wholespectrum pool
in a fair manner. What happens if a new HAS comes into scene? wApteyer can change
drastically the interference situation, leading to a lospéctrum reconfiguration. At the same
time the existing ones may be already making full utilizatad the spectrum. Therefore, there is
a possibility there is no spectrum hole at all where the neayg can start. Furthermore, if the
new player has to wait to slowly start fighting for resourdas tvould incur in excessive setup
time, i.e., control plane latency. Therefore, this sitoiatheeds special treatment.

We propose to use a protocol that has two main states. Thateghgame happens every
SpS-Frame. The new entrant game can start at any time irstdns$ treated as an interruption to
the main protocol. The trigger for the new entrant part is@dem and large traffic increase in a
HAS. The clearest case is the initial setup of a HAS that issruly not using any spectrum, but
the new entrant state can also be used, e.g., if some usea sty demanding application in a
HAS already serving other services.

|

Repeated SpS-game [+

New entrant game

Some new
HAS?

Figura IV.2: Game-Theoretic Spectrum Sharing protocdhalt two main states: repeated game
and new entrant

Next, we design the proposed protocol states in Figure IVt#e structure that will be used
is the same, as defined in section 1V.3.1, but the strategiesidered in each part are slightly
different as developed in section IV.5.1.

IV.3.1 New Entrant Game Structure

We assume that when a new HAS comes into scene it has beetyaimeactively analyzing
the RF scene through sensing. Sensing here is assumed todaesogedy on the information of
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HAS itself, as there is no ongoing transmission involving thes. As the systems are synchroni-
zed, a HAS can differ downlink from uplink interference ayzahg the interfernce in the different
parts of frame. This uplink measurements are fine, but thentilokvinformation does not reflect
directly the actual interference values that UEs will expent once the transmissions start.

Figura IV.3: Local area example where interference can égedlo signal level

Let us consider the case of two HASs illustrated in Figur8.I¥efore starting any transmis-
sion, the RF scene the new entrant can perceive is a functitbmes things:

e The power allocation made by the existing HAS
e The path loss of the path between the new entrant HAS andrexiSAS

e The path loss of the path from the existing UEs to the new ehHAS

So we can state that as for the very first spectrum allocati@new entrant can indirectly con-
dition its decisions on these three elements. That correlspto the first decision to be made in
the new entrant game.

There are two important paths that can not be consideredsnnitial allocation. Namely,
the path loss from the new entrant HAS to the UE(S) it is gomgdrve and the path loss from
the existing HAS to the UE(s) served by the new entrant. Tfecebf these paths will only be
perceived when the transmissions effectively starts. 8foee, we propose that after decision is
taken based on the available information, the transmissime started right away. This is in a
sense a dual concept of CSMA/CA. In CSMA/CA, when we detect pialenterferers we avoid
transmission. Here, we start transmissions that we knowcailse interference and try to cope
with their effects later.

The spectrum allocation initially made by the existing HA&swot conditioned on the inter-
ference generated by the new entrant. So, we propose thatdoced stage the existing HASs
update their spectrum allocation based on the fact that eenén&nt was detected.
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The initial allocation made by the new entrant was not coowled on the paths involving the
UEs served by the new entrant. Also the new decisions madecogxisting HASs affect the RF
scene perceived by the new entrant. Thus, a final stage iedéednake the decision of the new
entrant indirectly conditioned on all relevant factorg:path losses and power allocations.

In summary, we propose the following protocol (game stn@tof three stages for the new
entrant game:

1. Bargaining stage: the new entrant is the only one to move, deciding the inifecsrum
configuration and starting transmissions on it right away.

2. Response stageafter sensing the effect of the new entrant, the existing sié&nge their
spectrum allocation to answer the new entrant threat.

3. Adjustment stage: conditioned on the answer provided by the existing HASs, b
entrant makes final adjustments on the spectrum allocation.

After adjustement phase, the operation is resumed to tleategp game.

Figure IV.4 illustrates how this protocol is expected to kir a simple case with two HASS.
Initially the whole spectrum is use by the existing HAS, ligldeff AS,. The new entrant HAS,
namely H AS,, analyzes the RF scene and can determine that the wholelgpéstin use. In
this example, the new entrant decides that SPRB 4 is too @neztfand, for that reason, it is not
worth. It decides that it will start transmission on SPRBs 1n@ a

After HAS, has determined this initial spectrum allocation it simptgrts transmitting.
However, there may be several connections ongoing/ #S; and they might not be able to
recover from prolonged interference, even with advanaedegjies such as H-ARQ. We propose
that in this initial phase a transmission pattern that igsp#n frequency in time is used. One
such example is to transmit only in a SPRB at once and perfoockidubcarrier hopping from
time to time, to randomize interference on frequency domams is illustrated in the time part
labeled as “After bargaining” in Figure 1V.4. The pattermsld be standardized and facilitate the
sensing by the existing HASs, as well as being clearly disiishible from fading.

When the existing HAS senses the new entrant it starts prayitie answer. In this situation
it decides to give up SPRB 3 which became too much interferddremease the power allocation
in SPRB 1, 2 and 4.

In this example, thél AS; senses that SPRB 3 became a spectrum hole and starts usihg it fu
time. When the seconfl AS; transmission on SPRB 2 is started the quality is perceiveeto b
severely degraded. This is interpreted as a power incrgatbelexisting HASs. Considering the
knowledge of the new entrant before bargaining and aftewvansg we can state the following:
Thea priori belief of HAS, about SPRB 2 was that it could potentially be used at the sanee ti
by both HASs. The posterioribelief about SPRB 2 is that this SPRB is very valuabléftds;
and not very valuable té/ AS, . Therefore H AS, gives up this SPRB.
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frequency
B HAS 1 BHAS 2 [ Both HAS1 and HAS2

SPRB 4
SPRB 3
SPRB 2
SPRB 1

initial After bargaining ~ After Response  After adjustment

time
Figura IV.4: New entrant game

Whereas tha priori belief about SPRB 1 was exactly the same,atmosterioriverification
was the opposite: it is still good (due to a different powéocdtion or indepedent fading with
respect to SPRB 2) and it is fine to keep the transmission omis. &xample should make it clear
why this dynamic structure was chosen for this bayesian gaitheindirectly observed outputs,
and how condititioning plays an important role in this kirfcgame.

After the adjustment is finished we complete the new entrhate, and we have the proper
initial allocation of H AS,. In this example we end with 3 allocated SPRBg4dS; and 2 to
HAS;. Note that the share of resources is not fair, as usually ektfin telecommunication,
but it is fair in another sense. The RRM of the new entrant is glamitial allocations. Also
the upper layers are trying to define the initial parametéxs. instance, Transmission Control
Protocol (TCP) connections will be on slow start phase[24]je RRM and upper layers of the
existings HASs on the other hand, have to cope with suddedliyaed capacity. This cause severe
degradation to existing connections, and potentially sofrtaem will even have to be dropped
because of the new entrant. As an example, with consecudtkeplosses (caused by congestion
or errors), TCP Reno moves to congestion avoidance statehwdads to reduced througput for
a long time [24]. Therefore, the existing HAS should be fadbover the new ones in this initial
step.

In short, by using the appropriate strategies, this prdtiscexpected to be able to determine
which portions of spectrum can be shared and which portiamsat be shared by using only
sensing and power allocation as implicit communicatiorytal RF communication).

IV.3.2 Repeated Game Structure

Following the same reasoning of conditioning decisionslbrekevant paths we propose that
the base game for the repeated game shall follow exactlyaime structure of the new entrant
game. The outcome of a single execution of the new entranegaomlikely to be the most fair
or the most efficient, but when the game is repeated over aad ssme strategies can lead to
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increased efficiency and fairness.

However, there are some other effects that must be condidtetbe long run of a practical
intra-system spectrum sharing protocol:

e Definition of DL/UL switching point (section 111.5.2)

e Other aspects that affect spatial distribution of intexfee, such as the number of spatial
streams (section I11.5)

e Power control dynamics (section I11.3)

Finding joint solutions for these aspects is not on the sadphis work, since here we are
mainly dealing with frequency domain spectrum sharing. E\®v, we propose a framework that
delineates how these aspects can be included in the futoveprg a boundary to our problem.
Figure IV.5 shows the framework: DL/UL switching point ise&y modified, while the adaptation
is continously done in frequency, power and space domains.

SPRB

;‘ Contest

Space domain
Optimization

y 4
Power domain

Optimization

Figura IV.5: Repeated SpS game structure. The loop lasts p&dr@me.

This would correspond to a superframe structure as showigurd-1V.6

IV.3.2.1 Adjusting the uplink/downlink switching point

The definition of UL/DL switching point plays a major role il interference is distributed
in time and space, as described in (section I11.5.2. Remeralsar, that our working assumption
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Spectrum Sharing super-frame

Space domain optimization Power optimization

| | ——]

-

SpS-Frame
Figura IV.6: SpS Superframe structure

is that all HASs synchronize their UL/DL switching point evbefore any spectrum sharing
algorithm can be used. Therefore, a change in the UL/DL switcpoint must be synchronously
made over a large area. Furthermore, changing the UL/DL @svgtex operation within a HAS
as it has to be signaled to all UEs. For all those reasons fiteeddJL/DL switching point shall
remain the same for a long time.

In the light of policy 1, defined in section Ill.7, HASs areailed to transmit less than full
time in each direction. For instance, if the UL/DL switchipgint is 60% of time in downlink and
40% in uplink, it is allowed to transmit anything less tha®®06f time in downlink and anything
less than 40% of time in uplink. But it cannot go over thesetBmior change the alignment of
the frame.

Since we must have a single UL/DL switching point, and evefysHhas it own UL/DL traffic
share, we propose that a voting system should be used. Thbagipecification of the voting
protocol is out of the scope of this text, we mention that Gaimeory can be used to analyze and
design voting systems [9]

IV.3.2.2 Spatial adjustments

Policy 1 is specially important to consider when it comes patsl adjustments. Spatial
processing is very tricky to consider from interference aggment point of view because it
effectively changes the number of signal and interferehegoels.

If the changes are allowed at any time instant they can ict@ra negative way with the SpS
mechanisms we are defining on frequency domain. Thereforprogose that any MIMO link
adaptation procedure that increase the number of intexderknks should be performed at this
special part of SpS-Frame taking care of that. If the admptdeeps or reduces the number or
links it is fine to be performed at any time.
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IV.3.2.3 SPRB Contest

This is the focus of our work and corresponds to spectrumirgipan frequency domain.
Continous adaptation of spectrum allocation is needed.eSmaffic is bursty in Packet Switched
(PS) networks, therefore the traffic demand can increasemedse during time. Also, given the
dynamics of the mobile radio channel new spectrum holegongtinterferers may appeatr.

This part of the protocol correspond to several repetitmresbase game of exactly the same
form of new entrant game. However, while the new entrant gaamein principle allocate all
SPRBs at once, we only allow for allocation of a small numberRRBs at each step here.

Policy 2 In every run of the repeated game, the amount of SPRBs thdiealiocated at once
is limited. The only exception is when there is a new entrars HFhe exact amount of SPRBs at
each repeated game step shall be specified in standard or dadable from a policy server.

Policy 2 role is two-fold:

e Provide hysterisis in terms of resource allocation, beedlusre is a high probability that a
node that stops transmission will start transmitting agaion. For example, web browsing
service involves bulky transfers followed by large humaadiag times. The main Quality
of End user experience (QoE) Figure for web browsing is dlickontent delay. Even if the
new entrant protocol is designed to be run fast, one shoul aunning it every time the
user clicks in a new content. Therefore, other HASs shouldbeso eager on occupying a
new spectrum hole.

e Reduce the amount of interactions between SpS and RRM , as skscussection 111.7.

IV.3.2.4 Power adjustment

Once the interference scenario is consolidated in timguiacy and space, it is a good time
to further optimize power dimension.

Because of the dynamics involved, the current power allonatepends on the past history.
This means that it is unlikely to be optimal. Furthermoresynthronized efforts to reduce power

may not be enough if each players employ completely diffepenver allocation policies and
power control algorithms.

This step should be seen as an attempt to reduce transmEsigers in order to provide
benefits for everyone. It should be done at the same time deega area, because each HAS is
affected by a different set of neighbours, as shown for examg=igure I11.6.

We do not specify the algorithm here, but we believe that gmagch aiming at a NBS can in-
crease the overall efficiency of the repeated game loop. Memthis requires signaling between
HASs. Considering our work assumption, that direct sigigasnunavailable, an heuristic appro-
ach based on Genetic Algorithm can be an alternative soludi® described in section 11.7.1.
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IV.4 UTILITY FUNCTION

In order to analyze the effect of different utility definiti® we study the following simplified
static spectrum sharing game:

e Two players 1,2.

e Each player can select to use 1, 2, 3 or 4 SPRBs. The SPRBs aredafeatway that
maximizes the number of orthogonal allocations. For instaif one player select 2 SPRBs
and the other one selects 3 SPRBs, than only one block is shared.

¢ Interference is strong and symmetric if the same subchasnskd by both players. When
orthogonal channels are used, interference is negligib&eréceiver does not saturate and
orthogonality can be kept).

e There are only 2 modulation schemes available: QPSK, pirayi2l bps/Hz and 64-QAM,
providing 6 bps/Hz. Considering the previous assumptioa,SPRB is shared QPSK will
be necessarily used. If it is not shared, 64-QAM is used. Tueng scheme is the same
and it is enough to make residual Bit Error Rate (BER) negligilsldoag as the proper
modulation is selected.

e The utility function is to be designed to have the most efficend fair output of this game.

Considering all these characteristics the aggregate agud@layer: is given as:
C% = 2BWspraR(Nspsi + 3NS ganr) (IV.1)

Where,BWgprp is the band of an SPRB is the coding rate(,]\fgggsK is the number of selected
SPRBs using QPSK arYNéZQAM) is the number of selected SPRBs using 64-QAM.

The situation described here, can arise for instance indeasio exemplified in Figure 1V.3

As 2BWgsprpR is a multiplying factor we consider a normalized capacitgdzhutility defi-

ned as:
ol

o —
¢ 2BWsprpR (

NCS%’SK + 3N€(5§L)7QAM) (Iv.2)
Table 1V.1 shows the strategic form of the case study stamegwhen using utility function

as defined in equation (IV.2). The strategies in the rows le@enumber of selected SPRBs by

player 1, while the strategies on the columns correspontlsetmumber of selected SPRBs by

player 2.

The only Nash Equilibrium is the point where both playergsedll 4 blocks. In order to see
this, observe that selecting all blocks will maximize thécome no matter what the other player
does. In other words, selecting all blocks is always the begponse to any enemy strategy.
Recapitulating, a Nash Equilibrium is a strategy profile vehalt strategies are best responses to
the other ones.
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1 2 3] 4
33| 36 |39 1,10
6,3 | 6,6NBS| 47| 28
93| 74 |55| 36
10,1| 82 |[6,3]4,4NE

ArIW|IN|PF

Tabela IV.1: Example of symmetric spectrum sharing gamb wtitity based on aggregate capa-
city. Strategies are the number of selected SPRBs.

In this game, there are several Pareto Optimals, i.e., womfthted strategy profiles. In fact,
any strategy profile satisfying one of this two equationsfa

N 4 N® =4 (IV.3)
NO 4L N® — 5 (Iv.4)

This can be seen by extensive comparison of the values i Tagll.

However, the only fair PO is the point where both players@éleSPRBs, and therefore, that
Is the only candidate to be a NBS. Using the definition fromieadi.6, we define the price of
the anarchy for this game as the rate between the NBS(6,6hardE(4,4). Therefore the price
of anarchy is3/2 for each player.

This simple example shows that when interference is coradille increasing spectrum al-
location may not be interesting. If one increases the spectllocation, one can expect its
opponents to increase the spectrum allocation also in todeEmmpensate the losses. NE predicts
exactly the extreme case: In a single execution of a gamdle .1 the only rational playing is
selecting all blocks, since one can assume that the oppuanlédb exactly the same.

In a repeated game, however, it is possible to have difféypes of interaction. For example,
in a repeated game with observable outputs after every,staggossible to copy the behavior
of the opponent to punish him. Let us, then assume that the ¢galote 1V.1 is repeated between
the same players with infinite horizon (no player is expettestop playing any soon). Consider
the following trigger strategy based on Tit-for-Tat(sentil.4): In the first round select 2 blocks.
On the following rounds repeat the strategy adopted by tipegnt in the last round.

First, we exemplify the Tit-for-Tat by showing that in a fimigame a selfish player does not
gain by trying a selfish strategy against Tit-For-Tat. Alke telfish palyer does not get better
utility than the Tit-for-Tat one. Figure IV.7 shows such tation. In the game execution 5, the
selfish player finally gives up the selfish strategy and aftat both have the same utility. the
Tit-For-Tat forgives the selfish player and comes back t@eoation as soon as his opponent did.

If we make a similar analysis with 2 Tit-for-Tat we can dedticat they always cooperate,
achieving highest utility in this game. Therfore, Tit-fdat is good both against selfish and coo-
perative players.
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Zame realization 1 2 3 4 5 &) T

Tit-for-tat player | 2 | 4 | 4 | 4 | 4 | 2 | 2 |
Aggregate utility 2 4] 10 14 22 25 3z
Aggregate utility g 12 16 20 22 28 3z
Selfish player | 4 | a4 | 4 | 4 [ 2 [ 2 [ 2 |
Legend Playing 4 for being selfish

Playing 4 as punishrment (Tit-For-T at)
Being cooperative

P [ = [ =

Figura IV.7: Evolution of aggregate utility when a playeesdit for Tat

In order to make a more general analysis, we consider a gathenfinite horizon. A dis-
counted utility is used as defined in equation 11.1 and reggkhaere for convenience:

=Y 6 U (IV.5)
k=0

where the series is infinite, because of the infinite horizsumption.

Player 2 plays the Tit-for-Tat strategy and player 1 wanfini the best response for it. First
let us try the strategy that was the best response in theesexglcution game: always selecting 4
blocks. In the first round this will give 8 to the player 1 anduitity of 2 to player 2. In all the
consecutive rounds, both players will have utility of 4 farth players. Therefore we can write
the discount utility as seen at initial round as:

T =8+ ) 46" (IV.6)
k=1

M =2+ ) 46" (IV.7)
k=1

We can rewrite the sum in terms of a geometric series as fellow
I e e e e e (IV.8)
k=1 k=1 k=0

By substituting this sum in the previous equations and takiegconstant value 4 out of the
sum, we have:

mo=4+4) o (IV.9)
k=0

my=—2+4) o (IV.10)
k=0
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Since the discount factaris confined to the interval € (0, 1), the geometric series converges
to:

> o= — (IV.11)
k=0 -
4+ 1 (IV.12)
T = — .
! 1—-6

Now let us consider the case where player 1 also plays thieffifat strategy. Both players
become cooperative and will always play the NBS. Then we have:

m=m=>» 60"= %5 (IV.14)
k=0

We can check that if is appropriately chosen, the utility of player 1 is higherantcthoosing
also the Tit-for-Tat than if it chooses 4 blocks:

1—96 1—96
2
— >4
-0
2>4—46
5>% (IV.15)

Therefore, withy > 1/2 choosing 4 blocks is not a best response to the trigger gyrate
Similar calculations can be made to compare the Tit-forstedtegy with all other strategies
and show that this trigger strategy is the best responsastgtself and, therefore, it is a Nash
Equilibrium of the repeated game.

The underlying assumption of this working example is thaemgver there is interference it
will be symmetric and bad enough so that it will cause a la@gation in the Modulation and
Coding Scheme (MCS) choice. In practice the interferencebgilinost of the time asymmetric,
due to the positions, and there will be more choices for MCSlaMa. Also, in a practical
situation the number of players and their channel condtiwill vary over time because of the
mobility of the UEs and scatterers.

Motivated by the efficiency of the Tit-for-Tat strategy wevdbp another approach, that is
more practical given the incomplete information naturéhefproblem. A basic feature of the Tit-
for-Tat example is that the opponent is able to copy the fasttion behavior and use that against
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the other player. This will be our working assumption: evme a HAS decides to transmit in a
band that is already occupied, it will cause an unknown oppbto take the same action, which
will ultimately reflect on the first one.

More specifically, let us assume that there is single specpraol of bandwidthB. We are
devising strategy for player 1 and want to decide what shiafepdayer 1 should use to maximize
its outcome. In a noise limited scenario we know from Shanrapacity that we should use as
much bandwidth as possible:

C; :Blogg(l—l—%) (111.3)

Selected band

HAS i Opponents from HAS |
I s
- e
-y
— 6/7

Interfered spectrum

Figura IV.8: A simple model, based on Tit-for-Tat, where dpponents of playerare supposed
to select exactly the same amount of band selected by player

However, let us assume that as much band player 1 to use, #lcé same decision will be
taken by the opponents. Figure IV.8 shows the concept. Naawi3; the fraction of band we
decide to use, we can write the amount of shared bandvigtltas:

0, if B; < B/2
By, = (IV.16)
2B; — B, otherwise
And we can write the amount of interference free band as:
B;, if B, < B/2
By = (IV.17)
B — B;, otherwise

109



Depending on receiver characteristics, it is not possiblassume that the interference will
only affect the rate in the shared band. For instance, if tve Noise Amplifier (LNA) saturates,
then it is possible that orthogonality is lost. For the sak&mplicity, let us assume the contrary:
the orthogonality of bands can be kept by the receiver. Bxdase, we can write the total capacity
as the sum of capacity in the interference free bBpdnd the shared ban,;,:

Sf Ssh
= DB/l 14— B, 1 14 ———— V.18
C f092( +Nf>+ h092< +Ish+Nsh) ( )

Where Sy stands for the signal over the interference-free bavidis the noise power over the
same band and,,,/,;, andN,, represent respctively signal, interference and noise powes the
shared bandwidth. Using gaussian noise model[25], thérnotae over each of the bandwidths
are given by:

Ngn = No By, (IV.19)

Ny = Ny By (IV.20)
In the general case§ and [ vary along the band because of power allocations and freguen

selectivity (section I11.2.4). Let us make the followingrglifying assumptions, that makeand
I also linearly dependent on the relevant bands:

¢ Flat fading over the whole band B

e Fixed transmission power spectral density

Then, we define:

Ssn = So Bsn (1IV.21)
Sy = Sy By (IV.22)
]sh = ]O Bsh (|V23)

Now we can see that these simplifying assumptions turn tyeritthhmic terms in equation (1V.18)
indepedent of3;:

Sy SeB; S

— = V.24
N;  NoBf N, (v:24)
Ssh SO Bgn So
= = V.25
[sh+Nsh IO Bsh_'_NO Bsh [0+N0 ( )
Substituting these equations, (1V.16) and (1V.17) in egueaflV.18) we have:

B loga(1 + 32), if B; < B/2 (V.26)

© (BB log (14 82) + (2B, B) log, (1+ 155 ), otherwise

With our assumptions of flat fading, and fixed power specteasity, the logarithmic terms
are constants in terms @f;, the variable which value is being chosen. This assumptiakes
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easier to find maximum and minimum. This is a continous fumctf B; in the closed interval
B; € [0,1]. Therefore it has a global maximum and minimum [26]. Since derivative is
discontinuous the maximum is not guaranteed to be found byadi®n over the whole interval.
However, the maximum can be found by first finding the maximuetgwisely, within each
continuous part. In the interva}; € [0, B/2|, the maximum isB; = B/2, since in this interval
C; is an increasing function aB;.

For the other interval we derive the function in order to ¢h#chere is any critical point.
Therefore we can we write the derivative in the interBBalke [B/2, 1] as:

/ B So So
C;(B;) = —logy (1 + N0> + 2 logy (1 + I No) , B; € [B/2,1] (IvV.27)

This equation represents the slope of capacity as a funcfiaB; for the interval B; <
[B/2,1]. Considering,N, as a fixed value, if interference is low compared to the rewksig-
nal level the slope is positive and the capacity increasesveier, if interference level is close
or higher than the received signal level, the slope is negand the best approach is to use a
bandwidth equal td3/2. This is illustrated by Figure IV.9

. Capacity -
Without Game P -
Theoretic model e Slightly interfered
Highly interfered
| | >
| " Band
B/2 B

Figura IV.9: Considering game-theoretic predictions we manve that more bandwidth can lead
to less capacity in an interference scenario.

This example with simplified assumptions illustrates theoapt that adding more bandwidth
Is actually expected to reduce the capacity if the interfeeels considerable. However it does
not take into account frequency selectivity, different poallocations and the fact that we have a
discrete number of blocks. As a more practical applicaticth® concept shown by the example,
we define the following algorithm to calculate the utilityaSPRB allocation.
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1. Count the total number of SPRBs in the allocatidi, and the total number of blocks in
the spectrum pooly;

2. For every SPRB of the allocation, calculate the estimagg@city. Assign the sum of all
estimated capacities to the utility.

3. CountV;, the number of interfered blocks, i.e., SPRBs in which I,

4. If N; + N, > N;, andN, > N; then apply a penalty by assignieg— U/(1 + N;)

There are 2 parameters in this algorithivy is the number of blocks which is believed to be a fair
share for each player. In highly interfered situation, tigeathm will allocate a number of SPRBs
close toN;. Therefore this parameter should be chosen to approxirhaténtended average
reuse. I, is a interference threshold used to determine whether & lohighly interfered.
The exact sense of this is that if the block is interfered altbns threshold, it is believed that
a transmission on this block will cause a reaction from trey@its already transmitting in that
block.

We revisit the static game example in the beginning of thisise, considering the proposed
utility with N, = 2 andly,, such that all shared blocks are highly interfered. This &spnted in
table 1V.2. After this modification the Nash Equilibrium d¢fe game is now the efficient and fair
point that was also achieved by the repeated game, thattisplkayers using two SPRBs.

1 2 3 4
3,3|] 3,6 3,9 1,5
6,3/ 6,6NE| 4,35 2,8/3
9,3
5,1

35,4 |5/35/3 1,2
8/3,2 | 2,1 |4/54/5

AIWIN|PF

Tabela IV.2: Symmetric spectrum sharing game using theqs®eg utility

IV.5 STRATEGIES

IV.5.1 Strategies for New entrant game

The assumed behavior of each HAS is that it is willing to mazenits own utility, which is the
basic assumption of game theory about rational decisiorersak\Ve propose here some strategies
that try to optimize the utility designed in Section 1V.4 asidhe same time make considerations
about traffic. The strategies are defined in terms of behawategies [9], which means that the
strategy is specified for each information set. Next, wegethe proposed behavior strategies
for each of the stages of the base game.
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IV.5.1.1 Strategy in stage O - Bargaining phase

Stage 0 can be viewed as phase where the new entrant will Qaibiaig spectrum from the
existing ones. Identifying every other HAS present in thear@mment would be a demanding task
for the new entrant. Therefore, we assume that the new érmoms not know who owns each
spectrum, nor if current division is fair. In the light of hassumption we propose the following
algorithm to determine the initial parameters:

1. Determine two levels of needed capacity to start operatominimum capacity (used in
a later step) and a target capacity. The needed capacityis determined both in uplink
and downlink.

2. Multiply the target capacity by a safety margin to obtie initial virtual capacity

3. Until we have selected enough SPRBs to load the initial airtapacity (both uplink and
downlink) or all SPRBs are selected

4. Randomly select a SPRB that was not previously selectecbhaBildy of selection of a
SPRB is proportional to the sensed interference level on it.

5. Evaluate the utility of such allocation. If the utility lagher than at previous step we
continue. If it is smaller than previous step, we do not a@tecthe SPRB under current
evaluation and the final allocation is the previous one.

The calculated initial capacity was called virtual, be@iiswill not be the effective initial
capacity. The new entrant has to start operation at smajgaaty than desired. Also it has to
use a transmission pattern that allows the RRM of the other HASscover from the sudden
interference increase. In other words the new entrant ¢areesmit in all selected SPRBs all
time, because there are ongoing transmissions that shewtldrted as least as possible. Howe-
ver, this transmission pattern has to be such that all &teletASs can detect the presence of the
new entrant in the affected SPRBs. Therefore, the transmigsittern should include all selected
SPRBs. One example of simple pattern is to frequency hop tkeetedl SPRBs, staying in each
SPRB long enough to be detected.

Another point to stress is that instead of simply ranking3RBs according to interference
level and withdrawing SPRBs from the ordered list, we randoselgct SPRBs one by one with
a probability proportional to the interference level. Than lead to the selection of some bad
SPRBs, but we will never know it beforehand, because the oppomay give it up later and then
it becomes a good one. Adding randomness at selected pooasimon in heuristic approaches.
In [11], a similar mechanism than described here is usedléztserhich will be the parents of a
new breeding in a genetic algorithm.
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IV.5.1.2 Strategy in stage 1 - Response phase

A new entrant represents a strong disturbance in the egistienario, and in this phase the
existing HASs have to give an answer to this disturbance. firsiequestion that arises is: why
should the existing HASs give up spectrum? The new HAS witlupy spectrum anyway. As
shown in section V.4, overlapping should be allowed onlyewhhe channel is favorable for it.
Consider that, here is the proposed algorithm(behaviaegyato respond a new entrant:

1. Determine the threat level, i.e., the amount of SPRBs tlimblieved the new entrant will
not give up anyway in the stage 2.

2. Start a backoff timer proportional to current utility.

3. When the backoff timer expires, give up the most affectamstquality SPRB if it fulfills
the following three conditions.

e Quality of this SPRB is below an acceptable level
¢ \We can not give up more SPRBs than the threat level

e We do not give up so many SPRBs that capacity falls below a mimiroperation
level

If we can not give up more SPRBs we stop the algorithm.

4. Reselect robustness and power level that will maximizeptbposed utility. Go back to
step 2.

Maximum power increase at this step is to be part of policye power increase is meant to warn
the new entrant that this is a SPRB it should give up in stageit?it will affect others as well.
The backoff timer is intended to cope with the situation vehtrere are already more than one
HAS sharing a SPRB. Maybe if someone else give up the resousterfe do not have to give it
up on our own. Again, this is a dual concept from contentioc@ 8MA/CA. In CSMA/CA we use

a backoff timer to decide when we try to access a resource agare we use the backoff timer
to decide when we should give up a resource. This is quitdasina the situation of a dynamic
timing gaming, such as the dynamic version of chicken garhe [9

IV.5.1.3 Strategy in stage 2 - Adjustment phase

Now it is time for the new entrant to adjust its parametersitoresponse given by the other
players. This is the same as stage 1 strategy, except fachthht we do not allow for any power
increase and there is no backoff timer, as the new entrahei®nly one to move. Here is the
algorithm:

1. For step k=0,
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2. Give up the worst quality SPRB.
3. Reselect robustness in all other SPRBs that will maximiz@tbposed utility.
4. Calculate the utility at step k , U(k), considering only tugrent SPRB selection

5. If U(k) < U(k-1) or capacity falls below minimum (deterna@d in stage 0), then stop and
use SPRB selection from step k-1 as the final.

6. else increment k

After stage 2, the new entrant starts using all remaining SPRB&entially full time in the way
its RRM function decides to use them and distribute amongsidbes.

IV.5.2 Strategies for the Repeated Game

As the base game has the same structure in either prototeldgtned in Figure V.2, the
strategies are defined to be quite similar with some minoirbpbrtant modifications.

First, in the new entrant game only one HAS initiates the pess and it can in principle
allocate the full spectrum at once. For the sake of conveseamd interactions with RRM,
Policy 2 has to be followed in the repeated game state. Ontliee band, in the repeated version,
everyone is allowed to try to allocate new resources. It @thbught of several smaller versions
of new entrant game running in parallel.

A second aspect is that if there is a new spectrum hole, deM&3s can attempt to oc-
cupy it at the same time. The backoff mechanism of responasepshould take care of conflict
resolution.

At last, but not least, if someone gives up a resource on tfent phase the HASs that in-
creased power in that SPRB during response phase should @mk&olthe original transmission
power level used before the iteration. Otherwise, at eveop Wwe risk having power increased
even if there was no change in the spectrum allocations.

IV.6 CONCLUSION

In this chapter a frequency domain intra-system spectriarirgiisolution was proposed. The
algorithm, named GDSA is composed mainly of game theoletieanents and a few heuristic
ones. The protocol structure and states were designedetoadé the lack of information inhe-
rently present because there is no direct communicatioroset®etworks. The utility function
was used as a design parameter as well, and it was developed ba trigger strategies for re-
peated games. The available strategies at each infornstoamere defined in order to perform a
distributed optimization of resources.
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V. RESULTS AND DISCUSSION

V.1 INTRODUCTION

This chapter present results intended to showcase the agagectrum sharing and the flexi-
bility proposed GT-based algorithm. The results also mlevurther insight into the features of
the protocol presented in chapter IV.

In section V.2 we describe briefly the used simulation sdereaxd some assumptions made
at the simulator. Section V.3 describes the three refereases used and why we need more than
one reference case. All of them are fixed spectrum allocatppmoaches.

The new entrant game is throughly exemplified by the resultsva in section V.5. Finally,
section V.6 confirms the paramount importance of policy fhed in section 1V.3.2.3, and also
show that in long term average sense, the repeated gameaisledp approximate the capacity
of a planned network while actually tracking the load durttinge.

V.2 SIMULATION SCENARIO

The simulation scenario is shown in Figure V.1 and is comga$éur Home Access Stations
(HAS). In the simulation case, each HAS serves four UEs. The hhave ideal sensing capabi-
lities, being able to determine the level of signal, noisd axterference without any mistakes.
They also report these values back to the serving HAS.

Capacity is calculated by Shannon formulation, i.e., egudiil.4). Since the number of UEs
is very limited, it is not possible to provide statistics @mrhs of median and tail capacity distribu-
tion. Instead, we consider the average shannon capacitedfEs. This roughly corresponds to
the case where the users are scheduled through round-tolairder to evaluate outage capacity,
the figure for the worst condition mobile is provided. Thigsregponds to the case where this
mobile receives 100% of allocation slots.

We assume that the HAS are from different operators and the@direct signaling between
them. The total bandwidth available for the operators &ltiogr is a contiguous band of 100 MHz.

The results presented here correspond to the trace of opstsstanf the simulator. The traffic
is full buffer, but it is elastic, meaning that as many SPRBscaesen by the SpS algorithm they
will all be used. All the HASs are synchronized and have tmeesblL/DL switching point. Only
downlink is considered in the simulations. There is no posgetrol.

As previously mentioned, one of the main features of the @sed algorithm that is not being
throughly considered in the literature is to provide an apph for initial spectrum selection under
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any condition. In order to test this feature,the HASs in tineutation scenario are activated one
by one. The chosen order was to activate HAS 1 first, HAS 4 asnskeand then HAS 2 and

finally HAS 3. This order was chosen because the strong arend to HAS 2 in this scenario are
HAS 1 and 4. If they are both active and sharing the spectruaeificient manner, then it is very

challenging for the algorithm to find the initial allocatifor HAS 2.

Every time a HAS is activated it starts the new entrant pratde will make the initial spec-
trum selection, the other active HASs will provide an ansami the new HAS being activated
will adjust to that, as described in section 1V.3.1

In order to verify the behavior of the repeated version ofgame, a very simple model for
perturbing the traffic is employed in V.6. The basic assuampis to keep all HASs active for
a long time with high but varying traffic requirement. The bgxb traffic pattern is presented in
more detail in section V.6.

Figura V.1: Office scenario used for the simulations.

V.3 REFERENCE CASES

When comparing fixed spectrum allocations with dynamic spetaccess, we have to com-
pare them in the situation for which the fixed allocation wasigned in order to be fair. However
the true potential of spectrum sharing comes from the atlaptéo any situation. Therefore,
we compare our spectrum sharing approach with three fixectrsjpe strategies which represent

some extreme cases.
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V.3.1 Separate Spectrum Pools

As described in chapter | the traditional way of deployingesal networks in the same geo-
graphical area is that each of them has its own separatergpepbol. There are also political
and economical motivations to keep things this way, andefbeg a strong technical argument
Is needed. A separate spectrum is the safest way to go in aetibivg environment, as each

operator can optimize its own spectrum independently. YEgperator knows the other ones are
enforced by law not affecting their own operation.

In the study office scenario, having separate spectrum pooiesponds to a reuse 4 confi-
guration. When all HASs are in full load, this is quite effidiexs it provides interference-free

transmission in this scenario. Since this configuratioddda noise-limited transmission, outage
capacities are quite close to average capacities as shdvigure V.2.

Cell Capacity (Mbps)

1000.00
800.00
800.00
700.00

&O0.00
s00.00

400.00

@ Minimum
30000 B Average
200.00

Figura V.2: Capacities with a reuse 4 configuration in officenseio when all HASs are active
and at full load.

V.3.2 Full reuse

The simplest way to implement a common pool of resourcedasvalg every one to access
the full spectrum all the time. This is specially interegtin isolated cells, as the peak data rate
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Figura V.3: Capacities with a full reuse(reuse 1) configoratn office scenario when all HASs
are active and at full load.
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can be totally used even for single user. However, the sitnaian become pretty bad in high
load conditions or dense deployment. Figure V.3 shows tpaates at full load for reuse 1.
Comparing to Figure V.2, the average is actually higher tlease 4, but the outage capacity is
much poorer. In addition to that, the share of resources gstdhe networks is very unequal.
These problems justify the fact that operators are vergtasi to this approach.

V.4 NETWORK PLANNING AND OPTIMIZATION

Network planning and optimizaiton leads to the best perforoe in outdoor scenarios. Howe-
ver, applying this is very costly to be considered, for inst in residential scenarios and proba-
bly best avoided also in enterprise scenarios. Also, if sd\@erators are to work in the same
area, this approach means they would have to give up sengiformation about their subscri-
bers locations and traffic. This is even more likely to findsesce by operators than suboptimal
operation.

Nevertheless, verifying the optimal solution for the stgdgnario allow us to upper bound the
capacity and this makes an important comparison case. Isirtidation, the optimal was found
through extensive search of all possible allocations aocoriesponds to the situation where reuse
2 is applied and the spectrum is reused by the off-diagon&$iA hat is, HAS 1 and 4 uses the
same 50% of the spectrum and HAS 2 and 3 reuse the other half.

We highlight that network planning targets a particuladiséuation. In general, it is optimi-
zed for full load in all cells at the same time. While, this aggrh does consider the worst case
interference, it does not consider traffic fluctuations emtered in reality. In practical networks,
RRM approaches can be used to convey with these traffic loadtiars. In a scenario with
multiple operators, where there is no signaling amongstliffierent networks this kind of RRM
strategy may not be feasible.

V.5 NEW ENTRANT GAME

In the simulations of this section, the 100 MHz is divideitt SPRBs. We show how the
utilization of these 6 SPRBs evolve through time and how tHecés the capacities at each cell.
It is important to keep the geometry of the scenario ( Figude)Mn mind when analyzing the
results. HAS 1 and 4 do not provide strong interference td edicer. The same stands for the
interaction between HAS 2 and 3. However, usage of the sarRBSBy two HASs that are not
off-diagonal generates considerable interference fdn.bAs an example, the strong interferers
for HAS 2 are HAS 1 and 4.

The two parameters for utility calculations described ictiom 1V.4 were set as follows.
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Figura V.4: Optimal capacities in office scenario when all$$4are active and at full load.
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e The number of blocks which is believed to be a fair share fohgdayer, was defined as
half the band. Since we have 6 SPRBs wel$gt= 3.

e The interference thresholf},, used to determine whether a block is highly interfered, was
set 25 dB above noise floor.

The first HAS to be activated is HAS 1, and it has access to thegectrum as shown in
Figure V.5. The capacity achieved is shown in Figure V.6s Wworth to remember that from the
fixed approaches, only reuse 1 is able to also access theédirsim at this point.

1 2 3 4 b b

HAS 1
HAS 2
HAS 3
HAS 4

Figura V.5: Spectrum allocation just after the first HAS finatl the new entrant protocol

Cell Capacity (Mbps)

O Minirmurm

B Average

Figura V.6: Cell capacity just after the first HAS finalized ti@v entrant protocol

The second HAS to be activated is HAS 4. Since it is off-diagtomthe other active HAS, the
interference threshold is not reached for any block and tbpgsed algorithm again selects all
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blocks. The allocation after this new addition is shown igufe V.7 while the achieved capacity
is presented in Figure V.8. While there is a substantial deseref the capacity of HAS 1 after the
addition, the total capacity is substantially increaseel turequency reuse.

Figura V.7: Spectrum allocation just after the second HAB$H) entered the scene and finalized
the new entrant protocol

Next step is to add HAS 2 to the scene. Now the scenario becorabyg challenging. The
RF scene sensed by HAS 2 is the following: There are two stnategferers around and both of
them are using the full spectrum pool. In other words, theneoi spectrum hole at all!' Still, it
must have spectrum access.

Here we need to go more into the details of the algorithm de&ws Figure V.9 shows how
the allocation evolves. The new entrant, HAS 2 decides tgaiarfor SPRBs 1, 2 and 3. The two
existing HASs provide answers, at different points of tirAS 4 moves first giving up blocks
1 and 3. HAS 1 decides to give up blocks 1 and 2. Notice that thiedne to move can actually
have influence in the decision of the other. For that reas@niiportant to apply the backoff
timer. Since the bargaining worked, the new entrant keef thlecks allocation.

The results after these adaptations are shown in Figure V.10

The last HAS to be activated, HAS 3 simply decide to have tiheesallocation as HAS 2, as
shown in Figure V.11. After all, the strong interferers abtg gave up those resources on the past.

The results after all HASs are activated are shown in Figut2 MW\Ve can see that the average
throughput is not distributed in a even way. However, in eohof outage capacity the output
is pretty fair. Furthermore, all values are strictly gredlan the case where each operator has its
own spectrum.

The results shown so far exemplify the behavior of the atgorithroughout its operation.
Now, we directly compare the proposed game-theoreticattapa sharing approach with the
three reference cases for all number of active HASs .

First we take a look on the average cell capacities, depictejure V.13. In the noise-limited
or low interference scenarios, only reuse 1 and SpS can malkatifization of the channel.
Therefore, these approaches allow for much higher peakat#swhen in very good conditions.
Comparing this capacity with the separate spectrum appriodtie case of only one active base
station, a capacity 3.75 times higher is achieved. Thoughdahse 2 was found to be the optimal
approach for all base stations being active, it is not ofdtwtgen there are only a few HASs
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Figura V.8: Cell capacities just after the second HAS (HASmgeed the scene and finalized the
new entrant protocol

HAS1
HAS 2
HAS 3
HAS 4

HAS1
HAS 2
HAS 3
HAS 4

Figura V.9: Sequence of spectrum allocations after the tHAS come into scene, causing major
reconfigurations. First, the new entrant HAS 2 bargain fdf d&spectrum (top picture). In
answering, HAS 4 gives up 2 SPRBs as shown on top. Then HAS 1 gpvesso 2 SPRBs as
shown on bottom.
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HAS 4

Figura V.10: Cell capacities just after the third HAS (HAS Bjared the scene and finalized the
new entrant protocol

HAS1
HAS 2
HAS 3
HAS 4

Figura V.11: Allocation after all HASs are activated anddiee proposed protocol
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Figura V.12: Cell capacities after all HASs are activated ased the proposed protocol
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active.

Average cell capacity (Mbps)
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Figura V.13: Average cell capacities for SpS and the referaases when the number of active
HASSs is varied

Then we analyze the average cell outage capacity. Thisasileékd by selecting the worst
condition UE in each cell and averaging the throughput olercells. Figure V.14 shows the
average cell outage capacity of the new entrant algorithirtlae three references.

When it comes to outage capacity, we can understand the rdigllakuse and separate
spectrum approaches. The first one excels where the lattersskess attractive: when there
is very little interference. Contrarily, at higher levelsinferference, having separate spectrum
provide reasonably good outage capacity, while full reuseolmes really poor. Still, SpS is
capable of beating or at least pairing them in all scenatfose consider the fact that network
planning is not feasible to be done in most local area depémys) than SpS is the best in all
cases.

V.6 REPEATED GAME

One of the main motivations of repeating the game is to tryt@ace even more the efficiency
and fairness. Another key motivation is, perhaps, more maypd: The SpS game shall be repeated
to track the changes in load conditions, channel, RRM de@saoid so on. A through evaluation
of this second aspect is more appropriately performed imalsitor where all dynamics such as
mobility, traffic, etc are considered.
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Figura V.14: Average outage capacities for SpS and theaméercases when the number of active
HASSs is varied

Since we used a static simulator, we decided for a very siiqoléel to disturb the existing
fractional load in the network and test the capacity of thgeeded game for tracking it. For a
single snapshot we simulate a number of steps where we vargaimand. Every 8 steps there
is a chance that some HAS will stop using one SPRB. Similarlgrye® steps a HAS is choose
randomly to try bargaining one more SPRB and, thereforeatimtiy one iteration of the repeated
game. This does not mean that it will necessarily have icatied. It will depend on the answer
of the other HASs. The exact pattern that was applied is shiowigure V.15.

First we consider a case where fhaicy 2 defined in section 1V.3.2.3, is not applied and then
when bargaining attempt happens, it can be any number of SPRIBsis shown in Figure V.16.
Comparing to the V.15 we can see that until someone spontalyegive up one SPRB, nothing
happens. From V.16 we see also that there is a lot of varifitoon steps 100 to 150, until some
new stable configuration is achieved.

However, if we applypolicy 2and only allow one block bargaining at a time we have much
less dynamics as shown in Figure V.17. In this case it is clear some specific order of spectrum
hole followed by an attempt to fill it lead to a new stable comfagion. Therefore, it is important
to limit the number of SPRBs in order to have better convergence

We can also compare, what is the throughput in the last stépanid without the application
of policy 2. Figure V.18 shows this result. We can see that applying ttieypalso leads to a
better system state.

In Figure V.17 there is no clear tendency if in the long termpeating process will benefit

128



1
05

BHAS 1

0 BHAS 2

' ' BHAS 3

S A A e | HHAS 4

05 L

-1
15

Figura V.15: Simple model for creating some variation in 8RB demand. HAS are choosen

randomly to try to allocate one more SPRB (represented by r@iong up spontaneously one
SPRB (represented by -1).
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Figura V.16: Evolution of average capacity if no policy igpéed limiting the number of SPRBs
to be bargained each iteration of the repeated game.
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Average throughput with varying load over time
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Figura V.17: Evolution of average capacity if a policy is apg limiting to one the number of
SPRBs to be bargained each iteration of the repeated game.
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Figura V.18: Comparison of throughput in step 200 if the polimiting the number of SPRBs
reallocated each step is applied or not.
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one HAS over another or if the load will be tracked in a fairrghdn order to evaluate that we run
the same process for 2000 steps, and averaged the cell btinoiugf each cell over the iterations.
The result is compared with the throughputs achieved in fizeded 2 at full load in Figure V.19.
This result illustrates that the process can be quite clogke optimal values in the long run,
while Figure V.17 showed that it can track load trends as sthe policy 2 is applied making
the load variations slow enough.

Cell Capacity (Mbps)

OReuse 2 - fixed load
W Repeated game - varying load

HAS 4

Figura V.19: Comparison of long-term average capacity iratgd game with the optimal fixed
approach. Itis important to highlight that in the case ofeefl the load has to be fixed to achieve
these values in long term. In the case of the repeated gameaties kept high but it is time-
varying.

V.7 CONCLUSION

In this chapter, the performance of GDSA, the framework pseggl in chapter IV was eva-
luated through system level simulations in an office scenani this scenario, GDSA is capable
of beating the simple fixed spectrum approaches, while ghogiself-organization of spectrum
allocation and, therefore, being very suitable to uncowttid deployment.

GDSA was also shown to be able to efficiently track slow trafidations and accomodate
assymetric spatial distributions of tarffic while approxziting the efficiency of the full uniform
load.
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VI. CONCLUSIONS AND FUTURE WORK

When several networks are allowed to access a common speptraheach network can
achieve higher peak and average data rates. The simplesbwag the common spectrum pool
is to have full access any time. This corresponds to frequengse factor of 1. However, reuse 1
has a poor performance in terms of outage capacity and $sirne

The solution is to determine the access to the common speginol dinamically instead
of statically. In order to make dynamic spectrum access owdsvto co-exist, there is need for
mechanisms to defining which share of spectrum each netwitirkave access. Game theory is
an extensive mathmetical field that can provide severatmifft formulations to this problem.

The absence of direct signaling amongst the access statidns different networks implies
that a game-theoretic formulation of the spectrum sharnegplpm will have to consider incom-
plete information and the use of non-cooperative soluti@wh these characteristics can lead to
inneficient solutions.

In order to cope with this situation, three parts of the gaarentilation were used as design
parameters for a practical protocol: the game structueepthity function and strategies. The
game structure was formulated to alleviate the lack of miron. While the utility function was
built upon the inherit cooperative behavior of repeated gmand the interference characteriza-
tion.

The results showed that the developed approach is capabkatihg simpler approaches in
all cases. Furthermore, the results verify that it therenged to apply a policy in terms of the
amount of spectrum that can be reconfigured in an iteratimwener, an exception to this rule
shall be applied when an access station is making the ispi@ttrum selection. At least but not
least, with the appropriated repetition of the game the tspleefficiency of a planned network
can be approximated.

VI.1 FUTURE WORK

Here are described several possibilities to extend theeptegork:

1. Backward compatible solution While LTE-A characteristics were considered throughout
this text, it was considered that the local area solutioh patentially be disruptive com-
pared to LTE release 8. However, in practice, backward cdibvipasolutions are always
prefered. In this situation, there is much need to careftdlysider common and dedicated
control channels in LTE release 8 in the final solution.

2. Voting system for DL/UL switching point definition: Since it is important to have a
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single UL/DL switching point and changing it is a costly oggon for each of the involved
networks, it is quite important to define a proper distribuprotocol to determine this
unique point aiming at the same time in optimizing all thewarks and maximizing the
time the defined switching point can be kept.

Power and space domain optimization of SpSAs described in section 1V.3 there are
much more considerations to be done in other domains in aodierad to better perfor-
mance.

. Extension of solution for unsynchronized TDD If the tight syncrhonization requirements
of SpS are not met, it will be important to extend the solutionthe case where the
networks are not synchronizing their TDD operation. In tase, as explained in section
[11.5.2 the time-space domain distribution of interfereri@s to be considered.

. New entrant aware H-ARQ: Even using a sparse time-frequency pattern during the exe-
cution of the protocol, a new entrant is expected to potiytause a lot of harm to existing
connections. An “emergency mode” H-ARQ is potentially bersdfio keep seamless com-
munication during spectrum reconfigurations.

. SpS aware TCP One of the main features of TCP is to deal with congestionniman the
core of TCP/IP networks. Spectrum sharing is dealing withffarint kind of congestion:
spectrum access congestion. Therefore, we believe thasa-tayer design of a new TCP
variant , awere of SpS, is a promising research area.

. SpS aware Admission Control The RRM function that tries to avoid spectrum congestion
within a network is admission control. Once the spectrumoisgested across different
networks , the admission control strategy should take intmant the fact the spectrum is
shared.
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